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Summary

Experimental Investigations on the Physics of Streamers

Streamers are rapidly extending ionized fingers that can appear in gasses, liquids
and solids. They are generated by high electric fields but can penetrate into areas
where the background electric field is below the ionization threshold. Streamers
occur in nature as a precursor to sparks and lightning, but also independently
as sprites (large discharges high above thunderclouds) or St. EImo’s fire. Their
main applications are gas and water cleaning, ozone creation, particle charging
and flow control. Streamers are very efficient in creating active chemical species
as no energy is lost in heating of the background gas and surrounding materials.
Furthermore, as streamers are the first phase of sparks, they are relevant for any
application of sparks, e.g. in the ignition process in a combustion engine or a
discharge lamp. Finally, streamers can occur in high voltage applications, like
switch-gear. In this thesis, a number of aspects of the physics of streamers are
investigated experimentally.

In our study, we have created streamers by applying a high voltage pulse to a
wire or sharp tip that is located 40 to 160 mm above a grounded plate. These exper-
iments were conducted inside a vacuum chamber at various pressures between 25
and 1000 mbar, with various gasses and gas mixtures, most of high purity (up to
less than 0.1 ppm contaminations).

We create the voltage pulses by two different high voltage pulse sources. The
C-supply can give pulses between 5 and 60 kV with a minimum risetime of about
15 ns and an exponential decay of varying duration. The newly built Blumlein
pulser creates quasi-rectangular pulses with an amplitude between 20 and 35 kV,
a duration of about 130 ns and a risetime of about 10 ns. Both pulse sources can
produce pulses of positive and negative polarity but have primarily been used
with positive polarity.
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First, the interaction of individual streamer channels and the streamer branching
angles are analysed by stereo-photography. Then insight into the propagation
mechanism of positive streamers (i.e. against the electron drift direction) is gained
by changing the gas composition and the repetition frequency of voltage pulses.
Finally, morphology, channel diameters, propagation velocities and spectra of
laboratory streamer discharges in a variety of gasses and gas mixtures are studied.
Some of these studies are used as a “simulation” of sprite discharges on earth as
well as on other planets.

Interaction and branching of streamers

Pictures show that streamer or sprite discharge channels emerging from the same
electrode sometimes seem to reconnect or merge even though their heads carry
electric charge of the same polarity; one might therefore suspect that reconnections
are an artifact of the two-dimensional projection in the pictures. We have used
stereo-photography to investigate the full three-dimensional structure of such
events. We analyse reconnection, possibly an electrostatic effect in which a late thin
streamer reconnects to an earlier thick streamer channel, and merging, a suggested
photo-ionization effect in which two simultaneously propagating streamer heads
merge into one new streamer.

We find that reconnections as defined above occur frequently. Merging on the
other hand was only observed with a double tip electrode at a pressure of 25 mbar
and a tip separation of 2 mm, i.e. for a reduced tip distance of p - d = 50 ymbar. In
this case the full width at half maximum of the streamer channel is more than 10
times as large as the tip separation. We have also investigated streamer branching
with the stereo-photography method and have found that the average branching
angle of streamers under the conditions that were investigated is about 42° with a
standard deviation of 12°.

The role of photo- and background ionization in streamer propagation

Positive streamers in air are thought to propagate against the electron drift direc-
tion by photo-ionization whose parameters depend on the nitrogen:oxygen ratio.
Therefore we study streamers in nitrogen with 20%, 0.2% and 0.01% oxygen and in
pure nitrogen and argon. Our new experimental set-up guarantees contamination
to be below 0.1 ppm for our purest nitrogen. Streamers in pure nitrogen and in all
nitrogen/oxygen mixtures look generally similar, but become thinner and branch
more with decreasing oxygen content. In pure nitrogen the streamers can branch
so much that they resemble feathers. This feature is even more pronounced in
pure argon, with approximately 102 hair tips/cm3 in the feathers at 200 mbar; this
density can be interpreted as the density of free electrons that create avalanches
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towards the streamer stem.

It is remarkable that the streamer velocity is essentially the same for similar
voltage and pressure in all nitrogen/oxygen mixtures as well as in pure nitrogen,
while the oxygen concentration and therefore the photo-ionization lengths vary by
more than five orders of magnitude. This is supported by recent modelling results
by Wormeester et al. in 2010.

To study the effects of background ionization on streamers, we have used two
methods: variation of pulse repetition frequency (0.01-10 Hz) and addition of
about 9 parts per billion of radioactive 8°Kr gas to pure nitrogen. We found that
higher background ionization levels lead to smoother and thicker streamers. This is
similar to the effect of increased photo-ionization close to the streamer tip, created
by increasing the oxygen concentration.

Again, we do not see any major effects on streamer properties, except that
initiation probabilities go down significantly in pure nitrogen with low (0.01 Hz)
repetition frequency. At 200 mbar, the estimated background ionization level
from the 8Kr was about 4 - 10° cm 2, which corresponds to the theoretical level in
non-radioactive gas at a pulse repetition frequency of about 1 Hz under similar
conditions. This fits with the observed variations in streamer morphology as
function of repetition frequency for both pure nitrogen and the nitrogen-krypton
mixture.

Furthermore, we have found that streamers do not follow the paths of streamers
in preceding discharges for pulse repetition frequencies around 1 Hz. This can be
explained by the combination of recombination and diffusion of ionization after
a discharge pulse which nearly flattens any leftover ionization trail in about 1
second.

Streamers in other gasses and streamer spectra

In order to get more insight in positive streamer propagation, we have studied
more than just nitrogen-oxygen mixtures. We have studied pure oxygen, argon,
helium, hydrogen and carbon dioxide. Each of these gasses has different prop-
erties like ionization levels, excitation levels, cross sections and electronegativity.
Furthermore, we have studied streamers in binary gas mixtures that simulate the
atmospheres of Venus (CO,-N3;) and Jupiter (Hy—He). Streamers in these gasses,
as well as in air are physically similar to large scale sprite discharges on the corre-
sponding planets. Therefore, the results of our measurements can be used to better
equip (space) missions that study sprites on earth and other planets and can help
in the interpretation of the observations of these missions.
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For all gasses and mixtures, overall morphology, velocities, diameters and
emission spectra have been investigated. We have found that it is possible to create
streamers in all gasses. Streamer diameters are more or less the same for all gasses,
except for pure helium and the Jupiter atmosphere where minimal streamers are
respectively 3 and 5 times thicker than in the other gasses. The physical similarity
between streamers at different pressures has been confirmed for all gasses that
enabled us to measure streamer diameters; the minimal diameters in air and other
nitrogen-oxygen mixtures are smaller than in earlier measurements.

Streamer velocities are even more similar; for a given combination of pressure
and pulse voltage all propagation velocities are within a factor 2. Streamer bright-
ness on the other hand is very different for the different gas mixtures. Streamers are
brightest in nitrogen-oxygen mixtures, nitrogen, argon and helium and dimmest in
oxygen, CO, and the venusian mixture. The difference between the brightest and
dimmest gasses is about three to four orders of magnitude in the optical range.

Streamer spectra from molecular gasses are characterized by molecular bands.
In gasses containing a significant amount of nitrogen (including the venusian
mixture), the nitrogen second positive system dominates the emission spectrum.
In contrast, spark-like discharges in the same gasses are dominated by radiation
from neutral and ionized atoms.

Spectra in atomic gasses (argon and helium) are different: the argon spectrum
contains mainly atomic argon lines, but the helium spectrum also contains many
lines of impurities, while we have no indication that the gas purity is below
specification. The reason for the many impurity lines in helium are the high
excitation and ionization levels of helium compared to the impurities. These high
levels (and low cross sections for electron-atom collisions at low energies) may also
explain the large diameter of streamers in pure helium.



Samenvatting

Experimenteel onderzoek aan de fysica van streamers

Streamers zijn geioniseerde vingers die zich snel voortplanten door gassen, vloeistof-
fen en vaste stoffen. Ze worden opgewekt door hoge elektrische velden, maar
kunnen zich ook voortbewegen door gebieden waar het elektrisch veld lager is
dan het zogenaamde ionisatie-veld. Streamers komen in de natuur voor als de
eerste fase van vonken en bliksem, maar ook apart als zogenaamde sprites (zeer
grote ontladingen boven onweerswolken) of het Sint-Elmusvuur. De belangrijk-
ste toepassingen van streamers zijn gas- en waterreiniging, ozonproduktie, het
opladen van deeltjes en het beinvloeden van gasstromingen. Streamers zijn erg
efficiént in het produceren van actieve chemische deeltjes omdat ze geen energie
verliezen aan het opwarmen van de omgeving. Omdat streamers ook de eerste
fase van vonken zijn, zijn ze ook relevant voor toepassingen van vonken, zoals de
ontsteking in een verbrandingsmotor of een ontladingslamp. Als laatste komen
streamers voor in de hoogspanningstechniek. In dit proefschrift onderzoeken we
enkele aspecten van de fysica van streamers met experimentele technieken.

In het onderzoek produceren we streamers door een hoogspanningspuls toe
te passen op een draad of een scherpe punt die 40 tot 160 mm boven een geaarde
plaat hangt. Dit is gedaan in een vacutimvat bij drukken tussen 25 en 1000 mbar
met verschillende gassen en gasmengsels, veelal met hoge zuiverheid (tot minder
dan 0.1 ppm onzuiverheden).

De hoogspanningspulsen worden gemaakt door twee verschillende pulsbron-
nen. De zogenaamde C-supply kan pulsen produceren met een amplitude van 5 tot
60 kV, met een stijgtijd van minimaal 15 ns en een exponentiéle afval met instelbare
lengte. De nieuw gebouwde Blumlein pulser maakt quasi-rechthoekige pulsen met
een amplitude tussen 20 en 35 kV, een lengte van ongeveer 130 ns en een stijgtijd
van ongeveer 10 ns. Beide bronnen kunnen zowel positieve als negatieve pulsen
maken, maar wij hebben voornamelijk positieve pulsen gebruikt.

Als eerste analyseren we de interactie tussen individuele streamer-kanalen en
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de vertakkingshoeken door middel van stereofotografie. Hierna bekijken we het
precieze voortbewegingsmechanisme van positieve streamers (die tegen de elek-
tronendriftrichting bewegen) door middel van variatie van de gassamenstelling en
de pulsfrequentie. Als laatste bekijken we morfologie, kanaaldiameters, voortbe-
wegingssnelheden en spectra van streamerontladingen in een grote variéteit aan
gassen en gasmengsels. Een deel van dit werk wordt gebruikt als een simulatie
van spriteontladingen op aarde en op andere planeten.

Interactie en vertakking van streamers

Plaatjes van streamerontladingen laten vaak zien dat twee streamers uit dezelfde
elektrode zich later weer met elkaar lijken te verbinden of samensmelten, ondanks
het feit dat ze beide dezelfde polariteit hebben. Het lijkt dan ook dat dit effect een
artefact is van de inherent tweedimensionale projectie in de foto’s. Om deze redn
hebben we stereofotografie toegepast om de volledige driedimensionale structuur
van deze ontladingen te bestuderen. We analyseren re-connectie, waarschijnlijk een
elektrostatisch effect waarbij een late streamer verbindt met een dik eerder kanaal,
en samensmelting, een effect dat veroorzaakt lijkt door foto-ionisatie waarbij twee
naast elkaar voortbewegende streamers samensmelten tot één nieuwe.

We hebben vastgesteld dat re-connecties zoals hierboven gedefinieerd inder-
daad regelmatig voorkomen. Samensmelten is echter alleen gezien bij een elektrode
met twee punten met een onderlinge afstand van 2 mm bij een druk van 25 mbar,
oftewel, een gereduceerde puntafstand van p - d = 50 yumbar. In dit geval is de
breedte van het streamerkanaal al ruim tien keer zo groot als de puntafstand.
Verder hebben we ook de vertakkingshoeken van streamers onderzocht met de
stereofotografie methode. We hebben gevonden dat in ons geval de gemiddelde
vertakkingshoek ongeveer 42° is met een standaarddeviatie van 12°.

De rol van foto- en achtergrondionisatie bij streamer propagatie

Omdat positieve streamers zich voortbewegen tegen de elektronendriftrichting
in, hebben ze een bron van elektronen nodig voor zich. In het algemeen wordt
aangenomen dat foto-ionisatie deze bron is. Foto-ionisatie hangt sterk af van de
verhouding tussen stikstof en zuurstof in het gas. Daarom hebben we experimenten
gedaan in stikstof met 20%, 0.2% en 0.01% zuurstof en in zuivere stikstof en argon.
Onze nieuwe opstelling garandeert zuiverheden tot lager dan 0.1 ppm voor de
zuiverste stikstofvariant. We hebben gezien dat streamers in zuivere stikstof en alle
stikstof / zuurstofmengsels behoorlijk op elkaar lijken. De streamers worden wel
dunner en ze vertakken meer naarmate er minder zuurstof in het gas zit. In zuivere
stikstof beginnen de streamers zelfs op vogelveren te lijken. Dit effect is nog sterker
in zuivere argon met ongeveer 10? haartjes/cm? in de veren bij 200 mbar. Deze
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dichtheid kan worden geinterpreteerd als de dichtheid van vrije elektronen die
lawines veroorzaken richting de streamerstam.

Het is opvallend dat de voortbewegingssnelheid van de streamers vrijwel het-
zelfde is in alle stikstof /zuurstofmengsels en in zuivere stikstof (bij dezelfde druk
en spanningspuls), terwijl de zuurstofconcentratie en dus ook de foto-ionisatie
lengtes meer dan vijf ordegroottes variéren. Dit effect is recentelijk ook gevonden
in modelberekeningen door Wormeester et al. in 2010.

Om de effecten van achtergrondionisatie op streamers te bestuderen hebben we
twee methodes gebruikt: variatie van de pulsfrequentie (0.01-10 Hz) en toevoeging
van ongeveer 9 ppb radioactief 8°Kr gas aan zuivere stikstof. We hebben gevonden
dat hogere achtergrondionisatieniveaus leiden tot dikkere en gladdere streamers.
Dit is vergelijkbaar met het effect van meer foto-ionisatie bij de streamerkop door
verhoging van de zuurstofconcentratie.

Ook hier vinden we geen grote effecten op de eigenschappen van de streamers,
behalve dat de kans op streamer-initiatie flink lager is in zuivere stikstof bij een lage
pulsfrequentie (0.01 Hz). Bij 200 mbar is het geschatte achtergrondionisatieniveau
veroorzaakt door de 8Kr toevoeging ongeveer 4 - 10° cm 3, wat overeenkomt met
het theoretisch geschatte niveau in niet-radioactief gas bij een pulsfrequentie van
ongeveer 1 Hz onder dezelfde omstandigheden. Dit klopt met de geobserveerde
variaties in streamermorfologie voor verschillende pulsfrequenties bij zowel zuiv-
ere stikstof als het stikstof-krypton mengsel.

Verder hebben we gevonden dat streamers niet hetzelfde pad volgen als hun
voorgangers in voorgaande ontladingen bij pulsfrequenties rond de 1 Hz. Dit
kan worden verklaard door een combinatie van recombinatie en diffusie van
achtergebleven ionisatie na een ontlading. Beide effecten samen zorgen er voor dat
het achtergebleven ionisatiepad vrijwel verdwijnt in 1 seconde.

Streamers in andere gassen en streamerspectra

Om meer inzicht te verkrijgen in de voortbewegingsmechanismes van positieve
streamers hebben we meer onderzocht dan alleen stikstof /zuurstof mengsels. We
hebben gebruik gemaakt van zuivere zuurstof, argon, helium, waterstof en kool-
stofdioxide. Al deze gassen hebben verschillende eigenschappen zoals ionisatie-
en excitatieniveaus, botsingsdoorsnedes en elektronegativiteit. Verder hebben
we streamers onderzocht in binaire gasmengsels die de atmosferen van Venus
(CO2-N3) en Jupiter (Hy—He) nabootsen. Streamers in deze gassen, en in lucht, zijn
fysisch vergelijkbaar met grootschalige sprite-ontladingen in de atmosferen van
deze planeten. Daarom kunnen de resultaten van onze metingen gebruikt worden
voor de uitrusting van toekomstige (ruimte)missies die sprites op deze planeten
willen bestuderen. Ook kunnen de resultaten helpen in de interpretatie van de
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observaties van dit soort missies.

Van alle hierboven genoemde gassen en mengsels hebben we de algemene
morfologie, voortplantingssnelheden, diameters en emissiespectra onderzocht. We
hebben gevonden dat het in alle gassen en mengsels mogelijk is om streamers op te
wekken. Streamer diameters zijn min of meer gelijk voor alle gassen, behalve voor
zuiver helium en het Jupitermengsel waarin de dunste streamers respectievelijk 3
en 5 maal dikker zijn dan in de andere gassen. De fysische schaling van streamer-
diameters bij verschillende drukken is bevestigd voor alle gassen waarin we de
diameters hebben kunnen meten. De gevonden minimale diameters in lucht en
stikstof /zuurstof mengsels zijn kleiner dan in eerdere metingen.

Voortplantingssnelheden zijn nog meer gelijk dan diameters voor de verschil-
lende gassen. Bij een gegeven combinatie van druk en spanningspuls vallen alle
snelheden binnen een factor twee. De helderheid van de streamers daarentegen
varieert behoorlijk. Streamers in stikstof/zuurstofmengsels, stikstof, argon en
helium zijn het helderst terwijl streamers in zuurstof, CO, en de Venusatmosfeer
het minste licht uitstralen. Het verschil tussen de helderste en lichtzwakste gassen
bedraagt drie tot vier ordegroottes (voor het zichtbare golflengtegebied).

Streamerspectra van alle moleculaire gassen worden gekarakteriseerd door de
moleculaire banden. In gassen met een significante hoeveelheid stikstof (waaron-
der de Venusatmosfeer), wordt het spectrum gedomineerd door het second positive
system. Vonk-achtige ontladingen in dezelfde gassen daarentegen worden gedomi-
neerd door straling van neutrale en geioniseerde atomen.

Spectra van streamers in atomaire gassen (argon en helium) zijn anders: het
argonspectrum bevat vooral atomaire argonlijnen terwijl het heliumspectrum ook
veel lijnen van onzuiverheden bevat (we hebben geen aanwijzing dat er veel
onzuiverheden in zitten). Dit kan worden verklaard door de hoge excitatie- en
ionisatieniveaus van helium vergeleken met de onzuiverheden. Deze hoge niveaus
(en bijpbehorende kleine botsingsdoorsnedes voor elektron-atoombotsingen bij lage
energieén), kunnen waarschijnlijk ook de grote diameters van streamers in zuiver
helium verklaren.
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Chapter 1

Intfroduction

1.1 What are streamers?

Streamers are rapidly extending ionized fingers that can appear in gasses, liquids
and solids. They are generated by high electric fields but can penetrate into areas
where the background electric field is below the ionization threshold. This is
possible because the interior of the streamer channel consists of a conducting
plasma. Therefore the electric field in this interior is largely screened. This is
only possible when the interior is surrounded by a space charge layer. At the
front of the ionized finger, the space charge layer is strongly curved and therefore
significantly enhances the electric field in the non-ionized area ahead of it. This self-
organization mechanism makes the streamer a well-defined non-linear structure.
The non-linearity is caused by space charge effects as explained above while gas
heating is negligible in most cases. Electron and ion density, space charge and field
distribution in a simulated streamer are shown in figure

Streamers occur as a precursor to sparks, but can also exist independently,
depending on conditions. In nature they create the path for lightning, and also
occur as large discharges, called sprites, far above thunderclouds. This will be
discussed in more detail below. As a precursor to sparks, streamers are of interest
in any high voltage application where they are often to be avoided. However,
they also have many useful applications themselves, which will also be discussed
below.

We want to study streamers to gain insight in their properties, relate this to
our theoretical understanding of streamers and thereby help the development of
applications of streamers. Furthermore, good experiments and better understand-
ing of laboratory streamers helps in the detection and interpretation of naturally
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Figure 1.1: Structure of positive streamers shown by zooming into the relevant
region of a simulation by Ratushnaya et al. The panels show: a) electron density
ne, b) ion density n., c) space charge density (n4 — n,), d) electric field strength E
and equipotential lines ¢. The letters in panel c indicate the streamer regions: H -
streamer head, I - interior and W - wall of the streamer channel. Image from [175].

occurring discharges like sprites and lightning on earth and other planets.

1.2 Streamers in nature

Sparks

As was mentioned above, sparks are preceded by streamers. The streamers can
propagate through virgin air and create an ionized channel that can evolve into a
spark. Without this ionized channel, no spark can occur.

Lightning leaders

A cloud-to-ground lightning stroke creates its path towards earth through a leader.
This is a hot conducting channel of air that propagates to the ground in a stepped
way. These channels are therefore often called stepped leaders. Each step is
typically 50 meters in length [219]. At the front of each of these leaders, a corona of
streamers creates the first ionized path like for a spark (which is closely related to a
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Figure 1.2: Artist impression of lightning, sprites and other TLE’s. Figure by D.D.
Sentman, Univ. Alaska in Fairbanks.

leader). When a leader has found the ground, or attaches to a leader coming from
the ground, a complete conducting path is formed and the so-called return-stroke
commences. The strong current in the return stroke produces most of the light and
sound associated with lightning.

Sprites and other TLE's

Lightning is often accompanied by electric discharges in the upper atmosphere,
known as TLE'’s (transient luminous events); they were first described in the
scientific literature in 1990 [57]. The various TLE’s observed in the terrestrial
atmosphere consist of several distinct phenomena, which are known as sprites,
ELVES, blue jets, as well as several other sub-species (see figure[I.2). Red sprites
are an impressive display of light above the thunderclouds which span a vertical
range of 50 to 90 km above the surface and take many forms. They are red in colour,
although their lowermost, tendril-like part can be blue, see Sentman et al. [185]. It
is now commonly accepted that sprites are in fact large streamer discharges that
have many similarities to laboratory scale discharges at higher pressures [52,[165].
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St. Elmo’s fire

St. EImo’s fire is a phenomenon that was first observed on masts of ships during
thunderstorms. Under such conditions, a glowing ball of light could sometimes be
observed at the tips of the masts. This glowing ball of light is in fact a (DC) streamer
corona discharge that is formed due to the field enhancement at the tip of the masts.
The same phenomenon can also be observed on lightning rods, chimneys, aircraft
wings and, in reduced form, on power lines or other high-voltage wires or pins. In
the latter cases no thunderstorm is required. St. EImo’s fire can often be heard by a
distinct buzzing sound.

1.3 Application of streamers

Streamers are used in a variety of applications. Their advantage over hot discharges
like sparks and arcs is that they are more energy efficient in the production of
chemical active species. Because streamers are very far from thermodynamic
equilibrium, they do not heat up the gas or surrounding materials. Below is an
(incomplete) list of streamer applications:

Gas and water cleaning The chemical active species that are produced by stream-
ers can break up unwanted molecules in industrially polluted gas and water
streams. Contaminants that can be removed include organic compounds
(including odours), NOy, SO, and tar. See [40, 70, 220, 232].

Ozone generation By simply applying a streamer discharge in air, first O* radicals
and then ozone is created. The low temperature in a streamer discharge
limits the destruction of produced ozone. The ozone can be used for different
purposes like disinfection of medical equipment, sanitizing of swimming
pools, manufacturing of chemical compounds and more. See [220].

Particle charging A negative DC corona discharge can charge dust particles in a
gas flow. These charged dust particles can now be extracted from the gas
by electrostatic attraction. Similar charging methods are used in copying
machines and laser printers. See [90] 220]

Flow control A streamer discharge can have a (small) influence on gas flows.
This can be used to improve the flow around an air-plane wing, better con-
trol a flame or cooling electrical components. The main advantage of such
flow control over conventional methods is that no moving parts are needed.
See [138,[198].
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1.4 Major topics in this thesis

In this work we we study aspects from the physics of streamer discharges which
are relevant for all applications and occurences of streamers. We focus on labora-
tory experiments on pulsed positive streamers in a variety of gasses at pressures
between 25 and 1000 mbar. Our most important diagnostic technique is streamer
imaging by means of a fast camera.

Results from this study can be used in a variety of fields: improvement of
streamer models (both macroscopic and microscopic), improvement of streamer
application research and better understanding of naturally occurring streamer
discharges. We explicitly compare our laboratory experiments with sprites.

Streamers can be generated by high voltage of positive or negative polarity.
Although these positive and negative streamers have much in common, they also
have some fundamental differences. Streamers propagate so fast that the heavy
particles do not significantly contribute to streamer propagation. Therefore, the
only moving particles are the electrons. In a negative streamer, the electrons drift
in the same direction as the streamer propagates, while in a positive streamer, they
drift against the propagation direction. This difference has many implications on
streamer properties. Negative streamers provide their own free electrons while
positive streamers need a source of free electrons ahead to continue to propagate.
There are two likely candidates for this source of electrons: photo-ionization and
background ionization.

Most modern streamer models only treat streamers in air and therefore use
photo-ionization as the only source of these free electrons. In this photo-ionization
mechanism, a UV-photon emitted by an excited nitrogen molecule can directly
ionize an oxygen molecule. It therefore depends on the presence of both nitrogen
and oxygen. However, if only photo-ionization is responsible for propagation of
streamers, it is unclear what will happen in pure gasses like nitrogen. Is there
still enough photo-ionization possible because of trace amounts of oxygen or is
another electron source needed, and if so, is it available? The other suggested
source would be background ionization. Not much work has been published
about the exact effects of (lack of) photo-ionization in streamers and the effects of
background ionization. In this thesis we investigate both mechanisms by means
of laboratory experiments in air, other nitrogen-oxygen mixtures, pure nitrogen
(up to 99.99999% purity) and pure nitrogen with addition of a small amount of
radioactive krypton-85.

Another issue in predicting streamers is the interaction between streamers. The
branching of streamers has never been studied extensively, while it is an important
ingredient for macroscopic models of the streamer-tree. Many of these macroscopic
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models now rely on wrong assumptions regarding the branching mechanism (see
section and are therefore in need of revision. An even less studied topic
is the interaction between two existing streamers. Can they merge or connect to
each other? We study all these branching and interaction mechanisms by means of
stereo-photography of streamer discharges.

The final topics treated in this thesis are morphology and emission spectra of
streamer discharges in a variety of gasses. As was mentioned above, most streamer
research is focused on air or gas mixtures that are close to air (e.g. contaminated
air). In order to get more insight in the processes that occur in a streamer discharge
in general, it can help to also look at other gasses. We have investigated streamer
discharges in pure argon, oxygen, CO,, hydrogen and helium. For these gasses we
have looked at important streamer properties like diameters, propagation velocities
and general morphology. Furthermore, we have recorded the emission spectra of
streamer discharges in these gasses. These help us understand which species are
present in the discharge and thus which processes occur in the streamer. We also
briefly compare the emission spectra of (cold) streamer discharges with (hot) spark
discharges.

Related to this work is the prediction of sprites and their light emissions on
other planets by means of streamer laboratory experiments. Knowledge about
sprites on other planets can help in selecting proper equipment for spacecraft mis-
sions that are designed to detect and image these extraterrestrial discharges. Here
we focus on streamer discharges in gas mixtures that represent the atmospheres of
Venus and Jupiter.

Part of the work in this thesis builds on the work of Tanja Briels [32]. She studied
fundamental aspects of streamers with methods that are equal or similar to many of
the methods discussed here. She focused on effects of pulse polarity, amplitude and
shape on streamer evolution and morphology as well as on quantifiable parameters
like propagation velocity and diameter. By doing this, she confirmed the similarity
laws (see section [2.3.2) and started investigations into the differences between air
and pure nitrogen.

1.5 Organization of the thesis

The theoretical background of streamers will be treated in chapter 2| Here we
will also explain the similarities and differences between streamer discharges and
related discharges like avalanche, glow and arc discharges. Furthermore, we will
discuss the commonalities between laboratory streamer experiments and sprites.
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Most aspects of our experimental set-ups and measurement techniques are
discussed in chapter [B|although also chapters 4] and [§| contain substantial sections
regarding the specific techniques employed in the measurements discussed there.

Chapter [ is dedicated to stereoscopic investigations of streamer discharges
to better understand the interaction between streamers. We look at streamer
branching angles and merging and reconnection of streamer channels.

In chapters[5|and [f| we investigate the effects of respectively photo- and back-
ground ionization on propagation of positive streamers in air and other nitrogen-
oxygen mixtures.

Chapters|7|and [ treat measurements on streamers in a variety of gasses and
gas mixture, where the former is focused on general streamer morphology and
properties and the latter on emission spectra.

We conclude with chapter [0] that summarizes the most important results and
gives ideas for future work.

Finally, we have added two appendices. Appendix[A]describes and explains a
peculiar streamer discharge morphology that was found during the course of the

investigations. Appendix [B|contains some additional images to support chapters
and
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DC and pulsed discharges: Olbservations
and concepts

2.1 Streamers, Townsend, glow and other discharge
types

We define a streamer as a moving ionization finger which screens its interior by
means of space charge. The space charge in the curved tip of the streamer locally
amplifies the background electric field ahead of it.

A simple classification of common DC and pulsed discharge types, including
a streamer discharge, is given in table Here, the discharges are classified by
their time-dependence (transient or stationary) and by the importance of effects of
space charge and heating (of neutral gas species) on the discharge. Pulsed streamer
discharges, the main topic of this thesis, are characterized as transient discharges in
which space charge effects play an important role but where no heating occurs. In
contrast to stationary DC discharges they do not depend on boundary conditions.

Of course a classification like this is never complete; it does not include dis-
charges that are close to stationary but are still influenced by a varying external

Table 2.1: Classification of DC and pulsed discharge types by dividing them in
transient and stationary discharges and in cold discharges with and without space
charge and hot discharges.

Without space charge | With space charge | With heating
Transient Avalanche Streamer Leader
Stationary Townsend Glow Arc/spark
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Figure 2.1: General mechanisms present in most gas discharges. The ®-symbol
indicates atoms or molecules (neutral, excited (*) or ionized (+ or -)). A red colour
indicates species or properties before a reaction, a blue colour after this reaction.
The direction of the electric field is indicated on the left. Dimensions, velocities and
ratios are not drawn to scale. Diffusion of heavy particles is not indicated.

electric field (e.g. radiofrequent discharges). Furthermore, many discharges are
operated with a stationary external field, but still occur as transient discharges. The
most prominent example (for this work) of such a discharge is the “intermittent”
DC corona discharge.

In longer electrical pulses, the discharge types from table[2.Tjcan occur after each
other. The discharge starts as an avalanche, then becomes a streamer, which can
develop into a glow and finally an arc discharge. Which discharge exactly occurs
depends on many parameters like pressure, gap distance, electrode geometry
and gas type and on electrical parameters like pulse duration and shape, voltage
amplitude and maximal provided current. The most important mechanisms of
cold discharges and their transitions will be discussed below.

All of these discharges operate in “bulk” gas, but can under specific conditions
also operate over surfaces. Dielectric barrier discharges, in contrast, always operate
on or near a (dielectric) surface, hence the name.

Avalanche discharges and fransition to streamer

In an avalanche discharge, electrons are accelerated in a high externally applied
electric field. At a certain kinetic energy, they can ionize background gas atoms or
molecules and create more electrons. These and a few other important microscopic
processes that are important in most gas discharges are indicated in figure
The number of electrons generated per unit length per electron by this impact
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ionization is called the Townsend impact ionization coefficient «;:
a; (|E|) = a (|E| /Eo) = 0; - no, 2.1

where |E| is the electric field, o; the cross section for electron impact ionization, 1
the background gas density and Ej is a parameter for the effective cross section at
given gas density [136]. A special form of this equation for stationary discharges
in homogeneous fields was proposed initially by Townsend:

a; (|E|) = agexp (—Eo/ |E), (2.2)

where «( is a second parameter related to the effective cross section at given gas
density. The ionization length 1/a; determines an intrinsic length for the plasma.
This length is the mean length that an electron drifts in the fields before it creates
an electron-ion pair by impact. Therefore, in geometries smaller than this length,
no gas discharge can occur. Both the electron mean free path between any collision
and the ionization length scale with inverse gas density. The subsequent scaling of
streamers and other discharges will be discussed in section[2.3.2}

As long as the charge produced by the impact ionization process does not
significantly change the electric field, the discharge is called an avalanche. When
the electric field is significantly enhanced, the discharge changes into a streamer.
This transition is discussed in more detail in section

Townsend and glow discharges

Like streamer and avalanche discharges, Townsend and glow discharges are cold
discharges. They usually occur as a stationary discharge but have to be preceded
by another discharge like a streamer or avalanche discharge to ignite. In Townsend
and glow discharges, electrons are emitted from the electrode and are then multi-
plied in the gap. In the case of a Townsend discharge the electron multiplication
takes place in the whole gap, while in a glow discharge, space charge concentrates
the multiplication in the cathode sheath region. Electrons are freed from the cath-
ode by the temperature of the cathode itself or by secondary emission either due
to the impact of energetic positive ions or due to photons or heavy neutrals.

The sheath region of a glow discharge has a high electric field due to charge
separation between fast electrons and slow positive ions (causing the so-called
cathode fall). The fast electrons emitted by the cathode and accelerated by the high
tield multiply by impact ionization on the sheath edge. In many glow discharges,
most space between the electrodes is occupied by the positive column, a region
with a relatively low, constant, electric field. However, the discharge can contain
up to eight distinguishable regions [172]. See also Sija¢i¢ and Ebert [190] for a
detailed description and numerical model about the Townsend to glow discharge
transition. In their one dimensional model (equivalent to a plate-plate discharge)

11
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they find that depending on p - d (pressure times distance) and the secondary
emission coefficient of the cathode v, the transition can occur according to the
textbook sub-critical behaviour or for smaller values of p - d it can also behave
supercritical or have some intermediate “mixed” behaviour.

Transition to sparks, arcs or leaders

Avalanches, Townsend, streamer and glow discharges are all examples of cold
discharges. This means that the heavy particle temperature is not much above
room temperature and definitely far below the electron temperature (T, > T; = T,
where e, i and n stand for electron, ion and neutral respectively). At even higher
currents, at higher pressures or with longer pulse durations, these discharges
can transform into spark, arc or leader discharges. These are all hot discharges,
the heavy particle temperature is close to the electron temperature and can reach
thousands of Kelvin (T, ~ T; =~ T,). In applications, heating of the gas is often
problematic and therefore cold discharges are preferred in many plasma treatment
applications. Furthermore, the heating itself leads to higher thermal losses and
thereby is a waste of energy that reduces the chemical efficiency of hot plasmas [58].

Continuous versus pulsed corona

Corona discharges can be separated in two different categories: continuous and
pulsed coronas. Continuous corona discharges occur at DC or low frequency
AC voltages. In such a discharge, there is a continuous initiation of streamers.
However, if the circuit providing the voltage can support high currents, these will
transform into a stationary glow or spark discharge. Therefore, continuous corona
discharges can only occur if the current is limited. One example is a continuous
corona discharge around high voltage power lines, where the large gap to ground
limits the current. A recent example of work on DC corona discharges is by
Eichwald et al. [54].

A pulsed corona is produced by applying a short voltage pulse to an electrode.
Its practical advantages are that the short duration of the pulse ensures that no
transition to spark takes place and therefore it can be used at higher voltages
and currents than a continuous corona. Energy is only put into electrons that
create chemical transitions, not in any inefficient thermal heating. Furthermore,
electron energies can be very high, which can be beneficial for the transitions.
These effects are very useful in applications like gas treatment. Such applications
also benefit from the much higher power densities that are possible for pulsed
coronas compared to DC or AC coronas. Another advantage of the pulsed corona
is that it can be triggered with a high time accuracy, which makes it possible to
study the discharge with fast cameras. For these reasons, all streamers discussed

12
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in this thesis are pulsed corona discharges.

2.2 Streamer initiation

Streamers always start in the form of an avalanche as discussed above. When a
first electron is accelerated in a high electric field, it creates more free electrons by
impact ionization, that again liberate more electrons.

In a homogeneous field, according to the Raether-Meek criterion (a classical
estimate from the late 1930’s), space charge effects set in when the total number
of free electrons reaches 108 — 10” under standard temperature and pressure con-
ditions [130, 171 At this point a streamer can initiate. If we assume that in a
constant electric field the electron density 71, grows by impact ionization (ii) like

[01e];; = pe - |E| - i (|E|) - e, (2.3)

with y, the electron mobility, and that the loss terms (mainly wall recombination
and attachment) are relatively low, then one electron can lead to the required
number of new electrons if

exp (a; (|E|) - d) ~ 108 to 10°, (2.4)
with d the avalanche length. In other words,

a; (|E|) - d =~ 18 to 21. (2.5)

Even though this old rule of thumb is very useful for rough approximations,
recent simulation results have given more insight in the exact process of streamer
initiation. Montijn and Ebert [136] have performed such simulations and com-
bined them with analytical models. They choose that from a field enhancement
of 3% above the background field, the additional field generated by the space
charges can no longer be neglected. They find that the transition point a; (|E|) - d
depends strongly on diffusion and on the background electric field. For high fields
(>100 kV/cm under standard conditions) in non-attaching gasses (e.g. nitrogen and
argon), the transition point saturates towards a;d ~ 15 or to about 3 - 10° electrons,
(compare with and (2.5)). On the other hand, for low fields where diffusion
dominates and for attaching gasses (e.g. air and oxygen), a;d can be above 21.
Results from these calculations are used in other works like Pai et al. [155].

Li et al. [104}, [105] have used a somewhat different approach with the same
results. Instead of using fluid simulations and analytical models, they have used a
particle model to study the avalanche-to-streamer transition. In earlier work [104]

1Although the Raether-Meek criterion is called a criterion, it is more a rule of thumb than a hard criterion.
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they show that using superparticles is not a good approach to study this transition,
as the superparticles can easily lead to noisy charge distributions. Therefore, in
newer work [105] they switch to a hybrid model that uses a full particle model for
the ionization front and a fluid model for the regions with high densities of slow
electrons. They calculate the evolution of the electron density during initiation of a
negative streamer in pure nitrogen under standard conditions in a homogeneous
field of 100 kV/cm. In their example, they use a full particle model for the elec-
trons up to ¢t = 0.32ns when the number of electrons reaches 1.5 - 107. Between
t = 0.36 and 0.54 ns the field at the streamer head is enhanced to 1.5 to 3 times the
background field. This transition agrees with and (2.5).

The theoretical work discussed above uses a homogeneous background electric
field. However, in most streamer experiments and applications, streamers are
generated from a tip- or wire-like structure. At such a (sharp) tip or wire, the
electric field will be greatly enhanced which makes it easier to initiate a streamer.
After initiation, the streamer can propagate into the rest of the gap where the
background field may be too low for streamer initiation, but high enough for
streamer propagation (discussed in the next section). Such a geometry with field
enhancement greatly reduces the required voltages for streamer initiation, which
makes experiments and applications smaller, cheaper and easier to operate.

The lowest voltage where a streamer can initiate is called the inception voltage;
it depends on electrode shape and material as well as on gas composition and
density and (up to now) has no direct interpretation in terms of microscopic
discharge properties.

Van Veldhuizen and Rutgers [223] have studied streamer initiation experimen-
tally in different gasses. They investigate inception probability, streamer length
and breakdown (transition to spark) voltage at atmospheric pressure in a 25 mm
point-plane gap with voltages between 3 and 27 kV. They find large differences
between a noble gas (argon) on the one side and molecular gasses (air, nitrogen,
oxygen) on the other side. Starting a streamer in a molecular gas appears more
difficult than in a noble gas. They explain this difference by the low energy levels
of vibrations and rotations in molecules that can easily take up the energy of an
electron in the initial stage of an avalanche. This should result in different values of
«; for these different gasses. According to the Siglo database [1], this assumption is
correct for relatively low electric fields: «; is more than 2 orders of magnitude larger
for argon than for nitrogen at fields below 30 kV/cm at atmospheric pressure. In
air electrons are lost by attachment to oxygen molecules. This results in a negative
value of «; for fields below 30 kV/cm.

Lock et al. [116] have studied initiation and breakdown in supercritical CO,
inside a wire-cylinder geometry. They record breakdown voltages that are a
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Figure 2.2: Illustration of downwards propagating positive (left hand side) and
negative (right hand side) streamers. The plus-symbols indicate positive ions while
the minus symbols indicate negative ions or free electrons.

factor 3 lower than extrapolation of the Paschen curveEI for CO, would suggest.
They explain this difference with the extensive density inhomogeneities of the
supercritical fluid near the critical point. However, it is unclear why Paschen’s
law would be applicable for a wire-cylinder geometry operated under pulsed
conditions. Paschen’s law describes Townsend breakdown in stationary fields with
a parallel plate geometry.

2.3 Streamer propagation

After streamer initiation, a streamer will propagate under the influence of an
external electric field augmented by its self-generated field. An illustration of
the mechanism of streamer propagation is given in figure Here it is shown
that around the streamer head, positive or negative space charge layers exist (for
positive and negative streamers), the inside is filled with conducting plasma. In
order to sustain the extension of the plasma channel by impact ionization, enough
free electrons should exist in the high field region just in front of the space charge
region. In negative streamers the supply of free electrons is not a problem because
the electrons from the ionized region can drift in the field in the direction of
streamer propagation. However, in positive streamers, the electrons can not come
from the streamer itself. Therefore, for positive streamer propagation, “fresh”
electrons are needed in front of the streamer head. The possible sources of these
free electrons will be discussed in the next section and in chapters[5|and [6}

Most charges in a streamer discharge in air are initially produced by the impact

2Paschen’s law describes breakdown voltage V4 as function of pressure p times electrode distance d as
Vg = % with a and b constants that depend on gas composition.
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ionization of nitrogen

N, +e—Nj +e+te (2.6)
with an ionization energy of >15.58 eV or of oxygen

Oz+e—>02++e+e. (2.7)

with an ionization energy of >12.07 eV. Therefore, the positive charges indicated in
figure 2.2 will mainly consist of positive molecular ions. According to Aleksandrov
and Bazelyan [9], N, and O will quickly change to other species according to the
following scheme (for dry air under standard conditions)

Nzr -—» NZr -—» Ozr - OI. (2.8)

After some tens of nanoseconds, the positive ions are dominated by OZ.

The negative charges all start as electrons, but in air they quickly attach to
molecular oxygen by three-body attachment

e+0,+M— 05 +M, (2.9)

where M can represent oxygen or water molecules depending on the moisture
content of the air. M can also represent nitrogen, but with a reaction rate that
is two orders of magnitude lower than for oxygen [91]. This reaction becomes
important for pure-nitrogen like gas mixtures but can be neglected in air. Because
of these electron loss processes, many of the negative charges indicated in the
streamer tails in air in figure[2.2) will be negative molecular oxygen ions, limiting
the total conductivity. Therefore streamers in pure nitrogen can become longer
than in air under similar conditions as less electron attachment occurs if current
flow from behind is required. The negative charges in the streamer head, as well
as the moving charges in front of the streamer heads will be mostly free electrons.

Due to the electric screening layer around the curved streamer head, the electric
tield ahead of it is usually much higher than the external or background field. An
example of this enhanced field in the streamer head is given in simulation results
by Luque et al. [122] shown in figure Here it can be seen that the electric field
ahead of the streamer heads is more than three times higher than the background
field. Depending on conditions, this enhancement can be even higher as was
recently shown by Ratushnaya et al. [175].

Figure [2.3|also shows some other differences between positive and negative
streamers. The positive streamer starts slower than the negative streamer, but
quickly makes up for this. The slow initial motion of the positive streamer can
be attributed to the fact that negative streamers always propagate with at least
the electron drift velocity in the background electric field, while there is no lower
bound for the propagation velocity of positive streamers. Later, the image shows
that the positive streamer is more narrow and therefore its field enhancement is
larger than in the negative streamer. This makes the positive streamer faster.
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Figure 2.3: Electric field of a double-headed streamer at standard temperature and
pressure in a homogeneous background field of 50 kV/cm, plotted at equal time
steps of 1.2 ns. The negative front is propagating upwards, the positive front moves
downwards. Note that the lateral borders of the figure do not correspond to the full
computational domain, |r| < 4 mm. Image taken from [122].

2.3.1 Electron sources for positive streamers

As was discussed above, positive streamers need a constant source of free electrons
in front of them in order to propagate. Because of the electronegativity of molecular
oxygen, free electrons in air quickly attach to oxygen by reaction if the electric
field is below about 30 kV /cm. If this is the case, a high field is needed to detach
the electrons so that they can be accelerated. The exact level of the detachment
tield depends on the vibrational excitation of the molecule. According to Panchesh-
nyi [156], a good value for the instant detachment field under standard conditions
in air is 38 kV/cm.

Photo-ionization

Most streamer models model air and the major source of electrons in front of the
streamer head is taken as photo-ionization. In air, photo-ionization occurs when a
UV photon in the 98 to 102.5 nm range, emitted by an excited nitrogen molecule,
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ionizes an oxygen molecule, thereby producing a free electron:

N3 — N2 + Y98-1025nm (2.10)
O2+798-1025nm — OF +e. (2.11)

As the emitted photon can ionize an oxygen molecule some distance away from
its origin, this is a non-local effect and therefore excited nitrogen molecules in the
streamer head can create free electrons in front of the streamer head (as well as in
other places around the streamer head). The average distance a UV photon can
travel depends on the density of the absorbing species, oxygen in this case. In
atmospheric air under standard conditions, this distance will be about 1.3 mm [121].

Investigations of the exact details of photo-ionization in air are quite scarce and
are mostly based on the understanding of the mechanism by Teich [211}212] and
measurements by Penney and Hummert [167]. This was combined by Zhelezniak
et al. [244] into a model of photo-ionization that is now used (in original or modified
form) in most streamer simulations. In recent years Aints et al. [6] have used the
same method as Penney and Hummert to investigate the effects of water content
in air on photo-ionization. Their results are similar to the results of Penney and
Hummert, with small corrections for the effects of water content. Naidis [141] has
investigated the cause and implications of their findings and finds that quenching
of radiative states as well as absorption of UV photons by water molecules can
explain the differences they find between moist and dry air.

Most measurements of photo-ionization have been performed at low pressures
(Penney and Hummert used 0.1-25 mbar). When extrapolating this data to higher
pressures, quenching of excited states becomes important, which makes many
simpler extrapolations questionable.

Despite the lack of fundamental work on the photo-ionization mechanism,
its effects on streamer discharges have been studied by a number of authors.
Simulations on the role of photo-ionization have been performed by e.g. Ku-
likovsky [96], Morrow and Lowke [139], Bourdon et al. [26], Luque et al. [119, 121]
and Wormeester et al. [236].

Kulikovsky postulates that the fundamental spatial scale of a streamer discharge
is defined by the photo-ionization length and that this defines all other parameters.
However, recent work by e.g. Wormeester et al. [236] has shown that this is a too
simple viewpoint and that in a streamer discharge, many length scales exist that
have nothing to do with photo-ionization and also appear in simulations with
photo-ionization disabled.

Bourdon et al. and Luque et al. have developed fast numerical approaches to
include the photo-ionization model of Zhelezniak et al. in their numerical models.
The results of their approaches are very similar. Recently, Settaouti [186] has used
Monte Carlo simulations from which he concludes that photo-ionization is the
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essential mechanism in streamer propagation and that no streamers develop when
photo-ionization is omitted from the calculations. However, it seems that, like
Kulikovsky, he does not take background ionization into account, which helps in
streamer propagation without the need for photo-ionization as is discussed below
and in section [6.1]

Experimental work has been done by e.g. Nudnova and Starikovskii [152] who
use an Abel inversion technique to investigate streamer head radiation patterns
and determine the so-called electrodynamic radius from this data. They compare
this with streamer modelling and see that in their models, the streamer head
shape is transformed from “elliptical” to “hemispherical” as the photo-ionization
coefficient increases by an order of magnitude.

More details about the history of understanding of photo-ionization in air and
other nitrogen-oxygen mixtures can be found in section

There is hardly any literature about photo-ionization in other gas mixtures. Of
course, in other mixtures it is possible as well that emitted radiation by one species
can directly ionize another species. However, in the case of the combination of
nitrogen and oxygen, the photo-ionization cross-section of oxygen is relatively
large for the UV-photons emitted by nitrogen (compared to other possible photo-
ionization combinations) as some electronic emission lines of nitrogen are very
close to the ionization potential of oxygen. This does not have to be the case for
other gas mixtures.

Background ionization

Besides photo-ionization, there is another source that can provide free electrons in
front of a positive streamer head: background ionization. Background ionization
is ionization that is already present in the gas before the streamer starts, or at
least it is not produced by the streamer. It can have different sources. In ambient
air, radioactive compounds (e.g. radon) from building materials and cosmic rays
are the most important sources of background ionization. They lead to a natural
background ionization level of 103-10* cm 2 at ground level (Pancheshnyi [156]
and references therein).

Another source of background ionization can be leftover ionization from pre-
vious discharges. This is especially important in repetitive discharges types like
DC corona discharges or repetitive pulsed discharges. Already at a slow repetition
rate of about 1 Hz, leftover charges can lead to background ionization densities of
order 10° cm ™~ (see calculation on page .

Background ionization can also be created by external UV-radiation sources,
addition of radioactive compounds to the gas or surfaces, electron or ion beam
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injection and more.

Independently of the source of background ionization, in air the created elec-
trons will always quickly be bound by oxygen, according to reaction (2.9). This
means that they will have to be detached by the high field of the streamer before
they can be accelerated and form avalanches.

Pancheshnyi [156] has published a detailed review of the importance of back-
ground ionization and negative ions on streamer properties. This work, as well as
a more detailed introduction to background ionization, including reactions and
reaction rates is discussed in section [6.1]

2.3.2 Similarity laws

Similarity laws for discharges in gasses of the same composition, but of different
density were probably first formulated by Townsend for the so-called Townsend
discharge at the beginning of the 20th century; they are discussed in many text-
books of gas discharge physics (e.g. [129, 172} [179]).

While there are many deviations from similarity in other discharges, similarity
in the propagating heads of streamer discharges holds particularly well because
these fast processes are dominated by collisions of single electrons with neutral
molecules, while two-step processes and three-particle processes that would be
density dependent, are negligible on these short time scales. This implies that the
basic length scale of the streamer discharge is the mean free path of the electron

1 kT

Cfp = dony ~ dop’ (2.12)

(with the ideal gas law) where ¢ is the collisional cross section, 1y the gas density,
k the Boltzmann constant, T the gas temperature and p the pressure. ¢ is the total
cross section of all collisions and therefore includes the ionization cross section o;
from equation but for all collisions, not just ionization. From follows
that £,, ¢, is inversely proportional to the density of the medium,

gmfp X 1/710. (213)
All length scales follow the same scaling as the mean free path:
| x émfp X 1/710. (214)

Streamers are similar when electrons gain the same energy while being accelerated
in the electric field (qc - |E| - £,7,). This means that the electric field scales as

IE| o g (2.15)
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for similar streamers. From this, it follows that velocities of streamers v,;, as well as
electron energy distributions are independent of 1y because v; = ji, - |E|, in which
the electron mobility y, scales with 1/ny and |E| scales with n;

04 & np. (216)

The characteristic energy of the electrons is equal to the ionization energy and
therefore is constant for a specific gas and does not scale with density. From (2.14)
and (2.16) it follows that many characteristic times ¢ scale with inverse density

t o<1/ np. (2.17)

The dielectric relaxation time is T = &g/ (qe - 1o - He), with gg the permittivity of
vacuum and g, the electron charge. As T (according to (2.17)) and j, both scale
with 1/nq , n, scales like

ne o n3. (2.18)

As velocities do not scale with gas density, current density also scales with 13 while
the total current does not scale with gas density. However, the total current can
depend on the applied voltage, on the number of streamer channels and on the gas
type. Combining and shows that the total number of electrons scales
with 1/n¢. At constant temperature and for ideal gasses, we can replace 1 in all
similarity laws by the pressure p.

Scaling laws can only be applied under specific conditions. Corrections need to
be applied for the following conditions [52] (we only list the conditions that are
relevant for our experiments):

Multi-particle processes: When reactions including more than two particles or
more than one charged particle dominate the discharge, scaling laws no
longer apply. When such reactions are significant but not dominant, correc-
tions can be applied. Examples of these multi-particle processes are quench-
ing of excited nitrogen molecules (which decreases photo-ionization above
pressures of about 80 mbar), three body-attachment (reaction[2.9) and two-
step ionization.

Stochastic effects: When charge densities are so low that stochastic processes play
an important role, the scaling laws no longer apply. One important streamer
process that can be influenced by such stochastic processes is streamer branch-
ing (see section2.4). Although branching is a nonlinear bifurcation process
that can occur without any fluctuations, it can be accelerated by electron
density fluctuations. Also streamer inception can be greatly influenced by
stochastic availability of electrons.

Electrodes or other material boundaries: Shape and surface properties of such
boundaries can not be rescaled with changing gas density.
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Figure 2.4: Illustrations of scaling of streamer features with pressure. In the top row,
complete overview images of the full 40 mm gap of ~10 kV streamer discharges in
air are shown for three pressures. In the second row, the central parts of the same
images are shown scaled so that p - h is the same (with /i the height of the imaged
section). This shows that the central part of a streamer discharge in air has a similar
shape independent of pressure when scaled according to the similarity laws. The
graph on the bottom shows that the reduced minimal streamer diameter in air and
pure nitrogen is independent of pressure over a large pressure range and even fits
with measurements of sprite channel thickness by Gerken et al. [63]]. Figures taken
from [32], also published in [34].

Nevertheless, the scaling laws can be applied to most streamer experiments as well
as to geophysical discharges. This has recently been confirmed experimentally
for the overall morphology including diameters and velocities of streamers and
sprites in terrestrial air of varying density by Briels et al. [34]. Figure [2.4/shows
some of her results. Similarity laws for streamers have been applied to many
fields. Pasko et al. have studied them with regard to sprites and other transient
luminous events [110} 161} 164, [165]. Luque et al. [123} 124] have done this as well
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(see also section 2.7 of this work for the relation between sprites and laboratory
streamer discharges). Tardiveau et al. [210] have used the similarity laws to infer
properties of streamers at high pressures and densities in combustion engines from
measurements at atmospheric and elevated pressures. In their experiments, they
find deviations from the similarity laws at high pressures (several atmospheres at
room temperature). A leader structure (a hot channel) starts to show up before
the gap is bridged. They argue that this is due to reduced heat diffusion but we
have argued that the primary reason is a higher rate of heat generation at higher
density [52].

2.3.3 Initfiation cloud, primary, secondary and late streamers

Most pulsed positive streamer discharges with a tip-like electrode start with a
so-called initiation cloud. In fact, what on time integrated images of the discharge
seems like a cloud, is in fact often a smaller cloud that transforms into a thin
expanding shell of ionization. After a certain distance, this shell breaks up in
multiple streamer channels, except when the gap is so small that the initiation
cloud extends into roughly half the gap distance, then it usually breaks up in only
one channel. An initiation cloud that breaks up into multiple channels can be
seen in figure especially in the 100 mbar images. The size of the initiation
cloud depends on gas density according to the similarity laws (I o< 1/19) but it also
depends on gas composition and, of course, on the applied voltage. For example,
in air the initiation cloud is much larger (up to a factor 10 or more) than in pure
nitrogen [34].

The maximal possible size of the initiation cloud can be estimated by assuming
that the initiation cloud is a good conductor and therefore shields the electrode pin.
The potential on the outside of the initiation cloud will now be equal to the pin
potential. The potential ¢ at radius r outside of a conducting sphere will be

$(r)=V-R/r forr>R, (2.19)

with V the applied voltage and R the radius of the conducting sphere. The electric
field is

E(r)=V-R/r. (2.20)
Therefore, at the edge of the sphere where r = R the field is
E(R)=V/R. (2.21)

If we also assume that the field should be larger than the breakdown field (E.,;; ~
30 kV/cm in air under standard conditions), we can estimate the maximum size of
the initiation cloud as

Rmax :V/Ecrit- (2'22)
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Figure 2.5: Streamer discharges in a 40 mm gap in atmospheric air with a 54 kV
pulse. The images are acquired with short (a and b) and long (c) exposure times. The
exact image start delay is varied between a and b (exact values unknown). Images
by Tanja Briels, originally published in figure 6 of [31].

The theoretical upper bound for the cloud size from equation matches quite
well with measurement results in air by Briels et al. [34, 35]. It should be noted
that she studied positive streamers which destabilize and branch much easier
than negative streamers as negative streamers are stabilized by the electron drift
(see [122]). Therefore it is expected that the actual size of the initiation cloud will be
closer to the theoretical maximum size for negative pulses than for positive pulses.
This is demonstrated in appendix |A]of this thesis.

The first streamers coming from the initiation cloud are called primary stream-
ers. A primary streamer starts from the initiation cloud and then traverses the
gap towards the other electrode (the cathode for a positive streamer discharge).
Example of such streamers are shown in figures[2.5pa and b. However, for long gaps,
low voltages or short pulse durations, the primary streamers often do not reach
the other side and extinguish somewhere between the electrodes (see figure 2.4p).
Most of the work in this thesis treats positive primary streamers.

If the primary streamer has connected to the other side, more light is emitted
by the streamer channel. Often a new bright front is observed that translates
from the anode towards the cathode through the same channel as its preceding
primary streamer. Marode [126] suggests that this so-called secondary streamer
corresponds to a moving equivalent of the positive column of a glow discharge;
this phenomenon is currently under investigation by Ebert et al. Here, we did not
investigate the secondary streamer phase in detail. Therefore, in this thesis, we
will treat the secondary streamer phase and the glow phase together and refer to
them as the glow phase.

A detailed analysis of the processes occurring in primary and secondary stream-
ers is given by Sigmond [189]. He notes that moving secondary streamer fronts
in centimetre scale gaps in atmospheric air do not perturb the smoothly decaying
streamer current and that they are only reported in air. Ono and Oda have
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compared primary and secondary streamers. They observe that emission from
the first negative system of N (391.4 nm) is only observed in primary streamers
and not in secondary streamers. This is attributed to the fact that higher electron
energies are required for propagation of primary streamers than for secondary
streamers as primary streamers have to create ionization while secondary streamers
propagate along the ionized channel created by the primary streamers. Further-
more, they find that secondary streamers only occur at higher voltages (15 kV in
air and 20 kV in pure nitrogen). Van Heesch et al. [81] found that O* radical yield
from primary steamers is up to two times higher than from secondary streamers.
They explain this by higher local electric fields and electron energies in the primary
streamers.

A third category of streamers besides primary and secondary streamers are the
so-called late streamers. These are in fact primary streamers but they either start
later than the dominant streamers, or are so slow that they seem to have started
later. Late streamers propagate along completely different paths than the other
(primary) streamers before them. They are often very thin, which is related to their
slow propagation velocity (see e.g. Briels et al. [33]). In most cases they do not
appear from the sharp electrode tip itself but instead from (less sharp) edges of the
electrode or electrode holder because the tip is already screened by a glow region
and therefore no longer enhances the electric field as much. Examples of these late
streamers are visible in figures and c. In figure the late streamers have
just started and are visible on the top of the image. In figure 2.5c, a much longer
camera exposure is used. Therefore the primary streamers are now overexposed as
their secondary and glow phase is also included in this exposure. However, many
(thin) late streamers are clearly visible crisscrossing all corners of the image.

2.4 Streamer branching and interaction

Most streamer discharges contain more than one streamer channel. Therefore,
interactions between streamers are important when studying streamer behaviour.
One important aspect is streamer branching where one streamer channel splits
in two (or more) channels. Other interactions are attraction and repulsion of
streamer channels. Furthermore, neighbouring channels influence each others’
field configuration. If attraction occurs, this may lead to streamer merging or
(re-)connection. We define merging streamers as two streamer channels moving in
anearly parallel direction and then merging into one. Connection occurs when two
streamer channels coming from different directions connect to each other, mostly
one tip ends on an existing channel. A special case of connection is reconnection,
where both connecting channels originate from the same electrode.
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Figure 2.6: Results of simulations of a streamer tree by Akyuz et al. when the applied
voltage on the needle is 5 kV. Taken from [8].

The streamer interaction mechanisms discussed above are an important ingre-
dient for building models of a complete streamer discharge. However, a complete
model based on measurements or theoretical understanding of the microscopic
processes is not available yet. All existing models are based on phenomenological
assumptions. An early example of such a model of a complete discharge tree is
by Niemeyer et al. [146]. They use a simple fractal model to approximate sliding
surface discharges. This model includes streamer branching and the distribution of
the electric field in a phenomenological manner. A similar, but more sophisticated
model has been used by Akyuz et al. [8]. They simulate a 3 dimensional streamer
tree up to about 16 separate streamer filaments (see figure 2.6). We will discuss
their assumptions about branching angles below. Pasko et al. also use similar
2D [162] and 3D [163] fractal models, but they apply them to sprite discharges
instead of laboratory-scale discharges. They claim that their models can reproduce
the large scale sprite phenomena that are reported and demonstrate differences
between sprites created by positive and negative polarity lightning strokes. They
find that simulated sprites produced by a negative cloud-to-ground stroke extend
down to altitudes ~10 km higher than positive ones. However, the number of
observed sprites generated by negative lightning strokes is very low compared to
sprites generated by positive strokes [18]. Furthermore their general comparison
with sprite properties was rather limited as the quality and quantity of sprite
observations was still low at that time.

More recently, there have been some publications regarding simulation of
the strongly branched structure of lightning strikes [79, 217] and other
streamer-like discharges 97, 218], but no attempts to improve the understand-
ing of complete streamer discharges by applying all streamer interactions in a
model.
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2.4.1 Streamer branching

The most important streamer “interaction” is branching of a single streamer chan-
nel into two channels. Branching is observed in most streamer discharges except
when the gap is so short that the streamer has reached the other side before it has
branched. Furthermore, minimal streamers (see below) do not branch either but
eventually extinguish. This is the main argument why streamer discharges never
are real fractals.

The exact mechanism of streamer branching has been under discussion for
quite a long time now. One, now widely accepted, explanation is that it occurs
due to a Laplacian instability similar to viscous fingering [12} (132} [178], without
the need for photo-ionization or stochastic effects. In this explanation, Laplacian
instability is a requirement for branching, but branching can be accelerated by
stochastic processes. This concept is further evaluated by Montijn et al. [137] by
using adaptive grid refinement techniques. They find that streamers can also
branch in sufficiently undervolted gaps but that they show fewer branching modes
than in higher fields. Liu and Pasko [108] argue that photo-ionization is very
important for streamer branching in air and that a streamer branches when its
radius becomes greater than 1/ X, - po, with x,i, the photo-ionization absorption
cross section of molecular oxygen and po, its partial pressure. Their models show
a lower threshold radius for positive streamers than for negative streamers. In
a later paper [110]], they reconfirm this mechanism and extend it by stating that
quenching effects facilitate easier branching at higher pressures, again because less
UV-photons lead to less free electrons and thus more noise. A similar explanation
of streamer branching by fundamental instabilities in the streamer front is used
by Sinkevich [193]]. Arrayés et al. [13] use an analytical approach to calculate
the Laplacian instability of a negative streamer. They propose an equation to
estimate the spacing between different branching positions as function of the
external electric field and the diffusion coefficient. Derks and Ebert [46] also
use an analytical approach to study the same problem. They point out some
inconsistencies in Arrayas et al. [13].

Another, older, explanation for streamer branching was already proposed by
Loeb and Meek in 1940 [118] based on concepts of Raether [171]. It uses the stochas-
tic behaviour of secondary avalanches in front of the streamer head. However,
this concept has never been shown to agree with the expected distribution of seed
electrons in front of the streamer. In air, the number of free electrons created by
photo-ionization just in front of the streamer head is so high that it can not explain
the stochastic occurrence of avalanches. However, in other gas mixtures (e.g. nearly
pure nitrogen) this can be different. In chapters[5} [f|and [/] we investigate effects
of gas type and purity on branching. An elaborate discussion about the observed
phenomena can be found in section
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Despite the problems with the avalanche-branching model in air, this mecha-
nism is still used by many authors to explain streamer branching. For example,
Akyuz et al. [8] use two equivalent avalanches in front of an “old” streamer channel
in order to simulate branching angles. They find an angle of about 39° for branch-
ing in two dimensions, which is within the range of observed angles in Lichtenberg
figures. For three dimensions, they use a more sophisticated method but it is still
based on two wrong assumptions, namely that secondary avalanches in front of
a streamer head directly lead to streamer branching in air and that there are not
more than two avalanches at the same time.

Van Veldhuizen and Rutgers [222] have experimentally investigated streamer
branching in argon and ambient air for different discharge geometries and pulse
characteristics. They find that streamers in a point-wire discharge branch about
10 times more often than in a plane-plane discharge. They can not explain this
difference from the properties of the streamer heads like size and maximal field.
They therefore suggest that electrostatic repulsion plays an important role in
streamer branching. This electrostatic repulsion is part of the Laplacian instability
theory discussed above. Furthermore, they conclude that the impedance of the
power supply must be taken into account when studying branching, as it has
a significant influence on the number and thickness of the branches. Briels et
al. [30, 31]] have investigated this effect further. They characterize four different
types of streamers although they realize and later show [33] that there is no phase
transition between these types. Nevertheless, they propose that two of their
streamer types are so-called minimal streamers that have a diameter at which
streamers no longer branch. This minimal diameter is density dependent (see
section 2.3.2) but independent of background field or other pulse parameters. This
concept was proposed by Ebert et al. [51].

Different experimental results [35, [153] 243] have all shown that in nitrogen-
oxygen mixtures, decreasing the oxygen content leads to more branching. Briels
et al. [35] attribute this to differences in photo-ionization. Luque et al. [119] get
similar results from their simulations; under certain conditions, photo-ionization
can suppress branching because it leads to a smoother particle distribution and
therefore is less susceptible to Laplacian instabilities. Similar reasoning is followed
by Hallac et al. [75]. Pancheshnyi [156] also notices similar effects. He states that
high pulse repetition frequencies lead to higher background ionization levels (see
also section and therefore smoother, less stochastic streamer propagation
which results in less branching.

Babaeva et al. [15,16] investigate the role of stochastic behaviour and inhomo-
geneities on streamer branching on a more macroscopic level. They investigate
the influence of not only inhomogeneities but also of dust particles and bubbles
(for streamers in liquids). They find that larger particles and bubbles can intercept
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and re-initiate streamers and thereby increase the chance of branching. However,
this mechanism differs significantly from “normal” streamer branching as it is in-
volves macroscopic processes, while streamer branching in bulk gas only involves
microscopic processes.

2.4.2 Streamer attraction/repulsion

Compared to branching, not much work has been published on other streamer
interactions. We can identify three different physical mechanisms for interaction
between two streamer channels:

Electrostatic As streamer channels have a net charge, they can attract or repel each
other by their electric field.

Magnetic Streamer channels do carry current and therefore create a magnetic field
that could attract or repel other current carrying channels through Lorentz
forces.

Photo-ionization Streamers can influence the ionization levels around them by
(non-local) photo-ionization. If they are close enough, photo-ionization from
one streamer can affect the other one.

A possible fourth interaction mechanism can be the leftover ionization or charge
in a previous streamer but this only affects streamers that occur (much) later in
time and will not be treated in this section. We discuss this mechanism in detail in
chapter|6] For all streamer discharges discussed in this thesis, the current carried
by the streamer is too low to induce any significant Lorentz force. Therefore we
will also disregard magnetic interaction.

In air, the photo-ionization length is short compared to inter-streamer dis-
tances (about 1.6 mm at atmospheric pressure [167, 244]) and therefore will only
affect streamers that are already very close to each other. However, in other gas
mixtures with longer photo-ionization lengths, it can have an effect on neigh-
bouring streamer channels, albeit that the effect will be small if the amount of
photo-ionization is low.

This leaves us with only one candidate for significant streamer interactions:
electrostatic attraction and repulsion. Examples from electrostatic attraction of
streamers are most clearly observed with streamers of different polarity that can
occur in e.g. point-point discharges like lamp ignition [45,196] or connection of up-
and downwards moving leaders in lightning strikes [19]. In nearly all cases where
streamers originate from the same electrode (and therefore have the same polarity),
it is observed that they repel each other, as is expected from an electrostatical
viewpoint.
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Nevertheless there have been multiple reports that late streamers can bend
towards earlier channels [31} [71] as well as similar observations in sprites [44].
Briels et al. [31] propose that streamer channels change polarity once they have
crossed the gap and can then electrostatically attract other streamer channels.
Similar reasoning is used in the results presented in chapter [4 of this thesis where
we investigate this effect in more detail. Sprite streamer polarization along the
length of the channel may explain the observed attraction in sprites and was
proposed recently by Luque and Ebert [124] and Liu [113]].

2.5 Streamer optical emission

As streamers propagate, fast electrons excite species in the streamer head. Many of
these excited species can fall back to lower excitational levels or the ground level
and thereby emit a photon. These photon emissions are by far the most important
property of streamers that are studied experimentally. They are used in streamer
imaging and in optical emission spectroscopy, which together comprise most of
the experimental results presented in this thesis.

In order to have good insight in the streamer properties from optical emissions,
one needs to know which excited species are responsible for which emission lines
or bands and how this is related to other streamer properties like electron density
and local electric field.

Liu et al. [109,[112] have modelled optical emission from positive streamers in air
at ground level and high altitude (70 km) pressures. They show that emissions from
different band systems in nitrogen molecules will have different spatial intensity
distributions in and around the streamer for different altitudes. Emissions from
the first negative system of N;' (FNS, upper state B?%.F) are located very close to
the high electric field region, while emissions from the first and second positive
systems of Ny (FPS and SPS, upper states B*I1, and C°I1,) are distributed over
a much wider area. This can mainly be attributed to the longer lifetimes of the
excited states of the FPS and SPS systems. At ground level, the highest intensity
emission is produced by the second positive system while at high altitude, the first
and second positive systems have nearly equal intensities. This difference between
ground level and high altitude can be attributed to density-dependent quenching
of the different molecular systems.

This is consistent with many observations by e.g. Gallimberti et al. [62], Stritzke
et al. [202]], Tochikubo and Teich [215] and Simek ef al. [191),[192] as well as with other
modelling results [111}[165] and with observations of sprite emission spectra [199].

As quenching can play an important role in the emitted spectra, good knowl-
edge of quenching rate coefficients is needed to understand these spectra. Recently,
Dilecce et al. [49] have investigated these rate coefficients by means of laser induced
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fluorescence measurements.

Besides radiated intensity, quenching also influences the effective lifetime of
the different excited states. Shcherbakov and Sigmond [187] have performed ex-
periments on the lifetimes of the SPS and FNS bands and have found emission
durations with a full width at half maximum of 1.4-1.5 ns and 0.5-0.6 ns respec-
tively in atmospheric density air. These times include the passing of the streamer
front as well as the lifetime of the excited species. In another paper [188], they
use results from such sub-nanosecond spectroscopic measurements to determine
streamer properties like the electron density and the electric field in the streamer
head. Similar methods are often employed to study properties of laboratory
streamers [159] and sprites [80} [111]], although in the case of sprite observations, it
is impossible to achieve high time or wavelength resolutions.

2.6 Streamers in different gasses

Most of the topics discussed above, as well as most streamer literature is focused
on streamers in air and, to a lesser extent, on other nitrogen-oxygen mixtures or
pure nitrogen. There has been some experimental work on other gasses (e.g. pure
noble gasses and industrial gas mixtures), but there is not much theoretical work
on these non-air-like gasses and mixtures.

Properties of a gas which are important for streamer discharges are:

Ionization energy and cross sections determine the electron energy that is needed
for impact ionization in the streamer head. This level is much higher in
helium than in most other gas mixtures.

Vibrational, rotational and electronic excitational levels and cross sections de-
termine how much energy an electron loses by inelastic collisions. There is a
large difference in the amount and height of these levels between molecular
gasses (e.g, oxygen, nitrogen) and atomic gasses (e.g. argon, helium). Molec-
ular gasses have many rotational and vibrational levels as well as electronic
levels, while atomic gasses only have a few electronic levels. In practice all
atomic gasses that are regularly studied for streamer discharges are noble
gasses.

Electronegativity determines if and how many free electrons are lost by attach-
ment to other molecules. Of the gasses studied here, only oxygen and CO,
are electronegative. All other gasses are electropositive. Nevertheless, even
trace amounts of oxygen (below 1 ppm) are able to attach most electrons after
a discharge and can therefore have a big influence on background ionization
levels (1 ppm under standard gas conditions is still 10'3 cm~3, which is much
higher than background ionization levels under most circumstances).
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Photo-ionization determines how much non-local production of electrons can
occur. As was briefly discussed above, there is hardly any data on photo-
ionization mechanisms in other gas mixtures than oxygen-nitrogen.

Other (chemical) reactions and reaction rates (e.g. quenching, recombination)
determine what happens with excited states, ions, dissociation and more
during and after a streamer discharge. Especially in mixtures of molecular
gasses, the number of reactions can be huge. For example, Sentman et al. [184]
include over 800 reactions and over 80 species in their models of sprite
chemistry in air. Often, the number of reactions and species can be reduced
by only including the most important ones, but still a large number will
remain.

A good reason for the low amount of theoretical work on streamers in non-air-like
gasses is lack of input data. Some input data, like cross sections are available from
sources like the Siglo database [1]], but others, like photo-ionization data is only
available for air (but can be extrapolated to other nitrogen-oxygen mixtures).

2.7 Similarities between streamers and sprites

The mechanism of sprite production on earth is now being understood with in-
creasing precision [83} 184} 123} 1160, [165, [173, 200]. The charge separation within
the thundercloud is slow enough that the conductivity in the mesosphere and
the ionosphere can screen the emerging electric fields (see figure [1.2]for the atmo-
spheric layers). However, a lightning stroke changes the charge content of the
cloud and the surface so rapidly, that the newly generated electric fields are not
screened immediately and appear up to the ionosphere. These fields are typically
calculated in quasi-electrostatic approximation. As the breakdown electric field
Ej depends on atmospheric density, it decreases exponentially with altitude, and
therefore the lightning generated electric field can exceed the breakdown field
at a sufficiently high altitude as was predicted by Wilson in 1925 [230]. This is a
necessary condition for the emergence of a sprite a few to several tens of millisec-
onds after the parent lightning [44) [84] [183], but sprites do not always appear in
the mesosphere even if the quasi-electrostatic field is there [123]. According to
recent triangulations by Stenbaek-Nielsen et al. [201]], sprites emerge at altitudes
of 66 to 89 km. High-speed imaging showed that sprites start with downward
moving streamer heads [44, 128, [199], and telescopic imaging by Gerken et al. [63]]
shows that single channels have diameters of tens to hundreds of meters. These
observations are reproduced by simulations [123]. A review of sprite properties on
earth can be found in [200].
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2.7.1 Lightning and sprites on other planets

Lightning discharges are the energetic manifestation of the microphysical and
thermodynamical processes occurring within clouds that reside in a planetary
atmosphere. In the solar system, lightning has been detected by spacecraft via
direct optical imaging on Earth, Saturn and Jupiter, and by electromagnetic remote
sensing on Earth, Venus, Jupiter, Saturn, Neptune and Uranus. Recently, Ruf et
al. [180] reported ground-based detection of non-thermal emission from a Mar-
tian dust storm, which they attributed to electrical discharges, although no radio
signals from lightning have been found by the Mars Express spacecraft [74]. No
signature of lightning activity had been discovered on Titan, Pluto and Mercury.
We refer the reader to the recent comprehensive reviews on planetary lightning
by Desch et al. [47] and Yair et al. [239]. We will elaborate here on the findings
that concern lightning on Venus and on Jupiter. On Venus, lightning activity had
been deduced based on the VLF emission detected by the Soviet landers Venera
11 and 12 (Ksanfomality et al. [95]). However, the data from top-side observations
by various spacecraft have not shown un-equivocal optical or electromagnetic
signatures, especially after the fly-bys of the Galileo and Cassini spacecraft [72,[73].
Krasnopolsky [94] reported earth-based measurements of high-resolution spectra
of Venus in the NO band at 5.3 um and found an NO content of 5.5 4 1.5 ppb below
60 km altitude. Such a concentration cannot be explained by cosmic-ray induced
chemistry and the suggested mechanism is production by lightning. Russel et
al. [181] have analysed the Venus Express magnetometer data and have inferred
a global flash rate on Venus which is comparable to that on Earth, ~ 50/s. It
is hard to explain how such a high flash rate can occur in the stratiform clouds
on Venus. Based on conventional charge-separation processes which occur in
terrestrial thunderclouds, Levin et al. [102] have shown that the charging rate of the
clouds on Venus should be considerably slower than on Earth, and the resulting
flash rate should be of the order of few per hour. This does not rule out the pos-
sibility that other, unknown charging mechanisms do operate within the clouds,
leading to rapid electrification and frequent lightning. Recently, Russel et al. [182]
have compared Venus lightning processes with terrestrial lightning. They find that
although many observed lightning properties seem different between Venus and
Earth, many of these differences can be attributed to effects during the ionospheric
propagation to the spacecraft and are therefore observation artefacts.

On Jupiter, the Voyager, Galileo, Cassini and New-Horizons missions found
clear indications that lightning discharges are prevalent [17, 24]. They are thought
to occur in the deep HyO clouds that exist in the Jovian atmosphere and are
estimated to be roughly 100 times more energetic than on Earth (Yair et al. [238]).
Recent observations by the Cassini mission have shown visible lightning on Saturn
as well [50].

Since lightning has been found in planetary atmospheres, it seems reasonable
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to assume that some form of TLE, like sprites, occur there as well. Yair et al. [240]
estimated the altitude in which breakdown can occur above the cloud deck in
various planetary atmospheres, using the quasi-electrostatic approximation first
proposed by Wilson [230]. Yair et al. [240] predict that for sufficiently large charge
moments, sprites can form in the atmospheres of Venus and Jupiter.

The Japanese Climate Orbiter, Akatsuki (formerly known as Planet-C), launched
on 20 May 2010, will search for lightning on Venus (see [142, 204]). However,
the Venusian thick cloud layers might inhibit optical observations. Sadly, on 7
December 2010, the Venus orbit injection of the craft failed. The expected next
possible orbit injection will be in 2015 or 2016. Therefore we do not expect to see
new measurement results on lightning and sprites on Venus in the near future.

Yair et al. [240] expect that, if lightning exists, sprites may form above the upper-
most cloud deck, and thus could be easily observed by an orbiting spacecraft, both
on Venus and on Jupiter. The altitude, diameter, shape and light emission of the
observed sprites could yield valuable information about the charge configuration
in the clouds below, as well as about the gas composition of the upper atmosphere
of the planet. In this work we investigate the expected spectrum of sprites (in
chapter [8) and their morphology (section via laboratory experiments. This
information can be useful in finding and identifying sprites in upcoming observa-
tions.

2.7.2 Laboratory experiments on sprites

It is by now well understood that the large sprite discharges at low air density
are essentially up-scaled versions of small streamer discharges at high air density
that dominate the initial breakdown of large gas volumes in a sufficiently strong
electric field. As discussed by [34} 51,52, [165] and supported by observations by
[64,1127,[128] and by simulations by [108)] 119|121} 123} [164], streamers and sprites
are essentially related through the similarity or scaling laws.

As was discussed above, the basic arguments for the similarity laws between
streamers at different gas densities do not depend on the gas composition, and
indeed the similarity laws are confirmed experimentally in air. This opens a
possibility to simulate planetary sprites through laboratory experiments in the
corresponding gas mixtures. To the best of our knowledge such simulations
were never performed in gas mixtures specifically chosen to simulate planetary
atmospheres other than earth.
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General experimental set-up

3.1 Introduction

To produce and analyse a streamer discharge, an experiment with several compo-
nents is required. The most important ones are listed here.

Vacuum vessel contains the discharge and, together with a pump and gas han-
dling system, provides the gas composition and pressure for the discharge.
This is treated in section[3.2]

Voltage pulse generator needed to provide a fast positive or negative voltage
pulse to produce the streamer discharge. The two different types that have
been used are treated in section[3.3]

Faraday cage and other shielding to ensure that the electronics required for trig-
gering, gas handling and diagnostics are not influenced or damaged by the
strong electro-magnetic radiation produced by the voltage pulse generator
and the streamer discharge itself. Our Faraday cage contains a window of
electrically conducting ITO glass between the vacuum vessel and the camera.

Diagnostic system which, in our case, consists of an ICCD camera or a small
spectrometer combined with voltage and current probes. The spectrometers
used in this work are treated in section[8.2} while the other diagnostics and
processing techniques are discussed in section
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Figure 3.1: Overview of the complete set-up with various components indicated.
In this case the new vessel (see section[3.2.3) is shown, together with the Blumlein

voltage pulse source (see section (3.3.2).

3.2 Vacuum vessels and systems

Streamer experiments are often performed in ambient air. However, when we want
to investigate streamers at other pressures and in other gasses or gas mixtures, a
closed vessel is needed. The easiest way to fill such a vessel with the required gas
(mixture), is to pump it down to a (near) vacuum and then fill it. This ensures the
highest purity of the required gas. Therefore a vacuum system is preferred for
these measurements.

The experiments discussed in this thesis have been performed in two different
vacuum vessels. The old vessel was used in previous experiments by Briels et
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Figure 3.2: Schematic representation of the vacuum system, including the gas filling
and flushing system and the two (parallel) routes of the vacuum system. Note that
in most cases two different gas cylinders were connected side by side, while in some
other cases gas from the building infrastructure was used. In the latter case, the
scheme is exactly the same except that the gas cylinder should be replaced by the
building gas pipeline and some extra manual valves and pipes are included.

al. [30,31}134], and a new vessel which was specifically designed for operation with
very pure gasses (with contaminations below 1 ppm).

3.2.1 Gas handling and pump system

Figure |3.2| shows a schematic representation of the vacuum system of the new
set-up. Gas can enter the vacuum vessel from the cylinder either through a flow
controller (controlled by a Brooks Instrument Read Out & Control Electronics 0154)
or through the manual bypass valve next to it. The former method is used to flush
gas during an experiment in order to keep a fixed refreshment rate. The latter
method is used to quickly fill the vacuum system to the required pressure.

On the vacuum side of the system, the roughing pump is a Pfeiffer Diaphragm
Vacuum Pump (MVP 160-3) which is always turned on. It is connected to the main
vacuum vessel via two routes. Route 1 is used during an experiment to maintain
a fixed pressure while gas is flushed in the vacuum vessel. This is achieved by a
Pfeiffer EVR 116 control valve in combination with a Pfeiffer RVC 300 control unit.
The required pressure is entered on the control unit, which controls the valve in
such a way that the required pressure is reached. This is only possible if the flow
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Figure 3.3: Overview of the old vacuum vessel with the ICCD camera. The wall of
the vessel has been rendered transparent so that the anode tip and cathode plane
are visible.

into the vessel is not too high, but there should be some flow.

Route 2 is used to evacuate the set-up when changing gas filling, or after
usage. This route consists of thick (ISO-100) pipes and bellows up until the turbo-
molecular drag pump (a Pfeiffer Compact Turbo TurboDrag Pump, TMH 261 P).
The thick pipes can support much higher flow rates than the much smaller piping
and pressure control valve in route 1. Therefore this route is preferred when one
wants to evacuate the vessel quickly, or when a high vacuum is needed.

Before the start of a typical experiment, the vacuum vessel is filled with the
desired gas to atmospheric pressure, evacuated and re-filled twice before finally
filling the vessel to the desired pressure. This procedures effectively removes
any remaining traces of other gasses from previous experiments, leakage or out-
gassing. During an experiment, the gas is refreshed with a typical full refresh time
of 25 minutes.

The design of the gas handling system of the old set-up is similar as described
above, except that it does not contain a turbo-molecular pump and the roughing
pump is not oil free.

3.2.2 Old vessel

The old vacuum vessel (see figure 3.3) consists of a cylindrical tank with an inner
diameter of about 500 mm and an inner height of about 300 mm. At the bottom of
the vessel, a 390 mm diameter cathode plate is mounted. For small gap distances
(e.g. less than 80 mm), a smaller cathode plate can be placed on top of this cathode
plate.

A high voltage feedthrough is mounted at the top flange of the vessel. Inside
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Figure 3.4: Overview (a) and schematic view (b) of the new high purity vacuum
vessel with the ICCD camera. The wall of the vessel has been rendered transparent
in the overview so that the anode tip and cathode plane are visible. In the schematic
view, dimensions are given in mm. The bottom of the tip holder and the tungsten
anode tip are shown enlarged on the left side of (b).

the vessel it is surrounded by plastic plates to prevent discharges between the
feedthrough and the grounded vessel. However, the gaps between these plates and
the feedthrough itself have always led to problems with discharges, even when
filled with insulating grease.

At the bottom of the feedthrough, a small rod is connected to which the electrode
tip can be attached. The geometry of the tip and bottom plate can be adapted for
different experiments. See section for some examples of electrode geometries.

The discharge can be imaged through a window mounted on the ISO-K DN200
flange on the front of the vessel. Usually a quartz window with a diameter of
150 mm was mounted on this flange, although in some cases, when ambient air
was investigated, the whole flange has been removed in order to have a better view
of the discharge. The quartz window slightly limits the view of the camera for
large gap distances (140-160 mm) resulting in dark areas (without streamers) on
the edges of the camera images.

3.2.3 New vessel for pure gasses
The new vacuum vessel (see figure addresses three shortcomings of the old

vessel, namely the quality of the vacuum (and thereby the purity of the gas fill),
the electrical insulation of the high voltage feedthrough and the size of the main
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viewport. We will treat the quality of the vacuum and the resulting purity of the
gas (mixture) in detail below.

The main viewport of the new vessel consists of an ISO-K DN320 port with an
inner diameter of 330 mm, covered with a 25 mm thick quartz plate. This window is
significantly larger than the one in the old vessel. The increase in window diameter
makes it possible to image the complete discharge area between the electrode tip
holder and the cathode plate without any dark corners.

The inner diameter of the new vessel is equal to that of the old vessel (~500 mm),
but the inner height is increased to about 500 mm to make room for better electrical
insulation. The high voltage feedthrough at the top of the vessel consists of a glass
feedthrough produced by the GTD service of the Eindhoven University of Tech-
nology. It insulates a 10 mm diameter metal rod from the surrounding (grounded)
stainless steel vessel and top flange. Besides improving the electrical insulation,
the glass feedthrough should also perform better under vacuum conditions than
the plastic shielding that is used in the old set-up (less out-gassing), although this
has not been specifically tested. A fixed sharp tungsten tip electrode is attached at
the end of the metal rod, 160 mm above the cathode plate.

Gas purity in the set-up

As was mentioned above, the new set-up is specifically designed to ensure the
purity of the enclosed gasses. For this reason, the set-up can be baked to reduce
out-gassing, it contains no plastic parts, except for the o-ring seals and it stays
closed all of the time. When not in use, the set-up is pumped down to a pressure
of about 2 - 10~7 mbar.

The leak rate of the vessel was tested by closing all valves of the system at high
vacuum and monitoring the pressure increase as function of time. The result of this
measurement is shown in figure The resulting leak rate (including out-gassing)
under vacuum is about 8 - 10~7 mbar/min, which is considerably lower than the
5103 mbar/min reported by e.g. Yi and Williams [243]. We have used a helium
leak tester to check for leaks, but have not found any.

During use, the gas inside the set-up is flushed with such a flow rate that all gas
is replaced every 25 minutes. The absolute flow rate is controlled by a mass-flow
controller and depends on pressure. The flow rate is sufficiently high such that the
contamination caused by the leak/out-gassing rate is significantly below 1 ppm
for all used pressures.
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Figure 3.5: Pressure rise of the (closed) system without flow and at sub-atmospheric
pressures. The measured rate of out-gassing and or leakage of the system is (7.86 =
0.07) - 10~7 mbar/min.
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Figure 3.6: Potential distribution (left hand side) and streamlines (right hand side)
in a simplified model of our new vacuum vessel. Calculations have been performed
with the Integrated Engineering Software Electro 2D v90 field simulator program.
The internal diameter is 500 mm, the internal height 390 mm and the tip radius is
15 pm.
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3.2.4 Potential distribution in vessel

In order to get an idea on the potential distribution of the background electric field
in the geometry of our new vessel, we have performed some calculations. With the
help of dr. P. Wouters, we have used the Integrated Engineering Software Electro 2D
v90 field simulator program to calculate the electric field and potential distribution
in a simplified version of the new vessel. Some results of these calculations are

plotted in figure

We have not plotted the electric field magnitude itself, as this only has a very
high spike close to the electrode tip (we have used a 15 um tip radius) and is
quite low everywhere else. Halfway between the electrode tip and the plate, the
background electric field is about 10° V/cm for a tip potential of 50 kV. At the tip,
the calculated field reaches a level of about 8-10° V/cm for the same potential. This
is a bit lower than the theoretical field close to a 15 pm radius tip at this potential
(E=U/r=33- 107 V/ cm) but this may be attributed to discretization errors near
the tip.

In general, we observe that the paths of streamers in the vacuum vessel roughly
follow the calculated streamlines (see for example figures and [6.6).

3.3 Pulse forming networks

In order to create a streamer discharge, a high voltage is needed. For the study of
aspects of the physics of streamers, it is most practical to generate this high voltage
in the form of fast pulses with a low (0.01-100 Hz) repetition frequency (see section
for a comparison of pulsed versus continuous corona discharges). In our case,
most experiments have been performed at 1 Hz pulse repetition frequency.

We have used two different pulse forming networks to generate the pulses,
namely the C-supply that has also been used in previous experiments by Briels
et al. [31] and the Blumlein pulser that has been newly built. Both pulse forming
networks will be treated below.

3.3.1 C-supply

The C-supply consists of a 0.5-2 nF capacitor that is charged by a high voltage
negative DC source (see figure 3.7). Now a trigger circuit triggers a spark gap,
which acts as a fast switch. The capacitor is discharged and creates a positive
voltage pulse on the anode tip. This pulse has a risetime of at least 15 ns and a fall
time of about 10 ps, depending on discharge impedance and choice of resistors
(see also sections and[3.5). This circuit is treated extensively in [31]].
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Figure 3.7: Schematic circuit of the C-supply for the generation of positive voltage
pulses. The values of most components are not fixed and have been varied during the
experiment. The amplitude of the pulse in the point-plane gap is mainly determined
by the input voltage (-20 kV in the drawing). The resistors in series (Ry) and in
parallel (R3) with the discharge determine the pulse risetime and duration.

3.3.2 Blumlein pulser
Advantages of short pulses

Past measurements by Briels et al. [31}133,134,35] and others [10}[153,243] have been
performed with voltage pulses with durations of many hundreds of nanoseconds
up to many microseconds and with risetimes of tens of nanoseconds or more. This
approach has two disadvantages: firstly, the often slow risetime means that the
streamers may initiate at a significantly lower voltage than the reported maximum
voltage. Therefore, they may not exhibit the properties (like diameter and propagat-
ing velocity) that are representative for this voltage, but for a lower voltage [31} 33].
Secondly, a long pulse duration may lead to a streamer-to-spark transition. Because
a spark is usually much brighter than a streamer, it may damage the photo-cathode
of an ICCD camera.

One way to overcome these two problems is to use a power supply based on a
Blumlein pulser [114}[194]. With such a circuit, it is possible to make pulses with a
well defined duration (depending on the cable length) and a fast risetime (order
from 1 to 10 ns).

Design of the Blumlein pulser

The Blumlein pulser is a new design based on existing knowledge about such
circuits [114)} [194]. It produces a more or less rectangular pulse with a short
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Figure 3.8: Schematic circuit of the Blumlein pulser design for the case of a positive
voltage pulse. The oscilloscope is connected to four probes. From left to right:
current transformer, current measurement by shunt, North star high voltage probe
and capacitive voltage probe. The exact trigger pulse circuit has been omitted for
sake of simplicity. It is given in two different versions in figure

risetime and a fixed duration. This is achieved by charging two coaxial cables
(see figure with a DC voltage source. The cores of the two coaxial cables are
connected directly, while the mantles are connected via the load. The impedance
of the load should be equal or close to 2 - R, with R, the cable impedance.

When a switch at the end of one of these cables is closed, a voltage pulse will
travel along the cable mantles. This voltage pulse will arrive at the load (and the
anode tip). After traversing the second cable back and forth, the voltage pulse at
the anode tip will be nullified.

This new design has three advantages compared to the C-supply: The faster
risetime ensures that the voltage during initiation and early propagation is closer
to the reported maximum voltage; therefore thicker streamers are generated [31].
The short duration of the pulse enables us to use overvolted gaps without the risk
of spark formation (this can damage the camera). The short duration also helps to
ensure that only primary streamers are produced (see section . This makes it
much easier to perform spectroscopic measurements on only these primary stream-
ers; we can use long integration times without capturing other phenomena like
secondary streamers or glow discharges. However, this last advantage is only valid
if the streamers do not bridge the gap long before the end of the pulse duration. In
our measurements this is not always the case, as is shown in figure

We have implemented the Blumlein pulser on top of the discharge vessel, as
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Figure 3.9: Schematic drawing of the Blumlein pulser layout on top of the discharge
vessel. The high voltage charging resistor (R;) is shown on the left. A more realistic
image of the physical layout of this circuit is presented in figure

is schematically presented in figure|3.9|and more realistically but less detailed in
figure[3.1} The load is represented by the discharge itself parallel to a resistor with
an impedance of 105 (). A multiple sparkgap is used as the switch (see below).

The present design allows for a risetime of about 10 ns and a pulse duration of
130 ns. The pulse duration is determined by the cable length; it is twice the pulse
delay time of a single 10 m long cable. We see only one reflected pulse occurring
after the first pulse. This indicates that our system is quite well matched. More
details on pulse shape and risetime are given in section The length of the
pulse can be varied by using other lengths for the two coaxial cables, although this
takes some time and is not easy to implement during a measurement series.

Multiple sparkgap switch

The multiple spark gap switch has been around for quite some time [115]. It is
based on the principle of the sparkgap. In a sparkgap, a high voltage is applied
over two electrodes that are separated by a small gap. This voltage should be
just below the breakdown voltage of the gap. When the sparkgap is triggered,
breakdown occurs, thereby closing the switch. The triggering can be performed
with a variety of methods, among which are small secondary discharges and lasers.
The main advantages of a sparkgap switch are that it can close quickly, that it can
withstand very high currents and that it can withstand reflected pulses without
problems.

A multiple sparkgap does not have one gap, but, as the name suggests, multiple
gaps, in a serial layout. The high voltage (that needs to be switched) is applied
over all the gaps. Again, this high voltage should be just below the breakdown
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Figure 3.10: Three quarter section view of the multiple sparkgap switch. In the
centre of the switch the seven disks around the six spark-gaps are visible. The
main current path is through the central conductor of the high voltage cable, across
the seven disks and then back via the back plate, the six cylindrical return current
conductors, the front plate and finally the mantle of the high voltage cable. Most
metal parts in the set-up are made of brass. The gas inlet is connected directly to the
perspex cover around the sparkgap and is not visible in this view.

voltage of the switch. Now one gap is triggered, in our case by applying an extra
external voltage. This will lead to breakdown in this first gap. The high voltage is
now divided over one gap less. Therefore it is above the breakdown limit of the
remaining gaps. These remaining gaps will now break down one by one. When
breakdown occurs in the last gap (not necessarily the one furthest away from the
trigger gap), the complete switch is closed. The main advantage of this multiple
sparkgap layout is that the last gap is vastly overvolted just before breakdown.
This means that the breakdown will be very fast and therefore leads to a very fast
(nanosecond) switch.

During the investigations discussed in this thesis, different lay-outs of the
switch have been used. The version shown in figure is the latest design with
6 gaps and a coaxial design. In this design the inflowing gas (pure nitrogen) is
directed straight between the brass disks (to efficiently remove reaction products).
The pressure in the sparkgap can be regulated between atmospheric and 3 bar
overpressure as a means to vary the breakdown voltage of the switch. The gas
outflow is regulated by a needle valve.

Previous designs had different gas flow connections, a different position of
the trigger cable and even a completely reversed layout with a central conductor
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Figure 3.11: Two different lay-outs of the trigger circuits used with the Blumlein
pulser. The indicated output is connected to the Blumlein pulser as shown in

figure

through the axis instead of the brass coaxial rods on the outside of the switch.
This latter design had 7 gaps. However, the performance of all the different
layouts is very similar and we will not treat them in detail. More details regarding
the multiple sparkgap switch can be found in the trainee reports by Blanc and
Miermans [21,[133].

Sparkgap triggering

Our multiple sparkgap switch is triggered by applying an extra voltage pulse to
the triggered first gap. The trigger circuit is separated from the high voltage pulse
of the main Blumlein circuit by means of a transformer (see figure[3.8). A capacitor
is placed in series with the secondary transformer to prevent DC current between
the triggered disks of the Blumlein pulser.

Different layouts of the trigger circuit have been used. The two main topologies
are given in figure In both cases a capacitor is slowly charged and, when
triggered, quickly discharged. This leads to a fast voltage pulse, that is used to
trigger the multiple sparkgap switch. This operation method is similar to the
generation of the voltage pulse with the C-supply discussed in section 3.3.1}

The difference between the two trigger circuits is in the way how they discharge
the main capacitor. The first layout uses a high voltage thyristor to accomplish
this, while the second layout makes use of a secondary sparkgap, that itself is
triggered by a smaller capacitive circuit triggered by a low voltage thyristor. This
capacitive circuit is coupled to the secondary sparkgap by means of a 1:50 high
voltage transformer.

The main advantages of the first trigger circuit are its simplicity and the low
jitter. However, we have experienced three failures of the Behlke high voltage
thyristor switches used in this circuit. These switches are quite expensive and have
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a long delivery time. We do not know why exactly these switches have failed or
how to prevent it. Therefore, we have decided to stop using this circuit and change
to another layout.

The second circuit shown in figure is our final topology, and has been
used since April 2010. This topology is very similar to the C-supply, except that
we do not produce the trigger of the secondary sparkgap by means of a high
voltage thyristor and capacitor, but instead by means of a low voltage thyristor
and capacitor. This 300 V pulse is then up-transformed to about 15 kV, which can
trigger the secondary sparkgap. The main advantage of this topology is that all
parts that can break down easily (mostly semiconductors like the thyristor and
diodes) are now cheap low voltage components instead of the expensive high
voltage ones. The disadvantage of this circuit is that it has a somewhat higher jitter
(~5-10 ns), caused by the secondary sparkgap. This jitter is added to the jitter of
the multiple sparkgap to get the total jitter of the Blumlein pulser.

The new topology with the low-voltage thyristor/capacitor combination and a
1:50 transformer can also be used to replace the high voltage switch in the C-supply.
We therefore recommend to use this topology in the C-supply as well. In fact, the
trigger circuit can be directly connected to the discharge vessel and then serve as a
C-supply pulse source by itself, replacing the Blumlein pulser (when combined
with appropriate resistors to determine pulse length and risetime).

3.3.3 Pulse shapes

As was discussed in the previous sections, the Blumlein pulser and the C-supply
create quite different pulse shapes. Two characteristic pulse shapes of roughly
similar amplitude are given in figure

In general, the Blumlein pulser creates a more or less rectangular pulse with a
risetime of about 10 ns and a duration of about 130 ns. This pulse is followed by
one reflected pulse of reversed polarity and an amplitude that is about one third
of the original pulse. After this reflected pulse, the voltage returns to 0 kV within
about 500 ns. A peculiar side-effect of this pulse shape is discussed in appendix Al

The C-supply creates a pulse with a roughly exponential rise and decay. How-
ever, not all pulses have exactly the same shape as the ones shown in the figure. In
the case of the C-supply, the pulse shape depends largely on the choice of resistors.
Especially the resistors in series and in parallel with the discharge are important
(Rz and R3 respectively in figure[3.7). The resistor in series (R;) with the discharge
determines the risetime. This time can vary between about 15 ns, when no resistor
is used (~0 Q) to hundreds of nanoseconds when a resistor of multiple kilo-ohms
is used. Unfortunately, a fast risetime (low series impedance) usually is paired
with oscillations of the voltage, as is shown in figure
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Figure 3.12: Comparison of the voltage pulses produced by the two different pulse
sources. Note that the duration of the pulse from the C-supply depends largely on
the impedance of the discharge and can therefore vary significantly according to gas
type and pressure. Because the Blumlein pulser contains a low-ohmic resistor in
parallel to the discharge, it is hardly influenced by the discharge impedance.

The resistor in parallel (R3) determines the decay of the pulse as long as the
impedance of the discharge is significantly higher than the impedance of this
resistor. In this case, the decay is exponential with a time constant equal to R3 - C;.
The voltage of the C-supply can be chosen between +5 kV and about +55 kV. To
change the voltage, one should adapt the DC source voltage as well as the electrode
separation or gas pressure of the spark-gap switch. We have used the C-supply
only with positive polarity pulses.

The pulse shape produced by the Blumlein pulser is more or less constant. Its
amplitude and polarity are determined by the DC source voltage and can be tuned
at will, but its general shape can not easily be modified. The only changes we
have performed consisted of fine-tuning of the parallel resistor (R; in figure|3.8) to
minimize reflections and optimize the risetime. One can change the duration of the
pulse by changing the length of the transmission lines of the Blumlein pulser, but
this is quite some work and was not done during the experiments discussed here.
The voltage limits of the Blumlein pulser are mostly determined by the multiple
sparkgap switch. In its final lay-out with 5 gaps of 0.5 mm and 1 (trigger)-gap of
1 mm, the switch can operate at pulse voltages between roughly 15 and 35 kV (by
varying gas pressure in the switch). These limits can be adapted by changing the
ceramic spacers between the discs.
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3.4 Diagnostics and processing

We use multiple diagnostic methods to investigate the streamer discharges. The
most important three are electrical diagnostics, streamer imaging and spectroscopy.
The former two are treated below, while the latter one is treated in chapter|[§| In
some cases we have used stereoscopic imaging of the streamer discharge. This
method is explained in detail in section

3.4.1 Electrical diagnostics

The two most important electrical parameters that are needed when investigating
streamer discharges are the pulse voltage and the discharge current, both as func-
tion of time. For both parameters we have used two different measurement probes
which we will all discuss below. All four measurement probes were connected to a
four-channel LeCroy WaveRunner 6100 digital oscilloscope with 1 GHz bandwidth
although never all together.

Northstar PVM voltage probes

Our main probe used to measure the voltage pulse produced by our pulse forming
networks is a Northstar PVM-4 1:1000 high voltage probe. This probe has a
bandwidth of 110 MHz and can withstand pulsed voltages up to 60 kV. Most
voltage pulse shapes (e.g. the ones in figure[8.12), and all absolute voltage values
have been determined with this probe. The voltage probe is connected to the
electrode feedthrough on top of the vacuum vessel.

Besides the PVM-4 probe, we have also used a very similar PVM-1 probe. The
main difference between this probe and the PVM-4 probe is that its bandwidth
is limited to 80 MHz. We have mainly used the PVM-1 probe to monitor voltage
pulse shapes in other parts of the circuit, e.g. in the trigger-circuit.

Capacitive voltage probe

We have used a capacitive probe designed by Ad Kemper to more accurately
measure risetimes of the voltage pulses produced by the Blumlein pulser. Because
these risetimes are between 5 and 15 ns, they can not be accurately determined by
the PVM-4 probe (with 110 MHz bandwidth). The bandwidth of the capacitive
probe is over 1 GHz. Therefore this probe is fast enough to accurately determine
the risetime of a fast voltage pulse. This probe is also attached to the top of the
vacuum vessel, in close proximity, but without direct electrical connection, to the
electrode feedthrough.
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Figure 3.13: Comparison of the output of the PVM probe and the capacitive probe
when measuring the same voltage pulse.

In order to reduce electro-magnetic noise picked up from the pulse forming
network and the experiment itself, we have installed so-called handformable cables
with a shielding of about 130 dB. These cables are grounded to both the Faraday
cage encasing the experiment and the Faraday cage encasing the oscilloscope.

The capacitive probe has two disadvantages compared with the PVM probes: it
is not calibrated and it has some differentiating action on the measured voltage
signals. We could calibrate the probe against the PVM probe (or another probe).
However, this would require that the probe is mounted in a fixed position with
respect to the high voltage feedthrough. We chose not to do this so we could move
the probe closer or further away from the high voltage parts to either get more
signal or prevent sparking to the probe. An example of the differentiating action of
the capacitive probe is shown in figure Here it can be seen that the capacitive
probe measures a faster risetime, but that it does not fully reproduce the pulse
shape as acquired by the PVM probe.

Both these problems of the capacitive probe can be overcome by combining
the capacitive probe with a PVM probe. The capacitive probe is then only used to
measure the risetime, while the PVM is used to determine the rough shape of the
pulse and the absolute pulse amplitude.

Current shunt
The simplest way to measure a current is to measure the voltage over a resistor

(a shunt) in series with the load (the discharge). We have implemented such a
current shunt between the cathode plane at the bottom of the discharge vessel and
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Figure 3.14: Schematic cross sections of the two current-measurement probes. Both
are mounted on the bottom of the vacuum vessel. The left image depicts the current
shunt method and the right image the current transformer.

Shunt resistors
(4 x 4Q in parallel)

Coaxial connector

the grounded discharge vessel itself (see figure[3.14). The shunt is mounted in a
coaxial construction, fully surrounded by a grounded metal enclosure. The voltage
over the shunt resistors (4 parallel resistors of 4 (2 each) is measured through an
N-type connector that is connected to the oscilloscope via a handformable cable.

Current fransformer

An alternative to the shunt is a current measurement by a current transformer. We
have used a Pearson current monitor (model 2877) positioned in roughly the same
position as the current shunt. The four resistors are now replaced by one straight
(axial) metal conductor around which the current probe is mounted. Again, the
voltage signal over the current probe is measured by the oscilloscope through a
handformable cable.

Current measurement and electrical distorfion

Unfortunately, both current measurement methods result in a signal that includes a
large amount of distortion and oscillations. Only at high currents (order of 1 A and
larger), we can measure the real discharge current with some degree of accuracy.
At lower currents the oscillations dominate.

We are quite sure that these oscillations do not represent a real current inside
the vacuum vessel. Even under high vacuum conditions, the current oscillations
are still present, with the same amplitude and frequency as under streamer and
glow discharge conditions. In such vacuum conditions, only displacement current
should occur, which has a waveform shaped like the derivative of the voltage pulse
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Figure 3.15: Current oscillations measured with the current transformer under
vacuum conditions (no discharge). The voltage curve measured with the Northstar
PVM probe is included for comparison.

waveform. However, as can be seen in figure the current oscillations are not
shaped like the derivative of the voltage waveform.

Nevertheless, the current oscillations are probably initiated by the displacement
current or other real current phenomena. They then trigger a resonance in the cable
or somewhere else in the measurement system. But, even after replacement of the
thick coaxial cable by handformable cables (which greatly improved the signal-
to-noise ratio for the capacitive voltage probe) and replacement of the current
shunt by the current transformer, the oscillations are still present with roughly
the same amplitude and frequencies (we did not measure the exact amplitude
and frequencies in all situations). Measurements have shown that in the final
layout (handformable cables and current shunt), the frequency spectrum of the
oscillations has peaks at 67 and 300 MHz [133].

3.4.2 Camera system

A propagating streamer head emits light and the path of these heads can therefore
be imaged onto a camera with a lens. Because the emitted light is often weak an
intensified CCD (ICCD) camera is needed. The intensifier also enables us to take
images with very short (nanosecond) exposure times. As (in air and nitrogen) only
the propagating streamer heads emit light, these images only show a small section
of the streamer propagation and can therefore be used to measure the velocity of
the streamers [33].

In our case, streamer discharges are imaged by a Stanford Computer Optics
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Figure 3.16: Curves of the ICCD camera photo-cathode quantum efficiency, the
ITO window transmittance and the product of these curves (the effective system
wavelength respondence). Note that these curves do not include the transmittance
of the quartz window of the vacuum vessel and the quartz camera lens.

4QuikE ICCD camera. This camera has a minimum gate time of 2 ns and produces
1360 by 1024 pixel, 14 bit grey-scale images. We use two different lens assemblies:
a Nikkor UV 105 mm f/4.5 camera lens mounted directly on the camera and a
250 mm focal length, 50 mm diameter achromatic doublet on an optical rail. The
latter is used to zoom in on a specific region of the discharge in order to measure
small streamer diameters. We use a window of conducting ITO (Indium tin oxide)
glass as part of the Faraday cage to protect the camera against the high voltage
pulses.

Mf value

In many of the images presented in this thesis, the original brightness is indicated
by the multiplication factor Mf, as introduced similarly by Ono and Oda [153]]. This
value is a measure for the gain of the complete system, it includes lens aperture,
ICCD gain voltage and maximum pixel count used in the false-colour images. An
image with a high Mf value is in reality much dimmer than an image with similar
colouring but with a lower Mf value (the real brightness is proportional to Mf !
for an image with the same colours). We have normalized the Mf value in such
a way that the brightest image presented in [150] has an Mf value of 1. This has
resulted in the following equation for the Mf value,

1
(Cmax - Cmin) ’

V.
Mf =500 - eV - = (3.1)
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with Vi the gain voltage of the camera, D the inverse aperture (e.g. 4.5 for f/4.5)
and Cyy and Cyj, the maximum and minimum count values used in the image
representation. The factor 500 comes from the normalization procedure and the
camera gain factor of 68.9 V is a property of our camera. This calculation is only
valid for images from this specific camera together with our set-up (lenses and
windows) and a specific false-colour palette. Therefore our exact definition is
different from the one by Ono and Oda [153] although the general concept is the
same.

Note that we improved our fitting procedure of the camera calibration data
since publication of [150]. Therefore the data presented there has a somewhat
different definition of the Mf value. In the old definition, we used a camera gain
factor of 58.4 V and a normalization value of 99 instead of 500. This means that
images with Mf values around 1 will be virtually the same between [150] and this
thesis, but high Mf values can be up to a factor of 2 lower in this thesis than in
[150].

Effects of diffusion on camera images

In gas mixtures containing nitrogen, most radiation is produced by molecular
nitrogen. It is well known that the streamer heads only emit light for a very short
time (less than 2 ns) in these mixtures [22},[33,187]]. We can assume that the atoms or
molecules that emit the radiation have not moved significantly between excitation
and emission. For example, the thermal velocity of a nitrogen molecule at room
temperature is about 500 m /s between collisions. This means that the maximum
distance it can travel within 10 ns is 5 um if it is not scattered on its path; this is
clearly below our resolution. Therefore, the image represents a mapping of the
production of the relevant excited states in nitrogen.

In some other gasses, like argon, the streamer channels remain bright tens to
hundreds of nanoseconds after the streamer head has passed. However, even in
this case the maximum distance travelled by an excited atom or molecule before it
decays will still be smaller than the imaged pixel size of our camera. Therefore, in
all cases, the images represent a map of the locations where the excited molecules
or atoms are created and the images are not influenced by diffusion of these excited
species after excitation.

3.4.3 Measuring streamer diameter and velocity

From the images taken, the streamer diameter is determined with the following
method:

* A straight streamer channel section is selected.
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Figure 3.17: Example of ICCD images for discharges under the same conditions
using different gate (exposure) times, as indicated on the images. The camera delay
has been varied so that the streamers are roughly in the centre of the image. In
this example, the second and third image could be used to determine the streamer
propagation velocity. The velocity is calculated by dividing the length of the longer
streamer sections by the exposure time. This example shows images of artificial air
at 200 mbar with a C-supply pulse of about 24.5 kV.
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Figure 3.18: (a) the maximum distance of the streamer fronts versus the end-of-
exposure time and (b) example images from the same measurement series. The
end-of-exposure times are indicated on the images. They are calculated as t =
tcamera—delay + texposure — toscilloscope WheTe Eoseilloscope 18 the start of the voltage pulse
according to the oscilloscope. Not all corrections discussed in section 3.5 are used
because only relative time values are needed to calculate the propagation velocity.
The velocity is defined as the slope of the fitted line, in this case 4.4 - 10° m/s. This
example shows positive streamers in 25 mbar nitrogen 7.0 with a 10 kV pulse from
the C-supply.
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¢ In this section, several perpendicular cross sections of the streamer are taken
(one per pixel).

® These cross sections are averaged to form one single mean cross section.

e The streamer diameter is determined as the full width at half maximum
(FWHM) of the maximal streamer intensity.

A streamer diameter of at least 10 pixels in the image is required to ensure that the
streamer diameter is measured correctly and camera artifacts due to cross-talk of
camera pixels are negligible [31,34]. For higher pressures (with thinner streamers),
we have used the doublet lens in order to zoom in on a small specific region of the
discharge.

The streamer propagation velocity has been measured with two different meth-
ods. The first method is as follows: we take short exposure images of streamers
while they propagate in the middle of the gap (see figure[3.17). We then choose
the thinner, straighter and longer streamer sections in each picture. The thinner
streamers are insured to be in focus, the longer streamers are assumed to propa-
gate almost in the photograph plane. The length of each such streamer section is
measured (we use a similar FWHM method as for the diameter measurement), and
the velocity is calculated as the ratio between length and exposure time, corrected
for head size. Streamer sections that contain a branching event are ignored.

This method could be improved by using stereo-photographic techniques as
demonstrated in [148,[149]. However, for sake of simplicity, we have chosen not to
do this in the measurements presented here.

In the case of measurements on streamer velocity in argon, this first method
does not work because of the long lifetimes of the exited states of argon. Even when
using a very short integration time and a delay long enough to start observing
when the streamers are halfway through the gap, one will still see the entire trail
between the streamer head and the anode tip. Therefore we have to measure
the velocity by measuring the distance travelled by the fastest streamer heads as
function of time. When we now differentiate this curve we have the velocity as
function of time. For this method to work we need to have little jitter in the streamer
initiation. This method has previously been used by Winands et al. [33, [234] to
measure streamer propagation velocities. An example of a velocity measurement
with this method is shown in figure[3.18|

With both methods one should keep in mind that streamer velocity is not always
constant in the strongly non uniform field of our point-plane discharge gap (see e.g.
figure 7 and accompanying discussion in [34]). However, after roughly half of the
gap, the velocity does not change much, except when the streamers get close (a few
streamer widths) to the cathode plate. Therefore, we have chosen to use images in
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Figure 3.19: Typical voltage curve of streamer discharges as described in ChapterE]
with definitions of important characteristics.

which the streamers are roughly halfway into the gap (for both methods). We have
verified that both methods described above give the same results for gasses that
support the first method.

3.5 Timings

In order to properly correlate the timing of camera images to the voltage curve, a
full analysis of all delays in our experimental set-up has been conducted. With the
results of this analysis we can define an absolute timescale for all measurements.
We define the origin of the time scale (t = 0 ns) as the moment when the voltage
imposed on the anode starts to increase above 0 V. This is illustrated in figure3.19]

The maximum voltage (Vju4x) is defined as the crossing point of the increasing
voltage slope with a linear fit of the beginning of the decreasing voltage slope. In
the case of figure this leads to Vj;ux = 52kV. The duration of the slow voltage
increase just after t = 0 ns (here about 80 ns) depends mainly on the pressure in
the spark gap switch and, to a lesser extent, on the streamer vessel pressure and
anode geometry. Therefore we have defined another important point: ty1e,, the
time when the voltage has reached V' = 0.1 - V};4x. The risetime (t,;s.) of the voltage
slope is also important. We have defined it as the time between V = 0.1 - V};;5x and
V = 0.9 - Viuax. These characteristic values of the voltage pulse are influenced by
resistors in the power supply and the impedance of the discharge and therefore
vary between experiments.
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Figure 3.20: Timing scheme of the three parallel time-paths in the set-up. The
scheme starts at the central trigger on the left hand side and ends at the occurence
and measurement of the streamer on the right hand side. All arrows indicate a signal
delay with the delay times indicated in ns. The length of the arrows is drawn to
scale, except for the longest durations (>1000 ns), which are broken up.

The camera delay (ts4¢) is related to the same origin of the time scale as the
voltage pulse. The camera gate is opened at ts,+ and stays open for a specified
time (tgqte). This is discussed in more detail below.

Timing schemes

In order to determine the timing characteristics of the set-up, a full analysis of all
timings and delays has been performed. In this analysis, the delays of all cables,
optical fibres, probes and other equipment has been determined and combined. A
sketch is shown in figure In this figure, three time paths for different parts of
the set-up are shown. These three time paths are all initiated by a central trigger
from a function generator. Details of the time paths will be discussed below.

Note that the values given here are only valid for one exact layout of the
set-up. They depend on many things, including the lengths of all measurement
and triggering cables. These cables are often changed when working on the
set-up. The values given here are from the state of the set-up in summer 2008
when the measurements that are discussed in chapter ] were performed. These
measurements were performed with the C-supply. The ICCD camera was placed
inside an aluminium box and triggered through an optical fibre. For any other
layout of the set-up, all values given in figure and mentioned below should be
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rechecked.

Voltage pulse  From the central trigger, the trigger pulse is fed through coaxial
cables and an optical fibre to the thyristor switch in the high voltage circuit. This
takes 163 ns. The thyristor switch in turn triggers the spark-gap 1102 ns later. The
spark-gap then causes the rise of the high voltage pulse on the anode with a 64 ns
delay. All three sections in this time-path have fixed delays with jitter of maximum
2-3 ns. These delays are intrinsic properties of the cables and equipment.

ICCD Camera The ICCD camera is also triggered from the central trigger
through coaxial cables and an optical fibre. This takes 170 ns. After receiving this
trigger, the camera has an internal delay of 35 ns before it can open the gate. From
this moment, the gate is opened after a user-specified delay. In the example from
figure this delay is set to 1128 ns in order to capture the beginning of the
voltage pulse and the streamer initiation. Because of the short time-scales involved,
we must account for the path-length of the light rays travelling from the discharge
to the camera.

Oscilloscope Again, the oscilloscope is triggered from the central trigger
through coaxial cables and an optical fibre. This takes 148 ns. The rise of the
high voltage pulse will occur some time after this trigger; in our example 1180 ns.
Because the oscilloscope is connected to a high voltage (HV) probe with a long
coaxial cable, the voltage rise will be detected on the oscilloscope 22 ns later.

Resulting timing

By using the known and set delays of the set-up, we can redefine a new origin
of the time-scale that is the same for both the oscilloscope and the camera as is
explained in section 3.5 In the example from figure 3.20, we have to subtract 74 ns
from the time as shown on the oscilloscope to convert this to the time-scale of the
camera. In other words, an event occurring at the new t = 0ns will be registered
on the oscilloscope at 1128 ns and on the camera at 1202 ns.
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Streamer branching and interaction

4.1 Introduction

Streamers penetrate into undervolted gaps due to space charges and local field
enhancement at their heads [51]; frequently they break up into shapes remind-
ing trees with many branches. Streamer branches stretching out from the same
electrode carry head charges of equal polarity and repel each other electrostati-
cally. Such self avoiding behaviour is incorporated in phenomenological dielectric
breakdown models, see, e.g. [8] 146} 147, 163]. On the other hand, streamers and
leaders emerging from oppositely charged electrodes carry opposite head charges;
therefore when propagating towards the opposite electrode, they attract each other
electrostatically and frequently join one another along the way; this is seen, e.g.
in lamp ignition [45] 196]] as well as in the counter leaders stretching from tall
structures upwards towards an approaching lightning leader [19].

However, there are three recent observations [31],/44} [71] that seem to violate this
scheme: streamer or sprite channels emerging from the same polarity electrode or
atmospheric region do not repel each other, but they seem to merge or reconnect.

The first type of events was reported by Briels et al. [31] in pulsed power
experiments in a needle-to-plane electrode geometry. Here thick and thin positive
streamers emerged from the needle anode. The thick ones are much faster than
the thin ones (as quantified in [31} 33]]) and start somewhat earlier, they reach
the cathode plate and then seem to attract thin streamers that arrive later. The
streamers seem to approach the early ones in an almost perpendicular direction.
Such an event is shown in figure 6 of [31] and will be called reconnection; a similar

This chapter is largely based on Nijdam et al., Appl. Phys. Lett. 92, 101502 (2008) and Nijdam et al., J.
Phys. D: Appl. Phys. 42, 045201 (2009).
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event is shown in figure below and in figure 7 of [231] and figure 10 of [234]. A
physical mechanism for such an event is given in [31]: the originally positive thick
streamer channel charges negatively after connecting to the cathode and therefore
attracts the late positive streamer electrostatically.

The second type of events was seen by Grabowski et al. [71] and Winands
et al. [231] in pulsed power experiments of either positive or negative polarity:
many streamers emerged from a wire electrode, and sometimes two almost parallel
streamers seemed to merge into a single one while propagating away from the wire.
Such an event is shown in figure 5B of [71] and will be called merging; a similar
event is shown in figure[d.13|on page[/4of this thesis. It was also reported orally for
the experiments discussed in [231] 234]. A physical mechanism for such merging
was recently proposed by Luque et al. [121]: the non-local photo-ionization reaction
in nitrogen-oxygen mixtures like air could generate so much ionization in the
space between the streamer heads that the heads merge despite their electrostatic
repulsion; the mechanism was demonstrated in three-dimensional computations
of two streamers for varying gas density and nitrogen-oxygen ratio.

A third type of event was reported by Cummer et al. [44] in high speed images
of sprite discharges above thunderclouds; the figures are reproduced in figure [4.12]
below. Here sprite channels propagating downwards seem to connect to each other,
often accompanied by a bright spot. Sprite discharges have been established to be
large versions of streamers at low gas densities, related to each other by similarity
laws [34], [165, 200]. This phenomenon looks quite similar to the reconnection
described above, however, the sprite streamers do not reach any electrodes to
change the channel polarity. A possible explanation of the reconnection in sprites
was recently given by Luque and Ebert [124]. They find from simulations that
charge conservation in combination with varying air density along the channel
creates a negative charge in the streamer tail while the streamer head carries a
growing positive charge, thereby creating a polarization along the channel. The
negative charging of the tail may attract newer positive streamer heads. Similar
results have been found by Liu [113]].

These three events were imaged with normal photography, i.e. in a two-
dimensional projection of the full three-dimensional events. Therefore it is impos-
sible to determine from the figures whether two streamer branches really do join,
or whether they pass behind each other, and only the statistical analysis of many
pictures can lead to such a conclusion. However, the true three-dimensional event
can be reconstructed from stereo photography. In this chapter, stereo photography
is applied to several situations where streamers appear to reconnect or merge.

Another largely unexplored issue in streamer research is the breakup of single
channels. Such branching events are commonly seen in experiments [31} 35, 222];
multiple branching actually determines the gas volume that is crossed by streamers
and consecutively chemically activated for plasma processing purposes. However,
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Figure 4.1: Schematic overview of the stereoscopic measurement set-up with the
two image paths indicated. In this example an anode with a single tip is installed
inside the discharge vessel.

up to now, only the conditions of the first branching event have been resolved in
microscopic models [12, [179,[136),[156]. On the other hand, the distribution of
branching lengths and angles is an ingredient of models for the complete branch-
ing tree on larger scales [8,[146} 163]. In section[4.3| we resolve these lengths and,
in particular, the angles in experiments. Additional details about the measure-
ments discussed in this chapter can be found in the traineeship reports by Joeri
Moerman [134] and Christian Geurts [65].

4.2 Methods and diagnostics

All experiments presented in this chapter have been performed in ambient air with
a cathode-anode gap of 40 to 140 mm. Although the experiments have been con-
ducted inside a vacuum-vessel (the old vacuum vessel described in section[3.2.2),
in many cases the front window of this vessel was removed so that the air was
identical to the ambient air inside the laboratory. In cases where pressures below
1000 mbar were used, the front window was mounted and the vessel contents were
flushed with ambient air.

We use the electric circuit called the C-supply treated in section[3.3.1} In this
set-up a capacitor is charged negatively with a DC power supply. This capacitor is
then discharged by means of a spark-gap switch. This results in a voltage pulse on
a pointed tip or wire with a risetime of about 20 ns, a maximum voltage between 6
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Figure 4.2: Stereo image as recorded by camera. Settings: positive voltage on tip,
U = 47kV, p = 200mbar, « = 13°, d = 140 mm. The intensity has been scaled so
that the structure in the bottom part can be clearly seen. One streamer section has
been marked with a white line in both images.

and 55 kV and a decay time of a few microseconds. A positive corona discharge
then propagates from the needle or wire to the grounded plate. Both needle and
plate are highlighted in figure[4.1} The different anode geometries that have been
used to study reconnection and merging are discussed in section[£.2.2]

The corona discharge produced by the circuit is imaged onto an intensified
CCD-camera (Stanford Computer Optics 4QuickE) with a minimum gate time
of 2 ns. The original camera frames of all images are 1360 by 1024 pixel, 14 bit
grey-scale images. The camera images presented are false-colour representations
of these original camera frames. Image processing and measurements (e.g. of
streamer diameters) were done on the original full resolution 14 bit grey-scale
frames.

4.2.1 Stereo photography method

Streamer discharges are usually imaged with conventional or digital cameras
229]. This leads to two-dimensional (2D) representations of what is
essentially a three-dimensional (3D) phenomenon. These 2D representations can
cause problems of interpretation. For example, it is impossible to see whether an
apparent loop or reconnection is really what it seems to be. It is also impossible
to get a complete picture of the 3D spatial structure and to measure branching
angles. For this purpose, we have implemented a stereo-photography method
which makes it possible to image streamer discharges in 3D. In this way, we
resolve the imaging ambiguities in the fundamental physical phenomena, help
understanding which gas volumes are actually treated by the discharge, and supply
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(a) front view (b) left view

Figure 4.3: Orthogonal views of the 3D reconstruction of the streamer structure
shown in figure The section originally marked with the white line is now
marked with an arrow in both views.

experimental data for larger scale models. The stereoscopic technique that we
use has been around for a very long time [29, 55] and has been used for a large
variety of topics. Some phenomena similar to streamers that have been studied
with stereo-photography are sparks [125], flames [144] and dusty plasmas [214].

MacAlpine et al. [125] have studied sparks with a camera and a prism. In this
study two images were taken using a prism to form an image at a right angle to the
directly-observed one. In this way the complete 3D-structure of the spark path can
be reconstructed with great accuracy. Similar work was reported by Agneray et
al. [5] and Beckers et al. [20]. However, this method only works well for structures
that have very few channels (e.g. the one spark of MacAlpine et al.). When there
are many channels, it is very difficult to correlate them pairwise from two images
taken at an angle of 90°.

In our case, we want to study streamer discharges that contain many (10-100)
streamers. For this purpose a similar method can be used, but with a much smaller
angle between the two image paths so that the two images of one streamer can be
recognized. To achieve a smaller angle, one camera has been used in combination
with two prisms and two flat mirrors as shown in figure With this set-up
two images (from different viewing angles) are captured on one camera frame;
therefore they are temporally perfectly synchronized. An example of such a camera
frame is shown in figure

From the two 2D-images the 3D structure of the streamer channels can be
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reconstructed in the following manner: Custom built software is used in which
a line segment is placed manually over identical straight sections of a streamer
channel in both left and right views The end points of these two line segments are
now translated from 2D (xy) to 3D (xyz). We have used two different methods for
this conversion: a simple method and a more exact trigonometric method (pinhole
method). These two methods will be discussed below.

After the two 2D lines have been translated into one 3D streamer section, we can
repeat this procedure for all other suitable streamer sections in the image. When all
these 3D streamer sections are now plotted in 3D-space, we get some insight in the
real structure of the streamer discharge. The 3D reconstruction of the example from
figure[d.2]is shown in figure[4.3] Here it can clearly be seen that the streamer section
marked with the white lines in figure [4.2|is not part of a loop. This information can
not be derived from just one of the original 2D images. One of the measurements
that can be performed now is measuring branching angles. The measured angles
are the inner angles between two 3D streamer sections, represented as vectors.
The technique described here also has some limitations, the most important one is
that it is not possible to process discharge images that contain more than about 50
streamer channels.

The measurements of the branching angle (section have been performed in
a 140 mm gap with a full angle between the two optical paths of about 13°. Because
the measurements regarding reconnection and merging (sections 4.4{and are
performed in a 40 mm gap instead of the 140 mm gap, the camera, prisms and
mirrors have been placed closer to the vacuum vessel. The full angle between the
two optical paths is 10° in these measurements.

An easy method to check if reconnection or merging occurs, is to look if it is
visible in both images of a stereoscopic photo. Furthermore, the vertical position
of the merging/reconnection location should be the same in both images. If this is
clearly the case then it can be concluded that the merging or reconnection really
takes place. In many cases, this method has been used instead of the more labour
intensive complete 3D reconstruction.

Simple reconstruction method

In first instance, we have employed a very simple method to reconstruct 3D
geometries from 2D images. It assumes that the cameras are far from the system
and have a very large focal length. This introduces significant errors in absolute
positions, but only small errors in local observables (branching angles and lengths).
Indeed, the distance between the camera and the discharge is about 1 m, while
distances between recently splitted streamer branches never exceed 2 cm in our
measurements. Therefore, we can use this method without introducing errors
larger than 1%.
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Figure 4.4: Schematic overview (top view) of the pinhole stereoscopic reconstruction
technique. Both the real optics and camera and the two virtual cameras are shown.
The imaged point is imaged on the two virtual CCD’s and the real CCD. It can be
seen that the distance between the optical axis and the imaged point on the CCD
differs on the left and the right hand side. In the actual reconstruction, the third
dimension is also used.

The simple method starts from the 2D coordinates (x;,y;) and (x;, y,) of identi-
cal streamer parts within the left or right image respectively, where the origins of
the respective coordinate systems are chosen in the electrode tip. The depth coor-
dinate z is then approximated as z = (x, — x;) / (2 - sin (a/2)), where « is the full
angle between the two optical paths (in most measurements processed with this
method & = 13°). The 3D x and y-coordinates are calculated as x = (x, + x;) /2
andy = (yr +v1) /2.

The error in streamer distances after splitting that results from this simplification
is less than 0.2 mm. The dominant error comes from the visual determination of
the locations of streamer section end points on the stereoscopic images. In many
situations it is difficult to locate the exact point of branching, especially where two
streamers are very close to each other. The total error is approximately 1 mm for
local observables and 5 mm for absolute locations.

We have used the simple calculation method to determine the branching angles
presented in section

Pinhole reconstruction method

A more exact calculation method for the 3D reconstruction is obtained by using a
complete 3D geometrical computation assuming an ideal pinhole camera. In this
method, two virtual cameras are placed so that they will produce the left and right
images without the prisms and mirrors as shown in figure In other words, the
distance between these cameras and the origin (on the vertical axis of the vacuum
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vessel) is equal to the total path length of one of the two paths drawn in figure 4.1}
The angle between the two virtual cameras and the origin is equal to the angle
between the two paths (10° in most cases).

Both virtual cameras are represented as ideal pinhole cameras; they consist of
an infinitely small hole and a screen (the ICCD). Such an ideal pinhole camera
represents a camera aperture that is described as a point and no real lenses or
apertures are involved. It does not include geometric distortions, diffraction or
unfocused objects due to finite apertures. Therefore it can only be used as a first
order approximation for a real camera system.

In order to reconstruct a 3D location of a point, the vector from the pixel
location of this point to the pinhole location is calculated for both cameras. The
crossing point of these two vectors now determines its real 3D location. In real life
measurements the vectors will, of course, never really cross in full 3D; therefore
the point halfway between their closest points is used.

The assumption of a pinhole camera neglects lens artifacts like chromatic aberra-
tion and pincushion or barrel distortion. The pinhole method reduces the absolute
position errors of points far away from the origin (here defined as the position of
(one of) the electrode tips or an arbitrary position on the wire, see figure[4.4). The
local errors (relative position errors of two points close together) have not changed
significantly by employing the new method.

The pinhole reconstruction method has been used to determine reconnection
and merging as discussed in sections[4.4)and [4.5]

4.2.2 Anode geometries

Four different anode geometries have been used; they are shown in figure (a) a
single tip, (b) symmetrical double tips, (c) asymmetrical double protrusions from
a plane and (d) a wire. The difference between the double tip geometry (b) and
the double protrusion geometry (c) is that in the double tip geometry, both tips
extend from a pointed holder, while in the double protrusion geometry, the tips
extend from a plane similar to the cathode plate. In this geometry, the background
electric field at some distance from the protrusions is quite similar to a plane-plane
geometry; it is quite homogeneous in contrast to a point plane geometry. This
protrusion geometry (c) is roughly similar to a needle-array electrode [93] 206], but
it has only two needles. In particular, we will use an asymmetric configuration
where one tip extends significantly further out of the plane than the other.

The distance between the tip(s) or the wire and the cathode plate was always
set to 40 mm except for the measurements of the branching angle, where a 140 mm
tip-to-plate distance was used. In the asymmetric geometry (c), 40 mm is the
distance between the tip of the longer protrusion and the plane. The same tips
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Figure 4.5: Schematic drawing of the four different anode geometries above the
cathode plane. a) single tip; b) symmetrical double tips; c) asymmetrical double

protrusion from a plane; d) wire. In the image of the wire geometry, all non-metal
components are shown as semi-transparent. The drawing is to scale.
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Figure 4.6: Histograms with Gaussian fits for branching angles for three different
pressures and for all pressures combined.

have been used in all geometries, made of 1 mm diameter tungsten rods, with a
conical pointed end. The wire in the wire geometry is a 0.2 mm diameter kanthal
wire.

4.3 Streamer branching

As can be observed in most streamer images presented in this thesis: streamers
do often branch and thereby form tree-like structures. We have investigated the
branching angle of positive streamers in air by means of the stereoscopic techniques
discussed in section[#.2.1] The 3D streamer morphology has been reconstructed
by means of the simple reconstruction method. In these measurements, a positive
voltage pulse of 47 kV with a risetime of about 30 ns was applied with the C-supply
to the point, 14 cm above the plate. The atmosphere in the vacuum vessel consisted
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Figure 4.7: Measured branching angle as function of p - d where p is the pressure
and d the vertical distance from the tip (the y-coordinate) at the point of branching.

of ambient air at different pressures (200, 565 and 1000 mbar).

Figures[4.6p-c show histograms of the measured branching angles for 200, 565
and 1000 mbar and figure combines the results for all pressures into one
histogram. As can be seen, the distribution is roughly Gaussian, with average
values between 39° and 46° and standard deviations of 11° to 13°. The average
branching angle shows a slight decrease as a function of pressure. However, it is
not clear whether this is statistically significant due to the limited amount of data
points (about 35 points per pressure).

The length scales of streamers are expected and observed to scale quite well
with pressure. However, density fluctuations do not scale with density [34, 51]; if
they play a significant role in streamer branching, one would expect the branching
distribution to depend on pressure. Therefore, in figure 4.7|the branching angle is
plotted as function of p - d where p is the pressure and d the vertical distance from
the tip (the y-coordinate) at the point of branching. If the branching behaviour
would differ for streamer sections close to the tip from sections close to the cathode
plane, this would be visible in this plot. Also a pressure dependence would
be visible. However, only a small dependence on p - d can be observed. This
dependence is statistically not significant given the large spread and measurement
error in the data set (correlation coefficient R> = 0.15).

The ratio of streamer length between branching events over streamer width has
also been measured. This ratio is about 15 for all pressures. This is a bit higher
than the ratio of 12 found by Briels et al. [34].
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4.4 Reconnection

We define streamer reconnection as the case where one streamer channel connects
with another streamer channel originating from the same electrode in a near
perpendicular manner. In other words, it approaches the other streamer channel
from the side and then connects with it.

Streamer reconnection is studied in the single tip geometry (a) and in the double
protrusion geometry (c) (see figure[.5). Apparent reconnections in the single tip
geometry (a) were observed and discussed before by Briels et al. [31], based on
normal (2D) photography. A stereo image of a single tip streamer discharge with
apparent reconnection(s) is shown in figure A partial 3D reconstruction of this
discharge is shown in figure

The original stereo image already shows that reconnection occurs in both the
left and right hand views at the same vertical position. This indicates that there
is indeed a thin streamer channel reconnecting to a thick streamer channel. This
is confirmed in the 3D reconstruction. It was found that reconnections as the one
shown are observed in about 50% of the images taken under the conditions of
figure Because some images are not very clear and in some cases reconnecting
streamer channels are obscured by other streamer channels, we conclude that
reconnections occur in the majority of discharge events under these conditions.

Streamer reconnections can also be observed in the double protrusion anode
geometry (c). In this geometry, the thickest and earliest streamer channels originate
from the tip that protrudes farthest from the plane. An example of such a discharge
event is shown in figure This image shows multiple reconnections from
streamer channels originating from the right tip to streamer channels originating
from the left tip. (We continue to use the term reconnection as these streamers
originate from the same electrode assembly.) All these reconnections are clearly
visible in both views and are therefore interpreted as real reconnections. The width
(full width at half maximum, FWHM) of the thick, early channels is about 1.1 mm,
the width of the thin channels about 0.6 mm. In figure 5 of [33], Briels et al. have
reported similar values for the width of streamers created under these conditions.

Reconnections as shown in figures 4.8 and are observed frequently under

these experimental conditions. We find that reconnection only occurs to streamer
channels that have crossed the entire gap and end on the cathode plate.

In figure a sprite discharge is shown that remarkably resembles the
streamer discharge shown in figure Similar reconnection events are visi-
ble although it can not be proved that they are real because no stereo-photographic
images are available. The similarities and differences between sprite and streamer
reconnections will be discussed in more detail in section

Briels et al. [34] have reported that thick streamer channels are always faster
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Left view

Figure 4.8: A stereo image of a streamer reconnection in single tip anode geome-
try (a). The two views of the single tip event overlap a bit in the middle of the figure.
The most striking reconnection location is marked with an arrow in both views.
Experimental settings: gas fill: 1000 mbar ambient air; Vjy = 52kV; ty199, = 87ns;
trise = 241S; tstart = 5218; tgare = 50ns (as defined in sectionhe voltage curve
in this experiment is very similar to the one shown in figure As can be seen
from the timing parameters of this experiment, the complete image is shot before
the voltage pulse reached its maximum.

Camera view Left side view

Figure 4.9: Orthogonal views of the 3D reconstruction of the reconnection event
from figure[d.8] Again the reconnection location is marked with an arrow in both
views. Not all streamer channels from the original images are represented in this
reconstruction.

than thin streamer channels. In our experiments, tens to hundreds of nanoseconds
after the thick channels have bridged the gap, thinner and slower streamers can
connect to the conducting traces left behind by the early thick streamers. This has
been confirmed by increasing the delay of the camera so that only the late streamers
are visible. An example of such an image can be seen in figure It shows that
most of the length of the thick channels seen in figure[4.10]is no longer visible. Only
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Figure 4.10: A stereo image of multiple streamer reconnections in the double
protrusion-plane anode geometry (c). The horizontal distance between the two
tips is 18 mm, the left tip protrudes 14 mm from the plane and the right tip protrudes
8 mm from the plane. Other experimental settings: gas fill: 1000 mbar ambient air;
Vinax = 50KV; ty109, = 15n8; tyi5, = 3518; tspart = 1018; tgare = 100ms.

Left view Pk Right view i

Figure 4.11: A stereo image and its 3D reconstruction of multiple streamer reconnec-
tions in the double protrusion-plane anode geometry (c). The experimental condi-
tions are the same as in figureexcept for the longer camera delay fs;qt = 50ns.
Note that the streamer channel indicated with the arrow makes a nearly 90° turn.

the upper part (secondary streamers or glow discharge) and the cathode spots of
these channels remain clearly visible. This can easily be understood from the fact
that only the propagating head of a streamer channel emits a significant amount of
radiation; therefore the channel behind the head is usually invisible or very dim
after the head has passed, see figure

A striking feature in figure is the streamer channel indicated with the
arrow. This streamer channel seems to change direction instantaneously by about
90°. These direction changes are observed in most images with longer delays
under these experimental conditions. They appear very similar to the shape of
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Figure 4.12: High speed sprite discharge images from 13 August 2005 at 03:12:32.0
UT showing apparent reconnection between different channels. These discharges
occur above thunderclouds. The picture is reproduced from [44] (courtesy of Steve
Cummer).

' |[Rightiview

Figure 4.13: Stereo image of a wire-plate discharge. A possible merging location in
the left hand view is indicated with an arrow. However, the right hand view clearly
shows that in reality no merging occurs. Experimental settings: gas fill: 1000 mbar
ambient air; Viugx = 45KV; tyqgo, = 1518; tyjse = 2218; tspart = OnS; tgare = 1000 ns.
The vertical white line indicates the rough position of the transition between the two
views.

the streamers reconnecting as in figure Therefore, these direction changes
are interpreted as streamer reconnection consisting of the approaching streamer
and the already existing channel. This confirms that reconnection is indeed the

attraction of a late streamer channel towards an earlier streamer channel.

4.5 Merging

Streamer merging was first suggested as an interpretation of experiments in a
wire-plate discharge. 2D pictures of Grabowski et al. [71] and Winands et al. [231]
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show possible merging of streamer channels close to the wire. We have reproduced
such experiments with the wire-plate electrode geometry as shown in figure [£.5d.
During this investigation, we have never found a definite case of merging of
streamer channels in the hundreds of discharge events studied. Often channels
seem to merge in one of the images, but are clearly not merging in the other image.
An example of such an event is shown in figure Here, in the left image two
streamer channels seem to merge. However, the right image clearly shows that
this is not the case.

The left image also shows that two channels propagate downwards from the
apparent merging location towards the cathode plate. This is already an indication
that no real merging occurs. In rare cases (less than 1% of the images), the image
quality around an apparent merging location was not good enough to definitely
conclude that no merging occurred, but the propagation of multiple channels from
these locations again indicates that no merging occurs. The same conclusion is
drawn from measurements at 400 mbar ambient air.

The average separation between streamers initiating from the wire in figure
is just below 2 mm. This value is in agreement with streamer observations in a
wire-plane geometry of Winands et al. [235] and Creyghton et al. [43].

The streamer channels are more parallel in the wire-plate discharge images than
in the (double) tip-plate discharges images. This is because the electric field lines
diverge around the needle electrode in the projection plane of the picture while
they are parallel for the wire electrode. However, in the direction perpendicular to
the image plane, the streamers do diverge significantly and show similar spatial
distributions as in the point-plane discharges. This divergence has been observed
before by Winands et al. ([233], figure D6).

A more controllable method to investigate streamer merging is to use two tips
close to each other as shown in figure [f.5p. In this case streamer channels originate
from both of these tips simultaneously (within 2 ns). These two streamer channels
will now propagate in a more or less parallel direction towards the cathode plate
and may merge or repel each other. Depending on pressure and other parameters,
the two original streamer channels may also branch once or more. The chosen tip
separation distance of 2 mm is similar to the average distance between streamers
in the wire experiments at 1 bar.

Images of streamer discharges originating from double tips are compared to
images of streamers originating from a single tip in figure[4.14} the pressure varies
from 25 mbar to 1000 mbar between the columns; the rows show single and double
tip experiments with long exposure times and double tip experiments with short
exposure times. The figure shows that for the double tip discharges, always two
initial streamer channels are formed. These two channels repel each other for
all pressures, except for 25 mbar where they merge. The width of the streamer
(FWHM) is 23 mm at 25 mbar. This is 11.5 times as large as the distance between
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25 mbar 50 mbar 300 mbar 1000 mbar
(a) Single ti
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Figure 4.14: Images of streamer discharges with the single tip anode geometry (a)
in the top row, and with the symmetrical double tip anode geometry (b) and (c)
in the middle and bottom rows. Within the columns, the pressure varies from
25 mbar to 1000 mbar as indicated. The two upper rows show time integrated
images (tgqte > 1000 ns), the bottom row shows images with shorter gate times as
indicated in the panels. In all images V4 is indicated. The horizontal distance
between the two tips is 2 mm. Voltage risetimes varied between 15 and 25 ns, the
camera opens at tgart = ty100. The camera gain varies significantly between the
images; discharges are much brighter at lower pressures than at higher pressures.

the two tips. At 50 mbar, the width of the single tip streamer is still 18 mm, 9 times
the tip distance, but the streamers do not merge.

In cases when one of the streamers initiates shortly before the other (by any
reason, randomly or systematically), it can shield the second streamer from the
background electric field. This causes the second streamer to be less powerful
than the first streamer. This can be observed in the 50 mbar double tip images.
Here, it is clear that one streamer channel dominates the discharge and the other
channel moves away from the central vertical axis. Which tip or side is dominant
changes randomly from discharge to discharge and in some cases both channels
are equally bright and symmetrically shaped. Such behaviour with one dominant
side is observed for pressures between 50 and 250 mbar.

The images of figure are taken with peak voltages of about 12 kV for the
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25 mbar images to 18 kV for the 300 mbar and 1000 mbar image Also for other
voltages the same merging behaviour as function of pressure was observed. At
25 mbar, merging still occurs with 6 kV peak voltage, while at higher pressures
no merging is observed at both lower and higher voltages than the ones shown in

figure

4.6 Discussion and conclusions

In conclusion, we have built a stereographic set-up that enables reconstruction
of the 3D spatial structures of streamer discharges. This enables us to get more
insight into what really happens in such a discharge. For example, we are now
able to see if a streamer really does reconnect to another streamer. Up to now, such
statements relied on multiple observations from 2D images [31]]. We are also able
to measure branching angles and distances of streamers.

The reconstruction methods described in this chapter all rely on manual pro-
cessing of the data (assisted by software). However, for large amounts of images,
such a manual process can be very time-consuming. In theory it should be possible
to automate the 3D reconstruction process, but the often low image quality makes
this a difficult task. Recently, Kocik et al. [89] have shown some of the first steps
needed to automate such a reconstruction task. They demonstrate two methods to
recognize streamer paths from a streamer image and thereby convert the bitmap
image to 2D streamer path vectors. However, their methods are not yet able to
fully reconstruct a 3D streamer tree and need further work.

We have found that the branching angle for streamers in an overvolted gap
of 14 cm does not significantly depend on pressure and p - d and is distributed
normally with an average of 43° and a standard deviation of 12°.

Furthermore, it can be concluded that reconnection of late streamer channels
on earlier streamer channels occurs frequently in streamer discharges with many
streamer channels. It is suggested [31] that the reconnection is caused by electro-
static attraction of a late streamer to a conducting channel left by an early streamer
that already has reached the oppositely charged electrode and has changed polarity.
The late streamer approaches the early channel almost perpendicularly — like an
electrode plate or wire — which is another argument in favour of an electrostatic
mechanism. In order to study reconnection of streamers theoretically, a complete
three dimensional model would be required. Such streamer simulations, however,
are only in the first stages of development [120, 121].

Besides electrostatic attraction, two other interaction mechanisms between

1Tt was attempted to use a fixed Vj;ax of 18 kV for all images. However, for pressures below 100 mbar,
Vinax had to be decreased to prevent sparking in the top feedthrough of the set-up.
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streamers can be imagined as the reason for reconnection: magnetic attraction and
photo-ionization. However, magnetic attraction between current channels only
occurs when these channels are more or less parallel and would not lead to the
near perpendicular reconnections that are observed. Besides, the currents in these
streamer channels are low and would not lead to any significant Lorentz force.
Photo-ionization can also be excluded because it decays exponentially like e~/
for distances r larger than the photo-ionization length ¢ = 1.6 mm (at atmospheric
pressure in air according to [167,244]), while electrostatic attraction decays as rlZ
Therefore photo-ionization is much weaker at distances exceeding ¢, and can not

turn the streamer path over large distances as in figures

The reconnections in sprites [44] show a very similar signature, as a comparison
of figures and shows: the head of a late sprite streamer is attracted to an
earlier formed channel. However, no stereoscopic imaging is available in this case
to decide whether the effect is real.

The similarity of sprites and streamers by now is well established, see [34, 165,
200]. However, there is another important difference, namely the early attracting
sprite channel is not connected to some electrode to explain its polarity change. A
possible mechanism is charge separation along the sprite streamer channel as was
recently suggested by Luque and Ebert [124] and Liu [113].

Merging of more or less parallel, simultaneously propagating streamer channels
was only observed at low pressures (25 mbar), but not at higher pressures under
the conditions of these experiments (overvolted 40 mm gaps, ambient air, 2 mm
or more tip separation). Only when the streamer diameter (FWHM) is at least 10
times larger than the tip separation, we observe merging. And even in this case, it
can be debated if this is really merging, or that only one streamer initiates from a
complex electrode tip. All observations show that thinner streamer heads always
do repel each other and will remain separate while propagating between anode
and cathode.

A mechanism for streamer merging was recently proposed by Luque et al. [121]
(see figure ; as photo-ionization in air is a non-local ionization reaction acting
over a reduced length scale of about 1.6 mm bar at normal temperature, the
ionization cloud around the streamer heads decays smoothly over this length scale.
(The unit mm bar is used because the length scales of streamers are expected and
observed to scale quite well with pressure [34,51].) When the streamer heads get
so close that their photo-ionization zones overlap, impact ionization can further
enhance the ionization in the area between the heads and the streamer heads can
merge. Again, magnetic attraction of parallel current carrying channels is very
weak because of the low currents and can therefore be excluded.

We can compare the experimental results with the simulations of Luque et
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Figure 4.15: Simulation by Luque et al. of time evolution of the heads of two negative
streamers in air at 1 bar. Time advances from left to right in equal steps. Represented
is the surface where the negative charge density reaches its half maximum. The
repulsion between the electrons in the space-charge layer drives the streamers heads
apart. However, the ionization in the space between the two streamers due to
radiation out of the high-field region in the heads makes them merge and create a
single streamer. Image from [121].

al. [120] on streamer merging due to photo-ionization. In these calculations,
the pressure p was varied while the reduced seed distance was fixed to p - d =
230 pm - bar at room temperature, here d is the seed separation. Up to p = 1 bar,
the streamers in air always merged in these simulations. In the double tip mea-
surements presented here, the real tip distance was fixed, therefore the reduced
tip distance ranges from 50 ym - bar to 2mm - bar. At 115 mbar, the 2 mm tip
separation gives a reduced tip separation of 230 ym - bar, but the streamers repel
each other; they merge only below p - d = 100 ym - bar. However, the streamers in
the theoretical work emerge from an avalanche in a homogeneous electric field,
while the streamers in the present experiments emerge from two needle electrodes.
Therefore a discrepancy by a factor of 2 or more is not unreasonable, and we
conclude that experiments and theory need to be developed further before they
can be compared quantitatively. Furthermore, the theoretical prediction relies
on the photo-ionization lengths that were measured by Penney and Hummert in
1970 [167] and whose accuracy is widely doubted [119, 152, [156]; but no other data
are available.

Streamers in experiments are never initiated exactly simultaneously. We observe
that inception of the different streamer channels occurs within 2 ns but we can not
be certain that there is no jitter on smaller timescales. In the double tip experiments
we can be certain that there is not one favourite tip because the dominant (largest)
streamer changes from left to right and back randomly between discharge events.
We can however, not be certain that there is no stochastic jitter in the inception
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times. This can lead to two streamers with a small mutual delay that also could
prevent merging. If this is the case, it will probably be always present in real world
experiments. Numerical simulations can answer if a time delay of e.g. 1 ns between
two streamers will prevent merging. Such a time delay between inception can also
be responsible for the appearance of a dominant and a weaker streamer channel;
the streamer that is initiated first shields the second streamer from the background
electric field.

In wire-plate discharges, apparent streamer merging is occasionally observed
on 2D-images. However, in these discharges we have never observed merging
with any degree of certainty with stereo-photography.
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Effects of photo-ionization

5.1 Infroduction

Streamers are the first stage of electric breakdown, when a high voltage is applied
to large gas volumes [51} 172, 220]. The discharge can later develop into a spark
or lightning, but it also can stay completely in the streamer phase if the voltage,
current or pulse duration is limited. An example of a discharge that remains
essentially in the streamer phase is a sprite discharge, a huge discharge at 40
to 90 km altitude above thunderclouds [52} [165]]. In a wide field of technical
applications, the voltage pulse is intentionally kept short to suppress inefficient gas
heating during later stages of the discharge [81}241], and the complete technology
builds on streamers. Streamers enhance the electric field at their tip to values above
the breakdown value and create a region of active local ionization dynamics; in
nanosecond resolved intensified CCD-photographs, these active areas can be seen
as bright spots [23,/42,[157]. For further reading on streamers and sprites, we refer
to cluster issues in J. Phys. D [2] and in J. Geophys. Res. [3] as well as to the many
original papers cited there.

While negative streamers naturally propagate through electron drift (possi-
bly supported by additional mechanisms), positive streamers are typically easier
to generate, but more difficult to explain [122], as they propagate against the
electron drift direction with velocities comparable to the drift velocity. While
Townsend [216] in 1915 still assumed symmetry between positive and negative
charge carriers, it soon became clear that positive ions are not suitable for impact
ionization and are too slow. The commonly accepted explanation for the propaga-
tion of positive streamers in air is photo-ionization; this was suggested in 1935 by

This chapter is largely based on Nijdam ef al., J. Phys. D: Appl. Phys. 43, 145204 (2010).
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Flegler and Raether in Munich [56], by Bradley and Snoddy in Virginia [28] and by
Cravath in California [41]: the active ionization region emits UV radiation that at
some distance (in particular, ahead of the front) can generate additional electron-
ion-pairs. The theoretical understanding of photo-ionization in nitrogen/oxygen
mixtures was developed further by Teich [211},212]: the energetic electrons in the
high field region of the streamer excite certain levels of molecular nitrogen with
energies above the ionization energy of oxygen. These levels de-excite by emission
of a photon which can non-locally ionize molecular oxygen. Teich also identified
quenching at higher air pressure as a mechanism suppressing photo-ionization.

There is hardly any experimental work published on measuring photo-ionization
directly in the past 40 years. Cravath [41}[117] already in 1935 suggested two ion-
ization lengths of 1 and of 5 mm in air at standard temperature and pressure, and
Raether [170] measured 5 mm in 1938 where he also investigated hydrogen and
oxygen. After the second world war, Przybylski and Teich continued this work
in Raether’s lab in Hamburg and published their results in German in 1958 and
1967 [169] 211}, 212]. Penney and Hummert [167] in Pennsylvania investigated the
process again and found in 1970 full agreement with the earlier measurements of
Przybylski and Teich, and with those of Sroka in “pure” oxygen, “pure” nitrogen
and air. The results show that photo-ionization in air is about 1 or 2 orders of
magnitude more effective than in pure oxygen or pure nitrogen, but significant
photo-ionization in both pure gasses is still present. However, the only informa-
tion about the purity of the gasses is that “commercial-grade” gasses have been
used. This probably refers to impurities in the order of 0.1% to 1%. They do not
discuss which mechanisms could be responsible for the photo-ionization in any
of the gasses, in contrast to Teich. In recent years Aints et al. [6] have used the
same method as Penney and Hummert to investigate the effects of water content
in air on photo-ionization. Their results are similar to the results of Penney and
Hummert, with small corrections for the effects of water content.

The data of Przybylski, Teich, Penney and Hummert and the theoretical under-
standing of Teich were merged by Zhelezniak et al. [244] into a model of photo-
ionization that nowadays is used in most streamer simulations [26} 96, 119} 121,
139 [141].

On the other hand, the reliability of the photo-ionization data and of the re-
sulting Zhelezniak model has been questioned; for a recent discussion, we refer
to the introduction of Nudnova and Starikovskii [152]. Background ionization
has been suggested as an alternative for photo-ionization; in early simulations,
photo-ionization was even replaced by background ionization to reduce the com-
putational complexity [48]. The background ionization could either be due to
radioactivity and cosmic radiation, or to left over charges at high repetition rates of
the discharge as elaborated by Pancheshnyi [156]. In the present experiments, high
repetition rates are avoided, we use a 1 Hz repetition frequency for all experiments.
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Experiments with other repetition frequencies will be discussed in the next chapter.

As photo-ionization is a vital part of streamer theory, and as direct measure-
ments are difficult, Luque et al. [121] have suggested indirect measurements
through studying the interaction of two streamer heads propagating next to each
other: they typically would repel each other electrostatically, but could merge
through the non-local effect of photo-ionization. In an attempt to confirm this
theory, we have performed experiments with two streamers emitted from adjacent
needles as was discussed in the previous chapter, but a common parameter regime
has not yet been explored for theory and experiment, and the photo-ionization
could not yet be investigated along these lines. Kashiwagi and Itoh have shown
that UV and VUV radiation from a surface streamer discharge can trigger a syn-
chronous streamer discharge [87]. They have found that radiation around 115 nm
is most effective, which is somewhat higher than the limit of 102.5 nm that is
associated with nitrogen-oxygen photo-ionization. However, in the case of surface
discharges, photo-electron emission from the insulator surface itself can replace
photo-ionization of oxygen molecules in bulk streamer discharges. The photo-
electron emission from the surface can occur at longer wavelengths than the bulk
photo-ionization of oxygen molecules.

Here we follow a different experimental track. According to Teich’s photo-
ionization mechanism in nitrogen-oxygen mixtures, the density of emitted photons
is proportional to the nitrogen concentration, and the absorption lengths of the
photons are inversely proportional to the oxygen concentration. If positive stream-
ers in air indeed propagate through this mechanism, one would expect that their
properties change when the ratio of nitrogen and oxygen is changed. The main
purpose of this chapter is therefore to investigate positive streamers in varying
nitrogen:oxygen mixtures experimentally. To set the limits, we also investigate
streamers in pure nitrogen.

5.1.1 Previous experiments on streamers in different nitrogen-
oxygen-mixtures and pure gasses

Streamers in varying nitrogen-oxygen-mixtures have been investigated before by
Yi and Williams [243]], Ono and Oda [[153]], and Briels et al. [35,34].

Yi and Williams use a 130 mm plane-plane with a protruding point geometry,
where the protruding point is a 3.2 mm diameter rod ground to a sharp tip (radius
~100 pm). They use both positive and negative voltage pulses with amplitudes
between 70 and 130 kV and risetimes of order 50 ns. Nitrogen-oxygen mixtures
with oxygen fractions between “0%” and 15% are investigated. The purity of their
pure nitrogen is not specified but it is presumably significantly better than 0.1%,
as this is the oxygen content of their next purest gas mixture. They claim that
their measurements strongly suggest that photo-ionization plays an important
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role because (especially positive) streamers propagate faster at higher oxygen
concentrations. For high voltages (>100 kV), the propagation velocity of positive
streamers increases with roughly a factor of 5 when going from their pure nitrogen
to 10% oxygen in nitrogen. In negative streamers the same concentration change
leads to a velocity increase of less than 40%.

Ono and Oda also use a point-plane geometry, but with a 13 mm gap. Their
tips are made by cutting a 0.3 mm stainless steel wire and have no well defined
tip profile. They apply positive voltage pulses with amplitudes between 13 and
37 kV, risetimes in the order of tens of nanoseconds and durations of a few hundred
nanoseconds on nitrogen-oxygen mixtures containing oxygen fractions between
“0%” and 20%. Again, the purity of nitrogen used in the experiments is not speci-
fied. Their next purest mixture contains 0.2% oxygen. They claim that propagation
velocity, diameter and shape of the streamers are strongly influenced by the oxy-
gen concentration. No measured value varied by more than a factor of five when
changing the oxygen concentration from 20% to 0%. The streamer diameter in-
creases from 0.2-0.4 mm in pure nitrogen to more than 1 mm in air. At 18 kV, the
propagation velocity increases from ~ 2 - 10° m/s in pure nitrogen to 5 - 10° m /s in
air. Namihira ef al. [143] have studied streamer propagation in atmospheric air in a
76 and 152 mm diameter wire-cylinder geometry with 60-100 kV, 100 ns voltage
pulses of positive polarity. They find propagation velocities of 1.8-3.3 - 10° m/s

Briels et al. have measured in air, a mixture with 0.2% oxygen in nitrogen and
“pure nitrogen”. They use 5 to 30 kV positive pulses with risetimes of order 150 ns
in point-plane gaps of 40 and 160 mm at pressures between 100 mbar and 1 bar.
They have shown that at lower oxygen concentrations, streamers branch and zigzag
more, they are brighter and thinner (about 40% thinner in pure nitrogen than in
air). They have not found a clear effect of oxygen concentration on propagation
velocity; at 1 bar they are lowest in pure nitrogen, while at lower pressures they
are the same or highest in pure nitrogen. However, the set-up that was used in
these experiments is not designed for high purity gas handling. Therefore, it is not
known what the exact purity of the pure nitrogen was in all of the experiments
described by Briels et al.

In order to better investigate the effects of low oxygen concentrations, here we
present results in which the purity of the gasses can be guaranteed to ppm (parts
per million) levels.

5.1.2 Content of the chapter

In this chapter we present experimental measurements on streamer discharges in
different gas mixtures, with an emphasis on nitrogen/oxygen mixtures. We will
repeat some measurements made by Briels et al. [34], but with a better defined
purity of the gasses and better optics to measure streamer diameters. We also
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Table 5.1: Gas impurity levels of relevant pure gasses as provided by the gas supplier.
Impurity levels are given as upper limits in parts per million (ppm), n/a indicates
that no number is specified by the supplier. Nitrogen-oxygen mixtures like artificial
air are mixed by the supplier from nitrogen 6.0 and oxygen 6.0.

Gas N2 02 Ar HZO C02 cO CnHm
Nitrogen 6.0 | ~100% 0.2 n/a 0.5 01 | 0.1 0.1
Nitrogen 7.0 | ~100% | 0.03 n/a 0.05 | 0.03 | 0.03 30
Oxygen 6.0 0.5 ~100% 1 05 | n/a | 0.1 0.1
Argon 5.0 5 2 ~100% 3 n/a | n/a 0.2

extend the measured range to nitrogen of 0.1 ppm purity and show some results
from argon of 10 ppm purity. More detailed measurements on pure argon and pure
oxygen are presented in chapter |7} We discuss implications for the propagation
mechanism. We measure at various pressures to test streamer similarity laws.

5.2 Experimental conditions

We use mixtures of O, and N that are pre-mixed by the supplier. According
to the specifications, the amount of contamination is below 1 ppm, except for
nitrogen 7. which has a specified contamination of less than 0.1 ppm. The
mixtures we have used contain nitrogen with 20%, 0.2%, 0.01% and <0.0001%
oxygen (volumetric fractions). We refer to the 20% oxygen mixture as artificial air.
Besides these mixtures, we have also used pure argon with not more then 10 ppm
impurity (5.0 purity). See table for information regarding impurities in the
different pure gasses. The nitrogen-oxygen gas mixtures consist of nitrogen 6.0
with the specified percentage of oxygen 6.0 added by the supplier.

All experiments presented in this chapter have been performed on positive
streamers in our new vacuum vessel (see section 3.2.3) with a 160 mm separation
point plane geometry. Both the C-supply and the Blumlein pulser have been used.

In discharges in nitrogen-oxygen mixtures, only the streamer’s head produces
light. Therefore an image taken with a long exposure shows the trace left by the
streamer head as it passes. With a shorter exposure just a section of the streamer’s
path is seen (see e.g. figure[5.9). At lower pressures, or higher voltages, the
streamers can develop into glow after reaching the plate electrode, resulting in a
more or less uniform light that is emitted from the entire channel. This is seen in
the right column of figure The glow phase lasts longer than the streamer phase,
and emits significantly more light.

1Purity of gasses and gas mixtures is denoted as the number of nines in the notation of purity. So
nitrogen 3.0 has a purity of at least 99.9% and nitrogen 6.0 a purity of at least 99.9999% (i.e. less than 1 ppm
contamination).
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5.3 Effects of oxygen concentration in nitrogen

5.3.1 Streamer morphology

We investigate the general morphology of the streamers by means of ICCD camera
images. Previous time resolved photography in a similar set-up has established the
following sequence of discharge evolution: first a glowing ball or initiation cloud
appears at the needle electrode, the ball extends and transits into an expanding
glowing shell that eventually becomes unstable and breaks up into many simulta-
neously propagating streamers (see [34, 36] as well as section [2.3.3] of this thesis).
The sizes of the initiation cloud and glowing shell scale inversely with pressure.
At high pressures (1000 mbar in our case), they are so small that they can not be
distinguished in our images. At low pressures, or when the size of the gap is very
small, the initiation cloud and glowing shell may extend over more than half of
the gap. Pressure, gas mixture, gap length, voltage and voltage risetime determine
whether a single, few or many streamers emerge from the glowing shell.

Results from the C-supply

Figure 5.1/shows an overview of streamers in five different gas mixtures made with
the C-supply. More images at other voltages can be found in figure|B.1{on page
The general morphology of the N:O, mixtures and pure nitrogen (both 6.0 and 7.0
purity) is very similar, although it is clear that, especially at low pressures, there
are more branches in pure nitrogen and in the 0.01% O, mixture than in the other
two mixtures. This has also been observed by Ono and Oda [153]. Their streamer
channels become marginally straighter for higher concentrations of oxygen.

One striking feature in the N»:0, mixtures and pure nitrogen is the maximal
length of the streamers at 1000 mbar; the streamers are longest for the 0.2% O,
mixture and shorter for nitrogen 7.0. However, the interpretation is not straightfor-
ward. In these images the exposure time of our camera was about 2 s, and the
decay time (1/e) of the voltage pulse was about 6 pus. On the other hand, Briels
et al. [34] in their “pure nitrogen” have found much longer streamers under similar
conditions that propagated for more than 4 ps after the start of the pulse. In those
measurements the decay time of the voltage pulse was probably much longer than
6 ps because they used a higher parallel impedance in the C-supply circuit (the
exact value is unclear). The lengths of our streamers in pure nitrogen therefore
are determined either by the exposure time of the camera or by the decay time of
the voltage pulse. In air, streamers stay short both in Briels” and in the present
measurements. This is probably due to the conductivity loss inside the streamer
channel due to the attachment of electrons to oxygen molecules. In air, this loss
mechanism is much stronger than in pure nitrogen with a small amount of oxygen
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Figure 5.1: Overview of streamer discharges produced with the C-supply for five
gas mixtures used (rows), at pressures of 1000, 200 and 25 mbar (columns). All
measurements have a long exposure time and therefore show one complete discharge
event, including transition to glow for 25 mbar. The multiplication factor (Mf) gives
an indication of the real intensity of the discharge. The length scale is indicated with
the white arrow at the top right image. Additional images with other voltages are

given in figure
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Figure 5.2: Overview of streamer discharges produced with a 20 kV pulse by the
Blumlein pulser (~130 ns pulse length) for nitrogen 6.0 (top row) and artificial air
(bottom row), at five different pressures. All measurements have a long exposure
time and therefore show the whole discharge.

contamination.

One should be careful when comparing exact Mf values of our measurements.
We have not conducted a statistical study into the brightness of the streamer chan-
nels. Also note that the Mf values reported here are somewhat different than those
published in [150]. The reason for this, as well as its consequences are discussed in
more detail in section [3.4.2)on page 55| More results from measurements with the
C-supply can be found in the traineeship report by Ferdi van de Wetering [227].
Mf values discussed in that report are all calculated with the old method.

Results from the Blumlein pulser

The differences between artificial air and pure nitrogen can be studied better with
the Blumlein pulser than with the C-supply. We recall that the Blumlein pulser has
a faster risetime and a shorter pulse duration than the C-supply (see section 3.3).
This allows us to use the same voltage at all pressures without danger of provoking
a spark. Hence in figure the background electric fields E are the same up
to modifications due to the presence of the discharge while the reduced fields
E/N increase with decreasing density N. The figure shows that at 25 mbar and
1000 mbar the images for nitrogen 6.0 and artificial air are quite similar, but all
intermediate pressures show clear differences between the two gasses. Again,
artificial air has fewer and thicker streamers, as well as a much larger “initiation
cloud”. Because of the limited duration of the pulse, no streamers emerge from
this cloud in artificial air at 100 mbar. This limited duration is also the reason for
the short streamer lengths at pressures above 50 mbar for both gasses. We have
used a voltage of 20 kV in all measurements in figure this voltage is higher
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than in figure[5.1|for all pressures below 1000 mbar.

These differences in appearance between air and nitrogen 6.0 with the Blumlein
pulser are also more pronounced than found by Briels et al. [34]. This can again
be attributed to the effect of a higher voltage and faster risetime in our case, but
also to the higher purity that can be achieved in the new set-up (see section3.2). It
seems that the thinnest or minimal streamers are similar in the different mixtures,
but that air produces thicker streamers more easily.

The larger “initiation cloud” in artificial air can also be observed in the 200 mbar
images from figure 5.1, when comparing this with the lower-oxygen concentration
mixtures.

In figure in nitrogen 6.0 at 25 mbar there is only one channel instead of
multiple channels like in figure This is caused by the higher voltage (20 kV
versus 15.3 kV) and faster risetime (~10 ns versus ~50 ns) from the Blumlein
pulser compared to the C-supply. Such a high voltage could lead to a spark when
using the C-supply.

The shapes of all discharges at pressures of 50 mbar and lower correspond
to the shapes found by Rep’ev and Repin [176] in discharges in a 100 mm point
plane gap in air at atmospheric pressure with 220 kV pulses. This should be no
surprise as their reduced background field (E/ N) is quite similar to ours. They use
a bullet-shaped electrode with a tip radius of 0.2 mm.

Initiation delay and jitter

We have not observed any effects of the gas mixture on initiation delay or jitter
as reported by Yi and Williams [243]. In all cases, the streamer initiation jitter
was limited to less than 10 ns. This can probably be attributed to our electrode
holder geometry, which induces more field enhancement at the tip, our fast voltage
risetimes and our overvolted gaps. The protrusion-plane electrode of Yi and
Williams has a tip radius of about 100 um and protrudes only 10 mm from a plane.
Our tip has a radius of about 15 pm and is mounted in an elongated holder (see
figure[3.4). Van Veldhuizen and Rutgers [222] have shown that such a difference in
geometry of the holder and tip can have a large influence on streamer initiation
and propagation. Therefore, initiation was always fast in our case and we did not
observe differences between the gas mixtures.

5.3.2 Minimal streamer diameter
Briels et al. have also shown that the reduced streamer diameter ng - d,,;;,, is constant

as function of n for a specific gas mixture [34] (see also figure[2.4). The choice for
these thinnest channels has been made because, from experimental data as well
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Figure 5.3: Scaling of the reduced diameter (p - d,,;,) with pressure (p) for the
four different nitrogen oxygen mixtures. Every point represents 4 to 10 measured
streamer channels each from a separate discharge image. The error bars give the
standard error and do not include systematic errors.

as from theoretical considerations, it has been found that there is a lower limit
in streamer diameter, but no upper limit of the streamer diameter with growing
voltage has been found yet. In our experiments, the gas temperature is always
equal to room temperature (294 K) and therefore we can use the pressure p instead
of the density ny, as they are related through the ideal gas law.

The minimal streamer diameters have been measured on images where the
streamer diameter (full width at half maximum of an averaged cross-section) is
at least 10 pixels wide. We took zoomed images like the 200 mbar images from
figure 5.5] for this purpose, by moving the camera closer to the discharge, and even
higher magnifications at higher pressures. Measurements of the minimal streamer
diameter are given in figure All results have been obtained with the C-supply.
Some observations follow:

* The reduced diameter is roughly constant as function of pressure for any
single gas mixture, but it does increase slightly at higher pressures.

* The reduced diameter increases as a function of oxygen concentration al-
though there is no significant difference between nitrogen 6.0 and nitrogen
with 0.01% oxygen.

The increase of reduced diameter as function of pressure could be a measurement
artefact: it is possible that the width of the streamers at high pressures is still
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overestimated because of bad focusing (shallow depth of field) and other imaging
artefacts [31]].

Ono and Oda [153] also find an increase of diameter although they report an
increase of a factor 12 between pure nitrogen and a mixture with addition of 20%
oxygen. This large factor can be attributed to the fact that Ono and Oda do not
specifically look for minimal streamers. They use a pulse of at least 15 kV in gas
at atmospheric pressure in a 13 mm point-plane gap. This is an overvolted gap,
which generates streamers that are thicker than the minimal streamers we look at.
We see as well that air streamers can be thicker than pure nitrogen streamers, but
our minimal streamers are much more similar for all mixtures.

When we compare the values from figure 5.3\ with the results of Briels et al. [34],
we see that they are lower in all cases. Briels et al. give an average value of
p - dmin of 0.12 bar-mm for “pure” nitrogen and 0.20 bar-mm for air. We have
found 0.07 bar-mm and 0.12 bar-mm respectively. There are several reasons for the
differences:

¢ Influences of other gas components like water vapour and carbon dioxide
that are more prevalent in the set-up of Briels than in the new high purity
set-up.

¢ Small differences in voltage pulse risetime and amplitude that could lead to
larger than minimal streamers in the case of Briels.

¢ Overestimation of streamer widths by Briels because of the optical problems
explained above.

Note that the pure nitrogen in the work of Briels et al. was probably less pure than
in the present work. The new set-up is much better suited for work on high purity
gasses than the old one used by Briels et al. It is estimated that the “pure” nitrogen
of Briels et al. has a contamination level of less than 0.1%, while here we achieve
less than 0.0001%.

5.3.3 \Velocity measurements

Streamer velocities have been determined in discharges in all nitrogen-oxygen
mixtures. The length of a streamer is determined with the first method discussed in
section and demonstrated in figure All results have been obtained with
the C-supply. The results of the measurements at 200 mbar are given in figure[5.4}

The reason why we do not present measurements at 1000 mbar is that we were
not able to use voltages above 45 kV and therefore, the length of the streamers
remained short at 1000 mbar, as is shown in figure This short length means
that we can not measure the streamer velocity at roughly the middle of the gap.
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Figure 5.4: Velocity measurement results at 200 mbar for five different gasses, made
with the C-supply. The error bars indicate the sample standard deviation. The line is
a linear fit through all the points. The velocities are measured roughly in the middle
of the gap, except for the cases where the discharge does not reach the middle of the
gap (at lower voltages), in these cases, the velocity is determined at a position close
to the end of the streamer channels.

We also do not show measurements at 25 mbar. At this pressure, the streamers are
so wide, that no fully evolved streamer channel can occur before the cathode plate
is reached (see e.g. figure[5.8).

The most striking feature of these measurements is the fact that all five gasses
show very similar velocities. This is also observed at other pressures. The measured
velocities have a minimum value of 0.5 — 1 - 10° m/s. Although the measurements
at 1000 mbar and 25 mbar do not give a complete set of results, like for 200 mbar,
we can state that at these pressures the same minimum velocity is found. We did
not observe the increase in propagation velocity with increasing oxygen fraction
that is reported by Yi and Williams [243]. The increase of velocity with voltage is
in accordance with the results found by Briels [33]], although she published results
measured at 1000 mbar in a 40 mm gap, while we now focus on 200 mbar in a
160 mm gap.
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Figure 5.5: Zoomed images produced with the C-supply for six different gasses,
at 1000 and 200 mbar around the anode tip region (see length indication at top
right image). All other settings are similar to figure Note that the image for
0.01% oxygen at 200 mbar has a deviating voltage.
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Figure 5.6: Feather like structures in an argon 5.0 and a nitrogen 6.0 discharge. Both
images are acquired with the C-supply at 200 mbar. The images as captured by
the camera are shown in the boxes in the top right corners with the zoomed areas
indicated. The grey rectangles in the zoomed images indicate the area in which the
number of small branches was counted. The nitrogen image is on the same scale as
the argon image, but lower in the 160 mm gap (roughly halfway).
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5.4 Feather-like structures

Figure [5.5|shows images from similar discharges as figure[5.1Jbut now zoomed to
the region closest to the anode tip and with two images from argon 5.0 included.
The zooming is achieved by moving the camera closer to the experiment.

We observe again that for lower oxygen concentrations, the streamers branch
more often. In nitrogen 6.0 and 7.0 at 200 mbar they form shapes resembling feath-
ers. In argon, these feather-like structures are even more pronounced, especially
at 200 mbar. The fact that there are no straight, smooth streamer channels in the
argon discharges makes it impossible to determine unambiguous streamer widths
in this gas.

We have analysed one channel from an argon image at 200 mbar (figure [5.6).
We counted the number of side channels from a 10 mm long section of this channel
in a region between 0.5 and 2 mm from the centre of the channel on both sides.
Dividing this number by the volume of the counting region (we assume cylindrical
symmetry of the streamer channel) leads to a branch density of about 10> cm 3.

When we apply the same procedure to the image of a nitrogen discharge from
tigure[5.6| we find roughly the same branch density. Although the number of small
side channels is lower than in the argon image, so is their length. Therefore the
counting region reaches to only about 1 mm around the centre of the channel.

In nitrogen 6.0, we have determined that the visible hairs of the feathers have a
length of 0.5-1.5 mm. The angle between these hairs and the propagation direction
of the streamer is 20 to 50 degrees. This value is determined from a 2D projection
of the real hairs, therefore the real angles may be larger than 20 degrees. It can not
be distinguished whether the hairs bend away from the streamer channel, bend
towards it or are straight. The maximum distance between the tip of a hair and the
centre of a streamer channel is about 1 mm, but most hairs do not stick out more
than 0.5 mm from the axis of the channel.

About 1-1.5 hairs per mm of streamer channel can be observed. Because hairs in
the path of the channel will be overrun by the channel and hairs in the same optical
path as the streamer channel will be obscured by the streamer, the total number of
avalanches per mm is probably larger than 1.5 hairs per mm. A stereoscopic 3D
investigation, like described in chapter {4 would help to increase the accuracy of
these values and get more insight in the nature of the feathers.

5.4.1 Interpretation

The photo-ionization mechanism as described by Teich [211] is applicable to
oxygen-nitrogen mixtures: the nitrogen concentration determines the number
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Streamer heads

photo

Avalanches

Figure 5.7: Sketch of the mechanism of feather formation. On the left hand side, the
photo-ionization length (/) is significantly larger than the active region where
the local field exceeds the breakdown field (E > Ej). The right hand side illustrates
the reversed situation.

of available photons in the 98 to 102.5 nm wavelength range; within our experi-
ments where the oxygen concentrations range from below 1 ppm up to 20%, the
photon source can be considered as essentially constant (if field enhancement and
radius at the streamer tip are the same).

The oxygen concentration determines the absorption length /4, of these pho-
tons, and therefore the range of availability of free electrons. The absorption length
is about 1.3 mm in air at standard temperature and pressure, and it scales linearly
with inverse oxygen density; the oxygen density obviously depends both on the
gas density and on the N5:O, mixing ratio [121].

An interpretation for the feather-like structure of the streamer channels in argon
and in gas mixtures with low oxygen concentrations is the following. The small
branches that form the feathers are in fact avalanches moving towards the streamer
head. This is illustrated in figure where two extreme cases are shown. In
the first case, there is a low O, concentration and therefore the photo-ionization
length is long. When this length is much larger than the region where the electric
field (E) exceeds the critical breakdown field Ej, ionization is mainly created at
places where the field is significantly below Ejy. Therefore the created free electrons
can not form avalanches immediately after creation, or they are lost in the lateral
direction where the field never exceeds Ey. Only when the streamer head comes so
close that E > Ej, avalanches form. These separate avalanches are visible in the
form of the feathers we see in the images of argon and pure nitrogen.

On the other hand, if there is a sufficiently high oxygen concentration in nitro-
gen to have a photo-ionization length that is significantly below the radius where
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E = Ej, all electrons that are created will immediately be accelerated towards the
streamer head and create avalanches. Because the density of the seed electrons is
much higher (the same amount of UV-radiation is absorbed in a much smaller vol-
ume), these avalanches will overlap and become part of the propagating streamer
head. Therefore, the streamers will appear smooth, they easily will become broad,
and they will not form any feather-like structures.

If photo-ionization is not present at all, but if there is some background ion-
ization, the situation will be similar to the low photo-ionization case (e.g. pure
nitrogen or argon). Now the electrons outside the E > Ej region will not be created
by photo-ionization, but by other processes like cosmic rays or radioactive decay
as is discussed in the next chapter.

Figure [5.7|largely resembles textbook concepts of streamer branching due to
avalanches caused by single electrons; the first version of such plots stems from
Raether [171]. This concept is criticized by Ebert et al. in section 5.3 and figure 10
of [51]. Here it is stated that the concept that non-local photo-ionization leads
to branching has never been substantiated by further analysis and that even if
this avalanche distribution is realized, it has not been shown that it would evolve
into several new streamer branches. In contrast, it is stated that the formation
of a thin space charge layer is necessary for streamer branching while stochastic
fluctuations are not necessary, especially because even in fully deterministic, but
nonlinear models, instabilities and branching are possible. These concepts are
further elaborated in [46, 86| 119|137, 208] and were discussed in section[2.4] of this
thesis.

Concerning the emergence of feathers rather than branches: there are stochastic
avalanches, that we interpret as the “hairs of feathers”, but the streamer is appar-
ently not in an unstable situation and does not branch. Of course, this statement is
partially semantic - one also could consider the hairs as little side branches that
immediately die out again. The real difference between branches and avalanches
lies in the question whether the hairs do build up own space charges, or whether
they just evolve in the enhanced field of the main streamer. Figure|5.7|suggests
that the second is the case. They die out rather after the electron avalanche has
reached the main streamer and do not reach a propagating state.

If this interpretation is correct, the number of small branches could be a measure
for the background ionization density when no photo-ionization exists. The branch
density that was obtained from the measurements at 200 mbar in nitrogen 6.0
and argon 5.0 is about 102 cm~3. Unfortunately, there is very little literature
regarding background ionization in pure gasses in containers. Estimations for the
maximum equilibrium charge density in air are in the range of 10°> — 10* cm~3
[156]. However, this value can mainly be attributed to ionization by alpha particles
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emitted by decaying radon gas [156]. When we assume that the concentration
of radon inside the closed metallic cylinder of our experimental set-up is some
orders below the ambient value and the pressure is 200 mbar instead of 1 bar,
a background charge concentration of 10> cm~3 seems reasonable. The natural
background density and the effects of pulse repetition rate on the background
ionization density will be discussed in the next chapter.

The first Townsend ionization coefficient of argon is much higher than in molec-
ular gasses (at low field strengths) [1] because there are no ro-vibrational states.
Therefore the region where the electric field exceeds the breakdown field is larger.
This can explain why the feather-like structures are more pronounced in argon
discharges than in nitrogen discharges.

Besides photo-ionization, oxygen also plays another role since it is an attaching
gas, in contrast to nitrogen or argon. This means that it removes electrons and
therefore conductivity from the gas. This mechanism comes in action both ahead
of the streamer head and in the streamer channel. Ahead of the streamer head and
in the whole non-ionized region, it binds free electrons and makes them essentially
immobile, but it also can release them again by detachment when the field exceeds
a critical value. In the streamer channel, it limits the conductivity after a sufficiently
long propagation time.

If, in our simple model of the feather structure (figure5.7), the detachment field
is higher than the critical breakdown field E, then the electrons at the position
E = Ej can still be attached to an oxygen molecule and the avalanches will start
closer to the streamer head. However, this will only occur at very low pressures.
The exact value of the detachment field depends on the vibrational state of oxygen
and will therefore be different for background ionization than for photo-ionization.
A detailed discussion of the role of detachment can be found in [156].

Aleksandrov et al. [10] also find that the addition of 1% of oxygen to a discharge
in pure argon leads to a faster decay of the streamer and requires a higher electrical
energy input. However, their simulations attribute this not to electron attachment
to oxygen, but to quenching of excited argon states by oxygen molecules.

A quantitative analysis, including simulations, of the topics discussed above
has been performed by Wormeester et al. [236]237]. We find that at 200 mbar pure
nitrogen (1 ppm oxygen), the electric field at about 1 mm from the streamer channel
(the length of the feathers found above in pure nitrogen) is around 80 kV/cm, well
over the breakdown threshold. At this distance, the electron density is 10?2 mm 3,

which is sufficiently low to explain the stochastic occurrence of feathers.
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171 ns 231 ns 263 ns

Figure 5.8: Image sequence of streamer discharges in nitrogen 6.0 at 25 mbar. The
integration time of each image is 15 ns and the indicated time is the camera delay
with respect to the beginning of the voltage pulse. The voltage pulse is similar to the
Blumlein pulser from figure[3.12} The images in the top row are identical to the first
three in the second row, except for their colour representation. The images in the top
row have an Mf value of 155, all other images have an Mf value of 16.6.

160 mm

102 ns

Figure 5.9: Image sequence of streamer discharges in nitrogen 6.0 at 100 mbar. All
images have an Mf value of 180. All other settings are similar to figure[5.8| Recall
that we can not capture more than one image per discharge event. Therefore the
images presented here are all from separate discharges.
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5.5 Time resolved images

We took time resolved, movie-like image sequences by decreasing the integration
time of our camera and varying its internal delay value. Results of these measure-
ments are given in figures 5.8 and Note that our camera can only take one
image per discharge event and therefore these images are all from separate events.
In figure the streamer crosses the gap in less than 15 ns. After this time, it
evolves into a glow discharge, which is much brighter than the original streamer.
This glow discharge remains bright for the duration of the voltage pulse (130 ns),
and then starts to extinguish.

After roughly 290 ns, the discharge appears again. This is a negative discharge
caused by the reflected pulse in the Blumlein pulser (see figure[3.12). Obviously, at
this pressure of 25 mbar, the gap is overvolted at 20 kV, which explains the high
propagation velocity of about 3 - 10° m/s.

At 100 mbar, the streamers do not reach the other side of the gap within the
pulse duration. Therefore, the light is only emitted by the streamers and no glow
discharge is formed, see figure The images at 102 and 150 ns clearly show that
the light is only emitted by the propagating streamer heads, as was shown before
by van Veldhuizen et al. [221] and Briels et al. [34].

5.6 Conclusions

The most simple and maybe surprising conclusion we can draw from the experi-
ments described here is that streamer properties are quite similar for all nitrogen-
oxygen mixtures and pure nitrogen with an impurity level of less than 0.1 ppm.
This applies to many of the overview images and zoomed images, but more so
for the minimal streamer diameters and velocities. We have tested this on pure
nitrogen and four different nitrogen-oxygen mixtures with more than six orders
of magnitude difference in oxygen fraction. We do see clear differences when
decreasing the oxygen concentration, but the streamers do still propagate with
roughly the same velocity and their minimal diameter decreases by less than a
factor of two from artificial air to pure nitrogen.

This is remarkable because it means that either the photo-ionization mecha-
nism is not as important in streamer propagation as previously thought, or that
this mechanism can still provide enough free electrons, even at very low oxygen
concentrations. When we assume that the direct photo-ionization mechanism is
not the major source of free electrons there are a few options left for these sources:

* Other photo-ionization mechanisms than direct photo-ionization of oxygen
by nitrogen emission are responsible for free electrons. For example, this
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could be step-wise ionization of nitrogen molecules, though this is unlikely
at the low electron density and high propagation velocity of the streamer
tip. The measurements of Penney and Hummert [167] in pure nitrogen and
pure oxygen indicate that there is photo-ionization in pure gasses, although
in their case, the gasses are orders of magnitude less pure than our gasses.

¢ Background ionization of the gas due to cosmic radiation, radioactivity or
leftover charges from previous discharges can deliver enough free electrons
for streamer propagation. The background ionization can lead to free or
bound electrons. The bound electrons can be detached by the enhanced
electric field of the streamer head [156]. This can be tested by modifying the
background charge density in some way (e.g. adding radioactive isotopes)
and studying its effect on streamer properties. Results of such studies are
discussed in the next chapter.

Numerical simulations of Pancheshnyi [156] show that changing the background
ionization of the gas by two orders of magnitude from 10° cm 3 to 10”7 cm 3 results
in only small changes (order 10-30%) of streamer diameter, current and propaga-
tion velocity. This is in line with both the hypothesis that a very low amount of
oxygen is enough to sustain photo-ionization and the hypothesis that background
ionization is the source of the electrons needed for propagation. Note that the
literature value for the background ionization in ambient air is 10% — 10* cm 3.
From the density of feathers, we estimate 102 cm ™2 in our 200 mbar pure gasses
inside our metal vessel.

Yi and Williams [243] do find an oxygen-fraction dependent streamer velocity.
They claim that this is caused by the difference in photo-ionization. An important
difference between their measurements and ours is that they have been performed
at much higher voltages (70 kV and above) and have a significantly different elec-
trode geometry. Like us, they find that the streamer diameter increases with oxygen
fraction. They again attribute this to photo-ionization. More photo-ionization leads
to more non-local electron production and thus to a wider streamer head. Besides
this, more photo-ionization would also reduce the required field enhancement
in the streamer head, which allows the streamer head to have a blunter shape
and which reduces branching. Simulations by Luque et al. [119] support this, al-
though these simulations treat negative streamers and we have looked at positive
streamers.

More detailed descriptions and simulations of these mechanisms are given by
Wormeester et al. [236]. We find that indeed, at very low concentrations of oxygen
in nitrogen (1 ppm), the photo-ionization mechanism can provide enough free
charges (electrons and negative ions) to ensure streamer propagation with proper-
ties close to air (diameters and velocities within a factor 2 difference). On the other
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hand, in our simulations, a realistic background ionization level for 1 Hz repetitive
discharges alone (107 cm~3) is also enough to ensure positive streamer propagation
with roughly the same properties. The effects of background ionization on streamer
properties will be treated in more detail in the next chapter.

Although there are some quantitative differences (mainly a ~40% reduction
in measured streamer diameter), the qualitative conclusions of Briels et al. [34]
regarding the similarity laws have been confirmed in this work, also when we take
into account the higher purity of the gasses reached here.
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Effects of background ionization

6.1 Introduction

As was discussed in the previous chapter, positive streamers require a source
of electrons in front of the streamer in order to sustain their propagation. These
electrons can either be created by photo-ionization or be already present in the form
of background ionization. Photo-ionization was discussed in detail in the previous
chapter. It was found that even in very pure nitrogen, positive streamers are very
similar to positive streamers in air. This means that either low levels of oxygen
still enable sufficient photo-ionization to enable streamer propagation or that the
streamers can propagate by background ionization. Of course a combination of
both mechanisms is also possible.

Here we focus on the effects of background ionization by varying its level.
Under normal circumstances, there are two probable sources for background
ionization: natural background ionization and remaining ionization from previous
discharges in repetitive discharges.

In air, electrons produced by any mechanism are quickly attached to oxygen
molecules. Therefore the ionization density mostly describes positive and negative
ions. At the moderate electric fields outside the streamer head, these positive
and negative ions are unable to create secondary ionization (and therefore an
avalanche). Only when a streamer head gets close to a negative oxygen atom, the
enhanced electric field of the streamer head will detach the electron, which then
can create an avalanche.

Natural background ionization levels by radioactivity and cosmic rays are nor-
mally around 10°-10* cm 3 (Pancheshnyi [156] and references therein). The actual
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level depends on many parameters, including building material type, ventilation,
room or vessel dimensions and pressure. In our stainless steel vacuum vessel, the
ionization levels will probably be lower than in ambient air at the same pressure.
This is because the gasses we use are more pure (although we do not have a speci-
fication for radon levels), the steel emits less radon than building materials and the
vessel may shield part of the cosmic rays. However, it is very difficult to estimate
the exact effects on the background ionization level inside the vessel.

The level of background ionization caused by previous discharges in repetitive
pulsed discharges depends mainly on the pulse repetition frequency but also on the
streamer density. At high streamer densities (when the streamer channels fill most
of the discharge volume) a 1 Hz repetition frequency can lead to a background
ionization level of about 107 cm ™2 according to simple theoretical estimates by
Pancheshnyi [156]. This will be discussed in more detail below.

Hartmann and Gallimberti [78] have experimented with positive streamer
discharges in a jet so that rest products of previous discharges are removed before
the next discharge. They see a clear effect of the jet on streamer properties, but
attribute this to the removal of nitrogen metastables and not of residual ionization.

Simulation results

Simulations on the effects of background ionization on streamers have been per-
formed by Bourdon et al. [27] and Wormeester et al. [236]. Bourdon et al. have
simulated both positive and negative streamers in preheated air in which they sim-
ulate the effects of repetitive discharges by increasing the background ionization
density up to 10° cm 3 (corresponding to a 10-30 kHz repetition frequency, see
below for calculation). They have found that the background ionization density
has a small influence on negative streamers, but a significant influence on positive
streamers. They find higher propagation velocities as well as shorter initiation
delays for higher background ionization densities.

Wormeester et al. have found similar results. In that work, we show that
photo-ionization and background ionization have roughly the same effect on
streamer properties, and that only a low contribution from either of these pro-
cesses is required to ensure streamer propagation. For example, a concentration
of 1 ppm oxygen in nitrogen is enough to make a streamer propagate through
photo-ionization, without the need for background ionization. In this case, the
propagation velocity is about 20% lower than under similar conditions in air. A
similar propagation velocity is found when photo-ionization is turned off and a
background ionization level of 107 cm~3 (positive and negative ions) is assumed.

We find that in air, at streamer repetition frequencies up to 1 kHz, the streamer
propagation is dominated by photo-ionization. Finally, we see that streamers
branch in “pure” nitrogen, but not in air under otherwise identical conditions.
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Arrayés et al. [14] have used a slightly different approach: they introduce
random fluctuations in the initial ionization density distribution. They show that
these random fluctuations can make the front move faster, but do not mention if it
also influences streamer branching.

Older simulations, like by Dhali and Williams [48] and Vitello et al. [225] model
negative streamers. They replace photo-ionization with a uniform background
ionization level (order 10°-108 cm 3 for Dhali and Williams and 1 cm 2 for Vitello
et al.) in order to simplify calculations.

6.1.1 Experimental methods

We can investigate the importance of background ionization in streamer propaga-
tion (and initiation) by artificially increasing this background ionization. There are
a few methods to increase ionization levels in gasses. Of course the most simple
method is to use (corona) discharges to create the background ionization levels.
The effects of leftover ionization from these prior discharges on a new discharge
can be investigated by looking at the effects of repetition frequency on streamer
initiation and propagation. However, a disadvantage of this method is that it will
not create a homogeneous background ionization level and that the exact level is
difficult to estimate. We have performed measurements on the effect of repetition
frequency. The results of these measurements and related topics are discussed in
section

Another means to artificially enhance background ionization in a gas is to add
radioactive compounds to the gas. The alpha and/or beta particles created in
the radioactive decay can ionize many more gas molecules, thereby increasing
the background ionization. The advantage of this method is that the resulting
ionization level is constant in space and time (charge is created homogeneously).
Disadvantages are that the gas mixtures with radioactive additives are expensive
and require special handling. We have performed measurements on streamer
discharges in nitrogen with a small amount of radioactive krypton-85 added. The
results of these measurements are discussed in section[6.3]

There are more methods to increase background ionization. For example irradi-
ation with ultraviolet light (UV). However, UV radiation that is still transmitted by
the windows of our vacuum vessel (wavelengths above ~170 nm) is not able to
directly ionize either nitrogen or oxygen molecules. It can be used to free electrons
from electrodes and walls, but this is of limited use in our large vessel as it would
lead to a very inhomogeneous distribution of ionization density. With special win-
dows, it would be possible to use UV radiation of lower wavelengths. However,
both the installation of such windows as well as the generation of enough UV
radiation of the right wavelengths would take a lot of effort. Furthermore, this
would still result in a quite inhomogeneous distribution of background ionization
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with an unknown density.

More exotic methods like electron or ion beams to directly inject charges into
the volume have to be discarded for similar reasons.

Measurement of background ionization

Unfortunately, it is very difficult to measure background ionization levels. We
have experimented with methods to determine it by measuring the electron and
ion drift current in low electric fields (a potential difference of about 100 V over
1 cm distance). If such an electric field is applied in a small volume of a flowing
gas and all electrons and ions are removed by this field, we can use the gas flow
rate together with the measured current to estimate the density of the electrons
and ions in the gas.

At e.g. a (high) background ionization level of 108 cm~2 and a gas flow rate
of 4000 sccm (standard cubic centimetre per minute) at atmospheric pressure,
this would lead to a drift-current of about 1 nA. However, this means that the
electrical impedance of the system is about 100 GQ). It is difficult (although far
from impossible) to build an electrical system that can measure these low currents
at such impedances. Because of limited time, we have not succeeded in setting this
up and therefore have not been able to measure background ionization levels.

Experimental conditions

All experiments presented in this chapter have been performed on positive stream-
ers in our new vacuum vessel (see section [3.2.3) with a 160 mm separation point
plane geometry. Both the C-supply and the Blumlein pulser have been used. We
use some of the same gasses as discussed in the previous chapter (namely nitro-
gen 7.0 and artificial air, see table 5.1| for specifications) as well as a special gas
mixture of pure nitrogen (5.5 purity, see table with radioactive krypton-85
added. During use, the gas inside the set-up is flushed with such a flow rate
that all gas is replaced every 25 minutes. All experiments are performed at room
temperature.

6.1.2 Calculating background ionization levels
Electron attachment

As streamer discharges produce high (local) ionization levels, they can increase
the background ionization for subsequent discharges. In gas mixtures with high
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oxygen concentrations, electrons quickly attach to oxygen molecules [91} [156]:
e+02+ 0y — 0, +0, kan =2-107%em®s™! (6.1)
or, in gasses with low oxygen concentrations:

e+ 0, +Ny = O; +Na kan = 8-1072 em®s™ 1. (6.2)
Therefore the free electron density #, will decrease as function of time as

ditte = — ka1 - 1e - [On)? (63)
- kuttZ *Ne - [02] : [NZ]

if diffusion is neglected. The attachment time f44 can be calculated from this by

farrl = (kattl : [02]2) - (6.4)

for air, or for oxygen concentrations below a few percent:

tattr = (a2 - [Oo] - [Nz])fl . (6.5)

In air at standard temperature and pressure, t,; is about 20 ns.

Recombination reactions

After that, two- and three-body ion-ion dissociative recombination determines the
rate of plasma decay (Pancheshnyi [156]):

O, +0; = 02+ 0, + 0, kreet =107 cm3s™  (6.6)
0, +0; +M =0+ 0+ 0, + M krer =2-107P em®s™! (6.7)

where M denotes either a neutral oxygen or a neutral nitrogen molecule. The O}
in these reactions is created quickly after the discharge from reactions of N3 to
NZ, O; and finally OZ, see e.g. [9]. In other gas mixtures, other recombination
reactions will take place.

Homogeneous recombination

Depending on the exact composition of the gas, there can be many different recom-
bination paths and intermediate active species (electrons, ions, atoms, radicals and
metastables). However, in spite of this variety, the effective recombination rate is
very similar for almost any combination of positive/negative species [158]. This
effective recombination rate is roughly

krec—air ~ krecl + krecZ ' [M} (6.8)
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for air and other electro-negative gas mixtures, with k.1 and k> from equations
and (6.7). For pure electro-positive gasses (gasses without attachment of
electrons and therefore without negative ions), we use k;,.—n, = 5 107 em3s71,
which, at room temperature, is equal to k.4, at a pressure of about 80 mbar
(M] =210 cm3).

The decrease of the ionization density n (in a neutral plasman = ny =n_) as
function of time t can be described by the following differential equation:

O = —kyee - 112, (6.9)

with k.. the effective recombination rate, which is dependent on gas composition
and density as is described above. Equation is solved by

1 -1

n(t) = (TI(O) +t- krec) ’ (6.10)
where n(0) is the ionization density at t = 0s (for a streamer under standard
conditions this is about 10 cm_3). For all practical values of k., high values of
n(0) and timescales above milliseconds this can be simplified to

n(t) = (t kree) ", (6.11)

independent of initial ionization density. This means that 1 second after a discharge,
the ionization density in air at atmospheric pressure will be roughly 2 - 10° cm 3.
At 0.1 s and 10 s after a discharge, the ionization density will be ten times as high
or low respectively. At other pressures, this number will be different, according to
equation (6.8). Therefore, in air, at 200 and 25 mbar, the ionization density 1 second

after a discharge will be 9 - 10° and 4 - 10° cm 3 respectively.

Note that the reactions shown above are mostly relevant for nitrogen-oxygen
mixtures at pressures close to atmospheric pressure. At much lower and higher
pressures and in other gasses, other mechanisms start to dominate the recombi-
nation reactions. For example, at pressures relevant for sprite discharges (below
1 mbar), dissociative attachment and recombination become very important loss
mechanisms [184]. Furthermore, the discharge should occur in an environment
where bulk gas recombination is the major ionization loss process. This means that
the vessel or environment dimensions have to be sufficiently large so that we can
neglect recombination at the wall and that there is no (strong) gas flow which can
refresh the gas between repetitive pulses.

Recombination and diffusion

The calculation given above assumes that the ionization is distributed evenly
and only changes by recombination. However, as the ionization by streamers is
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produced in narrow channels, diffusion will have an influence on ionization levels
as well. When we include diffusion, equation changes into

91 = Dipy - V211 — kyee - 12, (6.12)

with Dj,, = 5-1072cm? - s~! the diffusion coefficient under standard conditions
in air [156} 172} [195]. The diffusion coefficient scales inversely with pressure. In
section we will use equation to interpret the results of some of the
experiments described below. We there show that the more localized ionization
distribution in the trails of the streamers will lead to lower final ionization densities
than obtained from equation (6.11).

Constant ionization sources

For a gas with a constant source of ionization S, like the natural background
ionization (due to natural radioactivity and cosmic rays), or gas mixtures with
added radioactive traces, the production rate equals the recombination rate in
equilibrium. The ionization density is n = ny = n_. As we now have a fixed
ionization source and no time dependence, equation changes to

atn — S - krec . 7’12 = 0, (6.13)

with the solution for the equilibrium ionization density

n=/—. (6.14)

6.2 Effects of repetition frequency

Both of our pulsed power supplies allow repetition frequencies of about 10 Hz
and slower. Therefore we have performed measurements at 10, 1, 0.1 and 0.01 Hz
and studied the effect of repetition frequency on streamer morphology. We have
not performed detailed quantitative measurements of streamer velocities and
diameters.

According to the theoretical estimates given above, the lowest repetition fre-
quency used, 0.01 Hz, will lead to a background ionization level from leftover
charges of about 2 - 10* cm ™3 at 200 mbar. This is close to natural background
ionization levels. Therefore we do not expect to see many differences between a
completely “fresh” gas fill, and a gas fill 100 seconds after a streamer discharge.

109



Chapter 6.

Frame 1 Frame 2 Frame 3 Frame 4 Frame 5 Frame 6 Frame 7 Frame 8
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Series 1
Fresh gas

Series 2
100 s pause

Series 3
100 s pause

Series 4
100 s pause

Series 5
100 s pause

Figure 6.1: Five separate series of eight consecutive frames of streamer discharges
(or attempts). The series start at the first pulse of a “fresh” gas filling. In series 1 this
is a completely new fill of the vacuum vessel (it was pumped down to 2 mbar before
filling). In the other series no pulse was applied for at least 100 s prior to frame 1.
The frames have been recorded in nitrogen 7.0 at 200 mbar with 25 kV positive
pulses from the Blumlein pulser at a repetition frequency of 1 Hz. The Mf-value of
the images is about 43. The five series shown comprise the full measurement series.

Figure 6.2: The first five frames of streamer discharges after a 100 s pause in artificial
air. The frames have been recorded at 200 mbar with 25 kV positive pulses from the
Blumlein pulser at a repetition frequency of 1 Hz. The Mf-value of the images is
about 190.

6.2.1 General results
Initiation, first discharge and subsequent discharges

When studying streamers at different repetition frequencies, we found that streamer
discharges in 200 mbar pure nitrogen with 25 kV, 130 ns pulses from the Blumlein
pulser, often do not initiate at a pulse repetition frequency of 0.01 Hz. Therefore we
have used a different method to investigate streamer propagation at this repetition
frequency: After a 100 s pause (no pulses), we switch on the pulse source with a
repetition frequency of 1 Hz. ICCD camera frames of the first ten to thirty pulses
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are then captured and stored. In this way, the first pulse which results in streamer
initiation is nearly always captured as well as some subsequent discharges. In one
case, we have taken this approach a bit further and have used a completely fresh
gas fill to start with, instead of a 100 s pause. In this case, we first pumped the
vacuum vessel down to 2 mbar, before refilling it to 200 mbar. The results of these
measurements are given in figure [6.1|for nitrogen 7.0 and figure 6.2|for artificial air.

In nitrogen 7.0 we can observe that indeed the streamers do not always initiate
on the first pulse under the specified conditions. In only two of the five attempts
did the streamers initiate on the first pulse. One of these two attempts was the case
when nearly all of the gas in the vessel was replaced (a fresh gas fill). In another
attempt (series 4), no initiation at all was observed during the first ten pulses. In all
attempts that show initiation, the morphology of the first discharge is somewhat
different from subsequent discharges. The propagation length is usually shorter
and there seems to be a denser core of the streamer tree. This is studied in more
detail in the next section.

In air, we again see that the first discharge after 100 s waiting is different from
subsequent discharges. In the first discharge, only an initiation cloud is visible,
while in subsequent discharges, this initiation cloud is smaller and streamers
emerge from it. It appears that the initiation cloud of the second frame is still
larger than the initiation cloud of subsequent frames. We have observed the
same behaviour in all three measurement series we have recorded under these
conditions.

Repetition frequency dependence

We have performed measurements on the effect of the pulse repetition frequency
with frequencies from 10 Hz down to 0.01 Hz. At least four pulses with the
specified repetition frequency have occurred before the capture of the images that
are shown here. Again, the measurements at 0.01 Hz have been performed in
a slightly different way than the other discharges. In this case, we used a 1 Hz
repetition frequency; this was paused for 100 s and then turned back on like
discussed in the previous section. Plotted is the first image of such an image series
which shows a streamer discharge.

Images of streamer discharges in nitrogen 7.0 and artificial air at these repetition
frequencies are shown in figure Here, we can see that in both gasses, the
streamer morphology depends on repetition frequency. In all cases, the length of
the streamers is limited by the short pulse duration (=130 ns) from the Blumlein
pulser.

In nitrogen 7.0, the initiation cloud is very small (as is always the case). Here
the main visible effect of variation of the repetition frequency is that for lower

111



Chapter 6.

10 Hz 1 Hz 0.1 Hz 0.01 Hz

Aniﬁci%'

80 mm

80 mm

Nitrogen .O
. -

Figure 6.3: Overview (top and middle row) and zoomed (bottom row) images of
the effects of pulse repetition frequency on streamer morphology. These images
have been acquired in 200 mbar artificial air and nitrogen 7.0 with the Blumlein
pulser (pulse length 130 ns) at 25 kV. Note that the images at 0.01 Hz are created in a
different manner: after 100 seconds pause, the pulse source was started with a 1 Hz
repetition frequency. Shown here is the first image with visible streamers.

frequencies the streamers become thinner and the number of streamers and feath-
ers increases. The bright core that is visible in the first successful discharges in
figure 6.1/ and in the 0.1 and 0.01 Hz overview images in figure [6.3| consists of
many overlapping feather-like streamers, as can be seen in the zoomed images in
figure Subsequent images in these series are virtually identical to streamers at
a 1 Hz repetition frequency.

The total length (and therefore average propagation velocity) does not change
much between 10 Hz and 0.1 Hz in nitrogen 7.0. At 0.01 Hz, the streamers are
shorter, but this can probably be attributed to late initiation. As was shown in the
previous section, streamers mostly do not initiate on the first pulse after a 100 s
pause. Therefore we expect that the first streamer discharge that does initiate, does
so at a random moment in a pulse. This means that the length of the streamer
discharge at 0.01 Hz is not a good indication for its propagation velocity. Except
for the difference in discharge length, the general morphology is the same for 0.1
and 0.01 Hz.
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We have attempted to measure the propagation velocity in nitrogen 7.0 for the
different repetition frequencies, but this turned out to be very challenging and
did not give reliable results. The main problem is that we have not been able to
use the position correlation method (the second method described in section 3.4.3)
because at 10 Hz we can no longer reliably stop our camera and oscilloscope at the
same discharge. Therefore we had to use the first method (measuring the length
of streamer sections at short integration times). However, this method is not fully
suited for the crowded discharges like seen in figure [6.3]and therefore gives quite
inaccurate results with a relatively large spread in measured velocities. In our
measurement the standard deviation was of the order 10-20%, which is larger than
the expected differences between repetition frequencies (as could be estimated by
the total size of the discharge). For these reasons, we are not able to draw a definite
conclusion on the effect of repetition frequency on streamer propagation velocity,
except for the conclusion that the effect is smaller than 20% between 0.1 and 10 Hz.

In air, we see that the initiation cloud becomes larger for lower frequencies.
Simultaneously, the streamers emitted from this cloud become shorter and thinner
for lower frequencies. At 0.01 Hz, there is only a hint of a streamer coming from
this cloud (on the right hand side in this example).

6.2.2 Upward bending streamers

The images of streamers at different repetition frequencies that are shown in the
previous sections have all been acquired with (short) pulses from the Blumlein
pulser. Figure shows some images of streamer morphology as function of
repetition frequency for streamers in nitrogen 7.0 generated with the C-supply at
a relatively low pulse amplitude (10 kV). In these conditions we see something
peculiar occurring: although there is no visible effect of repetition frequency on
streamer diameter, there is a large influence on streamer direction. At 10 Hz, all
streamer channels are directed upwards, while at lower frequencies more and more
streamers are directed downwards. At 1 Hz, all channels are directed downwards
up to horizontal, but none are directed upwards. At 4 and 2 Hz, the channels on the
right-hand side of the image are more directed upwards than the other streamers.

The images on the bottom row of figure |6.4{are acquired under the same dis-
charge conditions, but with an extra external light source added (through the main
window), a much longer camera exposure time (0.5 ms instead of a few ps) and
the camera tilted upwards. These three measures enable us to observe both the
streamers, as well as the electrode tip holder and the glass insulator around it. An
illustration of the set-up with all relevant parts indicated is given in figure

It seems that at higher frequencies, either the streamers are repelled by some-
thing below the electrode tip, or attracted by something above it. We prefer the
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10 Hz 4 Hz 2 Hz 1 Hz

160 mm

Figure 6.4: Effect of pulse repetition frequency on streamer discharge morphology.
All images are in pure nitrogen (7.0 purity) at 200 mbar, 10 kV with the C-supply
(risetime ~100 ns). Top row: standard overview images of the full gap; Bottom row:
camera tilted upwards with a lamp turned on and very long (0.5 ms) exposure to
show both the streamers as well as the set-up itself.

/- Insulator

Electrode tip

Main window

Standard camera
viewing direction

Side window

Figure 6.5: Three-quarter cross section illustration of the vacuum vessel, indicating
the important features for the upward bending streamers, including standard camera
viewing direction.

latter explanation as it seems from the images of the streamer discharge together
with the electrode holder and insulator that the streamers are actually directed
towards the glass insulator. As we use positive streamers, they can be electrostati-
cally attracted to the glass if it is negatively charged. Such negative charge could
come from previous discharges. If this is the case, then most charge is still there
0.1 s after the discharge, but has mostly disappeared after about 1 s, as there is no
visible attraction at 1 Hz.
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In measurements under other conditions (mostly at lower pressures), we have
often observed that next to the main streamer discharge a parallel discharge occurs
over the entire surface of the glass insulator. However, under the conditions of the
discharges in figure no such surface discharge was visible with the naked eye
nor with the ICCD camera.

Furthermore, the fact that for intermediate repetition frequencies (2 and 4 Hz),
the streamers on the left-hand side of the image do not bend upwards as much as
the ones on the right-hand side may have a similar explanation. On the left-hand
side of the vessel (seen from the camera), a glass window is placed while the right-
hand side of the vessel is a grounded steel wall (see figure[6.5). Streamers could
be attracted to the glass window in a similar way as they are attracted to the glass
insulator. However, we have never observed discharges across the glass window,
which makes sense, as there is no voltage drop over the window. Therefore, the
charging of the surface can only come from the streamers themselves. UV-photons
from the streamers can also charge a surface, but as they can only free electrons,
this would lead to a positive surface charge instead of the negative charge that is
needed to attract streamers. Nevertheless, the freed electrons could form a negative
cloud above the surface that may attract the streamers.

6.2.3 Repetition of streamer paths

If positive streamers in pure nitrogen can propagate because of background ioniza-
tion left by previous discharges, one would expect that streamers in consecutive
discharges would follow the same paths, depending on repetition frequency and
streamer diameter.

Figure shows images from consecutive discharges at 1 Hz repetition fre-
quency, in order to check whether or not streamers will follow the same path. In
the bottom row of this figure, we have overlaid images from three subsequent
discharges as the red, green and blue channels in two composite images. We can
observe in these composite images that, in general, subsequent streamers do not
follow the same path. Only some channels (outside the crowded central area) are
rendered cyan, yellow, magenta or white, while most channels are either red, green
or blue. The channels that appear cyan, yellow, magenta or white can be expected
from a statistical point of view, especially considering the fact that we use 2D
images representing the 3D streamer tree. Therefore we can conclude that under
the conditions from figure[6.6} consecutive discharges do not follow the same path.

In the bottom half of the discharge, the average separation between the channels
in one image is over 30 mm if we assume cylindrical symmetry. In section[6.4.1we
calculate that under these conditions, we expect that the ionization trail left by a
streamer channel is still somewhat present 1 second later but its ionization density
is only 25% higher than in the surrounding volume.
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1
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160 mm

Figure 6.6: Two series of three consecutive images overview (top row) and zoomed
(middle row), both at similar conditions and with 1 Hz repetition frequency. The
images from the first two rows are represented in a different way in the bottom
row. In these representations, the measured intensities of the three consecutive
images are overlaid in red, green and blue respectively. This means that repetitive
streamer paths are rendered cyan, yellow, magenta or white, while unique streamer
paths are rendered red, green and blue. All images have been acquired in 200 mbar
nitrogen 7.0 with the C-supply at 15.4 kV. The Mf-value of the images is about 170.
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Table 6.1: Gas impurity levels of the krypton-mixture as provided by the gas supplier.
Impurity levels are given as upper limits, except for 8Kr, which is dosed on purpose,
in parts per million (ppm).

N, ®Kr [ O, [ Ar [ H, | HO | CO, | CO | CHy
~100% | 0.0099 [05] 5 [ 05] 05 1 1 0.5

The results from figure confirm our general experience that within a sin-
gle series of subsequent voltage pulses, streamers follow a new (semi-random)
path on every new voltage pulse. It seems that streamer channels do not have a
tendency to follow the same path twice nor is there any indication that they are
in any way influenced by the shape of the previous discharge (at 0.1 to 10 Hz
repetition frequency). This is of course not the case for conditions that lead to
only one streamer channel (short gaps or low pressures, see the 25 mbar images in
figure (5.2)). In this case, the one channel is always located on the symmetry axis
of the experimental setup. But, under all conditions where multiple channels are
observed, the streamers take a new path on each instance.

6.3 Addition of radioactive 8°Kr

In order to increase the background ionization density in pure nitrogen without
changing the repetition frequency, we have performed experiments with a pre-
mixed gas mixture consisting of pure nitrogen with 500 kBq/litre of radioactive
krypton-85 added. Details of the impurities in this mixture as specified by the
gas supplier are given in table Krypton-85 (3°Kr) is a radioisotope of krypton
with a half-life of 10.756 years. The most common decay (99.57%) is by emission of
a beta particle to form ®Rb (a stable isotope). The emitted beta particles have a
maximum energy of 687 keV and an average energy of 251 keV. We will use the
average energy for our calculations. Krypton 85 has the advantage that it is an inert
gas. Therefore it is used in many applications like for example leak detection [59]
or mixed in low densities in argon as an ignition aid for high intensity discharge
(HID) lamps [61]].

We use a mixture of 9.9 ppb (parts per billion) of #Kr in pure nitrogen at
standard pressure and temperature. This mixture has a specified decay rate of
500 Bqem ™2 (= 500 kBq/litre) or about 13.5 nCicm?® (nCi = nanocurie = 37 de-
cays per second). In our vessel with a volume of about 100 litre, this leads to about
5107 decays per second at atmospheric pressure. The average time between de-
cays is 20 ns which means that during a streamer discharge of duration 100 ns-1 s
five to fifty decays will take place in our gas volume.
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Figure 6.7: Comparison of streamer discharges in nitrogen with 8Kr added and in
pure nitrogen. The discharges are produced with the C-supply. Discharges in other
gas mixtures under the same conditions are given in figure[5.1}

1000 mbar 200 mbar 100 mbar 50 mbar 25 mbar
Krypton™5 AR AR F *
in nitrogen i

Nitrogen”6.0

Figure 6.8: Comparison of streamer discharges in nitrogen with 8Kr added and in
pure nitrogen. The discharges are produced with the Blumlein pulser at about 20 kV.

According to an empirical formula by Glendenin [66, 98], the penetration length
of a 251 keV beta particle in air at atmospheric pressure is about 50 cm which is
nearly equal to the dimensions of our vacuum vessel. The average path length
before an emitted particle hits the wall is about 25 cm. Therefore we assume that
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only half of the energy of the particle is absorbed inside the gas.

When we assume that half of the energy loss of the particle inside the gas is
used to ionize molecular nitrogen (ionization energy 15.6 eV) we can estimate the
electron-ion pair production at about 4000 pairs per emitted beta particle. Com-
bined with the decay rate given above, this gives an ion-electron pair production
rate S of about 2 - 10° s~ lem 3.

We can use this production rate together with the recombination rate for pure
nitrogen kyec—n, =5+ 107 em3s~! and equationto calculate the equilibrium
ionization density. At 1000 mbar this gives an equilibrium ionization density of
2-10° cm~3, which is clearly higher than the background ionization density in air,
which ranges between 102 and 10* cm 3 depending on circumstances (e.g. radon
concentration, presence of walls, cosmic radiation shielding).

At lower pressures, the ion-electron pair production rate decreases for two
reasons: a lower absolute density of 8Kr and a longer path length of the beta
particles. In other words, the ion-pair production rate scales with 13 for gas
densities 19 when the penetration length is larger than the dimensions of the vessel.
The equilibrium ionization densities will be roughly 4 - 10° and 1 - 10* cm~3 at 200
and 25 mbar respectively.

6.3.1 General results

We have compared discharges in the krypton-85 nitrogen mixture with discharges
in pure nitrogen like discussed in section Results of these comparisons are
given in figures and In general, the discharges are very similar to
discharges in pure nitrogen. However, there are some clear differences: In the
krypton-mixture, more branches occur. These “extra” branches are longer than
the feathers observed in pure nitrogen and pure argon, but they do not reach
much farther than about 10 streamer diameters. This is especially clear in the
200 mbar images from figure[6.7/and the 50 and 100 mbar images from figure|[6.8}
The zoomed images at 200 mbar from figure|6.9also show longer branches in the
krypton-mixture than the short “feathers” in pure nitrogen. In the same figure, at
1000 mbar, the number of channels is about two times higher in the krypton-85
mixture than in pure nitrogen, which may be attributed to the same reason.

However, the differences in general morphology between the krypton-mixture
have little influence on propagation velocities and minimal streamer diameters. As
is shown in figure the measured propagation velocities and minimal streamer
diameters in this mixture are very similar to values in other gas mixtures (see
tigures and . In this case, velocities have been measured in the centre of the
gap and diameters have been determined from minimal streamers at relatively low
voltages. More details about such measurements can be found in sections
and
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Figure 6.9: Comparison of zoomed streamer discharge images in nitrogen with
8Kr added and in pure nitrogen. The discharges are produced with the C-supply.
Discharges in other gas mixtures at the same conditions are given in ﬁgure

Figure 6.10: Zoomed images of the effects of pulse repetition frequency on streamer
morphology in the nitrogen-krypton-85 gas mixture. These images have been
acquired at 200 mbar with the Blumlein pulser at 25 kV.

120



Effects of background ionization

8 T e 0.15 T T
| ® "KrinN, e "KrinN,
{ = N,70 = N,7.0
6 4
2 0.01% O, in N, 0.01% O, in N,
E ’g 0.10+ s
mo ) (_5 a
= 4] 1 & ;"
z | = .o,
=] £0.051 .
2 5] ] i
o ]
S 9
O- — — T 0.00 T T
0 10 20 30 40 10 100 1000
Voltage (kV) Pressure (mbar)
(@) (b)

Figure 6.11: Streamers created with the C-supply: a) velocities as a function of
voltage at 200 mbar and b) minimal streamer diameters as a function of pressure
for the nitrogen-krypton mixture as well as for two other gasses. The error bars
indicate the sample standard deviation. The line in a) is a linear fit through all the
points from figure More diameter measurements in nitrogen-oxygen mixtures
are shown in figure[5.3}

6.3.2 Effects of repetition frequency with 8°Kr

With the krypton-85 nitrogen mixture, we have performed similar experiments
as discussed in section[6.2} Results of these experiments are given in figure
Initiation is very easy in this gas-mixture. In all cases a full discharge was observed
on the first pulse, also with lower voltage pulses (not shown here). This is no
surprise, as the radioactive decay of the krypton-85 guarantees a constant source
of free electrons.

In figure the morphology of discharges is very similar for 0.01, 0.1 and
1 Hz pulse repetition frequency. The high density of feathers that is observed at 0.1
and 0.01 Hz in pure nitrogen (see figure is not visible in the krypton-mixture.
However, the thicker branches and less feathers at 10 Hz that are observed in pure
nitrogen are also visible in the krypton-mixture. From this, we can conclude that
at 10 Hz repetition frequency, the background ionization by previous discharges
dominates over the background ionization by radioactivity.

If we use equation (6.11)) to calculate the leftover ionization density at 200 mbar
1 second after a discharge, we get 2 - 10° cm™3. This is about five times higher
than our estimation of background ionization caused by the krypton-85 in our gas
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mixture, which is 4 - 10° cm~3 at 200 mbar. At 10 Hz repetition frequency however,
the ionization left by previous discharges may dominate as the radioactive ion-
ization remains constant, while the leftover ionization increases by a factor of 10
(compared to 1 Hz). At repetition frequencies below 0.2 Hz, the ionization density
is dominated by charge produced by krypton-85. Therefore, it is no surprise that
we can no longer distinguish discharges at 1 Hz repetition frequency from dis-
charges at lower repetition frequencies, but that we still do see differences between
discharges at 1 Hz and 10 Hz repetition frequency.

Note that all these numbers are rough estimates and can have an uncertainty
up to one order of magnitude. Therefore, the exact repetition frequency at which
krypton-85 induced ionization dominates over leftover ionization can vary as well.

6.4 Discussion and conclusions

6.4.1 Effects of repetition frequency

We have observed that at higher pulse repetition frequencies (e.g. 10 Hz) there
are fewer but thicker streamer channels than at lower repetition frequencies (e.g
0.1 Hz). This effect is more prominent close to the electrode tip than in the outer
edges of the streamer discharge. We have not observed any difference in streamer
morphology between repetition frequencies of 0.1 Hz, 0.01 Hz and discharges in a
fresh gas fill. However, in nitrogen 7.0, streamers do initiate more easily at 0.1 Hz
than at 0.01 Hz. In artificial air, the initiation cloud is larger at lower repetition
frequencies.

According to Pancheshnyi [156]], streamers branch less often in higher back-
ground ionization conditions. This is in accordance with the observations described
above and with observations by others (e.g. [67]). Pancheshnyi explains this by
the stochastic nature of branching. In conditions with high background ionization
levels, there are so many free charges available that the discharge is no longer
dominated by stochastic processes. Furthermore, Wormeester et al. [236] show
that the strong photo-ionization in air will lead to a smoother distribution of free
electrons in front of the streamer (see figure[6.12). This smoother distribution also
suppresses branching.

This is related to the interpretation of feather-like structures that is discussed
in section At high repetition frequencies, the background ionization level is
increased, which means that there will be many free electrons (or negative ions
from which electrons can be detached) in front of the streamer head. Such a high
concentration will lead to a thick, smooth streamer. At lower repetition frequencies,
there are much fewer (free or attached) electrons available. These few electrons
can then form avalanches which can be observed separately and cause stochastic
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Figure 6.12: Simulated electron densities on the streamer axis. The streamers propa-
gate from left to right with their heads at about z = 3 mm. The solid curve shows N,
with 1 ppm O, with a background ionization of 107 em 3 and no photo-ionization,
the dashed curve shows Ny with 1 ppm O, with photo-ionization and the dashed-
dotted curve shows air with photo-ionization. Also included is the initial level of
O, background ionization (horizontal line). Figure from Wormeester et al. [236].

branching. This also explains the feather-like structure in the centre of the discharge
region that is observed in streamers in pure nitrogen at low repetition frequencies
(see e.g. the zoomed images at 0.1 and 0.01 Hz in figure[6.3).

In air this mechanism is much less important, as the high level of photo-
ionization will prevent most of the stochastic instabilities that are present in mix-
tures with low oxygen concentrations. At these high levels of photo-ionization,
there are so many electrons in front of the streamer head that they can be treated
as a homogeneous density, instead of a very low density with stochastic behaviour.
Nevertheless, we still see that the initiation cloud in air becomes smaller at higher
repetition frequencies, for which we have no good explanation yet.

The fact that streamers bend upwards at high pulse repetition rates in a dis-
charge with relatively long pulses (=5 ps) from the C-supply can probably be
explained by electrostatic attraction of streamers by surface charges on the glass
insulator.

The fact that we observe much easier initiation in artificial air than in pure
nitrogen seems to contradict the results of van Veldhuizen and Rutgers [223].
They found that both ambient air, dry air and pure nitrogen exhibit roughly
similar inception probabilities as function of voltage. However, the purity of
their nitrogen gas is specified as 4.0, compared to our 7.0 nitrogen (three orders
of magnitude less impurities). Furthermore, they use a low repetition frequency
with a manually triggered discharge every 10 to 60 seconds (according to a trainee
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report by Hermans [82]).

According to Panchesnhyi [156], the probability P of streamer initiation in
air-like gasses is

nmax’zn (U'R€l>2
p— (6.15)
L Eget

where 71,4y is the background ionization density in the middle of the gap, L the
length of the gap (160 mm), U the applied voltage, R,; the radius of the electrode tip
(15 pm) and Ej,; the minimum electric field needed for electron detachment from
O™ (38 kV/cm). This estimate has been derived by calculating the probability that
a negative ion exists in the effective volume where the electric field is so high that
it can lead to a streamer start. This effective volume is bounded by the distance
from the electrode tip where the tip field enhancement leads to a field that is equal
to Ej.t. The ionization density in this volume is estimated by assuming a diffusion
balance of ionization from the centre of the gap (with n = 1,,,x) to the electrodes.
This approach neglects time dependent phenomena like ionization, recombination
and diffusion and is therefore only suitable to calculate initiation probabilities for
short voltage pulses. Furthermore, its diffusion model is one-dimensional and
may therefore not be perfectly suited for a sharp electrode tip. Lastly, this model
neglects that the streamer density near the tip is usually the highest in the domain
and that therefore the charge density close to the tip may be higher than anywhere
else.

When we use equation with an applied voltage of 25 kV and a background
ionization density of 2 - 10* cm 2 (corresponding to a 0.01 Hz repetition frequency
at 200 mbar according to equation (6.11)), we get P = 0.76%. This is clearly
lower than the initiation probabilities that we observe, which lie above 10% for
nitrogen 7.0 and at about 100% for artificial air. For higher repetition rates P should
increase linearly. This would mean that P = 7.6% at 0.1 Hz, while we observe that
it is close to 100% for both gasses at this repetition frequency. At 1 Hz and higher,
we always observe a 100% initiation rate, which seems reasonable as the calculated
probability is 76%, but these calculations are not expected to be better than order
of magnitude accuracy.

The discrepancy between calculations and observations can not be attributed
to natural background radiation as this will lead to ionization densities of 103 —
10*ecm 3, equal to or lower than the assumed ionization density at 0.01 Hz repeti-
tion frequency. Furthermore, it also does not explain the observed differences be-
tween artificial air and nitrogen 7.0. However, the difference between these gasses
may indicate that the estimation of k.. for electropositive gasses by Panchesh-
nyi [158] is not fully correct for our conditions.
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Channel repetition

We do not observe that streamers follow (nearly) the same path as in the previous
discharge. This can be caused by two reasons: there is just no preference for
the previous path or the streamers are actually repelled by the previous path.
However, in situations where only one streamer channel occurs (at low pressures),
this channel always follows the closest path between tip and plate. It does not avoid
the path of the previous discharge. Therefore we assume that there is no preference
for the previous path. This would mean that either streamer channels are not
attracted to higher concentrations of leftover ionization from a previous discharge,
or that the ionization has been redistributed and recombined so effectively that the
previous channels are no longer a preferred path.

In order to estimate which of these scenarios is most likely, we have calculated
the effects of recombination and diffusion on the distribution of the ionization trail
left by a streamer channel. In this calculation we will neglect space charge and
fields, as both will be gone fast after the discharge has occurred. For the conditions
of the discharges from figure [6.6| we assume that a streamer channel leaves a trail
in the form of a gaussian ionization distribution with a FWHM (full width at
half maximum) of 0.3 mm and a maximum ionization density of 10'* cm~3. In
200 mbar pure nitrogen, the diffusion coefficient will be D;,, ~# 0.25cm?s~! and
the recombination rate ky,._n, ~ 5 - 10~7 ecm3s~ 1. For simiplicity, we assume that
the streamers are distributed in a hexagonal grid with 30 mm distance to their
neighbours.

We solve n(t,r) from equation (6.12) numerically for a cylindrical symmetric
system with g—’; = 0 as boundary condition. The initial conditions include the

gaussian streamer channel around » = 0 added to a fixed background ionization
level:

71(0, 1’) = Nini + Nchannel * € ’ (6.16)

QN‘ o

where n;,,; is the background ionization level, 1., the maximal ionization
density left in the centre of the channel and ¢ a measure for the width of the
channel (¢ = FWHM/2/1n2).

3

First we study the case where the initial background level is n;;,; = 103 em 3,
representative for the first discharge in virgin gas (figure ). In this case, the
ionization density at t = 1 s at the centre of the original channel (r = 0) is about
3.4 times higher than on the edge of the domain (r = 15mm). This means that
the channel is still clearly present. However, its width has become quite large
(FWHM ~ 15 mm), as can be seen from the figure.

In order to know the background ionization level after many shots, we have
looked for a value of n;,,; where the spatially averaged calculated ionization density
ngwe at t = 1 s (averaged over cylindrical coordinates), is equal to n;,;. We call
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Figure 6.13: Ionization density as function of distance r to a streamer channel for
different times t after the discharge. Results are for pure nitrogen at 200 mbar with
30 mm streamer spacing. Initial conditions include a background ionization level
Nini = 1-10% cm~2 for (a) and n;,; = 3.2 - 10° cm 2 for (b), both with the same central

gaussian streamer trail at ¥ = 0 (FWHM = 0.3 mm and #,5,,e1 = 10™* em~2). Note

that the vertical axis changes from a linear to a logarithmic scale at n = 4 - 10° cm 3.

this the equilibrium background ionization density, 11¢; = 1140e = n;,;. Under the
given conditions this is about 7,y ~ 3 - 10° cm 3. Results for the ionization density
distribution with 74 as initial background level are given in figure @ Here, at
t = 1 s the ratio between centre and edge ionization density is only 1.25 and the
FWHM of the trail is again about 15 mm. After 2 seconds, the profile is nearly flat
with only 2% difference between the centre and the edge.

From these calculations, we can conclude that in a 1 Hz repetitive discharge,
the ionization trail left over by the streamers from the previous discharge is quite
weak. At its centre its ionization density is only 25% higher than in the periphery.
One pulse (or second) later, the trail has completely disappeared.

At higher repetition frequencies, the trail remains more prominent. At 10 Hz,
the equilibrium background ionization level is about 1y ~ 1.1 - 10% cm ™. When
keeping all other parameters the same as in the previous calculations, this will give
a centre-to-edge ratio of about 5.

However, also at these higher repetition frequencies (e.g. 10 Hz) in our ex-
periments we never observe that streamers take the same paths in subsequent
discharges. Our camera system can only process about 1.4 frame per second so we
can not record consecutive discharges at 10 Hz. Still, if streamers would (nearly)
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always follow the same path between two discharges, one would expect that they
(often) still follow the same path seven discharges later. So, even when we cannot
record all discharge events, we can still conclude that there is no strong tendency
for streamers to follow the path of their predecessors, even at 10 Hz repetition
frequency where the centre of the previous channels has an ionization density that
is about five times higher than the minimal ionization density.

Note that the equilibrium ionization densities 7., as defined above are close
to an order of magnitude lower than the ionization levels calculated with equa-
tion for a homogeneous initial distribution. This because at the streamer core
the ionization density and therefore the recombination rate are higher while for
the homogeneous distribution assumed by equation the rates will be lower
for the same total amount of charged species. At 200 mbar nitrogen and 1 Hz,
the result from equation (6.11) is 7 ~ 2 - 10° cm 3 while for the same conditions
neg ~ 3-10° cm™3. At 10 Hz repetition frequency, these values are 2 - 107 cm ™3
and n1¢; &~ 9-10° cm 3 respectively. However, the value of 1., depends on the
assumptions for streamer channel width, channel separation and maximal streamer
ionization density. For high streamer densities (wide channels or small channel
separation), 1¢; becomes equal to (- krec) -1 Furthermore, photo-ionization can
also increase ionization levels outside of the streamer channels. As we do not have
good estimates for channel densities and photo-ionization for all conditions, we

have not calculated or used 71¢4 for other conditions and use values from (¢t - k) -1
with the realization that this is an upper bound.

6.4.2 Addition of 8°Kr

An explanation for the extra branches observed in pure nitrogen with added
8Kr can be that they are in fact traces of ionization left by the fast electrons
(beta-particles) from a radioactive decay of krypton-85 (see page for decay
rates). However, in this case one would expect that their orientation is fully
isotropic. We do not observe this isotropic behaviour. The extra branches are
always orientated in a small angle (less than 45°) to the propagation direction of
the streamer channel they are connected to. Still, this can mean that the streamer
channels orient themselves in such a way that they always connect to such a trace
of leftover ionization, but this seems unlikely.

Another, more convincing explanation is that the main difference between the
krypton-85 mixture and any other gas mixture we have used is that the krypton-
mixture always contains “fresh” free electrons. With this mixture in our vessel, a
radioactive decay occurs on average every 20 ns at 1000 mbar and every 100 ns at
200 mbar. These electrons are lost by attachment to trace amounts of oxygen in the

gas mixture (equations (6.1) and (6.2)).
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Figure 6.14: Overview images of streamer discharges in the nitrogen-krypton-85
gas mixture at 200 mbar made with the Blumlein pulser at 25 kV. The left-hand
side image is made with a long exposure so that the whole discharge evolution is
visible. For the right hand-side image, the camera exposure duration was reduced
to roughly 65 ns (half of the pulse duration).

If we assume an oxygen concentration of 1 ppm, the attachment time at 200 mbar
is about 0.5 s (see equation (6.5)). Therefore, most secondary electrons created
by the beta particles are still free when a streamer discharge occurs. In other
gas mixtures, most electrons that are left over after a previous discharge will be
attached to ambient oxygen molecules and therefore require a higher electric field
before they can start to create an avalanche towards the streamer head. Only
electrons created by photo-ionization are free, but, at low oxygen concentrations,
their density is low as well.

However, when we image a discharge in the krypton-mixture with a short expo-
sure time, like in figure[6.14] we never see any “disconnected” parts of a streamer
channel. If the long side channels in the krypton-mixture would be avalanches
moving towards the streamer head, one would expect to see small starting channels
visually separated from the main channels. This does not occur in our images;
we see short and long channels that are always connected to another channel.
This would indicate that the longer side-channels in the krypton-mixture are not
avalanches themselves. Nevertheless, it is possible that if they are avalanches,
they are not yet visible on the short exposure images because the lifetime of the
excited states can be longer than the avalanche propagation duration. Therefore
the avalanches have not yet emitted enough light to be observed before they attach
to the parent streamer.
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6.4.3 Conclusions

We have found that the background ionization levels can have a significant influ-
ence on streamer initiation, morphology and propagation. In pure gasses, at lower
pulse repetition frequencies (which means lower background ionization levels),
streamers branch more often and are more “feather-like” in appearance. This is
probably due to the more stochastic nature of the discharge at lower background
ionization levels. Lower ionization densities will lead to a lower avalanche den-
sity which more easily leads to instabilities in the streamer front and therefore to
branching or feathers.

Background ionization left by previous discharges also influences the initi-
ation probability. We have not performed an elaborate investigation into this
phenomenon, but have found from our limited measurements that in nitrogen 7.0
at 0.01 Hz repetition frequency (estimated leftover ionization density n ~ 2 -
10* cm~3), the initiation probability is in the order of 10%, while at 0.1 Hz (n ~
2 -10° cm~3) it is more than close to 100%.

Theoretically, adding 10 ppb of 85Kr to pure nitrogen at 200 mbar in our vessel
should lead to a background ionization level of about 4 - 10> cm~3. This value
lies between the estimated background ionization levels corresponding to 1 and
0.1 Hz repetition frequency (closer to 1 Hz if we use n,; which takes diffusion
into account). In our measurements, we only observe differences in streamer
morphology in the 8Kr mixture between 1 and 10 Hz repetition frequency and
not between lower repetition frequencies. This is in agreement with the estimated
background ionization levels when one takes the expected accuracies of these
estimations into account.

We observe that in the 8Kr mixture more short streamer sections appear. These
may be explained by the relatively high number of free electrons in this mixture.
Electrons created by previous discharges will mostly be bound to oxygen atoms
(even at very low oxygen concentrations) because of the relatively long time
between two discharges. However, as radioactive decay occurs constantly, there
will always be a higher number of “fresh” un-attached electrons available in
a gas with radioactive additions than in a gas mixture without such additions.
Nevertheless, as we have not observed separate avalanches moving towards the
streamer stem in short exposure imagery, we are not fully convinced that this
hypothesis can explain the extra branches in the 8Kr mixture.

We have not observed any tendency of streamer channels to follow the same
path as streamers in preceding discharges. Therefore, we must conclude that
streamer channels are relatively insensitive to exact background ionization levels.
They do not follow paths of increased negative ion density. From calculations
of diffusion and recombination after a streamer discharge, we have found that
1 second after a streamer discharge, the path of increased ionization left by a

129



Chapter 6.

streamer has become much wider than the original streamer and that the max-
imal ionization density on this path is only slightly above the space-averaged value.

In general, our findings are in agreement with theoretical and modelling ob-
servations by Pancheshnyi [156], Bourdon et al. [27] and Wormeester et al. [236].
They all find large contributions of background ionization (mainly due to attached
electrons) on different aspects of streamer propagation and initiation. Our exper-
iments with adding radioactive 8°Kr to pure nitrogen and the comparison with
streamer discharges at different repetition frequencies have confirmed that indeed
background ionization levels play an important role in streamer propagation, but
that their influence on propagation velocity and minimal streamer diameter is very
limited. Unfortunately, we have not been able to measure background ionization
levels directly and we can only use theoretical estimations for the charge density
levels.
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Streamers in other gasses

/.1 Introduction

In order to get more insight into positive streamer propagation, we have studied
more than just the nitrogen-oxygen mixtures discussed in the previous chapters.
We have studied pure oxygen, argon, helium, hydrogen and carbon dioxide. Each
of these gasses has different properties like ionization levels, excitation levels, cross
sections and electronegativity. Molecular mass and ionization levels of these gasses
are given in table

Nitrogen is a non-attaching gas and argon and helium are not electronegative.
Free electrons will therefore not attach to these three gasses. Oxygen, carbon
dioxide and (to a lesser extent) hydrogen have cross sections for dissociative
attachment which can remove electrons and influence electron kinetics significantly.
At high pressures, 3-body attachment in oxygen can be an additional source of
negative ions, which can, through auto-detachment, be the additional source of
free electrons necessary for positive streamer propagation as was discussed in the
previous chapters.

The compositions of the gasses and mixtures that are used in this chapter are
given in table We refer to gas purity in a notation that gives the number of
nines in the purity, so 4.0 purity means >99.99% purity.

Besides helping us understand the physics of streamers, some of these measure-
ments can also help in the study of extra-terrestrial sprites. We therefore investigate
sprites on Venus and Jupiter by means of creating streamer discharges in gas mix-

Sectionsand in this chapter are largely based on Nijdam ef al., J. Phys. D: Appl. Phys. 43, 145204
(2010), while section|7.7]is largely based on Dubrovin et al., J. Geophys. Res. - Space Physics 115, AOOE34
(2010).
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Table 7.1: Properties of the pure gasses discussed in this thesis. Data from [106, [107].

Gas | Mass (a.u.) | Ionization level (eV)
N, 28.01 15.58
0O, 32.00 12.07
Ar 39.95 15.76
He 4.00 25.59
H, 2.01 15.43
CO, 44.01 13.77

Table 7.2: Gas impurity levels of relevant gasses as provided by the gas supplier.
Impurity levels are given as upper limits in parts per million (ppm), n/a indicates
that no number is specified by the supplier. Helium is excluded from this table as it
is never specified as impurity by the supplier. It is dosed at ~100% for helium 6.0
and at ~10.2% for Jupiter.

Gas N, O, Ar H,O H, CO, CO | ChHp
Oxygen 5.0 5 ~100% 3 3 n/a n/a 0.2 0.1
Oxygen 6.0 0.5 ~100% 1 0.5 n/a 0.1 0.1 0.1
Argon 5.0 5 2 ~100% 3 n/a n/a n/a 0.2
Helium 6.0 0.4 0.2 n/a 0.5 100 n/a n/a 0.1
Hydrogen 6.0 0.3 0.2 n/a 0.5 ~100% 0.05 0.05 0.1
CO,53 3 1 n/a 3 n/a ~100% | n/a

Venus mixture | =3.5% 1 n/a 3 n/a ~96.5% | n/a

Jupiter mixture 0.3 0.2 n/a 05 | ~89.8% 0.05 0.05 0.1

tures that correspond to the planetary atmospheres of Venus and Jupiter, CO,-N,
(96.5%-3.5%) and Hj-He (89.8%-10.2%), respectively. The mixtures’ compositions
are based on the National Space Science Data Center (compiled by Williams [228])).
Results from these measurements are discussed in section[7.71 The measurements
in pure carbon dioxide, nitrogen, hydrogen and helium can assist in understanding
the properties of these planetary discharges as well.

/.2 Pure oxygen

The images of pure oxygen (figure are more noisy than all other overview
images because of the low brightness of the streamers, which requires high mul-
tiplication factors. To take the images we had to increase the gain of the ICCD
camera close to its maximum level. The intensity of the streamers in pure oxygen
is two to three orders lower than in most other gasses. When the voltage of the
pure oxygen measurement at 1000 mbar would have been around 25 kV as it is for
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the other gasses, this difference would have been even larger. However, at 25 kV
nothing could be seen and therefore we have used a 59.4 kV image. At 200 mbar,
the situation was similar. Here we used 28.9 kV for oxygen and around 10 kV for
other gasses.

Because of the low intensity of the streamers, we were unable to determine
streamer diameters or propagation velocities. Note that the measured intensity
also depends on the emission spectrum, as a camera (always) has a wavelength
dependent response. Our camera is sensitive between 200 and 800 nm. However,
because of the ITO glass in our Faraday cage, radiation below 300 nm is cut off (see

figure[3.16).

The low intensity of the streamers in oxygen can be explained by the lack of
emission lines from oxygen in the sensitive region of the camera (see also sections
and [8.4.1). The strongest line at 777 nm is close to the limit of the camera
sensitivity curve. This makes it nearly impossible to do any quantitative research
on streamers in pure oxygen with our camera. The images at pressures above
50 mbar are not suitable for diameter or velocity measurements. At high pressures
it is often even difficult to determine if streamers are present or not. Therefore we
will not present any other data on pure oxygen streamers.

/.3 Pure argon

Aleksandrov et al. [10] have performed experiments on streamers in pure argon
(4.0 purity) and a mixture of 1 to 5% oxygen in argon, all at atmospheric pressure.
They present streak photography of discharges in a 250 mm rod-plane gap with
10 to 60 kV voltage pulse with 1 ps risetime. They conclude that a non-thermal
mechanism of streamer breakdown in the case of argon discharges gives way to
leader breakdown when 1% or more of oxygen is added. This addition also leads to
a decay of the streamer channel that is an order of magnitude faster and therefore a
noticeable higher electric field is needed for the streamers to bridge the gap. Their
simulations show that this can be explained by the quenching of excited argon
molecules by oxygen molecules. Note that what Aleksandrov et al. call a leader
may in fact better be described as a secondary streamer (see section2.3.3).

Van Veldhuizen and Rutgers [222] have used air and argon. They found that
streamers in argon branch less and can only be produced in a narrow voltage range
which is lower than in air and pure nitrogen. This low maximal voltage is required
to prevent breakdown. With shorter voltage pulses like those produced by our
Blumlein pulser it is possible to use higher voltages and still prevent breakdown.
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Figure 7.1: Overview of streamer discharges in oxygen 6.0, produced with the C-
supply at 1000, 200 and 25 mbar. The measurements have a long exposure time
and therefore show one complete discharge event, including transition to glow for
25 mbar.
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Figure 7.2: Overview of streamer discharges in argon 5.0, produced with the C-
supply at 1000, 200 and 25 mbar. The measurements have a long exposure time
and therefore show one complete discharge event, including transition to glow for
25 mbar. Additional images with other voltages are given in figure

Results and discussion

Pure argon has a significant light emission intensity and yields good quality camera
images. In comparison to the other gasses, it branches much more, but most
branches are very short (see figure[7.2)as well as figure 5.5). It also develops easily
into a spark, which means that we have to take care that the voltage pulse remains
short enough to avoid this (we did not use the Blumlein pulser with its short pulses
to create images in argon). In the 1000 and 200 mbar images it can already be seen
that one channel is much brighter than the others. This bright channel is the reason
why we could use the relatively low Mf values for argon at these pressures. This
near-sparking behaviour is frequently observed in argon discharges.

The feather-like structure of streamers in argon (see section [5.4) makes it impos-
sible to determine a clear diameter of streamer channels. In order to determine the
propagation velocity in argon, the second method discussed in section must
be used due to the long emission time after impact excitation. It must be noted
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that the usable voltage range (for the C-supply) is limited to only a few kilo-volts:
if the voltage is too low there is no discharge at all and if the voltage is too high
we get a spark that can potentially damage the camera. Therefore, we only have
measured the velocity at one voltage for argon (see figure[7.4). This velocity is a bit
lower than in most other gas mixtures, but not much more than the measurement
uncertainty.

The easy sparking and heavy branching is probably due to the fact that argon is
a noble gas without rotational or vibrational degrees of freedom. Therefore there
are few inelastic collisions at low electron energies, and hence impact ionization
becomes effective at much lower field strengths |E| than in nitrogen or oxygen.
The impact ionization coefficient «; (| E|) is more than 2 orders of magnitude larger
for argon than for nitrogen at fields below 30 kV/cm at atmospheric pressure [1]].

/7.4 Pure helium

Akishev et al. [7] have studied corona barrier discharges in pure nitrogen, argon
and helium as well as in air. In their experiments, they use a paraboloidal tip
mounted 1.5-30 mm above a metal disk that is covered with a polymer film. They
use the gasses at atmospheric pressure and apply a 50 Hz to 50 kHz sinusoidal
voltage with amplitudes up to 35 kV to the tip. They have found that the radius of
the discharge in helium is smaller than in argon at elevated voltages. However, as
they do not use a fast camera, their images include all discharge stages of multiple
pulses (including glow discharges) and therefore this radius can not be compared
to the diameters of minimal streamer channels that we measure.

Efendiev and Aliverdiev [53] have also studied streamer-like discharges in
helium, but they did not investigate streamer properties like diameter and propa-
gation velocity.

Many experiments have been performed on other non-thermal atmospheric
pressure plasmas in helium, like glow discharges (e.g. Bruggeman et al. [37]),
microjet discharges (e.g. Kim et al. [88]]) or dielectric barrier discharges (e.g. Abol-
masov et al. [4]). However, these discharges are very different from the streamer
discharges discussed here.

Results

We have found that streamers in pure helium (6.0 purity) are generally bright and
wide. They initiate at low voltages. Even at 1000 mbar we have observed streamer
initiation with a 6 kV puls in our 160 mm gap. Overview images of streamers in

15-6 kV is about the minimum practical voltage of our C-supply.
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Figure 7.3: Overview of positive (top and middle) and negative (bottom) streamer
discharges in helium 6.0, produced with the C-supply (top) and Blumlein (middle
and bottom) pulsers at 1000, 200 and 25 mbar. The measurements have a long
exposure time and show one complete discharge event, including transition to glow.

pure helium are given in figure[7.3] In this image sequence, the 1000 mbar images
resemble streamer discharges in other gas mixtures at 200 mbar (e.g. air and pure
nitrogen), while the 200 mbar images resemble 25 mbar images in other gasses.

At 25 mbar, 22 kV, there is no longer a real streamer channel (it probably has a
diameter comparable to our discharge vessel). Instead, we only observe a transient
glow discharge that encompasses the complete vessel and is especially bright
around the needle tip and needle holder (the anode) in the positive discharge.
Since the streamer is so wide, it is impossible to determine its diameter at this
pressure. At 25 mbar, 10 kV similar behaviour is observed, although to a lesser
extent.
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Figure 7.4: Streamers created with the C-supply: a) velocities as a function of voltage
at 200 mbar and b) reduced minimal streamer diameters as a function of pressure for
helium 6.0, argon 5.0 (only velocity) as well as for two other gasses, all made with
the C-supply. The error bars indicate the sample standard deviation. The line in a) is
a linear fit through all the points from figure More diameter measurements in
nitrogen-oxygen mixtures are shown in figure

At 1000 mbar the streamer channels in pure helium are relatively straight
and do not branch much (when compared with e.g. pure nitrogen or argon).
However, in contrast to most other pure gasses we have tested, the channels
become wider as they travel away from the anode tip. In all other gas mixtures,
streamer widths remain roughly constant between branching events. An exception
may be hydrogen, but the low intensity of the discharges in this gas makes it
difficult to observe whether the streamers widen. The negative streamers are
visually quite similar to the positive streamers.

The propagation velocity and minimal diameter of streamers in helium are
shown in figure It is clear that both velocity and diameter are larger in helium
than in any of the other gas mixtures we have tested. The propagation velocity is
roughly double that of other gasses, while the reduced diameter is a factor 4 to 8
higher. Note that helium is the only gas for which we have been able to measure
the propagation velocity at 6 kV (at 200 mbar) because of its very low inception
voltage. The minimal diameters of streamers in helium have all been determined
at 5-6 kV (for other gasses higher voltages were used to ensure streamer inception).
We have not been able to measure the reduced diameter below 100 mbar as this
resulted in an initiation cloud that covered most of the gap distance and therefore
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no real streamer channels occurred. The same is observed with other gasses below
25 mbar.

Some more results from measurements in pure helium can be found in the
traineeship report by Guillaume Caillault [39].

Discussion and conclusions

The reason for the large width of the streamers in helium is probably related to the
small cross-section for elastic electron-neutral collisions of helium atoms (below
5 x 10712 cm? at electron energies below 20 eV [1]]). Other species, especially
molecules, have larger cross-sections at lower electron energies. The species that
we have investigated that is closest to helium is argon. Its elastic cross-section
is still about 1 x 10717 cm? at 12 eV electron energy. However, because of the
very high ionization potential of helium (24.6 eV), we also expect higher electron
energies in helium-dominated streamer discharges than in other gas mixtures.

Because of the small cross-section, the mean free path for electrons will be large.
As the mean free path scales with inverse density, the large mean free path in
helium explains why the helium streamers appear like streamers in other gasses at
lower pressures.

The large width of streamers in helium contradicts the findings by Akishev et
al. [7]. They observe smaller diameters in helium than in argon discharges. How-
ever, their total discharge duration is much longer than ours (milliseconds versus
microseconds). Therefore they only observe time-integrated images. Furthermore,
they study the radius at the surface of a dielectric instead of in the bulk gas. For
these reasons their results can not really be compared one on one with our results.

7.5 Pure hydrogen

Streamer discharges in pure hydrogen have been studied in the past by Weissler
[226]. He found that streamers did occur in this gas in a 31 mm gap at atmospheric
pressure with 3.5 kV DC supplied.

Unfortunately, we have only a small set of measurements in pure hydrogen. The
main reason for this is the small amount of hydrogen gas that was available for our
experiments. Therefore we have only been able to perform some quick experiments.
Nevertheless, we still want to show the results of these measurements, as they can
be useful in the understanding of the properties of streamers in Jupiter atmosphere
that is discussed in section[7.7]

We have found that streamer discharges in pure hydrogen are fainter than
similar discharges in most other gasses, although they are not as faint as discharges
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Figure 7.5: Overview of streamer discharges in hydrogen 6.0, produced with the
Blumlein pulser at 1000, 200 and 25 mbar. The measurements have a long exposure
time and show one complete discharge event, including transition to glow for
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Figure 7.6: Overview of streamer discharges in CO, 5.3, produced with the Blumlein
pulser at 25 mbar. The first two images show the full discharge gap while the
rightmost image is a zoomed version of the bottom area of the central image.

in pure oxygen. However, the general morphology (see figure of these dis-
charges is similar to streamers in air and nitrogen-oxygen mixtures. No feather-like
structures have been observed, although they could be hidden by the low intensity
of the emitted light.

7.6 Pure CO,

Streamers in pure CO, are again very dim (see figure . Because of limited time
and gas-supply, we have only investigated streamers at 25 mbar in this gas. In
this gas, at lower pulse voltages (below ~20 kV), a multichannel streamer tree
is observed with feather-like characteristics, somewhat similar to discharges in
pure argon, but without the tendency to have one channel that is brighter than all
others.

At pulse voltages above 20 kV, a single channel is formed, without a feather-
like structure. However, in contrast to channels at similar conditions in other

139



Chapter 7.

gasses, this single channel contains a filament-like internal structure and ends
in a constricted spot within a larger spot. We have not investigated the exact
nature or cause of this structure. Similar filamentation in CO, was seen by Janda
and Machala [85] in high frequency (1-10 kHz) discharges above a water surface.
However, their images are obtained with long (1-4 s) exposure times and therefore
may not represent a single pulse discharge very well.

Like oxygen, carbon dioxide has a high electron affinity and therefore impedes
formation of discharges, especially transient discharges, as free electrons are easily
lost. More results from measurements in pure CO, can be found in the traineeship
report by Karsten Miermans [133].

/.7 Planetary gasses

We have used two different gas mixtures to simulate streamer (or sprite) discharges
on other planets. The mixtures are pre-mixed by the supplier: a mixture (Venus)
that consists of 96.5% CO; and 3.5% N, and a mixture (Jupiter) that consists of
89.8% Hj and 10.2% He. According to the specifications, the contamination level is
below 1 ppm for both mixtures (see table .

We were able to observe streamers in both Venus and Jupiter atmosphere gas
mixtures. In figure [7.7| we show examples of the streamers we observed. The
voltages in this figure are well above the inception voltage, the minimal applied
voltage that is required to create a streamer. Examples of streamers close to the
inception voltages are shown in figure Increasing voltage, or decreasing
pressure causes the discharge to be brighter and less filamentary. When planetary
mixtures are compared, we notice that the initiation of streamers in both our gasses
requires higher voltages than in air at the same pressure. In the Venusian mixture
streamers are particularly difficult to create. For example, at 800 mbar a minimal
voltage of approximately 20 kV is required to initiate a streamer discharge. At
this voltage the streamer dies out before it bridges the gap. At the same pressure,
streamers in the Jovian mixture are created at voltages below ~15 kV. These
streamers do not cross the gap either. Likewise, streamers at 1 bar in dry air can
form when the applied voltage is as low as ~10 kV, as was shown by Briels et
al. [33] in a similar set-up.

Both in air and in the Jovian mixture, H>-He, a single wide channel is formed
when the pressure is below 50 mbar. In the Venusian mixture, CO,-Ny, the fila-
mentary streamer structure persists at the lowest pressures, very similar to the
observations in pure CO, as discussed above. Several channels conduct most of
the current in the glow phase, as indicated by their strong intensity in the images.
The light emission is usually too weak to be observed by the naked eye, except at
the lowest pressures, below 100 mbar. In the Venusian mixture the streamers tend
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Figure 7.7: Overview of streamer discharges produced with the C-supply for artifi-
cial air and the two planetary gas mixtures, at 200 and 25 mbar. All measurements
have a long exposure time and therefore show one complete discharge event, includ-
ing transition to glow for 25 mbar.

to be bluish-green in colour, and in the Jovian mixture they seem to be pink.

The images in figure|7.7| are long exposure images taken at voltages that are
relatively high when compared to the minimal inception voltages at the corre-
sponding pressures. Under such conditions the streamers bridge the gap and
conduct enough current to create the glow phase. When voltage is set as close
as possible to the inception voltage value, the glow phase does not appear. An
example is shown in figure[7.8} that shows the streamer channels, and no indication
of a glow phase. Note the different applied voltages, indicated at the bottom of
each image, in the Venusian mixture the inception voltage is higher than in the
Jovian mixture. This difference persists in other pressures as well. We note that
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Figure 7.8: Overview of streamers at or slightly above inception voltage at pressures
of 50 and 800 mbar in the Venus and Jupiter gas mixtures. The light emitted by the
streamer is very weak, which required the use of the maximum gain voltage (950V)
in our camera. Therefore all images have an Mf value of about 18500. This also
accounts for the many specs in the images, which are most likely due to noise from
the ICCD camera. The bright dots at the bottom of the picture are the points where
the streamers reach the plate electrode.

the Jovian streamers have much less branches than the Venusian streamers, under
very similar conditions.

The morphological differences between the streamers in the two mixtures are
probably due to two properties of the gasses, (i) their atomic or molecular structure,
and (ii) the photo-ionization mechanism. We here recall the basic mechanisms,
that will have to be elaborated further in future work. (i) A noble gas like He or Ar
consists of single atoms, N, and Hj are molecular gasses consisting of two atoms,
and CO; consists of three atoms. The molecular gasses, and in particular CO,, have
many rotational and vibrational states at low energies that can absorb the energy
of colliding electrons; therefore the electrons experience more friction than in noble
gasses. Furthermore, He and H; have only two electrons each which results in
only few electronic excitation states. For this reason, streamer propagation is
much easier in Jovian than in Venusian or terrestrial atmospheres. (ii) Positive
streamers as investigated here move approximately with the electron drift velocity,
but against the direction of electron drift; therefore they depend on a source of free
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electrons ahead of the ionization front. These free electrons can be supplied either
by a non-local photo-ionization effect or by background ionization.

In nitrogen-oxygen mixtures the photo-ionization process is attributed to several
nitrogen emission lines in the wavelength range 98-102.5 nm. These photons are
energetic enough to ionize oxygen molecules at ~12 eV. This photo-ionization
takes place after some travel distance that depends on the oxygen concentration;
thus it is a non-local process. On Venus, CO, requires a slightly higher ionization
energy of ~13 eV. The nitrogen molecule does not have emission lines that are
energetic enough to ionize this molecule in a one-step process. Therefore other,
less effective processes like background ionization or two-step photo-ionization
must account for streamer propagation in the Venusian mixture. With the low
photo-ionization efficiency in the streamer head, it becomes less stable and more
likely to branch. The picture in the Jovian Hy-He mixture is completely different.
There is a large gap between the ionization energies of the hydrogen molecule and
helium. A photon with a wavelength below 77.5 nm is energetic enough to ionize
the hydrogen molecule at ~16 eV. The helium atomic spectrum has a group of lines
in the range 50.7-58.4 nm that can produce photons with enough energy to ionize
the hydrogen molecule in a one step process. Assuming that the photo-ionization
process is effective in the Hp-He mixture, one is not surprised to find that the
streamer heads are as stable as they are. Nevertheless, for both gas mixtures, it is
possible that impurities play an important role in streamer propagation, as they
do in “pure” nitrogen (see chapter[5). Ionization and atomic spectral data in this
paragraph are taken from the NIST database ([174] and [107]).

The optical brightness of the streamers in both gasses is considerably weaker
than many other of the gasses used (ambient air, nitrogen—-oxygen mixtures and
argon). Our setup is not calibrated to estimate absolute optical brightness, however
a rough estimation of the relative intensity of planetary streamers to streamers in
air is possible. The pixel grey level in an image is proportional to the light intensity
and depends on the camera settings. We can estimate the ratios between average
intensities per area in different gasses, with the following method: we record short
exposure images using the same equipment and under the same pressure and
voltage conditions. We evaluate the averaged grey level per area of the streamer
sections in these images. Our estimation shows that the optical brightness of both
Jovian and Venusian streamers appears to be about a 100 times weaker than of
streamers in air at similar pressures. A similar method is used to estimate the
brightness of terrestrial sprites [242]. Averaged intensity per area depends on
pressure, at lower pressures streamer images are brighter in all gasses. These
findings depend on equipment choice, since they are measured with the specific
wavelength sensitivity curve of our equipment. So a very bright line at the edges or
outside of this curve is not observed, but could be observed when other equipment
is used, as was discussed above for pure oxygen.
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Figure 7.9: Minimal diameter, p - d,,;;,, of streamers created with the C-supply as a
function of pressure, at room temperature in binary gas mixtures representing earth,
Venus and Jupiter. The errors are determined as the maximum between the image
resolution and the standard error. Higher pressure measurements are dominated
by the resolution error, while lower pressure measurements are dominated by the
standard error. More diameter measurements in nitrogen-oxygen mixtures are

shown in figure

Diameter and Velocity

Figure|7.9|shows the reduced minimal diameter, p - d,,;,, as function of pressure in
the two gas mixtures and air. As expected, the reduced minimal diameter depends
very weakly on pressure. In the Jovian mixture p - d,,;;, ~ 0.26 mm-bar and in
the Venusian mixture p - d,;;, =~ 0.09 mm-bar. These values are of the same scale
as values measured by Briels et al. [34] in air and nitrogen and reported above in
argon and in oxygen—nitrogen mixtures of varying concentration. The average
reduced diameter in dry air is ~ 0.12 mm-bar (see section[5.3.2).

We can summarize that the values of p - d,,;,, of the streamer head in the CO,-N;
mixture, in air and in pure nitrogen are quite similar. In the H-He mixture the
value of p - d;y, is twice to three times as large, but still only half as large as in pure
helium (see figure[7.4). We have not been able to measure streamer diameters in
pure hydrogen or CO;. It is likely that the Jovian mixture is ionized more easily
than the mixtures that represent Venus and Earth, as well as pure nitrogen, creating
wider and possibly faster streamers.

We made preliminary measurements to estimate the minimal streamer velocity.
We recall that theoretically the streamer velocities do not depend on density when
similarity laws apply, as discussed in section In all the pressures, in both
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mixtures, the measured minimal velocity is of order of 10° m/s. Our best estimation
in the Venusian mixture is ~ 0.80 + 0.04 x 10° m/s in 800 mbar, and in the Jovian
mixture it is 1.00 £ 0.05 x 10° m/s in 50 mbar. Briels et al. [34] report similar values
in other gas mixtures, such as air as have we shown in section Velocities of 10°
to 107 m/s were measured in sprite tendrils by means of high temporal resolution
observations of terrestrial sprites ([128, 140, 199]).

Measurements by Briels et al. [33] in air as well as the measurements presented
in section5.3.3|demonstrate that the velocity depends more strongly on the applied
voltage, than the diameter.

According to Yair et al. [240], sprites are expected on Venus at altitudes between
80 and 90 km above the surface, and on Jupiter at ~300 km above the 1 bar level. At
these altitudes the pressure is 5 to 0.4 mbar on Venus, and of the order of 10~3 mbar
on Jupiter. The streamer minimal diameter at such pressures according to our
measurements are expected to be 0.2-0.02 m, and 300 m respectively. The sprite
tendrils may in fact be quite wider, as they do not need to be minimal. For example,
based on the value of p - d,,;, measured by Briels et al. [34] in air, minimal sprite
tendrils on Earth should be roughly 20 m wide. However observations report
tendrils as wide as ~150 m (Gerken and Inan [64]). On the other hand, sprite
or streamer channel diameters are easily overestimated. We have observed that
measured diameters depended on zoom ratio (they became smaller at higher zoom
levels) up to a streamer diameter (FWHM) of about 10 pixels. The width of smaller
streamers is usually overestimated.

/.8 Conclusions

We have observed streamers in a previously unexplored set of gasses in controlled
laboratory settings. These gasses include the atmospheres of Venus and Jupiter-like
planets as well as pure oxygen, argon, helium, hydrogen and carbon-dioxide. We
have compared this to results in air, pure nitrogen and other nitrogen-oxygen
mixtures. We have demonstrated that streamer discharges are possible in all
of these gasses. For the planetary gasses, this gives firmer ground to our hope
of observing sprites on these planets. We have explored some features of these
discharges, such as the inception voltages, the minimal diameter and velocity of
the streamer heads and their intensity as compared to the optical brightness of
streamers in air. We find that the streamers in these gasses follow scaling laws as
expected. We demonstrate that the reduced minimal diameter, p - d,,;, does not
depend on pressure.

With regards to brightness, we can recognize three rough groups: nitrogen-
oxygen mixtures, nitrogen, argon and helium are all relatively bright, hydrogen
and the Jovian mixture are one to two orders of magnitude dimmer and oxygen,
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CO; and the Venusian mixture are again one to two orders dimmer. Note that this
brightness comparison is only valid for the wavelength range of our optical system.
The main reason for the variations in brightness between different gasses are the
positions of relevant emission lines. As nearly all radiation in a streamer discharge
is produced by atomic or molecular emission lines, lack of lines in the visible
region (like e.g. in pure oxygen) will lead to very dim streamers. Another major
factor that can influence brightness is quenching of excited states by collisional
de-excitation. This process is pressure dependent and becomes more important at
higher pressures. The emitted spectra of all gasses discussed here will be shown in
the next chapter.

We can recognize two groups with regards to streamer shapes. Nitrogen-oxygen
mixtures, helium, hydrogen and the Jovian mixture all show quite straight streamer
channels while argon, pure nitrogen, CO; and the Venusian mixture show feather-
like behaviour like discussed in section Because of their very low brightness
we can not judge the exact shape of streamers in pure oxygen.

The reduced minimal diameter in all the gasses is of the same order of magni-
tude except for pure helium which has a minimal diameter that is about four to
eight times larger than the other investigated gasses. In the Venusian mixture it
is very close to the reduced diameter in air that was reported by Briels et al. [34]
and found in this chapter, but it is twice as wide in Jupiter. Hence, the diameter
is influenced by the composition of the gas. Some considerations on the physical
origin of these differences, like electron friction and photo-ionization versus back-
ground ionization, are discussed above. Based on our reduced minimal diameter
measurements, and the sprite altitudes estimated by Yair et al. [240], we predict
that sprite tendrils on Jupiter will be at least 300 m wide, and of the order of a
meter wide on Venus.

Most important in terms of the search for planetary sprites is the fact that the
streamers in both planetary mixtures emit much less light than in air, and that they
require higher inception voltages, particularly in the Venusian mixture. Therefore,
planetary sprites can be expected to have similar morphology to terrestrial sprites,
but they might be significantly weaker in optical brightness and require a larger
charge moment of the parent lightning. Recently, Takahashi et al. [205] have shown
that there is a high correlation between sprite optical intensity and the charge
moment change of its parent flash. These considerations should be taken into
account if a more detailed scheme for predicting sprite altitudes than the one
proposed by Yair et al. [240], is to be employed.
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Spectroscopic measurements

8.1 Introduction

An often employed method for studying properties of plasmas is optical emission
spectroscopy. It yields information regarding many different plasma parameters
like composition, different temperatures (e.g. electron, rotational, vibrational),
electric field and densities of species. Some well-known examples of passive
optical spectroscopy methods are absolute and relative line intensity measurements,
absolute continuum measurements and line broadening determination.

General advantages of optical emission spectroscopy are that it is non-intrusive
and relatively simple and inexpensive. Therefore, this technique can also be em-
ployed to study natural phenomena like sprite discharges, where active techniques
are difficult or impossible to apply. The main disadvantage of such passive mea-
surements is that they integrate emission over the entire line of sight and that the
processing is indirect and therefore often needs assumptions or models which may
be debatable.

Lines in spectra of atomic gasses are often easy to determine, especially for
lighter elements. They come from electronic transitions between excited atomic
levels and are usually quite narrow (too narrow to resolve with the equipment we
used). Molecular spectra, on the other hand, can be much more complex. Their
lines (in the visible and neighbouring wavelengths) are also primarily created by
transitions between electronic excitational levels. However, these lines are heavily
affected by vibrational and rotational quantum levels of the molecules. Therefore,
a single electronic transition is often split in many vibrational and rotational lines.

The sections regarding planetary gas mixtures in this chapter are largely based on Dubrovin et al., J.
Geophys. Res. - Space Physics 115, AOOE34 (2010).
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These lines can have large widths and overlap, together forming a complex band
system.

Here we use optical emission spectroscopy for a combination of purposes. First,
we use the spectra to get information about the important species in the discharge
and about the role of impurities. Second, we fit some spectra of streamers in air to
get a rough estimate of relevant temperatures. Finally, the spectra of streamers and
sparks in air and gas mixtures that simulate the atmospheres of Venus and Jupiter
can be used for the planning of (space) missions to study lightning and sprites on
theses planets, as well as for the interpretation of the data gathered during these
missions. Le. they make it possible to distinguish between sprites and lightning by
carefully chosen wavelength filters on detectors.

8.1.1 Spectroscopic measurements on streamers

As is visually shown in many images in the preceding chapters, most streamer
discharges emit enough light to be clearly visible by an intensified CCD (ICCD)
camera. However, in most cases, the total amount of light is still very low; most
streamers are hardly visible to the naked eye in a darkened room.

Another challenge in streamer spectroscopy is the fact that they move very
fast. The propagation velocity of the streamers treated in this thesis is of the order
10°-10° m/s. Furthermore, the size of the streamer heads is quite small, from tens
of micrometres to a few millimetres thickness. This means that all spectroscopic
measurements with exposures longer than some tens of nanoseconds will detect
emissions not only from the streamer head, but also from the tail. For exposures
longer than the crossing time of the streamers, additional emissions from a glow
discharge that follows the streamer discharge will also be acquired. At lower
pressures (e.g. 25 mbar), such a glow discharge often emits much more light than
the streamers. This can be seen clearly in figure

Finally, at higher pressures (or larger gap distances) streamer discharges can
contain many separate streamer channels that follow unpredictable paths. In our
set-up with a 16 cm point plane gap we mostly observe one channel at 25 mbar
and more channels at higher pressures (the number of channels also depends on
the applied voltage amplitude and shape). This makes it impossible to capture the
emission spectrum of one streamer at these higher pressures, as it is impossible to
determine which path the streamers will follow exactly. Only at short gap distances
or low pressures, when there is only one channel present (see for example the
25 mbar images in figure is it possible to predict the exact position of the
streamer channel.

All three challenges discussed above (low intensity, short timescales and mul-
tiple channels) make it difficult to measure a good spectrum of a propagating
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streamer. If one wants to acquire the signal of a single streamer, only a small gap
or low pressure can be used (p - d should be small). If one wants to only acquire
light emitted by the propagating streamer head, a fast gate-able detector like an
ICCD or photo-multiplier is required. The low amount of emitted radiation leaves
two options for acquiring a good spectrum of a streamer discharge: capturing a lot
of discharges or using a very sensitive spectrometer. Mostly, both solutions have
to be used together.

As we did not have the opportunity to use a light sensitive spectrometer together
with an ICCD camera, we have chosen to expose our spectrometer for the full
duration of a large number of subsequent discharges (up to 60(ﬂ). The details of
this equipment are discussed below. We also chose to measure primarily at 25 mbar
as this resulted in the brightest discharges and therefore the best signal to noise
ratio.

As the pressure is low and the exposure can not be triggered exactly to the
streamer propagation, the measured spectrum will contain light emitted by all
processes and discharges that occur during (and shortly after) the voltage pulse.
In most cases, this includes the glow discharge. Such a compound spectrum
makes it impossible to determine one electron energy distribution function with
the Boltzmann method from the spectrum, as it is made up from sources with
presumably different average electron energies. However, as we will show in
section[8.3.1} the general shape of the spectrum is not very sensitive to changes in
pressure.

In our measurements, we mainly look for the presence of atomic, ionic and
molecular lines and systems to get better insight in the processes and species inside
the discharge. Only for spectra in air did we perform temperature calculations.
This is discussed in section[8.3.2]

Others have performed calculations on measured streamer spectra, although
only for a limited set of gasses. For example, Tochikubo and Teich [215] have inves-
tigated time-dependent spectra of corona discharges intended for the conversion
of nitrogen oxides. Sun et al. [203] have studied O, H and OH radicals from optical
emission by corona discharges in water. An often employed method to determine
the electric field in nitrogen containing discharges is to measure the ratio between
a line of the first negative system of N and the second positive system of Ny.
This method is employed for example by Kozlov et al. [92] for laboratory scale
discharges and for sprites by Liu et al. [111].

Simek et al. [191] have used time-resolved emission spectroscopy to study
pulsed positive streamers in high-purity nitrogen (5.0 purity). They find that the
maximum density of Np(A 3Z) metastables occurs during the early post-discharge

1The maximal practical repetition rate of our pulse sources is 10 Hz and the maximum practical exposure
of our spectrometer is 60 s.

149



Chapter 8.

period (0.5-1 ps) and that the densities of NO(X?IT) and OH(X?IT) radicals (from
oxygen and water impurities) peak at 9 and 5 ps after the discharge respectively.

Shcherbakov and Sigmond [187] have measured absolute intensities of the
second positive system (SPS) of N, and the first negative system (FNS) of N .
They used a cross-correlation synchronization mechanism to get a good time-
resolved signal with sub-nanosecond temporal resolution. They find risetimes of
the waveforms of the order 0.2-0.4 ns for both systems and durations of 1.4-1.5 ns
and 0.5-0.6 ns for the SPS and FNS systems respectively. In a second paper [188]
they show a model that can explain these measured results. With this model
they estimate the electric field and electron number density at 70-80 kV/cm and
(2-3)-10"* cm 3 respectively (at 450 K temperature and atmospheric pressure).

Staack et al. [197] have studied spectra of atmospheric pressure DC glow dis-
charges in a variety of atomic and molecular gasses (all with 4.0 purity). We will
compare their results to our spectra when relevant. They used trace additions of
nitrogen in all gasses to determine vibrational temperatures and Boltzmann plots
to determine the excitation temperature in pure hydrogen and helium.

8.1.2 Planetary sprite spectra

In looking for planetary sprites, the expected spectrum of their optical emissions is
of major importance. Such knowledge allows identifying sprites and constructing
observation devices. Laboratory settings are convenient for performing such mea-
surements. Terrestrial sprites” spectrum was successfully simulated by Williams et
al. [229], who have created a “sprite in the bottle” in a glow discharge tube. This
experiment was repeated by Goto et al. [68]. Note that these are performed on a DC
glow discharge. Therefore they do not necessarily have the same chemistry and
emission spectrum as the sprites they try to simulate, which are pulsed streamer
discharges. Nevertheless, the spectrum measured by this method agrees quite
well with the spectrum of terrestrial sprites, measured by Mende et al. [131]] and
Hampton et al. [76]. To our knowledge, the simulation of planetary sprites’ spectra
was not attempted yet.

We remark that several research groups have measured spectra of hot plasmas
to simulate lightning in planetary atmospheres. Borucki et al. [25] created hot
plasma using a laser pulse and measured the emission spectrum. The conditions in
that experiment resemble those in the hot plasma lightning channel, where many
chemical processes take place due to high temperature rather than due to a high
electric field. Goto and Ohba (unpublished report, 2008), simulated the lightning
spectrum in pure CO, using spark discharges. Below, we report our measurements
of the spectrum of sparks in the gas mixture that represents Venus” atmosphere.
The spectrum of the cold plasma streamer and glow discharge is significantly
different from that of the hot plasma spark discharge in this mixture, and the same
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Table 8.1: Specifications of the different Ocean Optics spectrometers. The designa-

tions given here are used to identify the different spectrometers in this thesis.

Designation Type Wavelength | Slit width Resolution | Bit depth
range (nm) (um) FWHM
(nm)
Uv-Vis HR2000 172-624 50 0.9 12
Vis HR2000+ 415-855 10 0.4 14
Vis-NIR HR4000 497-946 50 0.9 14

Normalized sensitivity (a.u.)

200 300 400 500 600 700 800 900
Wavelength (nm)

Figure 8.1: Normalized sensitivity curves of the three spectrometers. The sensitivity
curves have been acquired by means of calibrated deuterium and halogen lamps.

is probably true in other gas mixtures. Unfortunately we have not been able to
produce a spark in the Jovian mixture with our set-up. We observed that the glow
discharge became stronger, but did not transform into a spark discharge.

8.2 Experimental tfechniques

We have used three spectrometers to determine the spectra emitted by the various
discharges under investigation. These spectrometers are sensitive in different
wavelength regions. Some specifications of the spectrometers are shown in ta-

ble

All three are Czerny-Turner spectrometers with a fixed slit, a fixed reflective
grating and a CCD array detector. The sensitivity curves of the spectrometers are
shown in figure Note that these are normalized curves. An optical fibre is used
to get the light into the spectrometer. The acceptance angle of this fibre is enough to
capture light from the entire discharge region, when placed behind the large quartz
window. The end of the optical fibre is placed within the Faraday cage (protecting
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Figure 8.2: Schematic depiction of fibre position with regards to the vacuum vessel
(3D view and horizontal cross-section). When the ICCD camera is in use, the optical
fibre and the mirror are removed.

our camera and other electronics), parallel to the quartz window of the vacuum
vessel (see figure[8.2). A mirror is used to direct the light from the discharge to the
fibre. This is needed to measure at wavelengths below 300 nm, which are absorbed
by the ITO window that is part of the Faraday cage. The construction with the
mirror is necessary because of the small space between the ITO and the quartz
windows.

In our experiments, the discharges are created by voltage pulses of hundreds of
nanoseconds to microseconds duration. The streamers emit more light at lower
pressures, where they also easily transit into stationary glow, that is even brighter.
These are the conditions where the spectrum can be measured in a reasonable
time span. Thus, most of the spectra reported in this chapter are in fact spectra of
discharges that start as a streamer and quickly transform into a glow column.

In order to get enough radiation from the discharge to produce a spectrum
with an acceptable signal to noise ratio, we needed to use long measurement times
(up to 100 minutes) and a relatively high discharge repetition rate (10 Hz). Most
measurements are averaged curves of 1 to 100 intervals of 60 s integration time.

The spectra presented in this chapter are corrected for the sensitivity of the
spectrometers. The intensity scale is equal between the different spectra and
spectrometers. Therefore intensities can be compared between different spectra
and wavelengths (except for the air and nitrogen spark discharges that were created
in other set-ups). However, we have no absolute intensity calibration. In some
spectra small parts of the spectrum are missing. This is due to the mapping out of
known bad pixels of the spectrometers. Especially at long integration times these
bad pixels can give incorrect results and therefore they have been mapped out.

Most spectroscopic measurements have been performed with the Blumlein-
pulser at a peak voltage of about 20 kV and a pulse duration of about 130 ns
(like shown in figure3.12). The short pulse from the Blumlein pulser ensures a
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short discharge time. Exceptions are the planetary discharges and some spark
measurements. The planetary discharges have been performed with the C-supply
and some spark measurements have been performed with entirely different set-ups,
as is discussed in the text.

Lines have been identified with Pearse and Gaydon [166] and the NIST atomic
line database [174]. In the presented spectra, relevant lines are indicated on top of
the figures. The length of each indicated line corresponds with its strength accord-
ing to literature. For atomic lines the length is proportional to the logarithm of the
relative intensity as indicated by the NIST atomic line database. For molecular lines
this length is proportional to the intensity value as given by Pearse and Gaydon.
Note that in both cases the relative intensities can differ between the literature
values and our measurements. This is expected as the literature values have been
acquired in very different discharges than ours. Nevertheless, within one atom or
one molecular system, the line strength according to literature is a good indication
whether a line is strong or weak.

The composition and purity of the gasses and mixtures that are discussed in
this chapter are summarized in tables 5.1| and We refer to gas purity in a
notation that gives the number of nines in the purity, so 4.0 purity means >99.99%
purity. Some more explanation about our spectroscopic methods can be found in
the traineeship report by Romuald Blanc [21]].

8.3 Pure nitrogen and arfificial air

The nitrogen 6.0 and oxygen-nitrogen spectra in figures|8.3|and [8.4|are both dom-
inated by molecular nitrogen lines, mainly from the so-called second positive
system. This has been found by many others like Stritzke et al. [202]. We have also
measured streamer spectra in dry air and they are virtually indistinguishable from
the 20% oxygen mixture spectra although we did not look specifically for weak
lines of other components like CO, or argon.

Striking is the disappearance of the lines from Gaydon’s green system and Her-
man’s infra-red system (exact transitions unknown according to [166]) in artificial
air. This confirms a remark in Pearse and Gaydon [166] that Gaydon’s green system
is visible in pure nitrogen discharges, but not in air discharges. No remarks of this
nature have been found for Herman’s infra-red system. The disappearance of these
lines can probably be attributed to efficient quenching of some of the molecular
nitrogen states by molecular oxygen. Besides this difference, the two spectra are
very similar. A weak atomic oxygen line at 777 nm may be visible on the flank of
one of the FPS lines in artificial air.

We have attempted to measure the electric field by studying the ratio between
lines from the first negative system of N and lines from the second positive
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Figure 8.3: Spectra of discharges in 25 mbar nitrogen 6.0, acquired with the UV-Vis
and Vis-NIR spectrometers. The discharges are operated with the Blumlein pulser at
about 20 kV. The following line and band systems are indicated: the first and second
positive system (FPS & SPS), Gaydon’s green system (GGS) and Herman's infra-red
system (HIR), all of neutral molecular nitrogen as well as the first negative system
(FNS) of N; .
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Figure 8.4: Spectra of discharges in 25 mbar artificial air, acquired with the UV-Vis
and Vis-NIR spectrometers. The discharges are operated with the Blumlein pulser at
about 20 kV. The following line and band systems are indicated: the first and second
positive system (FPS & SPS) of molecular nitrogen and the strongest atomic lines of
atomic oxygen.
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system of N (like performed by [92} 111} 159, [187]). Unfortunately, no ionic line
can be clearly distinguished. The strongest line from the first negative system of
Nj is located at 391.4 nm. In our spectrum, we probably do see this line, but our
spectral resolution is too low to use it for quantitative measurements.

We have not observed any NO bands, as are reported by Teich [213]]. One reason
for this is our reduced sensitivity in the UV-region (below 300 nm). Another reason
may be that Teich uses a much higher repetition rate, resulting in much more
effective chemistry with produced species surviving until the next pulse. He also
uses a negative corona instead of a positive one.

The general shape of the Vis-NIR part of artificial air is quite similar to the sprite
spectrum measured by Stenbaek-Nielsen et al. [200] and Hampton et al. [76] as well
as the “sprite-simulating” glow discharges of Williams et al. [229]. However, our
spectral resolution is significantly better than that of Williams et al. and we can
clearly distinguish the different spectral lines within the band systems. Stenbaek-
Nielsen et al. do not present data below 640 nm, mainly because of attenuation by
Rayleigh scattering. Williams et al. do show part of the second positive system.
However, in their case, its intensity is lower than the intensity of the first positive
system. In our case this is just the other way around, the second positive system is
much more intense than the first positive system. This difference can be explained
by differences in quenching of the excited states, scattering of the blue part of the
spectrum by air and the much longer path length in the sprite measurements.

The measured spectra at 25 mbar have much in common with the atmospheric
glow spectra in ambient air and nitrogen 4.0 by Staack et al. [197]. However,
the ratio between SPS and FPS peak heights is much higher in our measurements.
Furthermore, Staack et al. [197] find strong atomic oxygen peaks (especially 777 nm)
in ambient air, while we only see a trace of this peak on the edge of the FPS
bands. This can be attributed to the fact that they use a DC plasma, and therefore
all reaction products remain inside the plasma, while we study a fast transient
discharge.

8.3.1 Dependence on pressure

Most spectra presented in this chapter are from discharges at 25 mbar. However,
it is also possible to measure at higher pressures albeit with lower signal to noise
ratios. An example of the effect of pressure on spectral shape for pressures between
25 and 200 mbar is given in figure The shape of the spectrum is very similar
for the different pressures, only small differences in ratios between lines are visible;
for increasing pressure, lines from levels with vibrational quantum number v’ > 0
are decreasing relative to lines from v’ = 0. This indicates that the vibrational
temperature decreases with increasing pressure. This can be explained by faster
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Figure 8.5: Effect of pressure on spectral shape in a nitrogen 6.0 discharge acquired
with the UV-Vis spectrometer. The spectral shapes have been normalized on the
strongest line (337.1 nm). The upper (v') and lower (¢v”') vibrational levels of the
transitions of clearly visible lines of the second positive system (SPS) are indicated
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Figure 8.6: Simulated spectra of discharges in air by the Specair 2.2 model (in black)
with the settings given in table The measured spectrum from figure@is shown
on the background in red with larger line-width. Note that the two different parts of
the simulated spectrum (250-600 nm and 600-920 nm) have been scaled differently
and do not fit simultaneously on both parts of the measured spectrum.

discharges can be used to qualitatively simulate streamer discharges.

156
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the spectra at different pressures proves that the spectra of fast transient glow
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The total spectral intensity decreases very rapidly with pressure (see e.g. the
Mf-values in figure[5.2). Therefore, the spectra obtained at higher pressures are very
noisy, even when long integration times are used. This is especially the case for
wavelengths above 500 nm in the nitrogen oxygen mixtures, as lines in this region
are much weaker than the nitrogen lines between 300 and 500 nm (see vertical
scales in figure[8.3). For this reason we have only presented spectra obtained at 25
and 50 mbar.

This low pressure does bring a disadvantage though: at 25 mbar, the streamer
channel has already crossed the 160 mm gap within the 130 ns pulse duration. This
is shown in figure where the streamer crosses the gap in less than 51 ns and
most radiation is produced after that time by a glow discharge.

At higher pressures, the streamers are not able to cross the gap in the first half
of the pulse duration; at 50 mbar the channel crosses the gap in about 100 ns, but
most light is emitted by the streamers, not by a glow discharge (see figure[5.2). At
pressures above 50 mbar, the streamers do not cross the gap at all within (or after)
the pulse duration, see figure As is discussed above, the spectral shape is not
significantly influenced by the pressure, except for a small difference in vibrational
temperature, even though the discharge morphology is quite different.

We can conclude that the spectra shown here are a good qualitative representa-
tion of sprite spectra. Also, because the spectrum of the combined streamer-glow
discharge is very similar to the streamer-only spectra, this glow discharge is not in
equilibrium, as was to be expected.

8.3.2 Comparison with the Specair model

In order to get some more information from the spectra of streamers in air, we
have tried to reproduce them with the Specair 2.2 spectral model [100]. Specair is a
freely available [99] model that can calculate a spectrum of air-like gas mixtures
with different electronic, rotational, translational and vibrational temperatures.
Unfortunately, there is no documentation available about the algorithms, reactions,
cross sections and other parameters used in the model. Furthermore, the program
regularly crashes and is not able to calculate all parameter variations without
indications of the reasons for these crashes. Finally, Specair is not able to fit a
measured spectrum, nearly all calculations have to be performed manually and it
is cumbersome to compare them with measured spectra.

Despite these shortcomings, a calculation with Specair can give some insight in
the streamer temperatures. As was discussed in the introduction of this chapter, the
measured spectrum is produced by time integration of a transient process far from
equilibrium with no well defined temperature and fastly changing local electric
fields. Therefore it is not expected that the spectrum can be fitted completely
with the temperatures. Our best effort to fit the measured spectrum of a streamer
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Table 8.2: Settings of Specair 2.2 used for the simulation shown in figure Only
the indicated species and transitions have been used.

Temperatures (K) Partial pressures (mbar)
Electronic 40000 || N» 20
Rotational 800 [ Ny 0.00025
Translational 300 O, 5
Vibrational 5000
General Radiative transitions
Absorption Yes N First positive system
Air lambda 0 N> | Second positive system
Generate mole fractions | No NZ+ First negative system
Air absorbers False

discharge in air is shown in figure The corresponding settings of the Specair
model for this calculation are given in table

We have not been able to find model settings that result in a ratio between
first positive system (FPS) and second positive system (SPS) radiation which is
similar to our measurements and still gives a reasonable fit within these systems
as well. The ratio between the strongest SPS and FPS lines in our measurements
is about 100, while the model results with the settings shown in table [8.2| give a
ratio of about 4000. Nevertheless, within these systems, the model results are quite
close to the measured spectrum. The difference in SPS/FPS-ratio can probably be
attributed to quenching of the FPS system in air but we can not be sure of this as
we have no information on the exact inner workings of the Specair model. One
hypothesis is that quenching rates in the model are calculated for atmospheric
pressure and therefore may be 40 times too high for the FPS at 25 mbar if we
assume that quenching scales with inverse density.

The settings given in table 8.2 include only a very limited amount of species
and radiative transitions. However, we have found that adding small molar
fractions of other expected species (e.g. 10 ppm of O or N atoms) and including
all available radiative transitions to the model hardly influences the calculated
emission spectrum.

As is clear from the discussion above, the temperatures found above and shown
in table[8.2]are only a very rough indication for the following reasons:

¢ Asindicated in the introduction, the spectral measurements are integrated
over time and position and therefore include multiple regions with different
temperatures at once.

* The electrons energies are not distributed according to a Boltzmann dis-
tribution (see e.g. Li et al. [103]) that is probably assumed in the Specair
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Figure 8.7: Spectra of strong spark discharges in ambient air, acquired with the UV-
Vis and Vis-NIR spectrometers. The discharges are operated with the Marx generator
at 900 kV. We have indicated the atomic and ionic lines of nitrogen, oxygen and

aluminium.

calculations.

The relative decrease of lines from levels with vibrational quantum number v’ > 0
that was found in the previous section for an increase in pressure has been con-
firmed by calculations with the Specair model. We found that indeed, for a vibra-
tional temperature of 4000 K instead of the 5000 K used in the other calculations,
these higher vibrational levels decrease relative to the v’ = 0 levels.

The vibrational temperature of 5000 K is close to the findings of Staack et al. [197]
who find vibrational temperatures of 4000-4500 K (depending on discharge current)
in their DC glow discharges.

8.3.3 Sparks in air and nitrogen

Besides streamer and transient glow discharges, we have also measured the emis-
sion spectrum of spark discharges in air. The strongest spark we have investigated
is a lightning-like discharge at the Department of Electrical Engineering of the
Eindhoven University of Technology operated by Nguyen et al. [145]. The voltage
pulse for this discharge is generated by a Marx generator. It has an amplitude of
900 kV, and produces a discharge of about 5.5 kA during 3 ps in a 70 cm gap in

ambient air.

Spectra of this discharge are given in figure Because this discharge emits
much more light than the streamer discharges discussed above and below, we did
not integrate over multiple discharges. The intensities in the measured results can
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Figure 8.8: Spectra of spark discharges inside the single sparkgap switch of the
C-supply while flushed with compressed air, acquired with the UV-Vis and Vis-NIR
spectrometers. The discharges are operated at about 55 kV. We have indicated the
atomic and ionic lines of nitrogen and oxygen.

not be compared with other spectra in this thesis because the positioning of the
optical fibre with respect to the discharge is very different.

The spectrum of this strong spark is very different from spectra of streamer like
discharges in artificial air (e.g. figure[8.4). The spark discharge is dominated by a
strong continuum, combined with atomic and ionic lines of nitrogen, oxygen and
possibly aluminium (from the electrode material). None of the molecular nitrogen
systems that dominate the streamer discharge can be found in this spark spectrum.

Quite similar spectra are emitted by the less powerful sparks inside the sparkgap
of our C-supply (see section [3.3). These sparks have been produced by using the
sparkgap in its normal operating mode (in the C-supply circuit) at a voltage of 56 kV
with a gap distance of about 20 mm. The sparkgap is usually flushed with nitrogen
in order to prevent oxidation of the electrodes. However, for the experiment shown
in figure |8.8| we have used compressed air to flush the sparkgap. A spectrum
emitted by the spark under similar conditions but flushed with nitrogen (estimated
purity 3.0-4.0) is given in figure[8.9] Note that the housing of the sparkgap is made
from poly(methyl methacrylate) (PMMA) which has a low transmittance for UV
radiation with a cut-off that is dependent on the exact material properties and is
unknown in our case. Therefore, the relative lack of intensity below 400 nm in

figures[8.8/and 8.9 may be partly caused by absorption by the PMMA casing.

When comparing the sparkgap-produced spectrum from figure 8.8| with the
lightning-like spectrum from figure [8.7 we can observe many similarities. Most
strong emission lines are present in both spectra. The main difference between
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Figure 8.9: Spectra of spark discharges inside the single sparkgap switch of the
C-supply while flushed with nitrogen from building infrastructure (purity 3.0-4.0),
acquired with the UV-Vis and Vis-NIR spectrometers. The discharges are operated
at about 55 kV. We have indicated the atomic and ionic lines of nitrogen.

the two spectra is the intense continuum at lower wavelengths that is much more
pronounced in the strong spark and not in the sparkgap-spark spectrum. However,
as is stated above, absorption by the PMMA casing of the sparkgap may suppress
part of this feature below 400 nm. Nevertheless it is to be expected that the more
powerful spark will emit more continuum radiatio as the powerful sparks are
expected to have much higher gas temperatures and electron densities. Higher
electron densities will result in a larger continuum to line intensity ratio (see [38])).
This effect may be enhanced by black body radiation emitted from the spark.

The differences between the sparkgap spark spectra in air and in pure nitrogen
are quite small; only the atomic oxygen lines are missing from the pure nitrogen
spectrum, as could be expected.

A final spectrum of a spark-like discharge that was investigated is a spectrum
in a 2 mm point-point gap with a 10 kV voltage pulse with a repetition frequency
of 400 Hz in atmospheric air and nitrogen. These spectra (not shown here) contain
features from both the spark spectra shown in this section as from the streamer
spectra shown in figures 8.4/ and They contain strong lines from the second
positive system of N, that dominates the streamer spectra as well as the atomic
and ionic lines that dominate the other spark spectra. Therefore we can conclude
that in this discharge, the streamer-phase contributes more to the spectrum than in
the other investigated sparks.

2We only measured relative intensities, so this comparison is only between continuum and line intensities,
not for absolute continuum intensities.
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Figure 8.10: Spectra of discharges in 25 mbar oxygen 5.0 acquired with the UV-Vis
and Vis-NIR spectrometers. The discharges are operated with the Blumlein pulser at
about 20 kV. The following line and band systems are indicated: the atmospheric
absorption spectrum (AAS) of molecular oxygen and lines of atomic oxygen.

Unfortunately, we have not been able to produce a spark in air or nitrogen inside
our new vacuum vessel setup (see section [3.2.3). The fixed long gap distance of
160 mm requires higher voltages or currents than our C-supply is able to deliver in
order to produce a spark in air or nitrogen at pressures between 10 and 1000 mbar.
We have been able to produce a spark in the Venus atmosphere gas mixture (see

figure and discussion in section (8.16).

The lines found in the two spark-spectra in air are very similar to the ones
found by Orville and Salanave in a spectrum of lightning [154]. They use photo-
graphic techniques so it is difficult to compare relative intensities, but the general
distribution of line intensities seems to be similar to our measured spectra.

8.4 Ofther gasses

8.4.1 Pure oxygen

The UV-Vis part of the spectrum of oxygen shown in figure is completely
empty. We only see two clear (but relatively weak) atomic lines and one weak
molecular band (atmospheric absorption system) in the NIR region. The line at
777 nm is clearly the strongest. This line is in fact a triplet, but we are not able to
resolve this with our spectrometer. It is also visible in the spectrum of sparks in air
(figure and weakly in the spectrum of streamers in air (figure|[8.4).
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Figure 8.11: Spectra of discharges in 25 mbar argon 5.0 acquired with the UV-Vis
and Vis-NIR spectrometers. The discharges are operated with the Blumlein pulser at
about 20 kV. The following line and band systems are indicated: the 3054 A system
of OH, the second positive system (SPS) of molecular nitrogen and the strongest
atomic lines of argon.

The lack of radiation below 750 nm explains the low intensity of the images of
oxygen streamer discharges; the only available radiation is just at the edge of the
sensitivity curve of the camera (see figure[3.16). A camera with a different photo-
cathode would be needed to more effectively image streamers in pure oxygen.

8.4.2 Pure argon

In the spectrum of pure argon from figure many atomic argon lines are visible,
which are especially strong in the red and infrared region. However, also two lines
from the second positive system of molecular nitrogen are present as well as the
3054 A system from OH-molecules. This demonstrates that the argon is not really
pure but also contains nitrogen and water vapour, although we do not know in
which concentrations. According to the specifications from the supplier, the gas
should contain less than 5 ppm water and oxygen and less than 0.2 ppm nitrogen.

It should be noted that in the case of an argon discharge, a significant part of
the radiation does not originate from the streamer discharge, but from a surface
discharge on the glass insulator surrounding the feedthrough and holder of the
cathode pin. This glass insulator can be seen at the top of the vacuum vessel
in figures 3.4/ and In many cases, at low pressures, a surface discharge can
be observed over this insulator. However, in the case of argon, this discharge
is especially intense (to the naked eye) and produces more light than the bulk
streamer discharge. In this case we also observe spark-like discharges between
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the cathode holder and this surface. We have shielded our fibre so that it does not
receive direct radiation from the surface discharge, but it can still observe reflected
radiation.

The argon lines in our spectrum are very similar to the ones found by Staack et
al. [197]. However, they do not show the less intense lines below 650 nm that we
find.

8.4.3 Pure helium

The spectrum of a streamer/transient glow discharge in helium 6.0 (figure
is the most complex spectrum treated in this thesis. Apart from lines from He,
He™" and Hej, it contains lines of many contaminants, including nitrogen, oxygen,
carbon and carbon monoxide. Oxygen and nitrogen are only visible in atomic
form and as molecular ions. No lines of neutral oxygen and nitrogen molecules
have been identified in this spectrum. A somewhat similar spectrum was found by
others like Ricard et al. [177]. They use pure helium (with unspecified purity) in an
atmospheric glow discharge with microsecond-scale pulse duration.

The reason why there are so many lines of contaminants visible in the spectrum
must be the high excitation and ionization levels of helium. The upper levels of
most helium transitions are about 23-24eV above the ground state, while helium
metastables and He, dimers also have relatively high excitation levels (~20 eV and
~16 eV respectively). For most of the contaminants, the upper levels of electronic
transitions are between 5 and 14 eV above the ground state (e.g. N ~13 eV). This
means that the excited states of helium will be very sparsely populated due to
the Boltzmann factor exp(— ki—"T), where E; is the energy of the upper level, kg the
Boltzmann’s constant and T the temperature, in this case (far from thermodynamic
equilibrium) the effective excitation temperature. At expected electron energies
(order 1 eV), the Boltzmann factor can be many orders of magnitude lower for
helium energy levels than for levels of the contaminants.

This is consistent with the finding in the previous chapter that streamers in pure
helium are much wider than in any of the other investigated gasses. The larger
width is probably also caused by the low cross sections for collisions between
lower energy electrons (below ~20 eV) and helium atoms and the therefore longer
electron mean free path in helium.

Besides the differences in energy levels, there is an extra reason why some lines,
like the ones of NJ” and OH, are so strong in the spectrum. For example, excited
N3 (B) species can easily be formed through a charge transfer or Penning effect (see
Ricard et al. [177]). Furthermore, reactions of impurities with helium metastables
(with energies of 19.8 eV and higher) can lead to dissociation, ionization and
excitation of many species.
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Figure 8.12: Spectra of discharges in 25 mbar helium 6.0 acquired with the UV-Vis
and Vis-NIR spectrometers. The discharges are operated with the Blumlein pulser at
about 22 kV. The following line and band systems are indicated: the first negative
system (FNS) of molecular nitrogen ions and molecular CO ions, lines of molecular
helium (He,) and the strongest lines of He™ and atomic helium, oxygen and nitrogen.
Note that the vertical axis has a linear scale for low values and a logarithmic scale
for high values.
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Because of the two mechanisms discussed above, the presence of the contami-
nant lines in the spectrum is no indication of high contamination levels. Even very
low concentrations (below 1 ppm) can lead to significant line amplitudes in the
emission spectrum. To check this, we have performed an experiment in which we
included a few promille of nitrogen gas into a helium discharge. The spectrum
of this discharge is very different from the “pure” helium discharge. It clearly
shows many lines of molecular nitrogen (the second positive system, as shown in
figure[8.3) that are not visible in the spectrum of figure Verreycken et al. [224]
also report that in He-N, mixtures, molecular nitrogen lines (like 337 nm from the
SPS) are clearly visible from 1%onitrogen concentration. Therefore, we conclude
that the impurity level is much better than 1%.. We are not able to determine
exactly how much better, but judging on our experience with other gasses, we
expect to have less than 10 ppm impurities.

In any case, the purity in our experiment is probably higher than in the exper-
iments by Ricard et al. [177]. In their spectrum, the ratio between the 391.4 nm
N; -line and the 706.4 nm He-line is about 20:1, while in our spectrum it is 1:18, a
difference of a factor 360. However, Ricard et al. do not give any indication of their
expected gas purity and work at a much higher pressure (1000 mbar compared to
our 25 mbar). At higher pressures three-particle Penning effects will become more
prominent.

Staack et al. [197] also observe the lines of N;r and OH in their helium DC glow
discharge spectrum, although they are very weak (the 391.4 nm N -line is about
150 times less intense than the 706.4 nm He-line).

8.4.4 Pure hydrogen

The UV-Vis spectrum of a discharge in hydrogen 6.0 is given in figure Unfor-
tunately, we only had a limited amount of hydrogen gas available and therefore
have not been able to measure the higher wavelength region of this spectrum.

The dominant feature of this spectrum is the continuum in the UV-Vis range,
with a higher intensity at the lower wavelengths. It is similar in form to the UV
continuum emission in Hj reported by Lavrov et al. [101], and references therein.
The continuum is associated with the s>~} — b3} electronic transition in H.
Besides this continuum, we can recognize a few lines from the Balmer series of
atomic hydrogen and many small other molecular hydrogen lines.

Staack et al. [197] also report the Balmer lines as well as the molecular hydrogen
bands in their DC atmospheric glow discharge. However, they do not observe the
strong continuum at lower wavelengths.
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Figure 8.13: Spectrum of discharges in 25 mbar hydrogen 6.0 acquired with the
UV-Vis spectrometer. The discharges are operated with the Blumlein pulser at about
20 kV. The following line and band systems are indicated: the Balmer line series of
atomic hydrogen and a series of molecular H lines from [60].
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Figure 8.14: Spectra of discharges in 25 mbar CO; 5.3 acquired with the UV-Vis
and Vis spectrometers. The discharges are operated with the Blumlein pulser at
about 25 kV. The following line and band systems are indicated: the first and
second positive system (SPS) of neutral molecular nitrogen, the Fox, Duffendack
and Barker’s system (FDB) and the carbon monoxide flame spectrum (Flame) both
from CO, (despite its name), the Angstrom, Herzberg and Asundi systems of CO.

8.45 Pure CO,

Vis (a.u.)

The spectrum of a streamer/fast glow discharge in CO, with 5.3 purity is, un-
surprisingly, dominated by molecular bands of CO, and CO (see figure [8.14).
Especially the CO; Fox, Duffendack and Barker’s system and the CO Angstrom

system are clearly present.
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8.4.6 Venus atmosphere

Figure shows the spectrum obtained in a mixture that simulates the Venusian
atmosphere (CO,/N; with a 96.5/3.5 ratio), at a pressure of 50 mbar and applied
voltage of ~43 kV. The optic fibre is placed behind the ITO window, so no spectral
lines can be observed below the wavelength of 300 nm.

The most dominant feature of this spectrum is the N, second positive band
of triple heads in the range 300 to 450 nm (N-SPS). The CO Angstrém system is
clearly visible in the Vis spectrum, with lines at 451 nm, 483 nm, 519 nm, 561 nm,
607 nm and 662 nm, all degraded to the violet. This system is considerably weaker
that the N»-SPS band. The line at 567 nm is possibly one of the triplets of the CO
triplet system. Other triplets of this system might be present as well, but many
of them are very close to CO Angstrom lines, making it difficult to identify them
(such as the wide line at 600-607 nm), others are too weak to be unequivocally
identified. Several very weak heads of the Nj first positive band (N»-FPS), are
found at the upper edge of the spectrum, at the wavelength range 725-790 nm.
When comparing the measured Venus spectrum with the spectrum from pure CO,
(figure , we can observe that above 400 nm, the spectra match quite closel
Below 400 nm, the Venus spectrum is dominated by the nitrogen lines which are of
course absent in the pure CO; spectrum.

It is somewhat surprising that we observe primarily nitrogen lines in this
spectrum. Previous work by Goto and Ohba (unpublished report 2008) in hot
plasma, found a significant CO, signature in the spectrum, while Borucki et al. [25]
found mainly atomic oxygen and carbon lines. However, according to the literature
([166]) even a very small amount of nitrogen mixed into a gas can produce strong
N, lines in some circumstances, and these nitrogen lines can be considerably
stronger than any other feature of the spectrum. This seems to be the case with
the streamer spectrum in the Venusian atmosphere examined here. This is an
indication that pure CO, may not be the best choice when one wishes to simulate
such discharges in the Venusian atmosphere, and nitrogen must be taken into
account. The hot plasma spectrum is discussed in more detail in the following
section.

8.4.7 Venus spark
By a simple modification, the system described in section can create sparks in

the discharge gap. The resistor Rj in figure through which most of the current
during a voltage pulse, is replaced by a resistor with a higher resistance (a 1 k(2

3Note that the CO, spectrum has been averaged from a lower number of discharges and therefore has a
worse signal-to-noise ratio. This bad signal-to-noise ratio masks some lines that are clearly visible in the
Venus spectrum, especially above 650 nm.
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Figure 8.15: Spectra of streamer/glow discharges in 50 mbar Venus atmosphere mix-
ture acquired with the UV-Vis and Vis spectrometers. The discharges are operated
with the C-supply at about 43 kV. The following line and band systems are indicated:
the first and second positive system (FPS & SPS) of neutral molecular nitrogen,
the carbon monoxide flame spectrum (Flame) from CO, (despite its name), the
Angstrom, Herzberg and Asundi systems of CO. Finally, the atomic lines of oxygen
are indicated. The dashed grey line indicates the results of Goto and Ohba [69].
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Figure 8.16: Spectra of spark discharges in 200 mbar Venus atmosphere mixture
acquired with the UV-Vis and Vis spectrometers. The discharges are operated with
the C-supply at about 50 kV. The following line and band systems are indicated: the
Fox, Duffendack and Barker’s system (FDB), the carbon monoxide flame spectrum
(Flame) both from CO; (despite its name), the Angstrt’)m system of CO, the first
negative system (FNS) of CO™ and the atomic lines of oxygen. The dashed grey line
indicates the results of Goto and Ohba [69]. Note the broken vertical axis for the Vis

spectrometer results.
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resistor is replaced by a 6 MQ) resistor). The original resistor is chosen in such a
way that most of the current flows through the Rz branch of the circuit, rather than
through the discharge gap, therefore the high voltage on the discharge gap falls
very rapidly, within several micro-seconds. With the stronger resistor in place, the
high voltage on the electrodes persists for a time long enough for a spark discharge
to occur, if the gas in the vessel is dense enough. The spark discharge is akin to
lightning on a small scale.

7

We used this setting to create sparks in the mixture that represents Venus
atmosphere, CO,-Nj, and recorded its spectrum using the equipment and methods
described above. The optic fibre was placed between the vessel quartz window and
the ITO window (as indicated in figure[8.2), so wavelengths shorter than 300 nm
were observed. The pressure in the vessel was 200 mbar, and a voltage of ~50 kV
was used. The sparks created in this way are significantly brighter than the cold
plasma discharges discussed above. As a result we could measure the spectrum
with considerable shorter exposure times; 10 seconds for the UV-Vis range, and
30 seconds for the Vis range were used. The curves shown in figure are the
averaged result of 10 measurements.

When one compares the spectra in figures and the difference is ap-
parent. The strongest lines of the cold plasma spectrum are concentrated in the
wavelength range 300-400 nm, and these are nitrogen lines. There are no CO; lines,
and the CO lines are very weak. The spark spectrum, on the other hand, has a
concentration of lines between 400 and 500 nm, and several strong and narrow
lines; the atomic oxygen line at ~777 nm, and two lines in the UV, ~230 nm and
~250 nm, that probably belong to the CO™ first negative system. Many of the
other lines in this spectrum correspond with the carbon monoxide flame bands
(1B, — X'¥.T), which are in fact CO, emissions, and also with the Fox-Duffendack
and Barker’s system (A%I1 — X?IT), which are COZr emissions.

Goto and Ohba (unpublished report 2008) performed measurements of the hot
plasma spectrum in pure CO; at several pressures. Their results are quite similar
to the spark spectrum shown here. They identified several wide CO, lines. The
spectrum in figure has a higher resolution, and therefore many more lines
are observed. These lines are grouped into several bands that agree well with the
wide lines of the 100 Torr (133 mbar) spectrum measured by Goto and Ohba. These
bands in our spectrum are located roughly at 375 nm, 390 nm, 415 nm, 440 nm
and 470 nm, and all have widths between 10 and 20 nm. We also observe a strong
oxygen line at 777 nm which was also reported by Goto and Ohba as well as by
Borucki et al. [25]. However, the structures observed by Goto and Ohba between
500 and 600 nm do not appear prominently in our spark spectrum. Goto and Ohba
attribute them to CO, band emission. The wavelengths of 512.9 and 543.0 nm
they indicate do belong to the CO; flame system, but, according to Pearse and
Gaydon [166], are not the strongest lines in this region. In our streamer spectrum
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Figure 8.17: Spectra of discharges in the Jovian atmosphere mixture acquired with
the UV-Vis and Vis-NIR spectrometers. The two spectra are obtained under slightly
different conditions: the UV spectrum was obtained at 50 mbar with the C-supply at
about 26 kV while the Vis-NIR spectrum was obtained at 25 mbar with the Blumlein
pulser at about 19 kV. The following line and band systems are indicated: the Balmer
line series of atomic hydrogen and a series of molecular Hj lines from [60].

these lines are not clearly visible at all and in our spark spectrum only the 512.9 nm
line is weakly visible.

It is interesting to note in this respect, that 6 of the 7 flashes reported by Hansell
et al. [77] in their ground observation of Venus’ night-side were found using a
777.4 nm filter and one more flash was observed using a 656.3 nm filter. Our
spectrum has a strong oxygen line at ~777 nm, and a clear and narrow line at
about 658 nm (probably CO Angstrﬁm).

8.4.8 Jupiter atmosphere

Figure shows the spectrum obtained in the mixture that simulates Jupiter’s
atmosphere (H, /He with a 89.8/10.2 ratio), at a pressure of 50 mbar and a voltage
peak of ~25 kV. Under these conditions the discharge is dominated by a glow
discharge. These measurements were taken with the optic fibre placed between
the discharge vessel window and the ITO glass, so radiation below 300 nm was
recorded.

Like in pure hydrogen, the spectrum is dominated by the continuum from the
a’Lf — bPL} transition in Hp. In addition to this continuum, there are many
spectral lines. We focus here on the most distinctive features of the spectrum. The
strong and narrow line at 656 nm, is the H, line. The second line of the Balmer
series (Hg at 486.1 nm), much less intense (as it usually is), is present as well. There
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are two regions of particularly strong and dense lines, one at the wavelength range
of 575-625 nm and another at 700-800 nm. These bands probably belong to H;
molecular systems. No trace of helium lines or contaminants can be found in the
spectrum. This means that electron energy levels in the Jupiter atmosphere mixture
are much lower than in the helium streamers that are discussed in section
The ionization level of molecular hydrogen (15.43 eV) is so much lower than the
excitation and ionization levels of helium (23 eV and above) that the discharge is
dominated by hydrogen.

8.5 Conclusions

Air and pure nitrogen discharges

The visible and near UV/IR spectra of all streamer discharges in air and other
nitrogen-oxygen mixtures (with a nitrogen concentration of at least 80%) at pres-
sures between 25 and 1000 mbar are dominated by radiation from the second
positive system (SPS) of molecular nitrogen. Lines from this system are stronger
than any other atomic or molecular lines. At higher pressure we observe a rela-
tive decrease of lines coming from higher vibrational levels in this system, which
indicates a decrease of the vibrational temperature with increasing pressure.

Besides the SPS system, also the first positive system of N is visible in these
streamer discharges, although nearly a factor 100 less intense (for peak values). In
pure nitrogen, Herman’s infrared system and Gaydon’s green system are (dimly)
visible but in air they are absent, probably because of quenching of the excited
nitrogen states by molecular oxygen. Tentative fitting of the spectra with modelling
results from the Specair program has resulted in the following rough temperatures:
Tetectronic = 40000 K, Trotationat = 800 K, Trapsiationar = 300 K and Toiprationar =
5000 K for a streamer spectrum in 25 mbar air.

Note that in all discharges at 25 mbar, part of the radiation is emitted by the glow
discharge that follows the streamer discharge, even though most of the spectra
discussed in this chapter have been acquired with the short (~130 ns) pulses from
the Blumlein pulser. We have not been able to determine local electric fields because
the lines of the second negative system of N could not be distinguished with our
equipment.

Spectra of sparks are very different from streamer spectra. They hardly contain
any radiation from the molecular systems discussed above, but only show line ra-
diation from dissociated atoms and atomic ions. For a very powerful spark (70 cm,
5.5 kA), we also observe a strong continuum, especially at lower wavelengths.
This continuum is caused by free-free radiation (Bremsstrahlung), recombination
and black-body radiation and is an indication of the very high temperature of this
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thermal plasma (at least several thousand Kelvin).

Other gasses

The other gasses that were investigated all have very different spectra. The spec-
trum of a streamer in oxygen is nearly empty, except for a few atomic oxygen lines
(the strongest around 777 nm). The spectrum of a discharge in argon is dominated
by atomic argon lines. However, in our case it also showed some lines of molecular
nitrogen and OH-molecules; these are indications of contaminations.

The spectrum of a streamer discharge in helium is very complex. In this spec-
trum lines from contaminations (Nj , N, O, CO™) are nearly as intense as atomic
and ionic helium lines. This can be attributed to the high excitational and ion-
ization levels of helium. These require high electron energies, which can easily
excite and ionize all other species, even if they are only present in trace amounts.
Furthermore, reactions between helium species (ions, metastables) and impurities
can lead to excited states of impurity species.

The spectrum of a hydrogen streamer is dominated by a near continuum starting
in the UV (we measure from about 220 nm). This continuum is associated with the
molecular H, transition a°L} — b32;f . Finally, the spectrum of a CO; streamer
discharge is again dominated by molecular band systems, like in nitrogen. In CO,
the most prominent systems are Fox, Duffendack and Barker’s system and the CO
Angstrt’)m system.

Planetary discharges

To maximize the chances of discovering planetary sprites by optical observations,
one should focus on the specific spectral lines expected in these discharges. We
have examined the optical spectra of streamers and glow in the two atmospheres,
in the visual and the near UV range. In the Venusian atmosphere we find strong
Ny lines from the second positive band, as well as considerably weaker CO lines.
In contrast, Borucki et al. [25] have investigated a hot plasma in a similar gas
mixture. They find that the spectrum is populated by many more spectral lines.
It is also significantly different from the spectrum measured by Goto and Ohba
(unpublished report 2008) in pure CO,, and from our own measurements of the
spark spectrum in the N»-CO, mixture. We find that in the case of a cold plasma
discharge the presence of nitrogen in the atmospheric gas is important and should
not be neglected. In case of a hot plasma discharge, a spark, CO, and CO lines are
dominant. Among the strongest lines in our spark spectrum, it is worth mentioning
the lines at 777 nm and 658 nm. These lines are close to the wavelengths proposed
by Hansell et al. [77] for lightning observations on Venus. We observe also two
very strong lines at 230 nm and 250 nm, which may be useful as well. However,
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these two lines are at the edge of our spectrum, where the apparatus sensitivity is
low. It is worthwhile to look more closely at this wavelength.

In Jupiter’s atmosphere the spectrum is more complex, consisting both of
continuum radiation and very dense spectral lines. The Balmer alpha line is
a common feature of spectra of gasses that contain hydrogen and can not be
considered a characteristic of the cold plasma spectrum. For example, Borucki et
al. [25] find this line as the strongest feature of the hot plasma spectrum in a similar
gas mixture. On the other hand, we see a dominant continuum spectrum, which is
not found in Borucki’s work. Moreover, there are several regions of dense band
structure, which are characteristic of the hydrogen molecular spectrum. No lines
or bands from helium have been found.
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Conclusions and outlook

9.1 Overview

As reviewed in the introduction, streamers are a general dynamical phenomenon
that occurs when a high electric potential is applied to ionizable matter. They are
an essential element in the formation of sparks and lightning in our atmosphere as
well as in the atmospheres of other planets. And they play an important role in
many technical applications.

This is because streamers are an exceptionally efficient way of transferring high
electric voltages into a very localized and transient field enhancement at the tips
of the streamer fingers and further into electron energy distributions with very
pronounced tails at high energies within an essentially cold gas. These electrons
generate chemical transitions in a very energy efficient way and can also be the
cause of very energetic radiation.

A key ingredient in understanding the energy conversion process from high
voltage into chemical products is the relation between applied potential, electrode
configuration and gas composition on the one hand and the number, distribution
and properties of the streamer tips on the other hand. Tip radius and voltage
determine the local field enhancement as well as energy and number of free
electrons. Understanding these relations is a challenge for theory. But theory needs
to explain clear observations. And these observations were largely lacking.

First, most all experiments up to this thesis were performed in ambient air. But
air is a composed gas where microscopic interaction parameters are not known
with sufficient accuracy. Investigating other and also very pure gasses therefore is
important for two reasons: it gives additional input to test the relation between mi-
croscopic parameters and macroscopic structures further, and it predicts streamer
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behavior in other gasses, either for technical applications or in the atmospheres of
other planets. Within this thesis, much progress has been made on all questions.

Second, streamers form complex branched trees, and radius and voltage at
the streamer tips depend on the voltage distribution within the tree and on the
current through the tree. And the tree structure depends also on whether different
branches can reconnect or merge. The full three-dimensional structure of these
trees and the possibility of reconnections were investigated for the first time in this
thesis.

Third, recent progress in pulsed power circuits and fast imaging as well as
spectroscopy have been used in this thesis to characterize streamer inception and
reactive species better, and to investigate new parameter regimes, in particular,
the phases immediately before leader or spark formation without endangering the
sensitive ICCD camera by these bright discharges.

.2 Summary of the investigations in detail

To improve our understanding of the physics of positive pulsed streamers by
means of laboratory experiments, we first have used an existing vacuum set-up
which has been modified and later replaced by a new vacuum vessel for work
with high purity gasses. In these vacuum set-ups, streamers have been generated
by means of a pulsed power source, of which we have used two types. We have
studied the streamer discharges by means of a fast ICCD-camera as well as three
spectrometers. From these experiments we have been able to draw the following
conclusions.

Interaction and branching

¢ It is possible to use stereo-photography to investigate streamer discharges
and get more insight into processes like branching, reconnection and merging.
In our application of stereo photography we are able to (manually) process
images with up to about 50 separate streamer channels.

¢ Some cases of apparent streamer reconnection and merging in 2D streamer
images are in fact artefacts of the 2D representation of the 3D streamer tree.

* Reconnection of late streamer channels to earlier channels can occur. How-
ever, within our experiments, this was only observed when the early channel
has already connected to the other side. Therefore we interpret this as a
change in polarity of the earlier streamer channel that then attracts the late
streamer electrostatically.
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Merging of two existing streamer channels of the same polarity was observed
only when these channels are so close that they virtually overlap. This
occurred only when the streamers start from two points that were very close
to each other (much closer than the streamer diameters and of the same order
as the photo-ionization length).

Positive streamers in air in an overvolted gap of 14 cm have a branching
angle of 43° with a standard deviation of 12°, nearly independent of pressure
(between 220 and 1000 mbar).

Photo- and background ionization

Even in high purity nitrogen (less than 0.1 ppm contamination), streamers
are able to propagate with velocities and diameters that vary by not more
than a factor of two compared to similar streamers in air. This means that a
reduction of the oxygen concentration by more than six orders of magnitude
hardly influences the major streamer properties.

Streamers in pure nitrogen and argon show a feather-like structure with
many short hairs attached to the main channels, this contrasts with streamers
in air which are smooth. Based on theoretical estimates we interpret them
as ionization avalanches started by single electrons. Due to the low photo-
ionization rates in very pure gasses, these avalanches appear on few random
locations and can be distinguished individually. This is the first time that
these theoretically postulated avalanches are observed experimentally.

Background ionization levels have a significant influence on streamer initi-
ation, morphology and propagation. This was shown by varying the pulse
repetition frequency between 0.01 and 10 Hz and by using pure nitrogen with
added radioactive ¥Kr.

In pure nitrogen, the feathers discussed above appear more often and more
pronounced at lower pulse repetition frequencies, i.e. at lower background
ionization levels. This reinforces the theory that the feathers are created by the
stochastic occurrence of the few free electrons in front of positive streamers.

Streamer initiation is also influenced by pulse repetition frequency: at lower
frequencies the chance of initiation is lower because there are less (attached
or free) electrons available in the high field region around the electrode tip.

In pure nitrogen with an addition of radioactive 8°Kr (which should theoreti-
cally lead to a background ionization level of about 4 - 10° cm 3 at 200 mbar)
we can no longer observe any differences between streamers at 1 and 0.1 Hz
pulse repetition frequency. This indicates that the background ionization level
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from the 8Kr is of the same order as is normally left over 0.1 to 1 seconds after
a streamer discharge. This is in accordance with rough theoretical estimates
about recombination rates.

¢ Streamer channels do not follow the same path as their predecessors from
preceding discharges, at least not for pulse repetition frequencies of 1 Hz
and lower. This can be explained by the combination of recombination and
diffusion, which causes the trail of the streamer to be hardly distinguishable
from the background 1 second after the discharge.

Other conclusions

* We have successfully built a Blumlein pulser that is able to produce quasi-
rectangular voltage pulses with a duration of about 130 ns and a risetime of
about 10 ns. The short duration of the pulse allows us to produce streamer
discharges with relatively high voltages that would transform into a spark
when a longer pulse is applied. The exact amplitude of the pulse during
streamer initiation and propagation is better defined than with previous pulse
sources, due to the faster risetime of the Blumlein pulser.

¢ Positive streamer discharges can occur in all gasses investigated: air, nitrogen-
oxygen mixtures, nitrogen, oxygen, argon, helium, hydrogen, CO, and simu-
lated Venus and Jupiter atmospheres.

¢ For all gasses for which we were able to reliably measure streamer diameters
(i.e. all No-O, mixtures, the two planetary gas mixtures and pure nitrogen and
helium) we have found that they obey the similarity law that states that p -
din (with p the pressure and d,,;,, the diameter of the thinnest streamers) does
not depend on pressure. The value for p - d,,;,, is around 0.05-0.15 bar-mm
for most gasses, except for helium (~0.5 bar-mm) and the Jovian mixture
(~0.3 bar-mm). This allows laboratory investigations of many properties of
tens of kilometers large sprite discharges that appear at low gas densities.

* We have again confirmed that streamer propagation velocity is nearly propor-
tional to applied voltage. The measured propagation velocities in the middle
of the gap for all investigated gasses lie within a factor 2 from each other for
a fixed voltage.

¢ Optical streamer brightness differs greatly between different gasses. Stream-
ers are brightest in nitrogen-oxygen mixtures, argon and helium and dimmest
in oxygen, CO; and the Venusian mixture. The difference between the bright-
est and dimmest gasses is about three to four orders of magnitude.

¢ All streamer spectra in molecular gasses are characterized by molecular
bands. In gasses containing a significant amount of nitrogen (including
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the Venusian mixture), the nitrogen second positive system dominates the
emission spectrum. This in contrast to spark-like discharges, which are
dominated by radiation from neutral and ionized atoms.

¢ In pure helium the spectrum contains many lines of contaminations (N5, N,
O, CO™) which are nearly as intense as the strongest atomic helium lines.
This can be attributed to the high excitation and ionization levels of helium
as well as to some reactions between helium species and impurities. The
discharge might actually be dominated by the impurities that are easier to
ionize. This also explains the larger diameter of streamers in helium.

¢ Hydrogen and Jovian discharge spectra are dominated by a large continuum
in the UV region from the molecular Hy transition 2§ — b*%;f.

® Spectra of streamers and sparks largely differ in terrestrial as well as in the
Venusian atmosphere. This gives a clue for how to distinguish sprites from
lightning spectroscopically from satellites, planetary missions or ground.

9.3 Broader implications

Although most of the conclusions discussed above are not aimed at specific appli-
cations or occurrences of streamers, they have implications on our knowledge and
future research.

Streamer models

The most direct application of the results from the work presented in this thesis is
the improvement of streamer models. These models are used in the development
and study of all applications and occurrences of streamers. Both the macroscopic
3D streamer tree models and the microscopic streamer propagation models can ben-
efit from the knowledge gained. The measured branching angles and conclusions
about streamer merging and reconnection are a key ingredient for macroscopic
streamer tree models. Such models currently are fractal-like and often depend
on wrong assumptions about streamer branching and interaction. Furthermore,
our conclusions can also be used to test predictions of microscopic modelling of
streamer branching and streamer interaction. The same is true for the results on
photo- and background ionization. In fact, the important conclusion that streamers
are quite insensitive to the exact amount of photo-ionization, has recently been
reproduced in a streamer model by Wormeester et al. [236]. The results of these
simulations would not have been accepted this easily without our corresponding
experimental results.
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Sprites and lightning

The results obtained on structure, brightness and spectra streamers in simulated
(extraterrestrial) atmospheres are of great value in the design of (space) missions
to study (extraterrestrial) sprites and in the interpretation of their results. Most
importantly, we found that streamers in the Venus and Jupiter atmosphere emit
relatively little light; this makes it very challenging to detect sprites on these planets
if they actually occur.

Thunderstorms are an important source of green house gasses, mostly due to
lightning. In literature, there has been debate about the relevance of sprites on
atmospheric chemistry (see for example [151} [168]). One of the unknowns in sprite
research that is relevant for the prediction of e.g. NOy production by sprites, is the
exact volume occupied by one sprite. Our new knowledge gained by the study
of branching and reconnection of streamers can improve the estimations of the
geometric volume of sprites.

The re-confirmation of the similarity laws for different gasses strengthens our
confidence that carefully designed laboratory experiments are able to simulate
many aspects of lightning and sprites.

Streamer applications

The measurements on streamers in a variety of gasses have shown that streamers
do occur in all gasses studied. This fact can be very relevant in the industrial
application of streamers for gas cleaning, surface treatment and flow control,
as it broadens the scope of gasses that can be used in these applications. The
knowledge about streamer branching and interaction is valuable in estimating
the active streamer volume fraction of an industrial streamer reactor. The spectral
measurements presented here, and more specifically the results regarding the
presence of certain chemical species can be a first step in the determination whether
a streamer discharge in a particular gas is useful for a specific application.

The re-confirmation of the similarity laws in many gasses enables us to use
small-scale, high pressure laboratory prototypes in the development of large in-
dustrial streamer applications. Finally, as was discussed above, the verification of
streamer models with the results presented here can have an impact on all streamer
application development.
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9.4 Recommendations for future work

Despite the many new results presented in this thesis, a lot of open questions
remain. Below, we list a few experiments that we recommend for future investiga-
tions on the physics of streamers.

* Better measurement of the photo-ionization process in air and other (pure)
gasses. Up to now, most streamer models rely on photo-ionization data that
was acquired experimentally by Penney and Hummert in 1970 [167]. Pen-
ney and Hummert looked at air, pure oxygen and pure nitrogen. However,
the purity of their gasses was not very good (probably 0.1-1% impurities).
Furthermore, they were not able to determine the wavelength-range of the
UV-photons that cause the photo-ionization. This is even more important for
other gasses than nitrogen-oxygen mixtures, where there is no empirical data
and hardly any good theoretical knowledge about possible photo-ionization
mechanisms. For this purpose, a set-up should be built that can measure
photo-ionization directly and that can measure the UV-spectrum that is re-
sponsible for the photo-ionization. Photo-ionization can be measured with
the method employed by Penney and Hummert, but with much higher de-
mands on gas purity.

¢ Extensive measurements of branching angles and distances. In order to better
understand branching, branching angles and distances should be measured
methodically over a wide range of pressures, voltages and gasses. This will
be very beneficial for both the theoretical branching models as well as for the
development of fractal-like 3D streamer tree models.

* Measure background ionization density directly. By applying a low (50-100 V)
voltage over a gas, and then measuring the current, it is possible to measure
the background ionization density directly. However, for the low background
ionization densities that are relevant in this work (103-10” cm~3), this involves
very low currents, and therefore very high impedances. Therefore, such
measurements are a technical challenge, but their results are very useful in
the interpretation of measured streamer phenomena.

* Investigate streamer brightness. A straightforward parameter of streamers
that has never been investigated in detail is the brightness of the channels
(or in fact the streamer head, as in most gasses, only the streamer head emits
light). For this, one would need a camera that is calibrated for absolute
intensity over a certain wavelength region. This can be extended to more
wavelength regions in order to get temporally and spatially resolved spectral
information from the streamers. Knowledge about streamer brightness can
help to compare experiments to models and is also very welcome for future
planetary sprite missions.
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¢ Extension of the study of streamers in other gasses. We have found interesting
new properties in streamers in for example helium. In order to better under-
stand the exact mechanisms responsible for streamer propagation in such a
gas, one would need a more in-depth experimental investigation combined
with modelling. Such an investigation should include a methodical study of
streamer properties over a wide parameter range (pressure and pulse voltage,
polarity and duration) combined with a brightness study as described above.
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A peculiar sfreamer morphology created by
a complex voltage pulse

Figure A.1: Time integrated image of a streamer discharge operated with the Blum-
lein pulser with a negative pulse of 35 kV in 600 mbar artificial air. The grey shape
at the top represents the electrode tip. Mf=765 (see section for definition).

While investigating streamer discharges in artificial air, we have found a very
peculiar streamer morphology. When we applied a negative voltage pulse from the

A shortened version of this appendix has been submitted to the 2011 special issue of the IEEE Transactions
on Plasma Science, Images in Plasma Science.
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Figure A.2: Time resolved image sequence of streamer discharges with the same
settings as in figure[A.T} The exposure time of each frame is 20 ns. The approximate
start time of the exposure after the start of the voltage pulse as well as the Mf values
are given on the images.

Blumlein pulser (see section 3.3.2) in 600 mbar artificial air, we observed streamer
discharges like the one that is shown in figure These discharges only fill a
small part of the 160 mm gap between point and plane.

Time resolved images together with knowing the voltage pulse shape lead to a
hypothesis on why the discharge has this strange morphology. A time resolved
image sequence of similar discharges is given in figure The approximate timing
of these image combined with the voltage pulse shape is given in figure

We will follow the phases of the given image sequence in an attempt to explain
the morphology of the discharge:

a-b The discharge starts as a more or less standard negative polarity dis-
charge. An initiation cloud is formed, which expands to a light emitting
shell. The size of this shell is close to the expected theoretical maxi-
mum. At a voltage of 35 kV the maximum radius will be 11.6 mm at
atmospheric pressure according to equation (2.22). When we scale this
to 600 mbar with equation we get a maximum radius of 19.4 mm.
The measured size of the cloud is about 13 mm. The expansion velocity
is of the order 10° m/s, which is a typical velocity of an ionization wave.
Similar clouds for positive pulses are shown in figure We do not
observe break-up of the cloud and formation of negative streamers.

1Unfortunately, we have found that the measurement of the timing of these time-resolved images is not
perfect. Apparently, the automated measurement of the start of the voltage pulse was not tuned well, which
results in jitter of the measured start time with respect to the camera start time. We estimate this jitter at
about 20 ns. However, we have tried to select the images in figure[A.2]so that the relative timing error is less
than 20 ns (order 5-10 ns). There can still be a timing offset that we did not take into account properly.
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Until phase ¢, the discharge follows a well known pattern. However, as soon as
the voltage pulse changes polarity, something different occurs. New streamers
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Figure A.3: Electrode tip voltage as function of time for the discharges shown in

figures and The approximate exposure start times of the sub-figures of
figure are indicated (the end times are 20 ns later).

Eventually the shell stops expanding and extinguishes. Only a glowing
area around the electrode tip is left. The end of the shell propagation
can either be caused by the decrease of the voltage pulse or because the

shell size has become so large that it can no longer propagate.

The voltage changes to positive polarity as a result of the design of the
Blumlein pulser. A new small cloud is formed below the electrode tip.
This is probably an electron extraction cloud. The free electrons formed
by the previous initiation cloud are now attracted to the tip and move
inwards. However, thin streamers channels are formed as well. These
new thin channels do not originate from the real tip of the electrode,
but from the edge between the conical region and cylindrical region of

the electrode tip (see figure|A.1).

The new initiation cloud extinguishes, but the new thin (positive)
streamers start to move towards the plate electrode. They do not travel
straight towards this electrode, but seem to go around the area that was
previously occupied by the expanding negative initiation cloud and

shell.

When the streamers have reached the lower side of the negative dis-
charge, they move more down and outwards, become thinner and start
to decelerate. They keep moving until the end of the high amplitude

part of the positive pulse.

185



Appendix A.

are formed, even though the positive pulse is much lower than the negative
pulse. From other streamer experiments, it is well known that positive streamers
propagate easier than negative streamers (see [33}[122]). This explains why we do
see positive streamers after a negative voltage pulse, but no negative streamers
after a positive voltage pulse. These new positive streamers only occur when the
amplitude of the positive reflected pulse is high enough, which means that the
original negative pulse should have a high amplitude, as it is always significantly
higher than the reflected pulse. For some reason, the reflected pulse is relatively
high in the discharges discussed here (more than 50% of the original pulse).

The small new positive streamer channels are formed on the edge between the
conical and cylindrical regions of the electrode tip. Apparently, streamers form
more easily from this edge than from the tip even though the field enhancement
is much lower on the edge than on the real tip. This preference for the edge
is not observed in discharges with a positive main voltage pulse. Therefore, it
must be related to leftover ionization from the negative discharge. In all previous
simulations by Ebert et al. [119, [135, [175], the space charge density (n, — n) is
always much smaller than the ionization density n.~n. At the short timescales
of the voltage pulse, diffusion, attachment and recombination have not modified
the electron and ionization density much (see section [6.1.2). One therefore can
assume that electrons and ions are present inside the ball, also when the polarity
changes. A streamer cannot propagate inside such a heavily ionized region, you
only can see rather homogeneous waves — the currents might generate their own
space charges as, e.g. inside a sprite streamer [124].

Note that we are not entirely sure that the newly emitted positive streamers
originate exactly from the edge of the needle tip. They could also emerge from
positions a bit above or below the sharp edge. If this is the case, then the position
of these new streamers is not determined by field enhancement on the edge, but by
the size of the shielding ionization cloud that also extends slightly upwards from
the tip.

In phases e to g, the newly formed positive streamers move over the surface of
the old initiation cloud. They are either attracted by the cloud edge, or repelled by
the cloud interior. Both can be the case, streamers need free charges to propagate
(see e.g. chapters and @, but, as discussed above, too much free charge may block
streamer propagation as it will screen the streamer and prevent field enhancement.
Therefore, there are stable bulk waves inside the ball and “sliding surface streamers”
at the edge of the ball. They are probably kept in the neighbourhood of the sphere
because free electrons are available there. It seems unlikely that they follow the
electric field lines but this needs to be investigated further. To fully understand
the propagation of the positive streamers on the shell, we need to know the exact
electric field configuration and space charge distribution during this stage.

Finally in phase h, when the positive streamers have reached the lower side
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of the old initiation cloud, they start to move down and outwards, like positive
streamers in air usually do (see e.g. figure5.2).

Conclusions

An unintended reflection of the voltage pulse shape, caused by the design of our
Blumlein pulser, leads to a very peculiar streamer discharge morphology. The
combination of a high negative voltage pulse, followed by a lower positive voltage
pulse creates positive streamers that run over the surface of the nearly spherical,
previous negative discharge. This can very likely be explained by leftover ioniza-
tion from the negative discharge, but the exact mechanism should be investigated
further. This would be a good test case to validate streamer discharge models and
to understand the influence of electrical field and structured background ionization
on the direction of streamer propagation.
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Addifional images

This appendix contains additional images of streamer discharges, supplementing
the images already available in chapters [5|and|[7] especially figures[5.1and



200 mbar 25 mbar 25 mbar

200 mbar

1000 mbar

Nitrogen 6.0¢

Appendix B.

fi.nitrogen

20% oxygen,in nitrogen

Figure B.1: Extra images of streamer discharges produced with the C-supply for
five gas mixtures used (rows), at 1000, 200 and 25 mbar (columns). All measure-
ments have a long exposure time and therefore show one complete discharge event,
including transition to glow for 25 mbar. The multiplication factor (Mf) gives an
indication of the real intensity of the discharge. The white arrow at the top right
image indicates the vertical position of the anode point and the cathode plane. At
25 mbar the discharge is partly in the glow-phase instead of the streamer-phase.
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