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Abstract

Atmospheric pressure air plasmas have many potential applications in domains
such as medical treatment, chemical and biological decontamination, aerody-
namic flow control, nanomaterial fabrication, and combustion. Many of these
applications require large volume, low power with high chemical reactivity plas-
mas at a low temperature. These requirements lead to use non-thermal plasmas.
One efficient method to produce such plasmas is to use Nanosecond Repetitively
Pulsed (NRP) discharges because of the high electron density created for a low
power budget compared to other traditional non-thermal atmospheric pres-
sure air plasma generation methods. It was shown that these NRP discharges
present three different regimes when increasing the applied voltage: corona,
glow, and spark regime at T, = 1000 K. The spark regime has the particularity
of creating many active species while increasing the temperature of the gas by
about 500-3000 K - depending on the operating conditions. The NRP glow
regime has only been observed, so far, for T, > 700 K, but a model predicts the
existence of NRP glow discharges at room temperature provided small radius
of curvature of the electrode and longer pulse duration (FWHM around 20-30
ns). The goals of this thesis are, first, to validate the two-step mechanism pro-
posed to explain the ultrafast heating observed in NRP spark discharges, and
secondly, to experimentally obtain a stable NRP glow discharge at T;, = 300 K
and to study its properties.

In this thesis, the NRP method was implemented to generate either NRP spark
or glow discharges into preheated atmospheric pressure air (7, = 300-1000 K)
between two steel electrodes of controlled radius of curvature, placed perpen-
dicularly to the flow or in parallel with the flow. The plasma was created using
short (5-30 ns FWHM) high-voltage (up to 8.5 or 14 kV depending on the pulse
generator) pulses repeated at frequencies from 1 to 30 kHz for an inter-electrode
gap distance from 1 to 8 mm. The radii of curvature of the electrodes studied
were from 20 to 500 wm and for some experiments we used a steel plane of 6
mm X 8 mm behind each pin electrode.

In the first part of this thesis, we provide a full set of data on an NRP ref-
erence case spark discharge. This study complements previous atomic oxygen
measurements in order to validate the two-step mechanism proposed to explain
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the ultrafast heating observed in NRP spark discharges. We investigated the
densities of two excited states of nitrogen - No(B) and Ng(C) during and after
an NRP spark discharge using absolute Optical Emission Spectroscopy (OES).
We performed time-resolved measurements (2-ns resolution) of emission spectra
of the NRP reference case spark discharge from which we inferred the absolute
number densities of No(B) and No(C). We also measured the radius of the dis-
charge from the density profile of these two species using an Abel inversion of
the lateral spectra and we found that they were equal to 450-500 um for both
states. From these measurements, we also deduced the temporal evolution of
the gas temperature; it increases from 1500 K to 2400 K within 20 ns, thus
confirming ultrafast heating. Synchronizing these measurements with previous
atomic oxygen measurements, we have shown that the dissociation of molecu-
lar oxygen within the first 20 ns is mainly due to the quenching reactions of
N2(B) and N3(C), thus confirming the two-step mechanism. The quenching
rates of No(B) and No(C) by Oy were also determined from the decay times of
the density of these species.

In a second part, we investigated whether it was possible to obtain an NRP
glow discharge at T, = 300 K. We performed time-resolved imaging (single shot
and average images) with an ICCD camera of NRP glow discharges for different
electrode radii of curvature and gas temperatures. At 7, = 1000 K, we studied
the NRP glow discharge for different radii of curvature of the electrodes. We
showed that this discharge was identical to the one studied by Pai. We also
noticed that for a radius of curvature of the electrode of R = 50 pm, the
streamer radius decreases during its propagation, whereas for R = 500 um, the
radius of the streamer is approximately constant. The influence of the radius
of curvature of the tip of the electrode on the limits of existence of the glow
regime confirms the model established by Pai et al in [1] and confirms that at a
given gas temperature Ty, the minimum distance for the existence of the glow
regime d,,;, decreases when the radius of curvature of the electrode decreases.
We obtained a glow regime at T, = 300 K with small radii of curvature R = 20
and 50 wm, as was predicted by Pai et al in [1]. However, we added a steel plane
(6 mm x 8 mm) behind each pin electrode which modifies the axial Laplacian
reduced electric field.

We highlighted the existence of a regime that was not seen by Pai [2] at
Ty = 1000 K, the so-called NRP Multi-Channel Glow (MCG) regime observed
for 300 < T, < 700 K. This regime is characterized by the same features as the
NRP glow regime - low conduction current, low light intensity, same discharge
dynamics, but the streamer can leave the anode on another direction than the
inter-electrode direction or several streamers leave the anode within a single
discharge.
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Finally, in the third part, we performed a parametric study of the existence of
the NRP glow regime and of the Multi-Channel Glow regime at 7, = 300 K.
Decreasing either the inter-electrode gap distance or the length between the
plane and the tip of the electrode favors the existence of NRP glow regime rather
than NRP Multi-Channel Glow regime. We have also shown that increasing the
frequency promotes the NRP glow regime. We have investigated the influence
of the flow rate on the nature of the discharge. We show that, when the flow is
perpendicular to the discharge axis, the flow has no influence on the nature of
the discharge at low frequencies but a strong influence at higher frequencies due
to memory effects. In static air at high frequencies, the inter-pulse duration
is too small for the evacuation of heat and/or charged particles; NRP glow
discharges are privileged. We suggest that the branching structures detected
in cases where the model predicted an NRP glow discharge could be due to a
low value of the axial Laplacian reduced electric field between the electrodes,
and to a highly peaked distribution of the radial electric field.

In conclusion, we have demonstrated the two-step mechanism which explains
the ultrafast heating that occurs during and after an NRP spark discharge.
This ultrafast heating could have applications in domains such as nanomate-
rial fabrication or plasma assisted combustion. We have shown the existence
of the NRP glow regime at room temperature and the existence of a multi-
channel glow regime. Both regimes could be relevant for temperature sensitive
applications. The Multi-Channel Glow regime is particularly interesting for
applications in which a large volume of gas must be treated. The present work
opens up a new range of applications, for which the energy deposited into the
plasma, the temperature increase and atomic oxygen production should be in-
vestigated further.






Résumé

Les plasmas d’air & la pression atmosphérique ont de nombreuses applica-
tions potentielles, telles les traitements médicaux, la décontamination chim-
ique et biologique, le contréle d’écoulements aérodynamiques, la fabrication
de nanomatériaux ou la combustion assistée par plasma. La plupart de ces
applications nécessitent des plasmas de larges volumes, & de faibles cotits én-
ergétiques et des températures inférieures a 1000-2000 K. De telles contraintes
nécessitent d’utiliser les plasmas hors-équilibre. Les décharges Nanosecondes
Répétitives Pulsées (NRP) constituent une méthode efficace pour produire de
tels plasmas. En effet, celles-ci créent des densités électroniques élevées pour
un cofit énergétique faible comparé aux autres méthodes.

Jusqu’a présent, ces décharges NRP existaient sous trois régimes dans l'air a
1000 K. Lorsque I'on augmente la tension, on voit successivement les décharges
dites couronne, puis celle dites glow et enfin les décharges nommeées spark. Les
décharges de type NRP spark ont la particularité de créer des espéces actives
en grande quantité tout en chauffant le gaz de fagon trés importante. Selon
les conditions de fonctionnement, une augmentation de 500 a 1500 K en 20 ns
a été constatée. Les décharges NRP de type glow ont été observées jusqu’a
présent uniquement pour une température initiale du gaz supérieure a 700 K.
Cependant, un modéle théorique prédit leur existence & température ambiante
a condition de diminuer le rayon de courbure des électrodes et d’utiliser des
impulsions de tension de durée plus importante (de 20 & 30 ns). Les principaux
objectifs de cette thése sont doubles. Dans un premier temps, il s’agira de
valider expérimentalement le chauffage ultra-rapide observé dans les décharges
NRP spark dans lair & 1000 K. Le deuxiéme volet s’attachera a I’'obtention et
a I’étude expérimentale des décharges NRP glow a 300 K.

Dans cette thése, la méthode des décharges NRP a été mise en ceuvre afin de
créer des décharges NRP spark ou glow dans I'air préchauffé ou non a pression
atmosphérique entre deux électrodes pointe-pointe, de rayon de courbure con-
trolé, en configuration perpendiculaire ou paralléle & I’écoulement. Le plasma
était créé grace a de courtes (de 5 a 20 ns) impulsions hautes tensions (jusqu’a
14 kV) répétées a des fréquences (Pulse Repetition Frequency, PRF') variant en-
tre 1 et 30 kHz pour une distance inter-électrode comprise entre 1 et 8 mm. Le
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rayon de courbure des électrodes étudiées ici était compris entre 20 et 500 pwm
et pour certaines expériences, nous avons utilisé une petite plaque métallique
(6 mm x 8 mm) derriére les électrodes & des distances comprises entre 1 et 15
mm de la pointe de 1’électrode.

Dans la premiére partie de cette thése, nous avons fourni un ensemble de
données complets sur une décharge NRP spark de référence. Cette série
d’expériences a été menée dans le but de compléter de précédentes données sur
la densité de I'oxygéne atomique. Ces expériences avaient été réalisées afin de
valider le mécanisme & deux étapes proposé pour expliquer le phénoméne de
chauffage ultra-rapide supposé dominant dans les décharges NRP spark. Nous
avons étudié la densité de deux états excités du diazote : N2(B) et Ny(C)
pendant et aprés une décharge NRP spark en utilisant la technique de spectro-
scopie optique d’émission calibrée en intensité. Nous avons réalisé des mesures
résolues en temps, avec une précision de 2 ns, de spectres d’émission obtenus
dans une décharge NRP spark. De ces spectres, nous avons déduit les den-
sités absolues des espéces N2(B) et No(C). Nous avons également mesuré le
rayon de la décharge & partir des profils de densités de ces deux espéces en
réalisant une inversion d’Abel des spectres latéraux. Nous avons trouvé que
le rayon de la décharge était identique pour ces deux états, et égal a 450-500
um. A partir de ces mesures nous avons déduit I’évolution temporelle pendant
et aprés I'impulsion de tension de la température du gaz ; celle-ci augmente
de 1500 K & 2400 K en 20 ns, confirmant ainsi le chauffage ultra-rapide. En
synchronisant ces mesures avec les précédentes données de 1’évolution de la den-
sité de 'oxygéne atomique, nous avons montré que la dissociation de I'oxygéne
moléculaire était due dans les 20 premiéres nanosecondes principalement aux
réactions de quenching dissociatif de No(B) et No(C), ce qui confirme le mécan-
isme a deux étapes. En paralléle, les taux de ces réactions ont été déterminés
a partir des temps de décroissance de ces espéces.

Dans une seconde partie, nous avons essayé d’obtenir une décharge NRP glow
dans lair & 300 K. Nous avons réalisé des images résolues en temps (im-
ages d’une ou de plusieurs décharges) avec une caméra ICCD, pour différents
rayons de courbure des électrodes et différentes températures du gaz. Pour
T, = 1000 K, nous avons montré que les décharges observées étaient identiques
du point de vue dynamique aux décharges observées par Pai et al [1|. Nous
avons également remarqué que pour un rayon de courbure de R = 50 um, le
rayon du streamer diminuait lors de la propagation, tandis que pour R = 500 pum,
ce méme rayon était quasiment constant. L’influence du rayon de courbure des
électrodes sur les limites d’existence du domaine du régime NRP glow confirme
le modeéle de Pai et al [1]; pour une température du gaz donnée, la distance
minimum permettant 'existence du régime glow d,,;, diminue lorsque le rayon
de courbure des électrodes diminue. Nous avons obtenu un régime NRP glow a
Ty = 300 K avec de faibles rayons de courbure (R = 20 ou 50 pm), comme Pai
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et al Vavait prédit. Cependant, nous avons ajouté un plan en acier (6 mm x 8
mm) derriére chaque électrode ce qui modifie le champ électrique Laplacien au
milieu de I'espace inter-électrode.

Nous avons mis en évidence 'existence d'un régime qui n’avait pas été vu par
Pai et al a T, = 1000 K, que nous avons appelé régime NRP glow a plusieurs
canaux ou multi-channel glow, régime observé pour 300 K < T, < 700 K. Ce
régime est identique au régime NRP glow sur plusieurs aspects : trés faible
courant de conduction, intensité lumineuse faible, dynamique de la décharge
identique. Cependant, le streamer peut quitter ’anode dans une direction non-
axiale, ou bien plusieurs streamers quittent I’anode lors d’une seule décharge.

Enfin, dans une derniére partie, nous avons réalisé une étude paramétrique de
I'existence du régime glow et du régime multi-channel glow a T, = 300 K.
Diminuer la distance inter-électrode ainsi que la distance entre la pointe de
électrode et la plaque métallique arriére privilégie le régime glow. Nous avons
également montré qu’augmenter la fréquence des impulsions (PRF') favorise le
régime glow. Nous avons étudié 'influence de la vitesse de I’écoulement sur
la nature de la décharge. Lorsque I’écoulement est perpendiculaire a 'axe de
la décharge, celui-ci n’a pas d’influence sur la nature de la décharge & basse
fréquence (PRF = 1-5 kHz) mais a une influence importante a haute fréquence
(PRF > 10 kHz). Si la décharge est glow, arréter 1’écoulement va induire
une transition vers une décharge multi-channel glow. Ceci est dii aux «effets
mémoires» : dans lair statique a haute fréquence (PRF > 10 kHz), la durée
entre les impulsions est trop courte pour permettre I’évacuation des particules
chargées et de la chaleur. Nous avons suggéré des raisons qui pourraient ex-
pliquer cette structure de branching que nous avons observé dans des cas ou le
modéle de Pai et al prédisait une structure axiale de la décharge. Ce pourrait
étre di a une faible valeur du champ Laplacien axial entre les électrodes et a la
variation trés abrupte de la composante radiale du champ lorsque ’on s’écarte
de 'axe des électrodes.

En conclusion, nous avons démontré que le mécanisme & deux étapes expli-
quait le chauffage ultra-rapide pendant et aprés une décharge NRP spark. Ce
chauffage ultra-rapide pourrait avoir de nombreuses applications dans des do-
maines tels que la fabrication de nanomatériaux ou la combustion assistée par
plasma. Nous avons montré ’existence du régime NRP glow & température am-
biante et I'existence d’un régime glow a plusieurs canaux (multi-channel glow).
Ces deux régimes sont intéressants pour des applications sensibles & la tem-
pérature : ’énergie par unité de volume du premier régime est plus grande et il
serait intéressant pour des applications ot les effets doivent étre concentrés. Le
deuxiéme régime peut lui étre utilisé dans des applications ot un large volume
de gaz doit étre traité. Cependant, cette analyse dépend en grande partie des



X1l RESUME

différences potentielles entre ces deux régimes en termes d’énergie déposée dans
le plasma, de production d’oxygéne atomique ou de chauffage du gaz.
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Chapter 1

Introduction

1.1 Motivation

Although atmospheric pressure air plasmas are not as well known as fusion
plasmas or TV plasma screen in the general public and in the media, this re-
search domain has great potential for numerous applications that could change
everyday’s life: health care, the environment, energy, transportation, and man-
ufacturing. This type of plasma could first permit to operate in much easier
conditions for applications that are already developed. For instance, to work at
atmospheric pressure would eliminate the need of costly low pressure systems.
It could also permit to achieve new technological breakthroughs in medical
treatment or biological decontamination.

Plasmas are of great interest because of the wealth of their chemical and elec-
trodynamic effects. Various species can be created with high densities: ions,
electrons, radicals, and excited species, and these species can promote beneficial
reactions. The species produced in the discharge or the post-discharge make
them of particular interest for applications where a zone is difficult to reach,
such as in medical treatment.

To use them in such applications would imply that they meet key requirements
in terms of :
e high electron number density: plasma dynamics and efficiency rely
mostly on a high number of electrons with a sufficiently high energy.
This energy can be transferred by collisions and create new species. Con-
sequently, the electron density is a good indicator of the plasma reactivity.
e low gas temperature: many applications such as surface or medical
treatment or biological decontamination are sensitive to the temperature.
One of the key goal of this thesis is to obtain an efficient NRP glow
discharge in air at atmospheric pressure and ambient temperature.
e significant volume: the plasma size must be macroscopically developed
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in at least one dimension in order to be considered for macroscopic ap-
plications.

e low volumetric power budget: otherwise the cost would be prohibitive
for potential applications.

Cold non-equilibrium plasmas are the most adequate type of plasmas to answer
these criteria thanks to the high electron number density created at low gas
temperature. However, the use of such plasmas at atmospheric pressure is
made difficult because they easily transition to thermal (equilibrium) plasmas,
for which the temperature of the gas is high. This "glow-to-arc" transition
is mostly due to thermal instabilities. Such plasmas include arc and spark
discharges, in which the temperature can increase up to thousands of Kelvins,
thus reducing their range of applications.

Several plasma techniques that can be considered always suffer from significant
drawbacks. One technique is to insert a current limiting resistor, but this
increases the power requirements because of resistive losses. A much more
useful technique is to use Dielectric Barrier Discharge (DBD), but in this case,
the maximum electron number density in the diffuse regime, which is then a
Townsend regime, remains limited to about 10'° cm™3, which is not sufficient
for many applications. The electron beam technique [3] is in theory the best
one, since the ionization efficiency is maximized. However, to obtain such a
beam in atmospheric pressure air is a challenge, in particular because of the
high heat fluxes created that are not supported - until now - by any window
without breaking.

The promising technique considered in this work is the Nanosecond Repeti-
tively Pulsed (NRP) discharge which meets the four requirements previously
presented. It consists in applying for a very short time (about 10 ns) a high
voltage pulse (about 6-10 kV). The strong applied field accelerates the elec-
trons to high velocity. With a fast (2-5 ns) rise time, the number of collisions
at low energy is minimized. To avoid the "glow-to-arc" transition, the field
is turned off after only a few nanoseconds. In order to obtain a high average
electron number density, the phenomenon is repeated with a sufficient Pulse
Repetition Frequency (PRF') from 1 to 30 kHz. Researchers at Stanford Uni-
versity [4] have shown experimentally in 2003 that the NRP glow discharge in
atmospheric pressure air at T, = 2000 K meets all the conditions previously
detailed. However, they did not extend their study of the glow discharge at gas
temperature below 2000 K.

Then, Pai [2] investigated the existence of the NRP glow regime in preheated air
at lower temperature from 300 to 1000 K. He established the existence of three
regimes of NRP discharges at T;, = 1000 K: corona discharges, glow discharges
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and spark discharges. He studied the various properties of the NRP spark and
glow regimes at T, = 1000 K and their domains of existence. In particular,
he showed that the NRP glow regime only exists for a temperature of the gas
greater than 700 K under his experimental conditions of pulse characteristics
and electrode geometry. Pai et al 1] suggested a model that would explain
such a lower limit of existence and showed that the NRP glow regime should
exist at room temperature provided one used electrodes with small radius of
curvature and longer pulse duration (about 20 ns), and a wider inter-electrode

gap.

Furthermore, he also showed that during and after an NRP spark discharge, an
ultrafast heating of several hundreds of Kelvins happens within about 20 ns.
In order to explain this ultrafast heating, a two step mechanism was proposed
[5] and already partly studied [6]:

NQ(X) +e — NQ(A,B,C) + e
No(A,B,C) + Oy — Ny(X) + 20 + heat

In this study, the NRP method is implemented to generate either NRP spark
or glow discharges in preheated atmospheric pressure air (7, = 300-1000 K)
between two steel electrodes of controlled radius of curvature, placed perpen-
dicular or parallel to the flow. The plasma is created using short (5-30 ns of
FWHM) high-voltage (up to 8.5 or 14 kV depending on the pulse generator)
pulses repeated at frequencies from 1 to 30 kHz for an inter-electrode gap dis-
tance from 1 to 8 mm. Two different pulse generators were used, including one
delivering pulses of variable duration. The radii of curvature of the electrodes
were from 20 to 500 um and for some experiments we used a steel plane of 6
x 8 mm? behind each pin electrode.

We analyzed an NRP reference case spark discharge - similar experimental con-
ditions to those in [6] - to obtain the gas temperature and the number densities
of two species involved in the two-step mechanism proposed: No(B) and No(C).
Then we investigated the existence of the NRP glow regime using a pulse gen-
erator delivering variable duration of pulses and electrodes of calibrated radius
of curvature.

The two main goals of this thesis can be summarized as follows:

1. validate the ultrafast mechanism observed in NRP spark discharges in
atmospheric pressure air at T, = 1000 K,

2. obtain experimentally a stable NRP glow discharge in atmospheric pres-
sure air at T, = 300 K and study its properties.
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1.2 Scope of the thesis

We first describe in chapter 2 the Nanosecond Repetitively Pulsed discharges
used in this work, and their various potential applications in air at low temper-
ature and atmospheric pressure. We also detail the numerous results previously
obtained on NRP discharges in preheated air |2, and in particular the proper-
ties of the NRP glow and spark regimes, with their domains of existence. We
present the two-step mechanism that was proposed [6] to explain the ultrafast
heating observed [2], [6] during and after an NRP spark discharge. We analyze
the model proposed by Pai et al [1] and describe the conditions required to
obtain NRP glow discharges at room temperature.

Chapter 3 presents the various plasma reactors and the optical and electrical
diagnostics used in this work. The goal of chapter 4 is to validate the mecha-
nism proposed to explain the ultrafast heating. To this end, we present No(B)
and N2 (C) time-resolved absolute number density measurements obtained with
calibrated Optical Emission Spectroscopy on the NRP reference case spark dis-
charge at T; = 1000 K. Then, we present measurements of the diameter of
the discharge based on the density profile of these two states at different times
during and after the high voltage pulse. We also determined the temporal evo-
lution of the gas temperature within the discharge. These measurements added
to previous atomic oxygen measurements confirm the mechanism proposed.

The aim of chapters 5 and 6 is to investigate the existence of the NRP glow
regime at T, = 300 K. First, we start in chapter 5 by studying with time-
resolved ICCD imaging the NRP glow regime at 7; = 1000 K with various
radii of curvature of the electrodes. Then, we decrease the temperature for
various radii of curvature and note that an additional regime with the same
characteristics as the NRP glow regime - except the spatial distribution - ap-
pears around T; = 700 K: the Multi-Channel Glow regime (MCG). We conclude
by demonstrating how to obtain an NRP glow discharge at T, = 300 K.

In chapter 6, we conduct a parametric study of the existence of the NRP glow
regime at T, = 300 K. We investigate the influence of the inter-electrode gap
distance, the distance between the tip of the electrode and the plane behind,
the influence of the Pulse Repetition Frequency and the flow direction and
velocity. We conclude on the differences between NRP Multi-Channel Glow
and glow regime and the transitions between those regimes.

This work was funded by a DGA (Direction Générale de I’Armement) grant and
by the Agence Nationale de la Recherche (ANR) under the Transformation de
Uénergie électrique en PREcurseurs actifs par Plasmas froids diffus a la pression
Atmosphérique (PREPA) project grant ANR-09-BLAN-0043.



Chapter 2

Non-thermal Discharges in
Atmospheric Pressure Air

2.1 Introduction

In this chapter, we present an overview of non-thermal plasma discharges in
atmospheric pressure air with a particular focus on Nanosecond Repetitively
Pulsed (NRP) discharges which are at the center of this work. We begin in
section 2.2 with an overview of the various applications of atmospheric pressure
air plasmas. Then, we present in section 2.3 the several ways to produce such
plasmas. In section 2.4, we introduce the plasma generation method that will
be used in the present work, Nanosecond Repetitively Pulsed (NRP) discharges,
and the results obtained in a pin-pin configuration. In section 2.4.4, we present
some of the recent developments using NRP discharges.

Following this presentation, we describe two regimes of operation of NRP dis-
charges: the spark and glow regimes. In section 2.5, we compare the main
features of the two NRP discharge regimes: glow and spark regimes in terms
of voltage and current measured within the discharge in section 2.5.1, energy
deposited into the plasma in section 2.5.2, discharge dynamics in section 2.5.3,
and finally gas temperature evolution in section 2.5.4.

Then, we detail two important characteristics of NRP spark discharges in sec-
tion 2.6. We first explain the importance of the ultrafast heating induced during
and after these NRP spark discharges in section 2.6.1. Then, we show recent
results about the hydrodynamic expansion of the gas that follows the NRP
spark discharge in section 2.6.2. In section 2.7, we show the absolute number
density of a few species created by an NRP glow discharge and its potential
applications.

Section 2.8 summarizes the domains of existence of the NRP glow and spark
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regimes as a function of the Pulse Repetition Frequency (PRF') (Section 2.8.1),
the gas temperature (Section 2.8.2) and the inter-electrode gap distance (Sec-
tion 2.8.3) [1],[2]. Prior to this thesis, the NRP glow regime had been found to
exist only at a gas temperature greater than 700 K [1],[2].

In section 2.9, we present the model of Pai et al [1] on the coupled influence of
the gas temperature and the radius of curvature of the electrodes which explains
the various domains of existence of the NRP discharge regimes and the voltage
corresponding to the transition between these regimes. We first discuss the
Laplacian electric field generated between two point electrodes in section 2.9.1.
Then, we detail in section 2.9.2 the transition theory presented in [1]. Finally,
using this theory, we predict in section 2.9.3 that the NRP glow regime can be
obtained at ambient temperature provided one uses electrodes of small radius
of curvature and long duration of the high-voltage pulse.

2.2 Applications of atmospheric-pressure air discharges

Recently, the development of high-pressure low-temperature plasma discharges
has opened the way to several applications that used to be limited to low
pressure or high temperature domains. We begin with applications in ambient
air and then describe applications at higher temperature up to 2000 K.

Although the presented applications do not always use plasmas generated with
NRP discharges, this overview highlights the numerous domains of applications
where NRP discharges could bring novel contributions. By language abuse, in
this section, we will call plasma any media where a discharge has created ions,
electrons, excited species, or radicals whether the media is neutral or not.

Medical applications

In the near future, medical tools should be less invasive, but remain safe and
efficient. Plasma based tools are very promising because they produce active
species that efficiently treat many conditions with safe, miniaturizable, low
power devices. The species produced by the plasma can also be transported to
hard-to-reach areas, thus making plasmas more effective than UV light treat-
ments that require a direct line-of-sight to the target to be treated. As human
living cells do not survive temperatures greater than 37-40°C, low pressure or
electric shock, atmospheric pressure glow type discharges are necessary. Re-
search in plasma medicine has increased very rapidly in the past decade as
discussed in the introductory review recently presented by Kong et al [7].

An example of recent advance in plasma medical technology was proposed by
Fridman et al [8]. They developed a method of direct treatment of living tissue
at room temperature and atmospheric pressure, see figure 2.1, that does not
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 Ireatment Target
«ithe/Floating Electrode

FE-DBD Insulated Electrode

Figure 2.1: Electrically safe non-thermal plasma for treatment of living
tissue. Figure taken from [8].

cause any visible or microscopic tissue damage. They used a floating-electrode
Dielectric Barrier Discharge (DBD) plasma, and showed that it was electrically
safe to human subjects, with a complete tissue sterilization from skin flora
within seconds, and blood clot formation in seconds of plasma treatment.

Another promising technique consists in the plasma jets. Recently, Walsh and
Kong [9] have developed an air plasma jet generated with NRP discharges,
the plasma generation method studied in this thesis. Such a portable plasma
jet could be used for etching and polymer surface modification but also for
biomedical treatment, particularly wound healing and sterilization. They used
a solid state pulser delivering 5-kV pulses of approximately 150-ns FWHM
repeated at a frequency of 5 kHz. The plasma jet is created by a central
powered metallic needle with 3 mm diameter, held 5 mm from the exit of
a conical metallic grounded nozzle. Air was flushed through the nozzle at
approximately 10 L/min. The images of figure 2.2 show that, as the discharge
current increases, an ionization front propagates through the jet nozzle and
continues into the ambient air, with an approximate velocity of 100 km/s.

100ns 15 250ns | 300ns

Figure 2.2: 10-ns exposure time images taken during and after the applied
voltage pulse. t = 100 ns corresponds to the beginning of the current flow.
The jet nozzle is at top of image. The air flow is from top to bottom.
Figure taken from [9].
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Biological decontamination

Methods used to kill harmful bacteria often have side effects, such as a decrease
of nutrient content in dairy products resulting from the UHT (Ultra-High Tem-
perature) process. The use of atmospheric air plasmas could be an alternative
to sterilization methods. Although the exact mechanism that permits to ster-
ilize is not completely clear, several teams have noted that the active species
created by the plasma interfere with membrane cells. Pointu et al [10] inves-
tigated the surface biological decontamination inside small diameter tubes in
atmospheric pressure post-discharges in nitrogen with small additions of Os.
They showed that the O(!S) metastable state of O had an important biocidal
effect. Charged particles can tear apart the cell membrane. The gas heating
and UV produced by the discharge could also increase bacteria deactivation.

For example, Machala et al [11] tested the deactivation of Salmonella ty-
phimurium from contaminated water and surfaces with two types of positive
DC discharges (SC Streamer Corona and TS Transient Spark) in a needle-to-
plane geometry. They measured oxidative stress by the TBARS method and
used different conditions: direct exposure and indirect exposure (water only
exposed to neutral species) and showed that the two methods were almost as
efficient. However, when contaminated water was only exposed to UV light
generated by the discharge, the efficiency of bacteria deactivation was almost
null, thus demonstrating the beneficial effect of the plasma treatment.

. .c(TBARS)
=7 ici
0.2 n . g Efficiency o
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Figure 2.3: TBARS concentration gains and decontamination efficiencies
of S. typhimurium in water treated by SC and TS with electro-spray, com-
pared with 1 min exposure to UV C (shown with root mean square error,
n - number of repeated experiments). Figure taken from [11].

Surface treatment

Low temperature plasmas are widely used for surface treatment, the interest
being that the high electron temperature can produce ionization and excitation
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while keeping the gas temperature low enough to preserve the material. Using
atmospheric pressure air plasmas avoids using pressurized chambers which have
a high cost to pressurize and depressurize. However they tend to transition
easily into spark discharges, which dramatically increases the gas temperature.
The use of DBD prevents this phenomenon. The DBD limits the current,
which allows to create large volume plasmas without transitioning into an arc.
For example, Massines et al [12] have demonstrated using TALIF methods that
they could obtain atomic nitrogen densities as high as 3 x10' cm™ in a diffuse
DBD.

Chemical decontamination

An important issue for industry is the reduction of pollutants, for instance by
decomposing them into harmless products. The use of atmospheric air plasmas
is particularly appropriate because the energy is mostly transformed into highly
energetic electrons. These electrons decompose the pollutants either by direct
impact or by the creation of radicals. The decomposition of NO, has been
investigated recently, for instance by Guaitella et al in [13]. They treated
the inner surface of a Pyrex tube by a capacitively coupled RF plasma at
low pressure and studied the oxidation of NO into NOy by means of quantum
cascade laser absorption spectroscopy in the mid-infrared spectral range. The
combination of the plasma discharge with a catalyzer is however often necessary.

Aerodynamic flow control

The field of plasma actuators has been strongly developing in the past 15 years.
Compared to mechanical actuators, they can be activated over much shorter
timescales. In an electric field, charged particles are accelerated and can transfer
their momentum to neutrals through collisions. Placed correctly on an object in
a subsonic flow, this force may be used to control the regime of the flow around
the profile. Flow control with DBD or DC discharges has been demonstrated,
and recently, a maximum induced velocity of 10.5 m.s~! has been achieved by
Debien et al [14] in a multi-DBD plasma actuator and a maximum velocity
of 12 m.s~! was obtained by Colas et al [15] with a DC corona discharge.
Modeling of DBD actuators has been performed by the LAPLACE group [16]
and Likhanskii et al [17]. The former showed with a 2D fluid model that the
ElectroHydroDynamic (EHD) force is important not only during the positive
part of the sinusoidal voltage cycle but also during the negative part of the cycle.
During the two phases, the EHD is due to different physical phenomena. In the
latter work, they proposed an optimal voltage waveform based on a detailed
understanding of the DBD physics: it consists of short (a few nanoseconds in
duration) negative pulses repeated at high frequency, combined with a positive
DC bias. The Nanosecond Repetitively Pulsed (NRP) discharges they proposed
is the generation method used in the present work.
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Figure 2.4: Difference of Schlieren signal intensity from the baseline
Schlieren signal. Two-pulse burst mode operation at 100 kHz pulse rep-
etition rate and 200 Hz burst repetition rate. The bow shock stand-off
distance peaks approximately 5 us after the first pulse (at ¢ = 5 ps) and
approximately 4 us after the second pulse (i.e., at ¢ = 14 ps). Figure taken
from [18].

Another potentially interesting application of DBDs is for supersonic aerody-
namic flow control. One method to modify the bow shock layer that forms
ahead of a supersonic aircraft is to add a physical spike at the nose of the
aircraft to change the shock into a conical oblique shock. The problem is that
the spike suffers from heating and mechanical stress. To circumvent the prob-
lems associated with the use of the physical spike, one method is to generate
a plasma ahead of the aircraft body. Nishihara et al [18] showed the feasibil-
ity of hypersonic flow control by low-temperature, repetitive nanosecond pulse
discharges using phase-locked Schlieren images of a bow shock perturbation in
a Mach-5 air flow at p = 370 torr, these images are shown on figure 2.4.

Nanomaterial synthesis

Non-thermal plasmas operating at atmospheric pressure are of great interest
for nanomaterial fabrication. The high density may permit a fast synthesis
without a vacuum system. In [19], Levchenko et al demonstrate the forma-
tion of long self-organized carbon connections between Ag nanoparticles on a
Si(100) surface in atmospheric pressure Ar + CHy microplasmas. Figure 2.5
shows several configurations of carbon connections between Ag nanoparticles.
A detailed overview of plasma nanofabrication can be found in [20]. Nanosec-
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ond Repetitively Pulsed (NRP) spark discharges in atmospheric pressure air
could be of particular interest for nanomaterial fabrication since they create
an important quantity of atomic oxygen and excited states of nitrogen. The
controled production of atomic oxygen in NRP spark discharges in air could
be useful for tailoring metal oxide nanostructures. Preliminary experiments
were realized by Pai et al [21] with the high-voltage pulse generator presented
in section 3.3. They used various experimental configurations and show the
several types of nanostructures obtained, including Mo nanoflakes.

Terminated

connection Faded nanowires

‘Branched
connestion on
terd coalesced
nanoparticles |

Figure 2.5: Scanning Electron Microscope (SEM) images illustrating vari-
ous configurations of carbon connections between Ag nanoparticles: (a) lin-
ear connection; (b) ’branched’ connection based on two coalesced nanopar-
ticles; and (c) terminated connections and ’faded’ nanowires which start at
the nanoparticle and fade on the surface without reaching other nanopar-
ticles. Figure taken from [19].

Plasma-assisted combustion

Nitrogen oxides are a critical problem in combustion engines. Even more
stringent regulations in the aeronautic and automotive industry require break-
through technologies to reduce the level of these pollutants, and therefore the
reduction of NO, emission has become a crucial issue in combustion research.
One path is to reduce the temperature of the flame which reduces the level of
NO, emitted. Working at lower temperature implies to decrease the fuel air
equivalence ratio, thus lean flames are increasingly used to reduce the emission
of these pollutants [22]. However, lean flames tend to be unstable or difficult to
ignite. To solve these problems, one way is to create a plasma in the combustion
zone in order to stabilize lean flames. It was shown by Pilla et al [23] that lean
premixed flames may be stabilized with NRP spark discharges that produce
a local increase in heat and active species concentrations. They showed that
with an NRP spark discharge of 75 W, stabilization of a 12 kW lean propane-air
mixture was possible. The flame region is considerably larger when the plasma
is applied, indicating that the combustion is enhanced.

Aleksandrov et al [24] simulated the ignition dynamics of a CHy4:09:Ng:Ar =
1:4:15:80 mixture by a high-voltage nanosecond discharge. They showed that
the addition of nitrogen to the mixture gives rise to new mechanisms for the
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production of oxygen atoms via excitation of nitrogen electronic states and
their subsequent quenching in collisions with oxygen molecules that become
dissociated.

In a recent work, Lacoste et al [25] studied the temporal response of 2-kW bluff
body stabilized weakly turbulent lean premixed propane-air flame when apply-
ing NRP discharges. OH laser induced fluorescence (LIF) measurements have
been performed to localize the region of the burnt gases and are shown on fig-
ure 2.6. Additional OES measurements were made to determine the rotational
temperature in the recirculation zone with and without plasma.

0
-6 -4 -2 0 2 4 66-4-20 2 4 6
X {mim) X (mim)

Figure 2.6: OH PLIF images without (left) and with (right) NRP dis-
charges with a power of 12 W and a PRF of 30 kHz, 10 ms after starting
the plasma pulses (integration time 50 ns). Figure taken from [25].

We notice from the images of figure 2.6 that the recirculation zone is partly
filled with burned gases. However, applying NRP discharges in the burned
gases can significantly change the spatial location of a lean premixed flame
stabilized over a bluffbody.

For more details on plasma assisted combustion and recent developments, the
reader is confered to the review article of Starikovskyi and Aleksandrov [26].

Overview of temperature ranges for applications

We now present an overview of the temperature ranges of the various applica-
tions presented in this section. The medical applications are the most sensitive
to temperature, as previously explained. The range from 290 to 320 K is safe for
patients. Surface treatment and biological decontamination may be performed
at temperatures below 500 K. Chemical decontamination applications may go
up to 1000 K. Flow control applications must operate from 100 to 2000 K.
Finally, combustion applications must operate at higher temperature (around
2000 K) for Plasma Assisted Combustion or lower temperature for ignition.

Non-thermal plasmas are the only viable method for temperature-sensitive ap-
plications, and, as will be presented in section 2.4, the NRP discharges are
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Figure 2.7: Temperatures ranges under which air plasmas must be created
for applications presented in this section. Figure taken from [2].

promising candidates because they can create two different regimes of non-
thermal discharges at low power cost. The NRP spark regime, which produces
active species as well as some degree of gas heating, is important for combustion
type applications. The other regime, the NRP glow regime, is promising for
applications that do not accomodate any temperature increase, such as surface
treatment, medical applications or biological decontamination.

2.3 Methods for producing atmospheric pressure air
plasma

Before detailing the NRP discharges strategy in section 2.4, we briefly discuss
the various methods for producing plasmas in air at atmospheric pressure. We
divide the overview into thermal and non-thermal sources. A more detailed
discussion can be found in [2].

2.3.1 Thermal plasma sources

The most direct way to produce thermal plasmas consist in using DC discharges.
Another method is to use radiofrequency plasmas with an Inductively Coupled
Plasma (ICP) torch for instance, which can create air plasmas up to 10,000 K
[27]. Atmospheric pressure air plasmas can also be generated by a microwave
generator operating at a frequency of 2.45 GHz, and can create relatively large
volume (10 cm?3) plasmas up to 5000 K [28]. Finally, lasers can be used to
create plasmas in air via the inverse Bremsstrahlung process. Applications
include laser-assisted ignition of combustible mixtures.

2.3.2 Non-thermal plasma sources

Non-thermal plasmas can be produced with DC discharges, adding a current-
limiting resistor in series with the discharge to prevent the glow to arc transition.
They are of great interest because of their strong non-equilibrium (7, > T,)
character [27]. Another important source of homogeneous atmospheric pres-
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sure air plasma is the Dielectric Barrier Discharge (DBD) [29]. It consists of
using plane electrodes separated by a dielectric media, which prevents the arc
transition by capacitively limiting the current. Non-thermal plasmas can also
be produced by low power RF devices such as the hollow slot microplasmas
created by Yalin et al [30] or using lasers to generate optically pumped plasmas
[31]. A theoretical possibility to create high electron density (up to 103 cm=3)
plasma is to use electron beams [3], but this technique has been difficult to
implement in practical devices. Finally, atmospheric pressure air plasmas can
be created by Nanosecond Repetitively Pulsed (NRP) discharges. This method
will be detailed in section 2.4.

2.3.3 Comparison of different methods of air plasma generation

Pai |2] compared the methods in terms of their ability to produce the most
reactive plasmas at the lowest possible temperature and power requirements.
The electron number density is a good indicator of the plasma effectiveness
in terms of chemical reactivity. Figure 2.8 summarizes the gas temperature
obtained with various methods, as a function of the electron number density and
figure 2.9 shows the corresponding volumetric power required. Note that the
graph of figure 2.8 is only for the non-equilibrium regimes, except for thermal
plasmas which are shown for comparison. NRP sparks, MHCD (Micro-Hollow
Cathode sustained Discharges), filamentary DBDs are not shown.
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Figure 2.8: Gas temperature of plasmas experimentally generated by the
methods mentioned in this section as a function of the average electron
number density in air at atmospheric pressure. Figure adapted from [2].

Thermal plasmas create a high number density of electrons but the gas tem-
perature associated is also high, thus preventing them from being useful for
biodecontamination or surface treatment. DBD and laser plasmas are more
suitable for temperature sensitive applications but the electron density is much
lower (up to about 10! em=3). DC plasmas are the most inefficient - more
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Figure 2.9: Power budgets of plasmas generated by the method mentioned
in this section as a function of the average electron number density. Power
budget concerns the energy deposited into the plasma, not the total input
power of the generator. Figure taken from [2].

than 99 % of the power is lost to Ny vibrational excitation. As discussed in the
next section, NRP glow plasmas have been demonstrated to create relatively
high electron number densities (102 cm™=3) for one of the lowest power budgets.
From figures 2.8 and 2.9, the NRP strategy appears as the most promising way
to create a high electron number density with low power consumption at tem-
peratures under 1000 K. Thus, one goal of the present work will be to extend
the NRP glow plasma regime to ambient temperature in order to open the way
for the use of air plasmas in the temperature-sensitive applications discussed
in section 2.2.

2.4 Nanosecond Repetitively Pulsed (NRP) discharges

2.4.1 NRP discharge strategy

Figure 2.10 shows the NRP discharge strategy to generate atmospheric pressure
air plasma. First, it is important to ionize efficiently in order to avoid the Glow-
to-Arc transition: this leads to apply a very high electric field but stop it just
before leading to the Glow-to-Arc transition (which would be the case in a DC
discharge with the same electric field), see Figure 2.11. This permits to climb to
a reduced electric field greater than 100 Td [1 Td = 10717 V.cm ™2, to increase
ionization efficiency.

Then, the repetition rate of the pulses is adjusted such that the inter-pulse
duration is shorter than the recombination time of active species. The accu-
mulation of various pulses will lead to a high average electron density. The
number density of seed electrons before a new pulse will depend greatly on the
recombination rate of the electrons during the interpulse. At 2000 K, recombi-
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Figure 2.10: The NRP strategy for generating atmospheric pressure air
plasma. Electron number density and electric field as function of time for
several pulses. Figure taken from [4].
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Figure 2.11: Fractions of power dissipated in different modes of excitation
for Ny and O, as function of the reduced electric field in Td (1Td = 10~'7
V.cm~?). Figure taken from [2], [32], and [33].

nation is mainly due to the dissociative recombination of electrons with NO™
[4]: NO*+ e — N+O, whose rate is equal to k. = 1077 cm?®/s. One can show
that the target maximum electron density ne;, the target minimum electron
density nep and the recombination time 7, are related according to [2],[4]:

el

== 2.1
1+ kpminer ( )

Neo

which leads to a recombination time of 90 us for neg = 10 cm™3 and ne; = 1012
cm 3. Consequently, a PRF of 30-100 kHz was chosen to fulfill the condition
previously given.
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2.4.2 NRP spark and glow discharges in preheated air at 2000 K

In the early 2000s, the Stanford group [4], [34], and [35] proposed and demon-
strated the NRP strategy as an effective way to reduce the power budget needed
to obtain a high electron number density in air at atmospheric pressure without
heating the gas (hence the term NRP glow discharge). The important param-
eter to choose is the duty cycle between the duration of the pulse and the time
between pulses. In their work, using 10-ns pulses at Pulse Repetition Frequen-
cies (PRF) from 10 to 100 kHz, they showed that a power budget reduction of
2-3 orders of magnitude was possible compared to DC discharges producing an
equivalent electron number density of about 1012 ecm=3 [35]. For reasons that
will be explained later, all their experiments were performed in air preheated
to 2000 K. Figure 2.12 compares the volumetric power needed to create given
electron number densities with the two techniques, DC discharges and NRP
discharges.
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Figure 2.12: Measured and calculated power budget for DC and NRP
plasma generation as function of the resulting electron number density. The
NRP glow was obtained with a 10-ns, 10-kV, 100-kHz repetitive nanosecond
pulse generator. The inter-electrode gap distance was about 1 cm and air
was preheated to 2000 K. Figure taken from [34].

Figure 2.13 shows time-resolved images of the NRP glow discharge obtained.
From these images, it is clear that the discharge produces a uniform plasma in
the gap. Detailed characterization experiments presented in [2], [4], and [36]
show that the plasma is non-thermal (7, ~ 2000 K <« T, ~ 5 €V), that there
exists a cathode fall region (V.. ~ 2 kV). These observations indicated that the
discharge is of the glow type. In this early work, an NRP spark regime was also
observed [4] at higher voltage, but this regime was not investigated because it
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Figure 2.13: Time-resolved images of the NRP glow discharge as a function
of time after the beginning of the high-voltage pulse. The inter-electrode
gap distance is 1 cm. Figure taken from [4].

2.4.3 NRP spark and glow discharges in preheated air below
1000 K

Following this work, the Ecole Centrale Paris group [1], [2], [36], and [37] in-
vestigated the use of NRP discharges in air at atmospheric pressure, at lower
temperatures: from 300 to 1000 K. They worked with 10-ns, up to 10-kV posi-
tive pulses, repeated from 1 to 30 kHz, applied to steel electrodes in a vertical
pin-pin configuration. Under their experimental conditions, they observed two
regimes (NRP corona and NRP spark) at temperatures between 300 and 700 K
and three regimes (NRP corona, glow and spark) above 700 K. This can be seen
on figure 2.28. Figure 2.14 shows images of the three types of NRP discharges.
The three regimes are visually identical to their DC counterparts and come in
the same order as DC discharges when increasing the voltage: NRP corona dis-
charges, then glow discharge, and finally spark discharges. These three regimes
are characterized by different levels of deposited energy, conduction current,
and gas heating, as summarized in table 2.1.

Table 2.1: Classification of observed NRP discharge regimes. Table
adapted from [1].

Energy deposited

Appearance per pulse Gas heating Name
Corona <10 wJ ~ 0 NRP corona
Diffuse 10-100 nJ < 200 K NRP glow

Filamentary >100 nJ 2000-4000 K NRP spark
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Corna Glow Spark

Figure 2.14: Images of the NRP corona, glow, and spark discharges in
atmospheric pressure air at 1000 K with PRF = 10 kHz, a gap distance
of 4.5 mm, and an air flowrate of 1 m/s. The electrodes are outlined in
white. Figure taken from [2].

The NRP glow regime is particularly interesting because it does not heat the
gas significantly, much like the corona discharge, yet it produces a significant
amount of active species, with much higher energy deposited than in the corona
regime. Thus this regime could be of great interest for the development of
applications such as surface treatment or biomedical applications, as detailed
in section 2.7. On the other hand, the NRP spark regime is also interesting for
applications such as plasma assisted combustion. As a result, the properties of
NRP glow and spark regimes were studied in depth by Pai et al in [1], [36], and
[37], and the main results will be summarized in sections 2.5, 2.6, and 2.7.

2.4.4 Other recent methods to produce non-thermal plasmas
using NRP discharges

For the sake of completeness, we mention in this section two recent develop-
ments using NRP discharges to produce plasmas in air.

NRP discharges with runaway electrons

Shao et al [38] studied an atmospheric pressure air discharge in a point-to-plane
or point-to-point configuration, created by high voltage pulses of amplitude
12-140 kV and FWHM of 1-40 ns. They have shown that in a wide variety of
experimental conditions, a diffuse discharge is ignited due to preionization of the
gap by runaway electrons and X-rays. These runaway electrons are produced
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near the electrode and in the gap, in response to electric field amplification.
This type of NRP discharge clearly operates differently from the discharges
studied by the Stanford and Ecole Centrale Paris groups, especially since they
rely on runaway electrons and X-rays. We will not address these types of
discharges in this thesis.

Multiple array needle-plane configuration

Yang et al [39] studied atmospheric pressure air discharges created between
multiple array needle electrodes and a plane. The discharges are created with
20 ns rising time up to 24 kV high pulse voltage repeated at a frequency of
150 Hz. They obtained a diffuse discharge plasma with low gas temperature
and the plasma volume increases with the increase of the pulse peak voltage,
but remains almost constant with the increase of the pulse repetition rate. This
kind of diffuse discharge is the type we wish to investigate in this thesis.

2.5 Comparison of the NRP glow and spark regimes

In order to present the main properties of the NRP glow and spark discharges,
we have chosen to compare the behaviors of these two regimes in terms of
voltage and current measured within the discharge in section 2.5.1, energy
deposited into the plasma in section 2.5.2, discharge dynamics in section 2.5.3,
and finally gas temperature evolution in section 2.5.4. The results presented in
this section were obtained by the Ecole Centrale Paris group [36],[37].

2.5.1 Electrical characteristics

The first different feature of NRP glow and spark discharges are their electrical
characteristics. Figure 2.15 shows the typical voltages and currents measured
across the electrodes for an NRP glow discharge and an NRP spark discharge.

For an NRP spark discharge, the displacement current is calculated as the
current into a capacitor which is subject to the applied voltage. The conduction
current is obtained by subtracting the displacement current from the total
current. We note that for an NRP spark discharge, the total and displacement
currents are rather different: the conduction current is high with a peak at
35 A. This increase of the conduction current corresponds to a steep decrease
of the resistance of the plasma. Thus, the voltage pulse shape is distorted, see
figure 2.15 (b) top. The details of the determination of the displacement and
conduction currents of a typical NRP Spark discharge will be given in section
4.3.

Unlike the NRP spark discharge, for an NRP glow discharge the conduction
current is very low, see figure 2.15 (a) bottom, close to the noise current. The
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total current is indeed mostly a displacement current. In the case of an NRP
glow discharge, the conduction current is found by subtracting the measured
total current without plasma from the measured total current with plasma, see
section C.2.
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Figure 2.15: Measured voltage, total current, calculated displacement cur-
rent and inferred conduction current as a function of time for a typical
NRP (a) glow and (b) V, = 8.3 kV spark discharge.

T, = 1000 K, d = 5 mm, PRF = 30 kHz and v = 2 m.s'.

Finally, from the current and voltage measurements of an NRP spark discharge,
Pai et al [37] deduced the electron number density as a function of time, which
can be seen on figure 2.16. The lowest value of the electron number density is

about 10'% cm™2 and the maximum value about 3 x10'® ¢cm 3.

2.5.2 Energy deposited

From the electrical measurements presented above, it is possible to calculate
the energy deposited into the plasma for the two regimes of discharges. For
an NRP glow discharge, it is found to be about 10-100 pJ and for an NRP
spark discharge, from 150 pJ to 1500 wJ. A more detailed explanation of the
method to determine the energy of an NRP spark discharge is given in section
4.3 and for an NRP glow discharge in section C.2. The method to determine
the energy is slightly different because the conduction currents at stake are
much more important in the case of an NRP spark discharge than in a glow
discharge, thus we need to subtract the parasitic losses in the case of a glow
discharge.
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Figure 2.16: Electron number density as a function of time for a typical
NRP spark discharge.

T, = 1000 K, d = 5 mm, V, = 8.3 kV, PRF = 30 kHz, and v = 2 m.s'.
Figure taken from [37].

Figure 2.17 presents the energy deposited into the plasma as a function of the
applied voltage. We clearly see a steep change of slope which corresponds to
the transition between the NRP glow and spark regimes.
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Figure 2.17: Energy deposited per pulse as a function of the voltage am-
plitude. PRF = 30 kHz, in a propane-air flame of equivalence ratio = 0.8.
Figure taken from [40].

2.5.3 Discharge dynamics

Another different behavior is the dynamics of the NRP glow and spark dis-
charges. Figure 2.18 shows the measured emission intensity of No(C-B) (0,0)
at 337 nm and NJ (B-X) (0,0) at 391 nm along the inter-electrode axis of the
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NRP glow and NRP spark discharges. For both discharges, time t = 10 ns
corresponds to the beginning of the high voltage pulse.
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Figure 2.18: Measured emission intensity of (a) N3(C-B) (0,0) and (b)
N3 (B-X) (0,0), along the inter-electrode axis of the NRP (a) V,, = 6.7 kV
glow and (b) V,, = 8.3 kV spark discharge.

T, = 1000 K, d = 5 mm, PRF = 30 kHz and v = 2 m.s~ L.

The characteristics are quite different for the NRP regimes. The glow-like
regime develops through an initial cathode-directed streamer, followed by a re-
turn wave of potential redistribution. The applied electric field is then switched
off before the formation of the cathode fall, resulting in an "imminent" glow
discharge. We clearly see on the Ny(C-B) (0,0) emission intensity these two
distinct phases. These two phases are not seen on the emission traces of N; (B-
X) (0,0) because the N3 (B-X) (0,0) band at 391 nm is covered by the bands of
N3 (C-B) around 380 nm.

The dynamics of the NRP spark discharge are different: both the No(C) and
N; (B) states emit uniformly across the gap, which is characteristic of a streamer-
less discharge. The Ecole Centrale Paris group showed that this discharge cor-
responds to an avalanche ionization in volume [37].

Furthermore, the global intensity of the two regimes are quite different. The
intensity of an NRP glow discharge is about 10 times smaller for N (C-B) (0,0)
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and 100 times smaller for N3 (B-X) (0,0) than the intensity of an NRP spark
discharge.

2.5.4 Temperature evolution

The last important difference between NRP glow and spark discharges is the
temporal evolution of the gas temperature during and after the discharge. In
previous work, we performed time-resolved rotational temperature measure-
ments of Ny(C) with a monochromator and ICCD camera system at mid-gap
within NRP glow and spark discharges. Pai et al deduced the temperature
of the gas from the rotational temperature of No(C), which is assumed to be
equal to the temperature of the gas. This assumption will be discussed in more
details in section 4.4.1.2. The rotational temperature of No(C) was obtained
from the experimental spectra of the (0,0) band. A typical measured spectrum
is compared to a spectrum computed with Specair [41], [42] on Figure 2.19 for
NRP glow and spark discharges. The NRP spark discharge studied was just
above the Glow-to-Spark transition for two different times: ¢t = 7 and 15 ns,
and the measurements were obtained with a 2-ns gate width.

The conclusions are different for the two regimes. For an NRP glow discharge
with two different applied voltages, V,, = 5.8 and 6.4 kV, the temperature of
the gas does not exceed 1200 K for an initial temperature of the gas of 1000 K.
The NRP glow discharge does not produce any noticeable gas heating. For
the spark discharge studied, we see that the rotational temperature is about
1800-2000K at ¢ = 7 ns which corresponds to the initial stage of NRP spark
formation. Then, the rotational temperature increases very rapidly, by 500 K
within 8 ns [2], [37]. Unlike the NRP glow discharge, the NRP spark discharge
greatly increases the gas temperature 7Tj.

Figure 2.20 presents the temporal evolution for ¢ = 7-40 ns of the gas tempera-
ture. The measurements were made for two different applied voltages V,, = 6.5
and 8.3 kV. In both cases, the temperature increases from 1450-1700 K to more
than 3000 K within 20 ns. The time profile of No(C-B) (0,0) emission intensity
was also added to show that the time of the peak emission occurs before that of
the peak temperature for the NRP Spark regime. The explanation we proposed
for this ultrafast heating and its applications will be detailed in section 2.6.1.
Pai [2] and Pai et al [37] also showed that self-absorption was a minor effect
for all the experimental spectra used to measure the rotational temperature of
N5 (C).
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Figure 2.19: Measured N3(C-B) (0,0) spectra (symbols) and modeled
spectra computed with SPECAIR (lines) of the NRP (a) glow and (b)
V, = 8.3 kV spark discharges. The NRP glow spectra are measured 15 ns
after the beginning of the pulse, when the intensity reaches a maximum
for two different applied voltages. The NRP spark spectra are measured 7
and 15 ns after the beginning of the pulse. All experimental spectra were
measured using a 2-ns gate.
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Figure 2.20: Measured gas temperatures at 1}, = 6.5 and 8.3 kV (symbols)
and time profile for N5 (C-B) (0,0) emission intensity (solid line) for an NRP
spark discharge. T, = 1000 K, d = 5 mm, PRF = 30 kHz and v = 2 m.s~ L.
Figure taken from [37].
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2.6 NRP spark properties and applications

2.6.1 Ultrafast heating through a two-step mechanism during
NRP spark discharges

As mentioned in the previous section, ultrafast heating of severals hundreds of
Kelvins was detected by Pai et al [37] during and after the application of a high
voltage pulse creating an NRP spark discharge.

In order to explain this phenomenon, a two-step mechanism was considered,
which was first proposed by Popov in 2001 [5]:
No(X) + e — N2(ABC) + e (2.2)
N2(AB,C) + Oy — Ny(X) + 20 + heat (2.3)
According to this mechanism, the electronically excited molecular nitrogen
formed by electron-impact excitation during the pulse dissociates molecular
oxygen, thus generating atomic oxygen and heat. This simultaneous ultrafast
heating and high concentration of atomic oxygen may have several applications:
oxide film deposition [43], aerodynamic flow control, gas treatment, nanomate-
rial fabrication [44], [45], or plasma assisted combustion [23], [46], and [47]. It
is well known [22] that one of the possibilities to reduce nitric oxides in flames
consists in using lean premixed combustion systems. However, these systems
tend to be unstable at low fuel equivalence ratios. To solve these problems, it
was shown [23] that lean premixed flames may be stabilized by a local addition
of energy with NRP spark discharges that produce a local increase in heat and
active species concentrations.

To validate this mechanism, Stancu et al studied the time-evolution of several
key species in this mechanism. They implemented Cavity Ring-Down Spec-
troscopy (CRDS) to measure the density of No(A) [6], [48], and time-resolved
Two-photon Absorption Laser Induced Fluorescence (TALIF) to measure the
evolution of ground state oxygen density [6],[49]. Then, they measured the den-
sity of Ny(B) and Ny(C) by Optical Emission Spectroscopy (OES), and used
the second positive system of Ny to infer the temperature of the gas 6], [50].

Figure 2.21 from [49] presents the temporal evolution of the number density
of the excited states of Ny and the atomic oxygen density. The high voltage
pulse was also added and, as already mentioned in section 2.6.1, the increase of
atomic oxygen starts after the end of the high-voltage pulse. Thus the increase
of the number density of O cannot be totally assigned to the dissociation of Os
by electron impact. Assuming atomic oxygen is mainly produced by Equation
(2.3), O number density can be computed using the number densities of No(B)
and Ny (C) determined experimentally. There is a good agreement between the
computed and measured atomic oxygen number density, thus validating the
two-step mechanism proposed. However, as will be explained in section 3.5 the
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determination of the gas temperature from the spectra of No(C-B) must be
confirmed, and this is the goal of chapter 4.
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Figure 2.21: Temporal evolution of the densities of N3(B) and N3 (C) (mea-
sured by OES) and O measured by TALIF for an NRP spark discharge.
The number density value obtained for N2 (A) is integrated over 100 ns.
T, = 1000 K, d = 4 mm, PRF = 10 kHz, and v = 1.6 m.s™'. Figure taken
from [49].

2.6.2 Existence of shock wave during NRP spark discharges

Such an important ultrafast heating as the one highlighted in section 2.6.1
should induce shock waves. Indeed the timescale for reaching pressure equilib-
rium is about 100 ns for a discharge with a diameter on the order of 100 pm,
in air that is initially at T; ~ 2000 K for which the speed of sound is on the
order of 1000 m/s. An audible noise is produced by NRP spark discharges. To
confirm the production of these shock waves, Xu et al [51] led an experimen-
tal study of the hydrodynamic expansion following an NRP spark discharge in
atmospheric pressure air preheated up to 1000 K. Figure 2.22 shows images,
starting from 50 ns after the discharge, of the shock-wave propagation and the
expansion of the heated gas channel.

Case 3 corresponds to the similar experimental parameters as in [49]. The
images in Case 3 are less contrasted that in Case 1 because of the greater
initial temperature of the gas, hence lower gas density. The temporal evolution



28 CHAPTER 2 - NON-THERMAL DISCHARGES IN ATMOSPHERIC PRESSURE AIR
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(a) Case 1: T, = 300 K, d = 2 mm, PRF = 1 kHz and
va 1.6 ms™?

1860 ns

(b) Case 3: Ty = 1000 K, d = 4 mm, PRF = 10 kHz
and v~ 1.6 m.s™*

Figure 2.22: Examples of single-shot successive Schlieren images of NRP
spark discharges. The exposure time is 20 ns. Time after discharge initia-
tion is written on each image. The minus sign indicates a time before the
discharge. Images taken from [51].

of the gas temperature behind the shock-front is estimated from the measured
shock-wave velocity by using the Rankine-Hugoniot relationships. Figure 2.23
presents the temporal evolution of the temperature behind the shock-wave.
We notice a temperature increase up to 1100 K, 50 ns after the nanosecond
pulse. This result confirms the ultrafast heating mechanism of NRP discharges
proposed.
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Figure 2.23: Temporal evolution of the temperature behind the shock wave.
Figure taken from [51].

2.7 NRP glow properties and applications

Pai et al investigated through absolute Optical Emission Spectroscopy the num-
ber density of several excited species during and after an NRP glow discharge.
Figure 2.24 presents the number density of Ny(C), N2(B), N3 (B), NO(A) and
O(3p °P) measured at mid-gap for a typical NRP glow discharge [36].
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Figure 2.24: Number density of excited species measured at mid gap for a
typical NRP Glow discharge.

T, = 1000 K, d = 5 mm, V, = 6.7 kV, PRF = 30 kHz, and v = 2 m.s~ L.
Figure taken from [36].

Stancu et al [6] also measured the atomic oxygen production. They showed that
the atomic oxygen produced by an NRP glow discharge just below the glow-to-
spark transition was about one order of magnitude less than in an NRP spark
discharge, but still about 1 x 107 cm™3.
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The advantage of the NRP glow discharges is that they can create relatively
large volume, low power, high chemical reactivity and do not increase the tem-
perature of the gas. Thus, NRP glow discharges have a great potential in
applications which are sensitive to temperature as detailed in section 2.2 and
which need an important number density of atomic oxygen such as in vivo
medical treatment [52], biodecontamination [11],[53], or surface treatment [29],
[54].

2.8 Domains of existence of NRP discharges in atmo-
spheric pressure air for the pin-pin configuration

In this section, we summarize the findings of Pai [2| about the influence of three
parameters, namely the Pulse Repetition Frequency PRF', gas temperature T,
and inter-electrode gap distance d on the discharge regimes. The experimental
method used by Pai et al is the following: for each parameter studied, the
operator watched carefully the discharge and registered the Corona-Glow (C-G)
transition voltage and the Glow-Spark (G-S) transition voltage while increasing
the voltage from 0 V. The corona regime begins when light is emitted at the
anode, and the glow regime when the emission zone extends over the entire
gap. The spark discharge is easy to detect because there is a sudden increase of
the luminosity of the discharge and a crackling sound becomes clearly audible.
All transition voltages were assembled into a "map" of the discharge regimes
as a function of the variable parameter (PRF, T, or d). N represents the "No
discharge" domain, C' the Corona discharge domain, G the glow discharge
domain and finally S the Spark discharge domain.

2.8.1 Influence of PRF on discharge regimes

Figure 2.25 presents the discharge regime map as a function of PRF' as inves-
tigated by Pai et al in [1] and [2| for a fixed gas temperature of Ty, = 1000 K.
The regimes do not depend much on the PRF except that the spark regime is
obtained at a lower applied voltage when the PRF increases. We will see later
that it can be explained by an increase of the gas temperature T, with PRF'.
Pai et al also investigated the N (C-B) (0,0) emission of the discharge at 337 nm
with a Photo Multiplier Tube (PMT) and appropriate filter. Figure 2.26 shows
the peak emission intensity of the glow and spark regimes as a function of the
applied voltage V), at mid-gap for PRF from 1 to 30 kHz. The G-S transition
occurs fairly smoothly at low PRF, but becomes much more abrupt at high
PRF (intensity jumps of about a factor 10 at 30 kHz).

We also note that it is possible to obtain low PRF' glow discharges that emit
more than high PRF spark discharges. The emission intensity of the glow
regime is much more sensitive to the applied voltage V}, than to the PRF. For
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Figure 2.25: Discharge regime map - applied voltage V,, vs PRF.
T, = 1000 K, d = 5 mm, and v = 1.6 m.s™'. Figure taken from [2].

NRP spark discharges, the emitted intensity is almost independent of the PRF'.
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Figure 2.26: Measured N3(C-B) (0,0) emission intensity peaks in the mid-
dle of the discharge gap as a function of V, for PRF = 1-30 kHz with
T, = 1000 K, d = 5 mm, and v = 1.6 m.s™ '

Finally, Pai et al investigated the energy of the discharges as a function of
the PRF'. The method to determine the energy deposited into an NRP spark
discharge will be described in section 4.3. Figure 2.27 shows the measured
energy per pulse for glow (hollow) and spark (solid) regimes as a function of
the applied voltage V), for PRF = 1-30 kHz, T, = 1000 K, d = 5 mm, and
v = 1.6 m.s~!. The G-S transition corresponds to a high jump in energy. The
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energy deposited per pulse into the plasma is equal to 50 pJ for the glow regime
and more than 200 wJ for the spark regime. An interesting feature is that the
energy curve for the spark regime shifts upwards when the PRF increases. The
shift is also observed for NRP glow discharges, even though the tendency is not
as obvious because of the smaller energy at stake. These effects are likely due
to gas heating effects at high PRF that increase the conductivity of the plasma
column, hence the energy deposited in the plasma.
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Figure 2.27: Measured energy per pulse for the NRP glow (hollow) and
spark (solid) regimes as a function of the applied voltage V, for PRF =
1-30 kHz with 7, = 1000 K, d = 5 mm, and v = 1.6 m.s™'.

2.8.2 Influence of gas temperature 7, on discharge regimes

Figure 2.28 presents the discharge regime map as function of the gas tempera-
ture Ty, with fixed PRF — 30 kHz, d = 5 mm, and v — 1.6 m.s~!, as investigated
by Pai et al in [1],[2]. There, the regime domains strongly depends on the gas
temperature. The NRP glow regime only exists for 7, > 700 K and its domain
of existence expands with increasing gas temperature. For 300 K< T, <700 K,
only the corona and spark regime are observed. The explanation for these
domains of existence will be detailed in section 2.9.

Figure 2.29 presents the peak No(C-B) (0,0) emission intensity of the glow
and spark regimes as a function of the applied voltage at mid-gap for different
temperatures 300 < T, < 1000 K. We see a jump in emission corresponding to
the G-S transition, always of about a factor 10. Finally, figure 2.30 presents the
energy deposited per pulse for glow and spark discharges as a function of the
gas temperature T,. The G-S transition corresponds to an important jump in
energy which grows with increasing Tj,. For a given applied voltage, the energy
increases with the gas temperature.
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Figure 2.28: Discharge regime map - applied voltage V, vs gas temperature
Ty, with PRF' = 30 kHz, d = 5 mm, and v = 1.6 m.s'.
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Figure 2.29: Measured N, (C-B) (0,0) emission intensity peaks in the mid-
dle of the discharge gap as a function of V}, for T, = 300 — 1000 K.
d = 5 mm, PRF = 30 kHz, and v = 1.6 m.s~!. Figure taken from [2].

2.8.3 Influence of inter-electrode gap distance d on discharge
regimes

Figure 2.31 presents the discharge regime map as a function of the inter-
electrode gap distance d, with fixed T, = 1000 K, PRF = 30 kHz, and
v = 1.6 m.s™!, from Pai et al ([1] and [2]). Under the critical gap distance
d = 3 mm, only the NRP spark regime exists. Thus, figure 2.31 shows the
very surprising result that NRP glow discharges cannot exist below a minimum
gap distance. This result will be discussed in section 2.9. Figure 2.31 also
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Figure 2.30: Measured energy per pulse for the glow (hollow) and spark
(solid) regimes as a function of applied voltage V|, for T, = 300-1000 K.
d =5 mm, PRF = 30 kHz, and v = 1.6 m.s™'.

shows that there is a maximum gap distance for the existence of the NRP glow
discharge. This maximum is determined by the velocity of propagation of a
streamer across the gap.
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Figure 2.31: Discharge regime map - applied voltage V), vs inter-electrode
gap distance d. T, = 1000 K, PRF = 30 kHz, and v = 1.6 m.s™'.

Pai et al investigated for each gas temperature the minimum and maximum dis-
tances for the existence of the NRP glow regime. For instance, at T; — 1000 K,
we can deduce from figure 2.31 that the minimum distance for the existence
of the glow regime is 2 mm. Figure 2.32 shows the minimum and maximum
distances for a stable NRP glow discharge as a function of the temperature of
the gas Tj;. It can be seen that the domain of existence of a stable NRP glow
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discharge shrinks with decreasing gas temperature. This will be explained in
details in section 2.9.
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Figure 2.32: Measured range of gap distances that permit stable operation
of the NRP glow regime as a function of the gas temperature. PRF = 30
kHz, and v = 1.8 m.s™!. Images taken from [1].

2.9 Model of the coupled influence of ? and 7; on the
existence of the glow regime

In section 2.7, we have presented the interest of the glow regime. Pai [2| ob-
tained the glow regime at temperatures from 700 K to 1000 K, see section 2.7
and 2.8. In this section, we detail the model proposed by Pai et al [1] which
predicts the existence of the glow regime at room temperature at the condition
of using electrodes of small radius of curvature, long voltage pulses, and large
inter-electrode gap distances.

2.9.1 Laplacian electric field generated by electrodes in a pin-
pin configuration

This section presents the influence of the radius of curvature of the electrode
tip R and the inter-electrode gap distance d on the Laplacian electric field
generated by electrodes in a pin-pin configuration. The electrodes were modeled
as two infinite hyperboloid surfaces, as can be seen on figure 2.33. It is a usual
assumption because there is an exact solution of the Laplace equation for a
potential created in such a geometry. The anode has potential V' = V,, and the
cathode potential is V = 0.
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Figure 2.33: Model of the pin-pin electrode configuration of the exper-
iments studied in this thesis, represented by two-sheet hyperboloid and
using prolate spheroidal coordinates. Figure taken from [1].

The solution is found using the prolate spheroidal coordinates, and is detailed
in [2]. A necessary assumption is to consider the electrodes as infinite hyper-
boloid surfaces and to place the boundary V = 0 infinitely far away, or at least
to consider that the gap distance d is small in comparison with the distance be-
tween the electrodes and the other conducting surfaces of the experiments. In
this case, the axial Laplacian electric field on the inter-electrode axis is nearly
symmetric and is equal to:

Vi a
T+mn0 a2 — 22
LI —mno
where V), is the potential of the anode, the cathode is at zero potential, a is the

foci distance,
d/d 1/2

and 7 represents the equipotential surface of the electrodes:

we ()" ”

More information on the model of the potential and electric field created by
these electrodes can be found in chapter 6 of Reference [2].

Er(z) ~ — (2.4)

In

Figure 2.34 shows the Laplacian electric field on the inter-electrode axis Fr(2)
calculated for several radii of curvature of the electrodes, which will be ex-
perimentally used in chapters 5 and 6. Ep(z) was calculated using Equation

(2.4), with an applied voltage V,, = 10 kV, and an inter-electrode gap distance
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d = 5 mm. In the case of a large radius of curvature R > d, the Laplacian
electric field is almost identical to the one between parallel plates:

Er(z) = = 20 kV/cm. (2.7)

d
When R decreases, the field enhancement is increased at the electrode tip and
becomes progressively more non-uniform. For R = 20 wm, the field at the tip is
equal to 807 kV /cm compared to 6 kV /cm at mid-gap, which corresponds to a
ratio of 134, whereas for R = 500 um, the field at the tip is equal to 71 kV /cm
compared to 12 kV/cm at mid-gap, which corresponds to a ratio of 6. The
field in the middle of the gap, z = 0, decreases slightly, but the effect is much
less pronounced. When increasing the radius of curvature from R = 20 pm to
R = 500 wm, the field is divided by 11 at the electrode tip and is only doubled
at mid-gap.
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Figure 2.34: Laplacian electric field along the inter-electrode axis with
d = 5 mm and V, = 10 kV, for several values of the radius of curvature of
the electrode tip R. The field is symmetric about z = 0.

Figure 2.35 shows E(z) calculated for inter-electrode gap distances d using
Equation (2.4), with an applied voltage V}, = 10 kV, and a radius of curvature
of the electrode tip R = 50 um. The distance in the z direction has been
normalized by d/2 to show how the field non-uniformity varies with d. We
notice that the field at mid-gap increases by more than one order of magnitude
when d is increased from 2 mm to 15 mm whereas the value at the tip electrode is
only multiplied by a factor 1.5. Thus, changing the inter-electrode gap distance
has mainly an effect on the mid-gap electric field.



38 CHAPTER 2 - NON-THERMAL DISCHARGES IN ATMOSPHERIC PRESSURE AIR

10009 |---g=15mm E
] d=8mm ]
= ——d=5mm
g ~d=2mm
_>£ 100+
> ]
@
.0 T
5 104 -
Qo
L
1
0,0 0,2 0,4 0,6 0,8 1,0
4 . .
Mid-Gap Normalized z axis Electrode Tip

Figure 2.35: Laplacian electric field on the normalized inter-electrode z axis
with R = 50 um and V,, = 10 kV, for several values of the inter-electrode
gap distance d. The field is symmetric about z = 0.

The radius of curvature of the electrode tip R has the strongest influence on the
electric field near the tip, whereas the gap distance d has the strongest influence
on the electric field in the middle of the gap. Thus, for a given applied voltage
Vp, by choosing the gap distance and radius of curvature of the electrode, we
can tailor the Laplacian electric field profile and, therefore should be able to
control the Glow-to-Spark transition. This is the purpose of the next section.

2.9.2 Theory of regime transitions of NRP discharges

This section summarizes the model developed in [1] and recalls its main princi-
ples. The dynamics of the glow regime can be divided into three phases. First,
an initial cathode-directed streamer - also called positive streamer - creates a
conducting channel in the gap. Then, a return wave of potential redistribution
leaves the cathode. The structure of the plasma channel is then similar to that
of a typical DC glow discharge: most of the gap is occupied by a positive col-
umn, and a space charge layer - the streamer head - is situated at the cathode. A
conduction phase during which current is driven through the discharge channel
constitutes the final phase. It was shown in [1] that the Corona-to-Glow (C-G)
and Glow-to-Spark (G-S) transitions can be well described by the theories of
simple dielectric breakdown, the AST - Avalanche to Streamer Transition, and
the thermal ionization instability.
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The NRP C-G transition

Streamer phase - AST The Avalanche-to-Streamer Transition (AST) occurs
when the space charge field generated by an electron avalanche becomes com-
parable with the Laplacian field. The space charge field Egc generated by an
electric dipole formed by two spheres with charges +@Q and —(Q), separated by
a distance a~!, is given by [55]:

Esc = = Ko? (2.8)
0

where e is the charge of an electron, @) is the number of charges required for the
AST (also known as the ionization integral), € is the permittivity of free space,
and « is the first Townsend or ionization coefficient. When a uniform external
field Eyy,y is applied, the AST occurs when Esc = Eyp;r. In our case, £y, from
Equation (2.4) is not uniform. However, one can show that the field is approxi-
mately uniform near the electrode tip located at z = d/2 [1]. In the conditions
of the minimum distance for the existence of the glow regime, d = dmn;, and
Vi = Vinin, setting Er(z = d/2) = Eynif = Esc, and using Equation (2.8) at
the AST conditions, it is possible to deduce the ionization coefficient necessary
for the AST, asg7, for the experimental conditions studied. In [1]|, Pai et al
determined asgr corresponding to the experimental conditions studied, as a
function of the gas temperature T,. In the range T, = 750-1000 K, ags7 is
inversely proportional to T and only depends on the reduced electric field for
a given gas, density [1]|, and radius of curvature of the electrodes.

By setting Er(z = d/2) = Eunir = Esc, and using Equations (2.4) and (2.8),
and o = aqg7, we obtain the voltage necessary for the AST, Vagr:

2 (d/2)* 1
Visr = Kaler [a (/)]ln< +"°> (2.9)
a 1 —mo
1
~ KaiSTR1n< +77°> (2.10)
L =m0

where the second expression is only valid in the case of sharp tip electrodes,
R <« d. A semi-empirical model based on the measurements of the minimum
distance for the existence of the glow regime d,,;, and the corresponding voltage
Vimin enables us to determine aagr, and consequently Vagr. Note that Vagr
depends on the radius of curvature of the electrode R.

Conduction Phase - Breakdown During the conduction phase (after the
streamer and return wave phases, return phase that redistributes the potential),
the field ). is approximately uniform in the positive column and is given by
[56], [57]:

_ VoV

Ep. 7

(2.11)
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where V), is the applied voltage and V,.; the cathode fall voltage. The condition
to maintain the positive column during the conduction phase is E,. > FEj,,
where Ey, is the breakdown field. The breakdown field is the electric field nec-
essary to balance ionization and attachment rates in air and it is temperature

EbT, the reduced electric field for break-

down, was approximately constant up to T, — 2000 K. Consequently, we can
reasonably scale Ep, with the gas temperature according to Ey, = E(.300/T,,
where Fy is the breakdown field at ambient temperature. Consequently, the
breakdown voltage is given by:

dependent. It was shown in [58] that

Vir = dEo?’TE + Vg (2.12)

g

We should insist on the fact that the transition voltage V4, does not depend on
the radius of curvature of the electrode R.
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Figure 2.36: Comparison of experimental (symbols) and modeled (lines)
C-G transition voltage as a function of (a) the ambient gas temperature
T, and (b) the inter-electrode gap distance d. The theoretical curves were
calculated using Fy = 27 kV /cm. Images taken from [1].

This model was validated in [1]|. Figure 2.36 presents the C-G transition voltage
Vee as a function of (a) gas temperature Ty for a given distance d = 5 mm, and
(b) inter-electrode gap distance d for T, = 1000 and 800 K. With the choice
Ey = 27 kV/cm, the model fits Pai’s data reasonably well, the adjustable
variable being the cathode fall V..;. To get the C-G transition, the applied field
must be high enough to perform two tasks: initiate the streamer and maintain
the plasma during the conduction phase, which can be translated into Vog =
max(Vpr, Vagr). In [1], it is the breakdown condition that determines the C-G
transition voltage, as it is typically higher than Vsgsr.



SECTION 2.9 - MODEL OF THE COUPLED INFLUENCE OF R AND T, ON THE 41
EXISTENCE OF THE GLOW REGIME

The NRP G-S transition

It was shown in [1] that the G-S transition is due to the thermal ionization
instability. In the case of Nanosecond Repetitively Pulsed (NRP) discharges,
incremental heating occurs because of the high repetition frequency, as long as
the gas remains in the discharge gap. Just below the G-S transition, the field
in the positive column is

FE
B, = (Z) N 2.1
g <N>GS (2.13)

which gives the model for the G-S transition voltage Vigg:

= [(£) e, 10

e N is calculated using the elevated temperature of the gas, which takes into
account the gas expansion, via heating [1]. This temperature elevation
is related to the PRF and the length of the pulse. The model assumes
that the heating process is thermodynamically equivalent to a continuous
heating process with the same time-averaged volumetric power. In any
case, AT < 200 K for a glow discharge.

E
° (N) is the G-S transition reduced electric field, and Pai showed that
GS
it is constant at all gas temperatures from 300 to 1000 K. In [1] , it was
E
found to be <N> =144 Td (35 kV /cm at Ty = 300 K and P = 1 atm).
GS
e the cathode fall voltage Vs, which is an adjustable parameter. In [1], it
was chosen to be 1.9 kV.
The model for Vg fits the experimental data well for the G-S transition when
it occurs. Note that Vzg does not depend on the radius of curvature of the
electrode R.

Existence of the NRP glow regime

Pai noticed that glow regime only exists for d > d,in, and that the value of
this minimum distance increases with decreasing gas temperature, see figure
2.32. For d > duin, the Glow-to-Spark (G-S) transition was observed and for
d < dypin, only the No discharge-to-Spark (N-S) transition was observed.

Figure 2.37 presents the measured transition voltages C-G, G-S and N-S and
the modeled transition voltages Vgg and Vagr. We see that the model for Vagr
fits the measured N-S transition voltages for d < 2 mm and that the thermal
instability voltage Vg fits the data for the G-S transition voltage for d > 2mm.
Pai showed that only V4g7 can explain the existence of this minimum distance.
dimin corresponds to the limit case when the streamer can initiate and yet the
heating during the conduction phase does not lead to the thermal ionization
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instability. When d < dmn, the applied voltage is so high that as soon as the
streamer crosses the gap, the G-S transition is triggered after a few pulses by
the important Joule heating.
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Figure 2.37: Comparison of experimental N-S, C-G, and G-S transition
voltage and modeled thermal instability threshold and AST, as a func-
tion of inter-electrode gap distance d. T, = 1000 K, R = 200-250 pm,
PRF = 30 kHz, and v = 1.8 m.s~!. Figure taken from [1].

Then, dp,i, corresponds to the abscissa of the intersection of Vg (thermal
ionization instability) and Vg7 in the graph where the transition voltage V' is
given as a function of the inter-electrode distance d.

By setting Vasr = Vgs and using Equations (2.10) and (2.14), Pai et al [1]
derived the equation giving the minimum distance d,,;, for the existence of the
glow regime using macroscopic experimental parameters:

Ka%STRln [1 +mo(d, R)}

E
— (=) Nd+V, 2.15
1 —no(d, R) (N)GS ! (2.15)

which is in fact an approximation of the exact criterion obtained using the exact
expression of Vg from Equation (2.10), which can be expressed as:

Koo [a2 — (d/2)2] I {1 +m0(d, R)] B

= = Nd+ Vg (2.16)
(N>GS

In this work, the condition R < d will be fulfilled in most cases, except when
we will use electrodes of large radius of curvature at the tip R = 500 pm. In
that case, we will use the criterion given by Equation (2.16). In any case, the
difference between the two criteria is really small.

1 —no(d,R)

Pai et al noticed that the model of d,;, fits the experimental value showed
on figure 2.37 in their experimental conditions. Consequently, we see that the
model predicts that the AST has an influence on the discharge regimes for
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the small inter-electrode distances. Since Vygr is the only transition voltage
influenced by the radius of curvature of the electrode, the radius of curvature
has an important influence on the existence of the glow regime for small inter-
electrode gap distances. According to the model, Vog and Vigg should not
depend on the radius of curvature of the electrode. The influence of the radius
of curvature on the transition voltages will be investigated experimentally in
section 5.5.

Figure 2.38, taken from [1| shows a comparison of the experimental values of
Pai et al and the model for d,,;,, obtained using Equation (2.15) as a function of
the gas temperature. The model that best fits the data corresponds to a radius
of curvature equal to R = 250 wm, which is consistent with the electrodes used
in Pai et al’s work.
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Figure 2.38: Comparison between measured and modeled d,,;,, as a function
of the gas temperature 7,. PRF = 30 kHz, and v = 1.8 m.s~!'. Images taken
from [1].

2.9.3 Existence of the glow regime at 7, = 300 K

In this section, we propose to explain why it is important to decrease dip
and increase dq; to extend the domain of existence of the glow regime to low
temperatures. We also detail why R and the duration of the pulse A7 play a
key role to get the glow regime at T, = 300 K.

Decreasing d,,;n

We first examine the importance of the radius of curvature of the electrode
tip on the lower limit d,,;, of the domain of existence of the glow regime as
a function of temperature. As explained in previous sections, d,s, is found
by solving Equation (2.16). Figure 2.39 presents this minimum distance for
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three radii of curvature R = 250 um, 200 wm, and 100 pm. For a given
temperature T, we see that d,,;, decreases as R decreases. Consequently, we
should decrease the radius of curvature of the electrode to get the glow regime
at lower temperatures. This model is based on the empirical values of aag7
deduced from the experiments of Pai et al [1| for R = 250 pm, and therefore is
not fully valid at lower values of R. Nevertheless, the model clearly shows that
dmin decreases when R decreases. Thus, one possible way to decrease dn,
hence to decrease the lower limit of the existence of the glow regime at low
temperature, is to decrease R.
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Figure 2.39: Measured d,,;;, (symbols) in the experimental conditions of Pai
et al [1] and modeled d,,;, (lines) for three different radii of curvature R of
the electrode tip as a function of the gas temperature 7;,. The experimental
data were obtained for PRF = 30 kHz and v = 1.8 m.s™! from [1].

Increasing d, g

Another parameter studied by Pai et al was the maximum distance for the ex-
istence of the glow regime. This maximum distance corresponds to the distance
that can be crossed by a streamer of velocity v during the pulse duration Ar.
In the experiments of Pai et al [1], the FWHM of the applied voltage is ap-
proximately 12 ns. The streamer velocity scales inversely with gas density [59],
so if we consider that the streamer velocity is given by the following equation

T
= Vp— 2.17
v Vo TO ) ( )
where T is the temperature of the gas, and vg = 10% cm/s is the velocity of the
streamer at Ty = 1000 K, we can deduce the maximum distance d,,q; for the
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existence of the glow regime. Figure 2.40 shows d,,4; for three different pulse
durations A7. The symbols represent the experimental data for d,., taken
from [1] and the lines the model detailed above. The longer the pulse, the
longer the maximum distance for a given temperature 7. Thus, one possibility
to increase d,q, would be to increase the FWHM of the voltage pulse.
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Figure 2.40: Measured d,,;,, (symbols) in the experimental conditions of
Pai et al [1] and predicted d,;q, (lines) for three different durations Ar of
the voltage pulse as a function of the gas temperature 7;,. The experimental
data were obtained for PRF = 30 kHz and v = 1.8 m.s™! from [1].

These models suggest how to obtain the glow regime at lower temperatures than
Pai, see figure 2.41. The domain of existence of the glow regime obtained in [1]
and |2] was limited to 700-1000 K due to the crossing of the lower limit d,;,;,, and
the upper limit d,,q;. Increasing the duration of the pulse A7 and decreasing
the radius of curvature R of the electrode tip, the model predicts that we could
extend the domain of existence of the glow regime to lower temperatures.

Figure 2.42 presents the predicted domain of existence of the glow regime with
R = 100 pm and A7 = 20 ns. At T, = 300 K, we have d,,;;,=5.9 mm <
dmaz=13.4 mm. Thus, the glow regime could be obtained in principle with
these parameters.

There is however one additional consideration to take into account. If the
duration of the pulse is increased, the thermal ionization instability may occur
if the distance is kept constant. To prevent the spark discharge, we should
increase the inter-electrode gap distance and also the applied voltage V), in
order to maintain a sufficient electric field. Our original pulse generator being
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Figure 2.42: Predicted range of gap distances for the existence of the glow
regime, as a function of gas temperature 7, for R = 100 um and a duration
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of the voltage pulse A7 = 20 ns. PRF = 30 kHz.

limited to V,, < 8.6 kV and A7 = 10 ns, a new pulse generator able to deliver
voltage pulses of variable duration up to 50 ns, up to V,, = 20 kV, was acquired.

This pulser will be characterized in section 3.3.
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The results of this preliminary analytical study of NRP discharges properties
will be experimentally tested in chapters 5 and 6. In the following chapter,
chapter 3, we present the experimental set-up used in the experiments.

2.10 Conclusions

In this chapter, we have presented several features of NRP discharges in at-
mospheric pressure air plasma and how they could meet the requirements of
several applications. We have presented the various applications of atmospheric
pressure air plasmas, detailing the several ways to produce such plasmas and
showing how the NRP were the only discharges that could in particular meet
the requirements of large temperature range for high electron density and low
power budget. We have shown a few recent developments of NRP discharges,
and detailed the previous results [1], [2], [36] and [37] about the pin-pin con-
figuration studied in preheated air. The various properties of the two relevant
discharge regimes were exposed: the NRP spark and glow discharges. We have
shown the regime transition with respect to the Pulse Repetition Frequency,
the temperature of the gas, and the inter-electrode gap distance. In particular,
to date the NRP glow regime has been found to exist only at a temperature of
the gas greater than 700 K. Finally, we have presented the model of Pai et al
[1] on the coupled influence of the gas temperature and the radius of curvature
of the electrode which explains the various domains of existence of the three
NRP discharge regimes and the transition voltages. This model also predicts
the existence of the NRP glow regime at ambient temperature provided the
use of small electrode radius of curvature and long duration of the high-voltage
pulse.






Chapter 3

Experimental Setup

3.1 Introduction

In this chapter we present the experimental setup used in this work and the
main characteristics of the various components. In section 3.2, we present the
plasma generation system and the various diagnostics used. Section 3.3 details
the main characteristics of a new pulser, called Pulser 2, that creates high-
voltage pulses of variable duration. Section 3.4 describes the various electrodes
we used. Sections 3.5 and 3.6 detail the experimental setup for the Optical
Emission Spectroscopy (OES) measurements and the main characteristics of
the monochromator and ICCD camera used. The calibration procedure of the
spectra obtained in OES is explained in section 3.7, and the synchronization of
the ICCD camera used in OES and imaging is detailed in section 3.8. Finally,
we investigate the influence of the position of the voltage probe on the electrical
measurements for NRP glow and spark discharges in section 3.9.

3.2 Plasma generation and measurements system

In this section, we present the plasma generation system and the various mea-
surement systems used. Figure 3.1 shows a diagram of the experimental setup
for plasma generation, the electrical measurement system, and one of the mea-
surement systems we used for direct imaging of the discharges.

Air heater

The discharge is generated in a vertical airflow that can be preheated from 300
to 1000 K by a resistive heater Osram Sylvania 8 kW Hot Air System, see figure
3.2. A Sierra Instruments Smart Trak digital mass flow meter calibrated for
air regulates laboratory grade air from 5 atm to 1 atm. Its flow rate can be
adjusted from 0 to 30 NL/min. Then, air flows into the resistive heater where
it passes through a ceramic heating coil. The metal tube flows air vertically
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Figure 3.1: Schematic diagram of the experimental setup. The imaging
system with ICCD camera is shown. The details of operation of the high-
voltage generator and CCD camera are explained further in the chapter.

from the bottom to the top. Its internal diameter is 1.5 ¢m and its external
diameter 2.5 cm.

Electrode assembly

Two electrode configurations are used. The first configuration studied is the
axial configuration where the flow is along the direction of the inter-electrode
axis, see figure 3.2. The electrode assembly is mounted on two orthogonal micro-
metric translation stages allowing horizontal movement. Another z-translation
stage allows to move both electrodes vertically above the air heater exit. In
this configuration, experiments were done with the cathode 1 mm above the
air heater exit. Another z-translation stage permits to move the anode from
the cathode so as to vary the inter-electrode gap distance d. This axial con-
figuration will be used for the study of ultrafast heating following an NRP
spark discharge in air in Chapter 4 and the study of the influence of R (elec-
trode radius of curvature) and 7, (gas temperature) on discharge regimes and
properties in Chapter 5.

The second configuration studied is the transverse configuration where the flow
direction is orthogonal to the direction of the inter-electrode axis, see figure
3.3. As for the axial configuration, the electrode assembly can be translated in
the horizontal plane in two orthogonal directions, and on the vertical z-axis.
The inter-electrode gap distance d can be adjusted with another micrometric
translation stage. As the air heater exit is grounded, we did not place the
high-voltage electrode in contact with the air heater exit. In all experiments,
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Figure 3.2: Photo of air heater exit and electrode assembly in axial config-
uration.

the center of the bottom electrode was placed 15 mm above the output of the
air heater. This transverse configuration is used for the parametric study of
the glow regime at T;, = 300 K in Chapter 6.

High-voltage pulse generation

Plasma is generated by applying nanosecond high-voltage pulses between two
pin electrodes. The various types of electrodes used in this work are described
in section 3.4. High-voltage pulses are produced by two different high-voltage
pulse generators.

The first pulse generator is a FID Technology FPG 10-30MS pulser that pro-
duces pulses with rise/fall times of 5 ns, a flat top of 10 ns at greater than 90%
of the maximum voltage, and amplitudes up to +10 kV into an open circuit.
The output of the pulse generator is connected with a 18-cm coaxial cable to
the electrodes. The coaxial cable is split about 4 cm from the electrode, the
core joining the anode and the sheath the cathode, as shown in figure 3.2.
This pulse generator will be called in this work Pulser 1 (P1), and was already
described in more details in [2].

A second pulse generator Pulser 2 (P2), FID Technology FPG20-30MKS50, is
used. A complete description of this pulse generator will be given in section 3.3.
The main characteristic of Pulser 2 is that it can be used on two independent
channels that deliver pulses of variable pulse duration. As announced by the
manufacturer, Channel 1 delivers pulses of duration 20-50 ns, and Channel 2
pulses of duration 5-11 ns. A detailed study of the pulse duration will be done
in section 3.3. The rise/fall time of Channel 1 is 15 ns and that of Channel 2
is 5 ns. Two knobs on the front panel permit to adjust respectively the Pulse
Width (PW) and the Amplitude of the pulses. Both channels produce pulses
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Figure 3.3: Photo of the air heater exit and electrode assembly in the
transverse configuration.

of amplitudes up to +20 kV into an open circuit, at frequencies from 1 Hz to
30 kHz. The main characteristics of the two pulsers are presented in table 3.1
following our characterization work.

Table 3.1: Pulser 1 and Pulser 2 main characteristics

Pulser 2
Pulser Pulser 1 o annel 1 | Channel 2
Output impedance [©] 75 100 100
Voltage amplitude N N N
into an open circuit [kV] ~9 ~ 20 ~ 20
FWHM [ns| 12 5-11 20 - 52
Pulse width at 90 % [ns] 4 2-4 9.5-35
Rise time |ns| 5 5 15
Frequency [Hz] 1 - 30,000

FElectrical measurements

Measurements of the voltage applied across the electrodes V), are obtained us-
ing 100-MHz bandwidth Lecroy PPE 20 kV high-voltage probes connected to
the 1 M input impedance of the oscilloscope. Their ability to measure the
nanosecond high-voltage pulses was already investigated by Pai in [2]. When
needed, we added a Lecroy attenuator 10:1 to the voltage probe. The dis-
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charge current, also called total current I;,;, see section 6.8, is measured using
two different Pearson coil current monitors. For Pulser 1, we used a Pearson
model 2877 Rogowski-type current probe, located after the break of the 18-cm
coaxial cable connecting the pulse generator to the electrodes, on the grounded
electrode side, as can be seen on figure 3.2. To measure current using Pulser
2, a Pearson model 6585 current probe was placed around the ground cable
connecting the cathode to the matching network of the pulse generator. This
can be seen on figure 3.3. Section 3.3 further describes the matching network
of Pulser 2. Both probes are connected to the ground via flat braided wire.
The characteristics of the two probes are detailed in table 3.2. Both Pearson
probes are connected to the attenuator and the scope via a Pasternack double
shielded flexible RG142B/U coaxial cable. The use of this cable minimizes the
noise captured via the wire.

Table 3.2: Pearson coil characteristics

Mazimum Useable 3 dB cutoff £ 3 dB cutoff

Model  Output . . .
up peak current  rise time  low frequency  high frequency

number [V/A]

[A] [ns] [Hz] [MH|
2877 1 100 2 300 200
6585 1 500 1.5 400 250

Both probes have a current-to-voltage ratio of 1 A to 1 V when plugged on the
1-M€ channels of the scope. A low-voltage 50-) impedance attenuator, Barth
Model 2-20, with a 20 dB (= 10) attenuation, 0-20 GHz bandwidth, and 20 ps
output rise time is connected between the cable that leads to the Pearson probe
and the oscilloscope. To minimize signal reflections, we connect the Pearson
probes using an additional BNC straight 50 € plug terminator on the 1M
input impedance of the scope to match the Pearson probe impedance. Conse-
quently the effective current-to-voltage ratio is 2 A to 1 V in this configuration.

Two different oscilloscopes were used to record the signals from the various
probes: a 350-MHz (maximum 1 or 2 Gs/s) Lecroy Wavesurfer 434 or a 1-GHz
(maximum 10 or 20 Gs/s) Lecroy Wavepro 7100A oscilloscope. Except when
mentioned otherwise, all voltage and current measurements recorded with the
oscilloscopes are averaged over 100 samples. For measurement made with the
1-GHz Lecroy Wavepro 7100A oscilloscope, the maximum voltage that we could
monitor was 16 kV. Using Pulser 2, the applied voltage could be as high as 18-20
kV, consequently, we used an additional Lecroy D 9010 (= 10) high impedance
divider between the Lecroy high-voltage probe and the 1-M€2 input impedance
of the scope.



54 CHAPTER 3 - EXPERIMENTAL SETUP

Light collection

For optical emission spectroscopy, we used two 90° off-axis parabolic UV-grade
MgFs-coated aluminum mirrors of 50 mm diameter (Janos technologies). Those
mirrors collect light from the plasma and focus it into the front entrance slit of
the monochromator. Mirrors are placed in mirror mounts (Ultima U200-A38)
with adjustment knobs allowing 3-D movement. A schematic diagram of the
experimental setup is described in section 3.5. Each mirror is positioned on
x —y — z translation stages in order to align them independently. A diaphragm
is placed before the first collecting mirror to adjust the solid angle and to reduce
spherical aberrations. This permits to control the intensity of light collected in
the monochromator. In order to isolate specific transitions and discard second
order diffraction, we used interference filters positioned on the optical path just
before the entrance of the monochromator.

Monochromator and ICCD camera

For the experiments presented in chapter 4, calibrated optical emission spec-
troscopy measurements were made using a monochromator fitted with an ICCD
camera. The light emitted from the discharge was collected and entered an Ac-
ton SpectraPro 25001 monochromator for spectral analysis before final detection
by an intensified Princeton Instruments PI-MAX CCD camera. Further details
about the monochromator and ICCD camera subsystem are given in sections
3.5, 3.6, 3.7, and 3.8.

ICCD camera for imaging

For the experiments presented in chapters 5 and 6, direct visualization of the
discharge was realized using an ICCD camera. The light emitted from the
discharge was collected via a UV Nikkor 105 mm zoom lens and entered an
intensified Princeton Instruments PI-MAX CCD camera. The camera model
was identical to the one used with the monochromator except that the imaging
CCD was a 512 x 512 px array. The zoom lens was focused without the
discharge in order to visualize the image of the electrodes on the CCD when
those were lit with an external lamp. The camera was mounted on a tripod.
The camera was used in imaging mode in order to visualize the discharge. The
operation of the PI-MAX ICCD camera will be described in section 3.6 and the
synchronization procedure will be presented in section 3.8.

3.3 Characterization of the high-voltage pulse Gen-
erator 2

In this section, we present the FID Technology FPG20-30MKS50 pulse gen-
erator, called Pulser 2 (P2) in this thesis, and detail its main properties. As
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mentioned in section 3.2, the width and amplitude of the pulses produced by
Pulser 2 can be adjusted. The duration of the pulses delivered by both channels
will be studied in more details further. Typical waveforms of voltage delivered
on pin-pin electrodes can be seen on figure 3.4 and are compared to the voltage
delivered by Pulser 1. The pulses delivered by Pulser 2 on Channel 2 are shorter
than those delivered by Pulser 1 for all Pulse Widths. The pulses delivered by
Pulser 2 on Channel 1 are much longer than those delivered by Pulser 1 for all
Pulse Widths. The waveforms shown on figure 3.4 correspond to a pulse width
in the middle of the range of pulse widths attainable for Channel 2 (full range
5 to 11 ns) and to a minimum width on Channel 1. The characteristics of these
waveforms results are given in table 3.3.
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Figure 3.4: Measured normalized voltage delivered by Pulser 1 (thick red),
Pulser 2 Channel 2 (thin black), and Pulser 2 Channel 1 (dash blue) in a
typical glow discharge.

Table 3.3: Pulse Width at 90% and 50% amplitude of the waveforms shown
in figure 3.4 for Pulser 1 and Pulser 2. Pulse Width for Pulser 2 is adjusted
to the middle of the pulser range for Channel 2 and to the minimum for
Channel 1.

Pulser Pulse Width Pulse Width
at 90% [ns] at 50% [ns]
Pulser 1 4.0 11.8

Pulser 2 Channel 2

(intermediate PW)

Pulser 2 Channel 1
(minimum PW)

2.3 5.7

9.8 22.9

The curves on figure 3.4 are representative of the shapes of all pulses produced
by Pulser 1 and Pulser 2 Channels 1 and 2. We note that the rise times of Pulser
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1 and Pulser 2 Channel 2 are always similar and tend to be much shorter that
those of Pulser 2 Channel 1.

Figure 3.5 shows a block diagram of the high-voltage pulse generator system.
The pulse generator can be triggered either by its own pulse delay generator,
or by a Berkeley Nucleonics Corporation (BNC) Model 575 digital pulse/delay
generator delivering pulses of duration 80 ns and amplitude 5 V.

wire to the
high-voltage
electrode
BNC 575 FID FPG 2030 MKS50 Y
Pulse Delay High-voltage pulse Chl atening
Generator generator N network
Main device Ch2y
100 Ohm- wire to the
impedance grounded
cable electrode

Figure 3.5: Block diagram of the high-voltage pulse generator 2

The output channels of the pulse generator are connected to a 5-m cable of
characteristic impedance 100 2. At the end of the cable, a matching network
permits to avoid reflections to go back into the pulser. This would put too
much power into the pulser and potentially lead to its destruction. Figure 3.6
shows measured voltage waveforms after the 100 Q-cable when no matching
network is connected (thick blue) and at the output of the matching network
with no external load (thin red). We see that the matching network reduces
the amplitude of the reflected pulse by more than a factor 2. Consequently, we
will use the pulse generator with the matching network in the present work.

First, we determine the characteristic output impedance of the pulser. We con-
nect the output of the matching network on two test resistors. We measure
the voltage across the resistors with the Lecroy high-voltage probes previously
described in section 3.2. We work at low frequency (1 Hz) not to burn the
resistors used. Figure 3.7 shows the measured voltages across two test resis-
tors and across an open circuit. The voltage amplitude on the test resistor
of Ripaqa = 100 Q is divided by two compared to the amplitude of the voltage
measured on an open circuit, which confirms that the characteristic impedance
of the pulser is Z = 100 €.

At high frequency such as 10 kHz, the voltage does not go to zero in the
inter-pulse. As shown in figure 3.7, at 1 Hz, the inter-pulse residual voltage
is null on an open circuit, whereas at 30 kHz, it is approximately equal to
1.3 kV (see figure 3.6). This had not been observed on Pulser 1. It turns out
that the internal electric circuits of both pulse generators are different and do
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Figure 3.6: Measured voltage waveforms at the end of the 100 (2-cable

when no matching network is connected (thick blue) and at the output of

the matching network (thin red) on an open circuit. Pulser 2, Channel 2,
PRF = 30 kHz.
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Figure 3.7: Measured high-voltage pulse generator 2 Channel 2 voltage
waveforms for various loads. PRF = 1 Hz. Waveforms are single shot
samples.

not discharge in the same way between pulses. Consequently, we study the
value of the inter-pulse residual voltage with respect to several parameters:
pulse frequency PRF, load, and voltage amplitude. Figure 3.8 shows voltage
waveforms measured for different PRF's on Channel 2.
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Figure 3.8: Measured voltage waveforms on an open circuit with Pulser 2
Channel 2 for various values of the pulse frequency. Waveforms are single
shot samples.

The inter-pulse residual voltage increases with the frequency, from zero at 50 Hz
up to 1.5 kV at 30 kHz. When no impedance load is connected to the output
of the pulse generator, energy is not dissipated, so at high PRF' it appears as
an additional DC voltage. Thus, for a given frequency, the inter-pulse residual
voltage increases with increasing voltage amplitude. Finally, we investigate
the influence of the number of pulses in a burst of pulses on the inter-pulse
residual voltage. A burst of a variable number of pulses is followed by a pause
of variable duration. We vary the number of pulses from 10 to 10,000 and the
duration of the pause from 900 to 6,000 pulses. In each case, for a number of
pulses lower than 100-200, the inter-pulse residual voltage is negligible, and the
voltage increases with the number of pulses. This confirms that this inter-pulse
residual voltage is related to the average energy delivered by the pulser.

We intended to used this pulse generator to create NRP glow discharges at
T, = 300 K. For such discharges, the load is quite similar to an open circuit
because the equivalent plasma resistance is very high. Consequently in such
conditions, the inter-pulse residual voltage becomes significant.

In addition, preliminary tests showed that the discharge transitions were quite
different from those obtained using Pulse Generator 1 under similar conditions.
We inferred that this inter-pulse residual voltage might be the cause of this
awkward behavior. In order to eliminate the residual voltage, we added a
Murata capacitor of capacitance C= 1000 pF + 20% and maximum voltage
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15 kV in between the positive output of the matching network and the anode.
This capacitor is shown on figure 3.10. We checked that the capacitor did not
change the shape of the main pulse while still removing the inter-pulse residual
voltage, as can be seen on figure 3.9. We then compared the voltage required to
obtain NRP glow discharges at T;, = 300 K. The way to obtain a glow discharge
at Ty = 300 K will be described in chapters 5 and 6. It can be also be seen that
the capacitor slightly increases the ringing pulses. The second pulse amplitude
goes from 40% to 57% of the first pulse amplitude when adding the capacitor,
see figure 3.9. This increase is not significant and does not change the discharge
regimes. Consequently, in the rest of this work, we will always use Pulser 2 with
a capacitor of capacitance C= 1000 pF between the high-voltage output of the
matching network and the anode of the reactor.
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Figure 3.9: Measured voltage waveforms with Pulser 2 Channel 2 with (thin
red) and without (dash black) a capacitor C= 1000 pF at the anode for a
typical glow discharge at T, = 300 K. The way to obtain a glow discharge
at T, = 300 K will be described in chapters 5 and 6. (a) corresponds to a
zoom of the waveforms of (b).

Figure 3.10 shows a picture of the Pulser 2 with the matching network and
the additional capacitor on the high-voltage output. The amplitude and pulse
width adjusting knobs are visible on the front panel. The 100-€2 cable is con-
nected to the main device on the rear panel (not visible on the picture).

Finally, we investigated the output characteristics of the high-voltage pulse gen-
erator by varying independently the amplitude and the pulse width. Originally,
this pulser was acquired to investigate the influence of the pulse duration on
the existence of the glow regime at low temperature, see section 2.9.3. How-
ever, we found out that the pulse width and amplitudes could not be varied
independently. Thus, we begin by a characterization of the pulse width and
amplitude. The first test consisted in increasing the pulse width while keeping
the amplitude constant on Channel 2, see figure 3.11 (a). This was done on an
open circuit. Changing the pulse width from its minimum to maximum value
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Figure 3.10: Pulser 2 connected circuit components.

results in an increase of the voltage by 2 kV, the maximum of the voltage pulse
increasing from 4 to 6 kV. Conversely, we also increased the amplitude while
keeping the pulse width constant for several pulse widths on Channel 1. Figure
3.11 (b) shows the voltage waveforms obtained keeping the pulse width at 3/4
of its scale, with a matching load of Rj,qq = 100 © (Kanthal 888 AS 101 KDS
resistor). We progressively increased the voltage amplitude from its minimum
value to its maximum value. The duration of the pulse at half-maximum de-
creases when the amplitude increases. For the minimum amplitude, the FWHM
is equal to 40.5 ns, whereas for the maximum amplitude, it is equal to 24.7 ns,
which corresponds to a 40% reduction. This is consistent with the fact that
there is a maximum average power that can be delivered by the pulser. When
we try to increase the voltage amplitude too much, the pulser has to shrink the
duration of the pulse.

Consequently, we investigated the variations of the maximum output voltage as
a function of the pulse width on a matched load Rj,qq = 100 £ on both channels.
Figure 3.12 shows the evolution of the maximum value of the output voltage as
a function as the pulser FWHM for several positions of the pulse width knob.
Each symbol colors corresponds to a given position of the pulse width knob.
These measurements were made in burst mode with 80 applied pulses followed
by a pause of 800 pulses at a frequency of 10 kHz. A range of pulse FWHM
of 5-11 ns is reachable with Channel 2, and 15-20 ns to 52 ns is reachable with
Channel 1. However, as was shown on figure 3.12, the maximum output voltage
and the FWHM are not independent. Increasing the voltage decreases the pulse
duration at high amplitude. Furthermore, there is a domain of FWHM from
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Figure 3.11: Measured single-shot voltage waveforms with Pulser 2 (a)
Channel 2 on an open circuit and (b) Channel 1 on a resistor Rj,q =
100 Q2. When the pulse width increases, the voltage amplitude increases.
When the voltage amplitude increases, the pulse width decreases, all the
more at high voltage. Waveforms on figure (a) are single shot samples.
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Figure 3.12: Maximum values of the output voltage as a function of the
FWHM for several positions of the pulse width knob for (a) Channel 2 and
(b) Channel 1 on a Kanthal 888AS 101 KDS resistor load Rj,,q = 100 €.
Each symbol colors corresponds to a given position of the pulse width knob.
Measurements were made in burst mode with 80 pulses applied followed
by a pause of 800 pulses at a frequency of 10 kHz.

11 ns to 15-20 ns that cannot be reached with this pulse generator. Fortunately,
this corresponds to the FWHM of Pulser 1.

As was shown on figure 3.4, the rise time of Pulser 1 is identical to the rise
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Figure 3.13: Reachable domain of maximum values of the output voltage
of Pulser 2 as function as the FWHM on a resistor load R;,,q = 100 €.

time of Pulser 2 Channel 2. Consequently, when we need to work in closeby
conditions as with Pulser 1 but with higher voltage, we will use Pulser 2 Channel
2 since the maximum voltage reachable with Pulser 2 is 20 kV in an open circuit.
However, we will have to keep in mind that the pulse duration is slightly shorter
in this setting.

In section 2.9.3, we saw that increasing the duration of the pulse to a FWHM
of approximately 20 ns while increasing the inter-electrode gap distance to 6-
10 mm at about 10 kV could be a method to increase the maximum distance of
existence of the glow regime, and thus to obtain the glow regime at T, = 300 K.
However, we see that it is difficult with Pulser 2 to keep a constant value of
the FWHM, particularly at high voltages. Consequently, we will not make a
systematic study of the existence of the glow discharge as a function of the pulse
duration as was planned in section 2.9.3 but concentrate on the influence of the
radius of the electrode on the NRP glow discharge regime while decreasing gas
temperature, see chapters 5 and 6.

In this section, we have investigated the main properties of Pulser 2. We de-
tailed the main components of the pulser and emphasized the importance of the
matching network to avoid reflections of the main pulse. We confirmed that the
output impedance of the pulser is 100 2. We noticed the existence of an inter-
pulse residual voltage, that might be disturbing when studying glow discharges.
We added a capacitor between the high-voltage output of the matching network
and the anode, and we checked that this capacitor eliminated the residual volt-
age while not affecting the shape of the pulse. Finally, we studied the maximum
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voltage as a function of the FWHM and showed that it is not easy to work at
constant FWHM at high output voltages. Thus, we will not use Pulser 2 to
study glow discharges with long pulse durations (FWHM = 30 ns), but mainly
use it to obtain voltages higher than 9 kV (up to 14 kV), since the maximum
voltage attainable with Pulser 1 is 8.6 kV.

3.4 Electrodes

We used several types of electrodes. The first type is the same as that pre-
viously used by Pai in [2], Delmo refractory stainless steel electrodes. They
are manufactured with a cylindric shape at the tip. To obtain a sharp pin, we
hand sharpened them with a grinder, to make them as symmetric as possible to
the naked-eye. The radius of curvature obtained is approximately 200-250 pum.
Then we bend them in order to get a pin-pin configuration, so as to obtain the
geometry shown in figure 3.2. This kind of electrode is used for the study of
the ultrafast heating following an NRP spark discharge in air in chapter 4 and
in section 5.3 to show the different NRP discharges at 7, = 1000 K.

200 pm

Figure 3.14: Typical home-made sharpened Delmo electrode. Image taken
with a BX51 Olympus microscope.

However, as can be seen on figure 3.14, images obtained with an optical Olym-
pus BX 51 microscope indicate that the shape of the electrode is not symmetric,
and that there are salient, prominent angles likely to enhance the development
of streamers. To validate the strategy presented in section 2.9.3, a smooth sur-
face and a calibrated radius of curvature of the electrodes are needed. Thus,
we have ordered Delta Precis custom-made stainless steel electrodes of radii of
curvature 50, 100, 200 and 500 pm. The actual radii of curvature of the man-
ufactured electrodes were 58, 116, 204 and 508 wm. A picture of an electrode
of nominal radius of curvature R = 100 pm is shown on figure 3.17 (a). The
electrodes are made with a portion of sphere tangentially linked to a cone of
angle at the summit around 9°. The height of this part is around 8 mm and is
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followed by a cylinder of diameter 2 mm. The salient angle between the cone
and the cylinder is smoothed. These electrodes are held by a metallic cube,
itself was fixed on a straight section of a Delmo electrode, see figure 3.15.

“carrying

Delmo electrode
- metal cube

electrodes of
calibrated
radius of curvature R

Figure 3.15: Photo of the experimental setup used to maintain the Delta
Precis and Azfil electrodes above the preheated air flow.

6mm

2mm

carrying I.E" T
Delmo / <— Axiil or
electrode Delta Precis

electrode

Figure 3.16: Schematic side-view of the experimental setup to maintain
the Delta Precis and Axfil electrodes above the preheated air flow.

Two different types of cubes are used, both of the same area A = 48 mm? per-
pendicular to the axis of the electrodes, but of different lengths in the direction
of the axis of the electrode, in order to be able to vary the inter-electrode gap
distance d without bending the carrying electrode. The introduction of this
cube introduces a new parameter in the experiment, namely the length [ be-
tween the tip of the electrode and the cube. This length can be adjusted from
1 to 15 mm using the set-screw on the side. The influence of this parameter
on the nature of the NRP glow discharge will be studied further in section 6.4.
We also used Azfil electrodes, of radius of curvature around 20 wm. However,
their shape is not as symmetric as the shape of the Delta Precis electrodes, as
can be seen on figure 3.17 (b). The diameter of the base cylinder is also 2 mm,
and the metal is stainless steel, as for the Delta Precis electrodes.

Even though the model described in section 2.9 was for electrodes of hyperboloid
shape, the present electrodes are very close in terms of shape (see figure 3.18).
Therefore, they are adequate to test the model, as will be done in section 5.5.
The characteristics of the various electrodes used in the present work are sum-
marized in table 3.4.
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100 pm
==

(a) R=100 um Delta Precis electrode (b) R=20 um Aazfil electrode. The elec-
trode is not perfectly symmetric

Figure 3.17: Photos of two types of electrodes used in this work. Photos
taken with a BX51 Olympus microscope.
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Figure 3.18: Cross section of the custom-made Delta precis electrode of
radius of curvature at the tip R = 100 pm (thin red) and corresponding
hyperbola of same radius of curvature at the tip (thick black).

Table 3.4: Electrodes characteristics

Electrode Delmo Delta Precis  Axfil
R [ ~ 200 58, 116, 204, 508 20
Total length [mm| - 20 38

Mounting technique bent at 90° metallic cube holder
Configuration pin pin with plane behind
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3.5 Experimental setup for Optical Emission Spec-
troscopy (OES) measurements

Previous measurements of Optical Emission Spectroscopy (OES) had been per-
formed on an NRP spark discharge in [6] and [48|. However, the experimental
setup implemented in these works used an optical fiber between the plasma
and the side entrance of the monochromator, which can introduce uncertainty,
for example, in terms of the spatial resolution, and hence on the quantitative
determination of densities.

Figure 3.19 shows a schematic view of the light path from the discharge to the
side entrance of the monochromator in the previous setup.

discharge .
9 diaphragm ~ off-axis
_/ parabolic mirror
f=20cm
17 mm
— |
737 115 mm
optical fiber
side pin hole
entrance & 300um
ff-axis
parabolic mirror
=< f=10cm

interference
filter

Figure 3.19: Diagram of the previous experimental setup used for OES in
reference |[6].

The experiments performed in that configuration needed to be confirmed for
the following reason. At the entrance of the optical fiber, after the two off-
axis parabolic mirrors, a pinhole of diameter 300 um had been placed. Since
the magnification of the system was 1/2, the resulting spatial resolution was
600 wm. One concern is that this size is actually larger than the size of the
discharge (the diameter of the NRP spark discharge had been previously mea-
sured to be around 350 um [6]). Thus the spatial resolution was insufficient to
determine the discharge radius accurately.

Furthermore, the 2-mm tungsten filament used for intensity calibration is wider
than this diameter of 600 wm, see figure 3.20. A correct calibration procedure
must use a reference calibration signal of the same surface as the luminous signal
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studied (see section 3.7). Consequently, the calibration procedure accuracy was
not warranted and the absolute densities inferred from the spectra obtained by
OES might be biased. In addition, the optical fiber we used was composed of
18 fibers, which can introduce variations in the system response.

To eliminate these problems, we decided to remove the optical fiber between
the plasma and the entrance of the monochromator and to build a new fiberless
optical train. This setup is much more delicate to align, but offers increased
accuracy, spatial resolution and reliability for the quantitative measurements
envisaged. Figure 3.21 shows a diagram of the experimental setup used for the
Optical Emission Spectroscopy measurements performed in this work.

zones that do

. tungsten
i h
not produce light discharge flament
light captured light captured

by the pinhole by the pinhole

600 600

(a) (b)

Figure 3.20: Portions of (a) discharge and (b) tungsten filament detected
with the 300-um diameter pinhole system.
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Figure 3.21: New experimental setup for Optical Emission Spectroscopy
measurements
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To further improve the measurements, in particular the spatial resolution, ad-
ditional changes were made. Specifically, we exchanged the positions of the two
off-axis parabolic mirrors in the optical path. The collecting mirror is now the
10-cm focal length Off-Axis Parabolic (OAP) mirror and the focusing mirror
the 20-cm focal length OAP mirror. Thus the system magnification is now 2.
Light is now sent directly onto the front entrance slit (100 pm wide, 14 mm
height) of the monochromator. The optical system is positioned to collect light
perpendicular to the plasma channel. Thus, the lateral spatial resolution is
50 um horizontally. This is significantly lower than the value of the diameter
of the discharge. The slit height being 14 mm, the vertical resolution is 7 mm.
Consequently, we are not in the situation of figure 3.20 anymore, but in a sit-
uation where the whole diameter watched within the system will be entirely
covered by the discharge. Thus, the calibration procedure will be adequate.
Furthermore, the improved spatial resolution is sufficient to resolve the dis-
charge diameter. We adjust vertically the discharge so that the image of the
plasma is centered on the middle of the entrance slit.

The changes from the previous system have other consequences. The solid angle
that is accessible to the system is larger since the collecting mirror has a smaller
focal length f = 10 cm. Reducing the focal length of the collecting mirror by two
increases the solid angle by four, thus increasing the amount of light collected
into the monochromator. Consequently, the signals obtained will have a better
signal-to-noise ratio. It is important to optimize the f number (f#) of the
imaging optics and the spectrometer. The f number of the imaging optics is
defined as f#ptics = f'/D’ where f"is the OAP mirror focal length and D’
the maximum diaphragm diameter (1.3 cm in this work). The f number of the
spectrometer is defined as f# gpectrometer = .f/D where f is the spectrometer
aspheric mirror focal length and D the mirror diameter. In this work, we have
f#optics = 10/1.3 = 7.69 & f# spectrometer = 50/6.5, thus the f number of
the spectrometer was matched to the f number of the imaging optics in order
to optimize the optical system.

When necessary, we place an interference filter at the entrance of the monochro-
mator just before the entrance slit to prevent the second order diffraction of
wavelength from 200 to 400 nm to appear on top of the first order diffraction
above 400 nm. We were careful to mask any direct light coming from the
discharge from getting into the monochromator as this would bias the mea-
surements. Finally, we monitored the electrical parameters using the probe
described in section 3.2 to synchronize the OES measurements and the NRP
discharges. The synchronization of the high-voltage pulse generator and the
ICCD camera will be described in section 3.8.
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3.6 Monochromator and ICCD camera

The spectroscopic measurements presented in this thesis were performed with
an Acton SpectraPro 2500i monochromator of the Czerny-Turner type, and its
main characteristics are described in table 3.5. A schematic diagram of the
spectrometer is shown on figure 3.22. Light emitted by the discharge is focused
to the front entrance slit of the monochromator by the optical train described
in section 3.5 and shown on figure 3.21. As previously mentioned, the f num-
bers are matched. Light is first reflected off the collimating spherical mirror
and is then diffracted by one of the gratings placed on a turrett. The various
wavelengths are selectively diffracted. The second spherical mirror focuses light
on the CCD array. A calibration procedure in wavelength can be performed
with a standard mercury lamp for each grating. This permits to set the cor-
respondence between each pixel of the CCD and the resulting wavelength. We
use two different gratings in this work, a 600 gr/mm grating blazed at 300 nm
and a 2400 gr/mm blazed at 240 nm. The larger the groove density, the larger
the angle of diffraction for a given wavelength. Consequently, for the same
width of CCD array (1024 px), the wavelength range observable is narrower
with the higher resolution grating. The window observed with 600 gr/mm is
40 nm whereas with the 2400 gr/mm grating, the window is only 9-nm wide.
The 2400-gr/mm grating was used in order to maximize the spectral resolution.

Entrance
&« slit
/ Diffraction
ZL— i
Mirrors gratings
\ E IcCD
5 camera
\

Figure 3.22: Schematic view of the light path in monochromator until the
ICCD camera.

The PI-MAX camera is an intensified CCD camera that can be used in either
spectroscopy mode or imaging mode. In this section, we describe the use of
the camera in the spectroscopy mode, see reference [60]. The user interface is
WinSpec. The principle of data acquisition is the following. An incident photon
arrives on the photocathode and releases one electron via the photoelectric
effect. Each electron is accelerated in the Micro-Channel Plate (MCP), and
creates more electrons, resulting in an amplification of the signal - provided
high voltage is applied to the intensifier. The resulting electrons strike the
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Table 3.5: Specifications and nominal settings used in all measurements for
the monochromator-ICCD camera system

SpectraPro2500i Monochromator

Optical path 180 °
Mirrors Original polished aspheric
Focal length 50 cm
Slit 14 mm high, 100 pm wide at front entrance
Diffraction grating 600 gr/mm 2400 gr/mm
Blazing 300 nm 240 nm
Resolution 0.40 nm 0.08 nm
Princeton PI-MAX Intensified CCD camera

Image intensifier Micro-Channel Plate (MCP)
Mode Gate mode
CCD array dimension 1024 x 1024 pixels
Shutter type Electronic
Gain 255
Temperature control Peltier-effect cooler at -20 °C
Minimum Gate Width 2 ns

Princeton Instruments ST-133 controller with

Programmable Timing Generator (PTG) Module

IST-133 timing mode Internal sync
PTG Trigger External
Operating Mode Gate mode

phosphor coating, which causes a release of visible photons that are transferred
on the surface of the CCD array. While the photons impact the CCD, they
create charges in the corresponding pixel as long as the intensifier is gated
on. When the intensifier is gated off, during the read-out phase, accumulated
charges are converted into voltage, that is digitally stored. Even when no
photon impacts the photocathode, thermal electrons may be generated into
the CCD and create so-called dark noise. This dark noise can be reduced by
cooling the CCD array. Peltier-effect is used to cool the CCD down to -20°C. To
summarize, the integration of a signal of interest on the CCD array constitutes
the exposure phase. It is followed by the second phase, the read-out phase of the
CCD, which is the transfer of the integrated signal from the array for storage.

During exposure, CCDs are sensitive to light impacting them and collect charges
proportionally to the number of photons detected. The intensifier is used in
Gate Mode. It can be switched on at a chosen gate delay triggered by the trig-
gering signal. This mode is particularly relevant to synchronize the PI-MAX
camera with the high-voltage pulse generator, as will be described in section
3.8. The time of exposure corresponds to the Gate Width duration when high
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voltage is applied to the intensifier. A sequence of several gates can be ap-
plied during the exposure time. Each CCD pixel will accumulate charges each
time voltage is applied at the intensifier during the gate. A timing diagram of
camera operation in Gate Mode is shown on figure 3.23. To summarize, the
intensifier controls the amount of light that passes through the system (during
a gate width) and that each CCD pixel "sees" during the exposure time.

a burst of

5 Gates Per Exposure
| 1

Gate_\LVidth
Intensifier
gating Read-out

Acquisition phase phase

| I

CCD exposure

a burst of
4 acquisitions

Numerical
accumulations

Figure 3.23: Timing diagram for the PI-MAX ICCD camera.

The number of gates during an exposure of the CCD array will be called Gates
Per Exposure (GPE) and can be chosen by the operator. Increasing the number
of Gates Per Exposure will increase the Signal to Background ratio (S/B) since
dark noise mainly results of the activation of the CCD array. Exposure is
followed by the read-out phase during which the CCD is emptied and data are
stored. The use of a high number of Gates Per Exposure is particularly useful
for low repetitive signals such as those produced by the NRP discharges that
we will study.

One possibility to improve the Signal-to-Noise ratio (S/N) is to average the
signal by repeating the succession of exposure and read-out phases. This suc-
cession of exposure and read-out phases will be called an "accumulation" (or
numerical accumulation) and the number of accumulations can be chosen by the
operator as well. Consequently, to perform a measurement in Gate Mode, the
operator must specify the Gate Width (GW), the Gate Per Exposure (GPE),
the Gate Delay (GD) and the number of accumulations. GPE are chosen to
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maximize S/B without saturating the CCD and damaging the camera. The
number of accumulations is chosen to maximize S/N for a reasonable experi-
ment time.

An additional parameter must be chosen, the Range Of Interest (ROI). As
previously mentioned, the height of the slit entrance is about 14 mm and the
image through the optical system of the 4-mm-high plasma discharge is 8 mm.
Consequently, we have adjusted the discharge vertically so as to center its image
on the slit entrance. Moreover, since we are interested in the temperature in
the mid-gap of the discharge, we limited the ROI to a plasma zone of typically
500 um centered on the middle of the discharge. Thus, we chose a ROI of
typically 75 pixels.

The synchronization between CCD exposure and read-out and the intensifier
gating is controlled by the Princeton Instruments ST-133 controller with Pro-
grammable Timing Generator (PTG) Module. The settings of the PTG and
ST-133 are summarized in table 3.5. The PTG receives an external trigger sig-
nal, controls the intensifier gating and directs the ST-133 to control the CCD
exposure and read-out phases at appropriate times. This is possible when the
ST-133 is set to "Internal Sync". More details on the synchronization proce-
dure of the PI-MAX camera and the NRP discharge can be found in section
3.8.
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Figure 3.24: Measured photon count as a function of the Gate Width
(symbols), with a log-log fit (solid blue line) and comparison with ideal
linear behavior (dashed red line).

For a constant light source in front of the spectrometer and ICCD camera sys-
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tem, we should see a linear dependence of the signal measured on the camera
as a function of the duration of the Gate Width or the number of GPE. For
example, if x photons are counted during a 2-ns Gate Width (minimum Gate
Width possible for this system), 2z photons should be counted during a 4-ns
Gate Width or for 2 GPE of Gate Width 2 ns. Unfortunately, reality deviates
slightly from the ideal case. Figure 3.24 and 3.25 shows the counted number of
photons collected as a function of the Gate Width and GPE. These measure-
ments were obtained by measuring the emission of a stabilized radiation source
OL 550 tungsten filament lamp, varying the Gate Width with a fixed number
of GPE and numerical accumulations for figure 3.24, and varying the GPE for
fixed Gate Width and numerical accumulations for figure 3.25. The other pa-
rameters (ROI, Gain) were kept constant. This procedure of calibration of the
accumulation rate of the CCD array had already been performed by Pai in |2]
for the same ICCD camera. The results found turn out to be very similar to
those obtained by Pai a few years ago, thus indicating that the characteristics
of the CCD camera system remain very stable over long periods of time.
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Figure 3.25: Measured photon count as a function of the number of Gates
Per Exposure (symbols), with a log-log fit (solid blue line) and comparison
with the ideal linear behavior (dashed red line).

For a given intensity of the tungsten filament, a limited range of Gate Widths
is accessible. Consequently, when the signal is close to the saturation limit, a
second measurement in exactly the same conditions is taken at either a reduced
lamp intensity or for fewer GPE. The ratio of both measurements is used to
normalize the second measurement realized at reduced lamp intensity or for
fewer GPE. Several values of Gate Width from 2 ns to 50 us were investigated.
We also repeated the procedure from 1 to 100,000 GPE.
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Figures 3.24 and 3.25 show that the camera is nearly ideal for small Gate
Widths and small numbers of GPE. However, the behavior deviates from lin-
earity significantly for high Gate Widths. The deviation is less marked for high
numbers of GPE. In both cases, the fits given on the figures account for the
real behavior of our system at the time of our experiments.

We will use these fits to scale our measurements for different GW and GPE, so
as to simplify the calibration procedure, as detailed in section 3.7.

3.7 Calibration in absolute intensity of the spectrom-
eter and ICCD camera system

This section presents the procedure for calibration in absolute intensity of the
spectrometer and ICCD camera used for Optical Emission Spectroscopy mea-
surements in chapter 4. Each component of the optical detection system has its
own spectral response: the CCD response varies with wavelength and so does
the mirror’s response, etc. The grating response depends much on the wave-
length, with a peak at the blazed wavelength. Both gratings we used are blazed
in UV, where the response of the ICCD and mirrors is the lowest. Consequently,
the overall response of our system must be determined experimentally.

To acquire the absolute system response in the range 350-800 nm, we used a
standard radiance system: an Optronic Laboratories OL550 tungsten ribbon-
filament lamp with calibration traceable to NIST standards, when operated
with 15.000 A and approximately 5 V. The spectral radiance Iy of a surface
area A that emits spatial power ®) over solid angle €2 at normal incidence in
the wavelength range A\ is given by:

_ )\ [W]
AN [nm] - A [em?] -Q [sr]

This formula is true as long as we consider small A and €2 at normal incidence,
which will be the case in all our experiments. The instrumental broadening
of the spectrometer is expressed by the spectral width AX. The instrumental
broadening is different for the two gratings used. We measured it using a
Thorlabs HRP 120 He-Ne laser at 632 nm for the slit width used in our study
(100 pm) for both gratings. The slit function of the 600 gr/mm grating is
shown on figure 3.26. The profile is approximately a Gaussian of FWHM equal
to 0.400 nm. For the 2400 gr/ mm grating, an additional correction must be
taken into account.

Iy (3.1)

In chapter 4, we will investigate spectra around 380 and 660 nm. The slit
function of the spectrometer and ICCD camera is obtained at 632 nm. This
means that we need to take into account the variations of the linear dispersion
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Figure 3.26: Measured slit function of the SpectraPro monochromator with
the 600 gr/mm grating used in this study. The FWHM of this Gaussian
profile is approximately 0.403 nm.

of the system with wavelengths. The reciprocal linear dispersion is given by
[61]:

2d 2
—=_—[tan® + (MCOSCI)) -1 (3.2)

where f represents the focal length of the monochromator (0.50 m), d the
spacing between the grooves of the grating, m the order of dispersion, and ®
half the angle between the lines joining the center of the grating to the centers
of the two mirrors of the monochromator. ® equals to 9.0 © for the SpectraPro
spectrometer used in this work, and all measurements were done at first order
(m=1).

Figure 3.27 shows the reciprocal linear dispersion curves for both gratings used
in this study. For the 600 gr/mm grating, the curve is approximately constant
over 300-800 nm. In contrast, for the 2400 gr/mm grating, dA/dz changes
significantly over 300-800 nm. Consequently, to obtain the spectral broadening
around 380 nm, we need to dilate the abscissa of the slit function measured at
632 nm in the following way:

(dA\/dz) 360
)‘dilated = )‘measured' (d\/dz) 63 22 (3.3)

Figure 3.28 shows a comparison of the measured slit function and the slit func-
tion after the dilatation procedure. The dilatation procedure multiplies the
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Figure 3.27: Reciprocal linear dispersion of the two gratings used with the
SpectraPro spectrometer.

FWHM by a factor 1.25, thus giving a FWHM of 0.104 nm. This value will
be used for all experiments performed with the 2400 gr/mm grating. Once
we know the spectral resolution A\, we can determine the system response in
intensity.
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Figure 3.28: Measured (thick black solid) slit function and dilated (thin red
dashed) slit function of the SpectraPro spectrometer with the 2400 gr/mm
grating used in this study. The dilated slit function takes into account the
variation of linear dispersion with wavelength. The FWHM obtained is
0.104 nm and will be used for measurements in the range 300-400 nm.
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Since the absolute system response depends on the collection area and solid an-
gle, we must place the tungsten lamp exactly at the focal point of the collecting
mirror (same location as the discharge) and work with the same solid angle.
The discharge diameter is approximately equal to 500 um and the tungsten
filament is 2 mm wide. As the imaged region is approximately 50 um wide, i.e.
smaller than the plasma and the tungsten filament, the problem mentioned in
section 3.5 will not appear here, which validates the calibration procedure.

Calibration should be done with the same experimental settings for the ICCD
camera as during the discharge emission measurements. However, the calibra-
tion tungsten lamp emission around 380 nm is very low. Thus, we increased
the GPE (to 20,000 for instance) in order to have a good Signal-to-Background
Ratio (see section 3.6), keeping all other parameters constant. Then we used
figure 3.25 to correct the calibration signal for the appropriate number of GPE.

3.8 Synchronization of the ICCD camera with the
discharge

In this section, we present the synchronization of the high voltage pulse gener-
ator creating the discharge with the ICCD camera controlled by the PTG. For
the two diagnostics used - OES with spectrometer and ICCD camera, and imag-
ing with ICCD camera, we used an intensified Princeton Instruments PI-MAX
CCD camera with a Programmable Timing Generator (PTGQG), as described in
sections 3.2 and 3.6. For both techniques, the synchronization procedure is
identical.

Figure 3.29 shows a block diagram of the devices used. Synchronization was
controlled by a Berkeley Nucleonics Corporation (BNC) 575 digital pulse delay
generator, which triggered both devices. The synchronization procedure was
already described in [2].

BNC 575 Princeton Intruments Princeton Intruments

Pulse Delay C ST 133 controller PI-MAX ICCD camera
with PTG module

Generator

F FID FPG 2030 MKS50
High-voltage pulse
generator

Main device

Figure 3.29: Block diagram of the synchronization scheme for ICCD camera
and high-voltage pulse generator.

The PI-MAX camera is triggered by Channel C of the BNC 575 pulse delay
generator with a TTL signal sent to the "Ext. Trig. In" input of the PTG



78 CHAPTER 3 - EXPERIMENTAL SETUP

that initiates the required PI-MAX gating and readout cycle. The total delay
between the TTL signal and the photocathode gating, called A7eum, depends
on several parameters: the cable delay between the BNC pulse delay generator
and the PTG, the internal delay of the PTG controller, and the Gate Delay,
which can be changed by the operator. Channel F delivers the high voltage
pulse generator trigger signal, either for Pulser 1 or 2. Pulser 1 requires a
10-V, 100-ns square-signal and Pulser 2 a 5-V, 80-ns square signal. The high-
voltage generation delay following its trigger signal may be different and changes
slightly for the two pulsers. It also depends on the PRF, see [2]. There
might be an additional delay between the high-voltage pulse and the plasma
emission. Finally, the optical path, which was about 3 m for OES and 40 cm for
direct visualization, adds an optical path delay that depends on the diagnostics
used. The total delay between the trigger signal and the arrival of light on
photocathode will be called A7gs. Figure 3.30 presents a time diagram of the
synchronization of the PI-MAX camera with the high-voltage generator.

The initial delay between Channel C and Channel F was set to 0. What is
relevant to control is the delay between the photocathode gating and the ar-
rival of light on the photocathode, that is to say the difference between A7eqm
and A7g;s. This is performed by adjusting the Gate Delay (GD) of the pho-
tocathode. For each experiments, we determined the Gate Delay that syn-
chronized the photocathode gating and arrival of light on the photocathode.
We first started with a Gate Width (GW) longer that the inter-pulse duration
(GD > 1/PRF). In this case, a discharge is always observed during the photo-
cathode gating. The Gate Width is then reduced down to 2 ns by dichotomy.
The procedure is summarized on figure 3.31. Let’s assume an initial GW of 7
ns. GW is divided by two while keeping the Gate Delay constant. Two cases
may happen: either the signal is still present and the procedure can be repeated
(case 1) or no light is detected (case 2), and then we increase the gate delay by
7/2 to detect light again. When the Gate Width becomes small (50 ns), the
light intensity may decrease, meaning that the photocathode gate only captures
part of the discharge. In this case, the Gate Delay must be either increased or
decreased by a few nanoseconds to capture the whole discharge.

This procedure is applied until it is possible to see light during a 2-ns GW.
Then, the GD is reduced until we see no light. We have then obtained the GD
that corresponds to the start of the discharge. The emission of the discharge
can then be studied in time using a 2-ns GW and increasing by 1 or 2-ns step
the GD, or we can integrate the light of the whole discharge using a longer GW
(20 ns for Pulser 1, 25 ns for Pulser 2 Channel 2 and 50 ns for Pulser 2 Channel

1).
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Figure 3.30: Time diagram of the synchronization of the PI-MAX ICCD
camera photocathode with high-voltage pulse generator.
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Figure 3.31: Description - with a time-diagram of photocathode gating and
light arrival at the photocathode - of the method for the determination of
the Gate Delay corresponding to the beginning of the discharge emission.
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3.9 Influence of the probe position on the voltage
measurements

In this section, we study the influence of the voltage probe position on the
measurements of discharge voltage during application of the high voltage pulse.
The voltage was measured with a Lecroy PPE20 kV high-voltage probe, as
detailed in section 3.2. Because the tips of the electrodes were hot when working
in preheated air, it was not possible to position the high-voltage probe at the
tip of the electrode but rather at the electrode terminal located about 15 c¢m
from the electrode tip. The inductance of the 15-cm long electrodes (about
1 mH/m) could affect the measured voltage. Since the conduction current in
both regimes is quite different, it could have a different influence on the role of
the inductance of the electrodes. Thus, we investigated separately the influence
of the position of the probe on the two regimes studied in this work: NRP glow
and NRP spark discharges.

3.9.1 Influence of the position of the high-voltage probe for
glow discharge voltage measurements

First, we investigated the influence of the position of the probe on the measured
voltage waveform in typical glow discharges obtained with Pulser 2. The various
positions studied are indicated on figure 3.32.

ceramic

Delta Precis protection
electrodes . carrying ,
I +"Delmo electrodes il
I 1 4 7
]
|
|

]
——— \
4
s
— Position 0 ;'-"'
- POS.It.IOH 1 braid connected ’\_
....... » Position 2 to ground =

Figure 3.32: Schematic view of the three positions investigated for the
influence of the high-voltage probe location on the voltage waveform during
a glow discharge.

The probe tip can either be attached to the anode terminal (position 0 and
1) or the extremity of the carrying electrode (position 2) and the ground
tip of the probe can be attached to the cathode terminal (position 0) or
the ground braid (position 1 and 2).

We compared position 0, where the probe tip was attached to the anode termi-
nal and the ground tip to the cathode terminal, position 1, where the probe tip
was attached to the anode terminal and the ground tip to the ground braid and
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position 2, where the probe tip was attached to the extremity of the carrying
electrode and the ground tip to the ground braid. Position 0 is the only possible
position for the voltage probe when experiments are done using preheated air.

12 \ i T i T i T i
i A —Position 0: terminals of the electrodes
10 \: - -Position 1: anode terminal and ground
f \ - .- Position 2: tip of the Delmo electrode
1 ) and ground
8 =
= |
= 6 ; :
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3 4 : :
s | ||
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) . . e . . .
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Figure 3.33: Voltage waveforms measured at different positions on the
electrodes of the high-voltage probe for a typical NRP glow discharge.

Figure 3.33 shows the comparison of the voltage waveforms from a typical glow
discharge at T, = 300 K (see chapter 5), the voltage probe being at the different
positions previously described. We can see that the voltage waveforms aspect
are very similar whatever the position of the probe. The ringing due to the
probe loading is slightly attenuated when the ground tip is connected to the
ground braid. Consequently, we have taken the voltage measurements for the
glow regime in position 0, whether working in preheated air or not.

3.9.2 Influence of the position of the high-voltage probe for
spark discharge voltage measurements

During an NRP spark discharge, the conduction current can increase up to
35-40 A, thus the influence of the electrode inductance might be important and
create an additional voltage that might influence the measured voltage depend-
ing on the position of the voltage probe. In this subsection, we investigate the
influence of the position of the probe on the voltage and current waveforms and
on the calculated energy of a typical spark discharge.

To investigate the position close to the electrode tip, we worked in ambient air.
Consequently, we worked with Pulser 1 with an inter-electrode gap distance of
d ~ 2 mm and increased the voltage up to 7 kV to obtain a spark discharge. We
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investigated positions 0 and 1 and we also measured the voltage when the tips of
the probe were in the middle of the electrode joint, after the ceramic protection
(position 3), and when they were at the end of the electrodes (position 4).
These various positions are summarized in figure 3.34.
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Figure 3.34: Schematic view of the four positions investigated for the in-
fluence of the high-voltage probe location on the voltage waveform during
a spark discharge.

The probe tip can either be attached to the anode terminal (position 0
and 1), the middle (position 3) or the extremity of the anode (position 4)
and the ground tip of the probe can be attached to the cathode terminal
(position 0), the ground braid (position 1), the middle (position 3) or the
extremity of the cathode (position 4).

First of all, we notice on figure 3.35 (a) that when placing the ground tip
of the high-voltage probe on the ground braid, the ringing of the measured
current is reduced. The various voltage waveforms measured, see figure 3.35
(b), clearly show that the voltage waveforms are slightly different when the
voltage is measured at the end of the electrodes close to the plasma, or at the
electrode terminal.

However, we determined the energy deposited into the plasma using probes in
positions 0 and 4 (see section 4.3 for details on energy measurements). Figure
3.36 shows that even though the voltage waveforms are slightly different in
the two positions, the energy is 805 + 5 pJ in both cases. Thus, because in
preheated air the terminal of the electrode is the only location possible for the
high-voltage probe, we will always place the high-voltage probe at this location
(position 0) in the present study.

In this section, we have shown that the voltage waveforms measured at the elec-
trode terminals are similar to those measured across the NRP glow discharge.
For the NRP spark discharge, the voltage waveforms differ somewhat, but the
energy measurements are within 0.1%.
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Figure 3.35: Electrical measurements for different positions of the high-
voltage probe for a typical NRP spark discharge.
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Figure 3.36: Voltage, current and energy determined using the voltage
waveforms measured at position 0 (top) and position 4 (bottom).
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3.10 Conclusions

In this chapter we have presented the experimental setup used in the present
work and the main characteristics of the various components. In section 3.2,
we have presented the plasma generation system and the various diagnostics
used. The main characteristics of Pulser 2 were detailed in section 3.3 and the
various electrodes used in section 3.4. We have discussed in sections 3.5 and 3.6
the experimental setup for the Optical Emission Spectroscopy measurements
and the main characteristics of the spectrometer and ICCD camera used. We
explained the calibration procedure of the spectra obtained by OES in section
3.7, and the synchronization of the ICCD camera with the discharge in section
3.8. Finally, in section 3.9, we have shown that the position of the probe had
no influence on the voltage waveforms measured during a glow discharge, and
that the position of the probe did not influence the energy determined during
a spark discharge.






Chapter 4

Ultrafast Heating following an
NRP Spark Discharge in Air

4.1 Introduction

In this chapter, we have investigated the ultrafast heating of the gas by NRP
spark discharges in preheated air to provide validation data for the two-step
mechanism described in section 2.6. In section 4.2, we describe the "refer-
ence case" that we study in this chapter and which corresponds to the same
experimental settings as in [6]. Most of the work focus on the use of Optical
Emission Spectroscopy calibrated in intensity to study the first and second pos-
itive systems of N9 in an NRP spark discharge corresponding to the reference
case.

First, in section 4.3, we determine the energy deposited in the discharge to
verify that we are in the reference case. Then we detail the method used to
determine the rotational and vibrational temperatures of No(C) and N2(B) from
the emission spectra obtained in section 4.4. In section 4.4.1.1, we determine
the rotational temperature of No(C) and in section 4.4.1.2, we show that the
rotational temperature of No(C) corresponds to the gas temperature. In section
4.4.2, we show spectra of No(C-B) obtained in a wider spectral range and
determine the vibrational temperature of No(C). To determine the absolute
densities of these excited states, we investigate the plasma diameter in section
4.5.

In section 4.6.1, we show the absolute densities deduced from the emission spec-
tra and we discuss the validity of the results. We synchronize the time-evolution
of the densities of No(C) and Ng(B) with TALIF atomic oxygen measurements
[6] and electrical measurements. In section 4.6.2, we deduce the temperature
dependence of the quenching rates of the No(C) and No(B) states which are
key controlling rates in the two-step mechanism. Finally, in section 4.7, we
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determine the time-evolution of the electron number density at the beginning
of the high voltage pulse.

4.2 Description of the reference case

In order to validate experimentally the two-step mechanism presented in section
2.6.1, Stancu et al investigated the densities of the key species involved in the
mechanism. The number density of No(A) was studied with Cavity Ring-Down
Spectroscopy (CRDS) in [6] and [48]. The number density of the ground state
of atomic oxygen was studied with time-resolved Two-photon Absorption Laser
Induced Fluorescence (TALIF) [6], [49]. Finally, the number densities of No(B)
and N2(C) were studied with Optical Emission Spectroscopy (OES) and the
gas temperature was deduced from the rotational temperature of the second
positive system of Ny (see section 4.4.1.2) [6], [50].

However, as detailed in section 3.5, the OES measurements of No(B) and Ny(C)
number density temporal evolution must be confirmed, in particular because
of the uncertainties in the calibration procedure due to the previous use of
an optical fiber and a large pinhole. That is why we implemented new OES
measurements without any optical fiber with better spectral and spatial reso-
lution, see section 3.5 and 3.6 for details about the experimental setup. Hence,
to use the previous TALIF atomic oxygen number density measurements, we
worked in the reference case corresponding to these measurements. In the
whole chapter, the experimental parameters correspond to this reference case.
It corresponds to an NRP spark discharge in preheated to T, — 1000 K air.
The air was flowing at v = 2.6 m.s~! parallel to the electrodes (see figure 3.2),
and the inter-electrode gap distance was fixed at d = 4 mm. The pulse repe-
tition frequency was set at PRF = 10 kHz and the applied voltage was set to
Vp = 5.7kV.

4.3 Electrical characterization

In this section, we study the electrical characterization of the NRP spark dis-
charge studied in this chapter - the reference case and determine the energy
deposited into the discharge to verify the correspondence with the atomic oxy-
gen measurements [6]. The method to determine the energy of an NRP spark
discharge was detailed in [2]. When a plasma is observed in a pin-pin configu-
ration, the measured total current Iy, corresponds to two different terms:

Itot = Idisp + Icond (41)

Ljisp corresponds to the displacement current related to the equivalent capaci-
tance that constitute the electrodes. The conduction current I.,,q is important
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only in the case of an NRP spark discharge where a conducting channel is es-
tablished between the electrodes; the conduction current can increase up to
40-60 A [2]. In order to measure the displacement current, we record current
and voltage traces in ambient air, while keeping the same settings of the exper-
iments - in particular the applied voltage on the electrodes - when no discharge
is observed. In this case, the measured current is only a displacement current.

dv,

Liisp = CdTp (4.2)
Figure 4.1 presents the measured total current and the calculated displacement
current. Synchronization of Iy, and I;,; in such conditions gives the delay
between the current and voltage. By convention, time ¢ = 0 ns is defined as the
time when the rising edge of the pulse measured by the voltage probe reaches
50 % of its maximum value. The capacitance of the electrodes is calculated
by matching the amplitudes of the derivative of the applied voltage and of the
total current. In our case we find C' = 8.7 pF.

20 R
—0C de/dt
LS R e [ s e [N | =l T
l tot disp
10

; A n

AN

’ VAT
\ [\

Current [A]

20 40 0o 10 20 30
Time [ns]

Figure 4.1: Measured current waveform (dash green) in ambient air with no
plasma discharge, and capacitive displacement current calculated from the
applied voltage (thick black). The capacitance of the electrodes deduced
from matching the amplitudes of the waveforms is C' = 8.7 pF.

The value of the electrode capacitance C and the delay between current and
voltage waveforms determined when no plasma is present is intrinsic to the
electric circuit. We use its value to determine the conduction current I..,q =
Lot — Lgisp = I1ot — C'dV)/dt from the measured total current and voltage for the
NRP spark discharge studied. Figure 4.2 shows the measured current waveform,
the calculated displacement current and the resulting conduction current of the
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NRP reference case spark discharge. The amplitude of the conduction current
is about 35 A.
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Figure 4.2: Measured current waveform (thick black) in the NRP refer-
ence case spark discharge, capacitive displacement current calculated from
applied voltage (dash green), and resulting conduction current (thin blue).

The total energy deposited within the discharge is obtained by multiplying the
measured voltage and conduction current waveforms to obtain the power, which
is then integrated in time over the pulse duration to yield the energy.

We can deduce from the measured voltage the value of the reduced electric field
E/N. For an NRP spark discharge, a good estimation is to consider that [2],
[57]:

E_ Y,

N d-N

(4.3)

where V), is the measured applied voltage, d the inter-electrode gap distance
and N is the number density of the gas. IV can be deduced from

P

N=—"
kT

(4.4)
where P is the pressure, T' the temperature, and kp the Boltzmann constant.
Although air is preheated to 1000 K, the initial gas temperature is about 1500 K
due to the heating from previous pulses, see section 4.4.1.1. Furthermore, we
consider that during the first 40 ns after the beginning of the high-voltage pulse,
the volume of the discharge is approximately constant - the timescale being
small compared to the hydrodynamic timescale (few hundreds of nanoseconds)
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[51]. Hence, we can deduce the profile of the reduced electric field /N in Td
(1 Td =1 x107'7 V.cm?) from the profile of the applied voltage using equations
(4.3) and (4.4).

Figure 4.3 shows, for the NRP reference case spark discharge, the measured ap-
plied voltage and corresponding reduced electric field E/N, conduction current
and calculated energy per pulse deposited into the plasma. The value obtained
is 650 £ 50 wJ, which corresponds to the same value as in the discharge studied
by Stancu et al [6], for the atomic oxygen density measurements.
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Figure 4.3: Measured applied voltage and corresponding reduced electric
field E/N (thick black), conduction current (thin blue) and calculated en-
ergy deposited per pulse (dash red) in the NRP reference case spark dis-
charge.

4.4 Temperature measurements

The aim of this section is to determine the rotational and vibrational temper-
atures from the calibrated spectra of No(B) and N2(C) via the emission of the
No(B3II, - A3XF) and NQ(C3HU—B3H9) electronic systems of No, also called
the first and second positive systems of Ng, respectively. First, we will detail
how we obtained the rotational temperature of No(C) in section 4.4.1. Then,
we describe the method we employ to determine the vibrational temperature
of N2(C) in section 4.4.2.

4.4.1 Rotational temperatures

In section 4.4.1.1, we describe the experimental procedure we led to obtain the
rotational temperature of No(C), then in section 4.4.1.2 we explain why it is
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a good approximation of the gas temperature and finally, in section 4.4.1.3 we
present additional No(C) rotational temperature data.

4.4.1.1 Rotational temperature of N3(C) and Ny (B)

We use the 2400 grooves/mm grating to study the second positive system of
N, to maximize the spectral resolution. For the first positive system, a 600
grooves/mm grating is used since the accessible wavelength range is from 610
nm to 710 nm, i.e. much larger than the 9-nm window of the 2400 gr/mm
grating. As was explained in section 3.5, we need to add a Melles Grillot
03FCG 061 longpass interference filter absorbing light for A < 420 nm in order
to suppress the second order of diffraction. The emission of the vibrational
bands (3,0) to (11,8) of No(B — A) is recorded between 610 and 710 nm.
The temporal evolution of the emission of Ny(B) and Ny(C) is recorded every
2 ns during the high voltage pulse and until 25 ns afterwards, with a temporal
window of 2 ns. We align our system in order to measure the emission from
the center of the discharge on a 500-um height. As the spatial resolution of
the system is small (50 pum), we carefully check the spatial stability of the
discharge by monitoring the intensity for a given set of parameters and ensuring
it does not vary by more than 10% over the course of the measurements. This
procedure was applied for all measurements presented in this chapter.

An important step after acquiring any spectrum is to subtract the straylight.
For any wavelength, the signal recorded by the CCD can come either from the
light diffracted by the grating, but it can also come from light that enters by
the entrance slit into the monochromator, and arrives on the CCD by another
path. This light is not diffracted (i.e. can have any wavelength) and should
not be taken into account into the measured spectrum. A way to determine
the straylight is to set the grating at 160 nm in the VUV where room air
Oy absorbs all radiation. Consequently, the signal measured in this setting
corresponds only to straylight. For all the spectra considered in this work, we
checked that the signal over straylight ratio was much greater than one. Once
we obtain the resulting spectra, we calibrate them in intensity. The calibration
procedure was described in section 3.7. We should be careful to calibrate in
intensity with a filter when the emission was recorded with a filter, for No(B)
for instance. This procedure to obtain calibrated spectra will be used in this
whole chapter.

Typical calibrated spectra of No(B-A) and Ny(C-B) are presented on figure
4.4 in black symbols. The vibrational bands are indicated. The experimental
spectra were fitted with Specair 2.3 [41] ,[42] and are presented in solid red lines.
We note that the simulated spectra correspond quite well to the experimental
spectra for both transitions. Atomic lines of O at 615 nm, and H at 656 nm
can also be seen on the No(B— A) spectrum.
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Figure 4.4: Experimental calibrated spectrum (black symbols) and Specair
simulated spectrum (solid red line) of (a) N3(C — B) (0,2) and (1,3) vi-
brational bands and (b) N3(B — A) Av = -3 series between 610 and 710
nm. Experimental spectra integrated for 2 ns at the maximum of emission
of the NRP reference case spark discharge.
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From these calibrated spectra, we can deduce the vibrational, rotational and
electronic temperatures of the emitting state at every time t. Typical No(C)
spectra obtained at different times ¢ during and after the high voltage pulse are
presented on figure 4.5. The time-evolution of the rotational temperature of
N3 (C) is shown on figure 4.6. The rotational temperature of No(B) is assumed
to be equal to the rotational temperature of No(C) due to the fast translational-
rotational equilibrium, see section 4.4.1.2. There is a large increase of rotational
temperature, AT = 1000 K within 20 ns, which confirms the ultrafast heating.

2600

2400 - i ; ‘ L/I
spectra with 2400 gr/mm A
2900 on 373-383 nm

2000 - \ l/+
_ gl

1800 - /

1600 - I/

1400

Rotational temperature [K]

o 5 10 15 20 25
Time [ns]

Figure 4.6: Time-evolution of the rotational temperature of No(C) obtained
from emission spectra of figure 4.5 with the 2400 gr/mm grating.

It is important to determine precisely the rotational temperature of No(C) to
validate the two-step mechanism because it is a good marker of the temperature
of the gas at atmospheric pressure. The goal of the next section is to verify this
assumption.

4.4.1.2 Validity of the gas temperature measurement
In this section, we investigate the conditions for which the rotational tempera-

ture of No(C) is representative of the gas temperature.

We first examine the usual assumption at atmospheric pressure:
TrotNQ(C) = TrotN2(X) = T’tramsNQ(X) (45)

During the pulse from ¢ = 0 ns to t = 12 ns, Ny(C) is populated primarily by
electron-impact excitation of the ground state of No:

NQ(X) +e — NQ(C) +e (46)
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Table 4.1: Rotational constants, characteristic rotational temperature and
rotational quantum number of the maximum of the Boltzmann rotational
distribution of various N, electronic states.

State  Belem ™1 [63] [64] Orot[K]  Jimaz

No(X) 1.99824 2.9 16
Ny(A) 1.4539 2.1 18
No(B) 1.63772 2.4 17
Ny(C) 1.82677 2.6 17

Then, according to recent simulations [62], when the reduced electric field be-
comes relatively weak (E/N < 80-100 Td), the main reaction populating No(C),
until about ¢ = 20 ns, becomes:

Ny(B)+e - — No(C)+e (4.7)
Finally, for ¢ > 20 ns, the pooling reactions

NQ(A)+N2(A) — NQ(B)+N2 (4.8)

become predominant. The rotational distributions of the B and C states are
approximately identical because the rotational constants of these states are sim-
ilar (see table 4.1). Figure 4.7 shows the evolution of the rotational distribution
of various electronic states of No and we see that the various distributions have
very close maxima. The Boltzmann population distribution of each state is
given by [63]:

(27 + 1) exp(—J(J + 1) g=t)

n(J) = ny.

Qrot 2

where Q.+ is the rotational partition function and J the rotational quantum
number. As shown in table 4.1 and figure 4.7, the maximum of this distribution
is located at nearly the same J for the different nitrogen electronic states. Thus,
when the C state is populated by electron-impact excitation of N (X) or Na(B),
its rotational distribution is close to the rotational distribution of the X or B
state. In contrast, when pooling reactions (4.8)-(4.9) become important (after
t = 20 ns), the population distribution of the C state is likely to be distorted
from a Boltzmann distribution. Thus, the No(C) rotational temperature may
not be as closely representative of the rotational temperature of the gas past
t = 20 ns.

(4.10)

Finally we come to question of whether the rotational temperature of the Ny(C)
state is representative of the gas temperature for times ¢t = 0 - 20 ns. We recall
that the rotational-translational relaxation time 7y is given by [65]:

TRT = ZRTT0 (4.11)
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Figure 4.7: Evolution of the rotational distribution of various electronic
states of Ny as function of rotational quantum number J.

and the mean time between collisions by [64]:

0 = [1010 ﬂP[atm] (4.12)

T[K]

where 79 is the inverse of the collision frequency (in 8), and Zgp is the number
of collisions needed for rotational relaxation. In pure nitrogen, Zgrr increases
with the temperature but reaches a plateau at 1500 K, according to Capitelli
et al |65] and Brau et al [66]. In a recent model, Park [67] proposed slightly
different values, with a linear increase (see table 4.2). During the discharge, the
pressure of the gas increases proportionally with the temperature because the
process of energy deposition is very fast, and therefore, the discharge volume
does not expand. Using the parameters of table 4.2, we show that the rotational
relaxation time is 2-4 ns in the time interval ¢ = 0-20 ns. This value is small
compared to the timescale of variation of the rotational temperature of No(C).
Thus we can expect that the measured rotational temperature is equilibrated
with Tyqs.



08 CHAPTER 4 - ULTRAFAST HEATING FOLLOWING AN NRP SPARK DISCHARGE IN
AIR

Table 4.2: Influence of the gas temperature on the rotational-translational
relaxation time ([65], [66], and [67])

t Tg P T0 ZRT (NQ—NQ) ZRT(NQ—NQ) TRT [DS] TRT [HS]

[ns] [K] [atm]| [ns] [65], [66] [67] [65], [66] [67]
0 1500 1 0.22 10 15 2.2 3.4
9 2000 1.3 0.19 12 20 2.3 3.9
20 2400 1.6 0.18 13 24 2.3 4.2
25 2600 1.7 0.17 13.5 26 2.3 4.4

4.4.1.3 Additional N3(C) rotational temperature data

Because the temperature profile is still increasing at ¢ = 20 ns on figure 4.6,
we looked for a way to determine by how much the temperature continues to
increase after 20 ns. To this end, we may use a peculiar feature of our pulser: by
construction this pulser produces a secondary pulse about 270 ns after the main
pulse, as can be seen from the voltage shown on figure 4.8. This secondary pulse
is sufficiently strong to produce excitation of Ny(C) by electron and therefore
to obtain additional measurements of the rotational temperature at 270 ns.

6 ' ' — ' ' ™ 300
5] N\ 1
] / V4 \ 4250
S 4 4200
z 1 da
> 3 4150 =
g 2] 100 U
s 11/ \ / 50
] i ]
0 0
— :
< 3600 . . . . —f— . . .
(0] 1 I_L 4
5 3200 T /HL "
b= | f |
g 2800 %H/
= ] ¥ ]
T 2400 E/!/IL
g 2000 j/!/%/; -
S ]
g 1600 - ;
0 5 10 15 20 265 270 275 280 285
Time [ns]

Figure 4.8: Time-evolution of the rotational temperature of N;(C) (bot-
tom) obtained from experiments with 2400 gr/mm, synchronized with main
and secondary high-voltage pulses (top) with the corresponding reduced
electric field E/N.

At the very beginning of the secondary pulse, the measured temperature should
be very close to the gas temperature resulting from the fast heating process.
Thus, this secondary pulse provides useful additional data on the ultrafast



SECTION 4.4 - TEMPERATURE MEASUREMENTS 99

heating process.

4.4.2 Vibrational temperature

The aim of this section is to determine the vibrational temperature of Ny(C)
performing the same OES measurements with the lower-resolution grating. We
investigate the same vibrational bands using the 600 gr/mm grating.

Indeed, in [2], Pai showed spectra of NRP glow and spark discharges and
noticed the presence of No* within both discharges. The N (B— X) (0,0)
transition bandhead being at 391.14 nm, this species could encroach on the
No(C — B) (0,2) band at 380 nm. The 600 gr/mm grating has a much
wider window (40 nm) than the 2400 gr/mm grating (9 nm). We analyzed the
N2(C — B) (0,2) band at 380 nm with the two gratings 2400 gr/mm and 600
gr/mm. The spectra obtained with the two gratings gave similar rotational
temperatures on No(C), with similar intensity of the No(C' — B) (0,2) band-
head peak at 380 nm. However, with the 600 gr/mm grating, we see more
bands, the (0,3) (1,4) (2,5) (3,6) and (4-7) from the Av = -3 system, and the
(0,2) (1,3) and (2,4) bands from Av = -2. Typical spectra are shown on figure
4.9 for different times ¢. The simulated spectra are obtained using only the
N5 (C-B) transition for the red spectrum. For figure 4.9 (c), we add the N3 (B
— X) transition (dash green spectrum). The bands are indicated on figure (c).
From ¢ > 19 ns, the structure of the spectrum changes significantly, the base
line increases, and this effect cannot be only due to the N3 (B — X) transition.
To determine the origin of this spurious structure, we started by acquiring a
survey spectrum over a wide wavelength range 150-900 nm. The goal is to find
what other species are present in the spectra that could produce the bands
superimposed to the spectra of No(C— B) and Nj (B — X) in figure 4.9 at t >
19 ns.
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Emission spectrum of NRP spark discharges from 150 to 900 nm

In this section, we investigate the whole spectrum of the NRP reference case
spark discharge from 150 nm to 900 nm (highest wavelength detectable by the
spectrometer) at ¢ = 30 ns. Figure 4.10 shows a complete spectrum from 150
to 900 nm recorded at time ¢t = 30 ns for a duration of 2 ns. As we only needed
a qualitative identification of the species, these spectra were not calibrated in
absolute intensity neither in relative intensity, i.e. they were not corrected for
the uneven pixel response across the CCD array. We used several filters in
order to discard the second order diffraction:

e from 360 to 650 nm, a UV Melles Grillot 03 FCG 121 WG 305 longpass
color glass filter which absorbs light for A < 280 nm,

e from 650 to 800 nm, a Melles Grillot 03 FCG 061 longpass interference
filter absorbing light for A < 420 nm,

e from 830 to 900 nm, a Melles Grillot 03 FCG 089 longpass color glass
filter which absorbs light for A < 550 nm.

We see that the pixels that record data at low wavelengths have a higher re-
sponse than the pixels that record data at higher wavelengths. This causes
discontinuities between the various windows. We adjusted each recorded spec-
trum from the various windows to approximately match them in intensity.

The emission for A < 200 nm is not negligible, we identify in particular the
presence of the NO~ transition. Since we recorded the spectra of figure 4.9
without any filter, the spurious light on figure 4.9 (f) is actually the second
order of the vibrational bands of NO that are not totally absorbed by air. We
see that for A < 185 nm, the CCD does not detect anything, all radiation is
absorbed by air but for 185 nm < A < 200 nm, we actually see the emission
of NO. This had not been observed in [6] or [2], because the authors of that
work used an optical fiber that cut all UV light. Consequently, the spectra were
not altered by NO~. Furthermore, this effect is seen when the spectra studied
are of weak intensity, which is the case when ¢ > 20 ns, where the intensity of
Ny(C — B) (0,2) is 200 times less than the intensity at the peak of emission
(t = 9ns). In the previous work of [6], the spectra were captured until ¢ <
25 ns, so this effect was not as strong as in our work.

In conclusion, we have understood why we had additional structures on the
spectra of figure 4.9. These structures clearly affect the determination of the
rotational and vibrational temperatures of No(C) and must be suppressed. In
the following section, we investigate the No(C-B) spectra with a UV filter in
order to discard the second order diffraction.
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Figure 4.10: Emission spectra integrated for 2 ns from 150 to 900 nm at

t = 30 ns. Spectra are obtained on different 40-nm wide windows with 600
gr/mm grating and are not calibrated in intensity.
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Spectra obtained with 600 gr/mm grating and UV filter

We capture time-resolved spectra of No(C — B) and calibrate them in intensity,
working with a UV Melles Grillot 03 FCG 121 WG 305 longpass color glass
filter that absorbs light for A < 280 nm. The filter is placed just in front of the
entrance of the monochromator. We compare the normalized spectrum with
and without this filter. For ¢ < 20 ns, the spectra are similar, which confirms
the results of section 4.4.1.

Typical experimental and simulated spectra are shown on figure 4.11. The sim-
ulated spectra are calculated using the No(C — B) and NJ (B — X) transitions.
We note that we do not see the second order of NO~ anymore for ¢t > 20 ns.
However, for ¢ = 21.1 ns and t = 31.1 ns, we see that there is still a slight dis-
crepancy between the experimental and calculated spectra around 380-385 nm.
This might be due to the presence of a small portion of the second order of
NO~ which not completely attenuated by the filter. Consequently, we will not
take into account the spectra obtained for ¢ > 20 ns for the determination of
the temperatures of No(C).



CHAPTER 4 - ULTRAFAST HEATING FOLLOWING AN NRP SPARK DISCHARGE IN
AIR

104

‘AjIsusjul Ul pajeiqijed pue Suijeld wwi/I3 009 93 YI}IM paurejqo are erjdads [ejuswrtiodxy

"posn st wru 08g > Y 10J JYSI| Sulqiosqe 199y sse[S 10[0d ssedSuo[ G0g DM TZT DDA €0 1OMIID SO[PIN AN V 'SU g 10]
pajeidajul ‘7 seull) JUSISPIP 10J paure)qo (saul] pad) eirjoads paje[nuuls pue (s[oquiis yoe[q) [ejuswiliadxy :1T'Hy 2In31g

[wu] yiBusjenepp [wu] yiBusjone
Ol GO¥ 00y G6E 06E S8 08 G/E 0. Oy SO¥ 00y G6E 06E S8E 08 G.E 0.LE
F FR L0
I \]w\ [ \lm\\ W \\K,N_o
R IaVIVER Y4
, Eot 90
! — L | vogze=""1 80
u_. M000€ 1 sup'Le=1 o) SuLLg=1
: : : : : : : : o't
; FR L0 W
o 2 atlll =
I "\\J T\.jﬁ..\\c Faiui w\\\.,w\\.(\_,\ \.( Lz'0 M
, L o &
D
L L L F9'0 o
qiA _an . o}
, = Eot = g0 =
p M0Gece= 1 sup /=1 o) H00ve= L SULLL=1 @
R , N i PR
[72]
n - ....\\(\IJ - = o oo <
N d 2R vy o
i L L0
, - 90
qin I
| sezpe="1 ! i M00ve=""1 t Lg'0
q supg=1| e fosup=y
. . . = T T T T 0L
(@)°N PuE (D)°N Uim wnioads pajenwIS —
wnJjoads jejuswadxy =




SECTION 4.4 - TEMPERATURE MEASUREMENTS 105

From the spectra of figure 4.11, since we see several bands of Ny(C), we can
determine the vibrational temperature of Ny(C), which is approximately con-
stant, around 3200 £ 300 K. It is interesting to note that all five levels of the
C state of Ny follow a Boltzmann distribution at all times, because the spec-
tra are well fitted with a Boltzmann distribution of the populations. Figure
4.12 shows the time evolution of the vibrational temperature of No(C) taken
from the spectra of figure 4.11. Figure 4.13 shows the time-evolution of the
vibrational temperature of No(B) taken from the spectra obtained in section
4.4.1.
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Figure 4.12: Time-evolution of the vibrational temperature of N3(C) ob-
tained from experiments presented in this section (dash grey) with the 600
gr/mm grating and UV filter, see figure 4.11.

To summarize this section, the gas temperature increases by about 1000 K in
20 ns. This increase of temperature is consistent with Popov [62] who predicts a
temperature increase of about 700 K, and with our previous measurements [50].
An even higher temperature increase of 2500 K was also previously reported
by Pai et al [37] (but those measurements were made with a higher applied
electric field).

Such a fast temperature elevation suggests that there should be a fast pressure
increase within the plasma, which should create a shock wave. Such a shock
wave has been observed in Xu et al [51]. These results indicate that nanosecond
pulses can produce ultrafast heating, here at a rate of 5 x 10'° K/s.
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Figure 4.13: Time-evolution of the vibrational temperature of N3(B) ob-
tained from experiments presented in section 4.4.1 with the 600 gr/mm
grating.

4.5 Plasma Diameter

We can also determine the absolute densities of the emitting states from the
simulated spectra provided we know the length of column of the emitting region.
The density deduced is quite sensitive to this parameter, so the column length
should be determined precisely. The diameter of the NRP spark discharge
has been determined in [6] from the emission of the second positive system
of No. We also wanted to determine whether the first positive system had
the same spatial extension. To this end, the No(C-B) emission spectra were
obtained with the 2400 gr/mm grating and Ny(B-A) emission spectra with the
600 gr/mm grating.

To determine the spatial extent of the plasma, we use two different methods: an
accurate method, method 1 and an approximate (and faster) method, method
2. We will describe both methods and show that they give similar results on
one case, thus justifying the use of method 2 to determine the diameter of the
discharge. For both methods, we assume the plasma to be axisymmetric.

Accurate method - Method 1

Scans of the No(C — B) spectra over the spectral range 373-392 nm were
recorded at 20 lateral positions, i.e. every 100 um on a total width of 2 mm
at peak intensity (¢ = 9 ns) using a 2-ns gate. We then performed an Abel
inversion at every wavelength of the calibrated spectra to obtain the spectra
at each radial position within the discharge. The resulting local Abel inverted
spectra have units of mW /cm3.sr. Using Specair again, we deduced the radial
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profile of the density of No(C), as shown in figure 4.14 (a). For r = 0- 0.250 mm,
the rotational and vibrational temperatures of No(C) remain approximately at
constant values of 2100 K and 3900 K, respectively, as shown on figure 4.14 (b).
The diameter of the plasma is considered to be equal to the measured FWHM
of the Ny(C) density radial profile. It is approximately equal to 0.450 mm.
We note that the measured diameter is about ten times larger than the spatial
resolution (50 um) of our optical system, thus justifying why we resorted to
such a high spatial resolution.
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Figure 4.14: (a) Radial profile of N3(C) density obtained with method 1.
(b) Radial profiles of the vibrational and rotational temperatures of N5 (C)
obtained with method 1. The densities and temperatures are obtained
by fitting with Specair the Abel-inverted calibrated spectra measured at
t = 9 ns.

Approximate method - Method 2

A much quicker method to estimate the diameter of the discharge - method 2
- is to make a lateral scan of the intensity at just one fixed wavelength, and
to perform an Abel inversion of the lateral profile of intensity at that fixed
wavelength to get the local intensity at that wavelength. The result is very
similar since we find 0.440 mm for No(C — B) at the maximum of emission
(t = 9 ns). This second method was used to determine the diameter of the
plasma using the No(C — B) (0,2) emission at 380 nm, and the No(B — A)
emission at 667 nm at different times with respect to the high-voltage pulse
(t = 9mns,t = 15ns, and t = 23 ns).

The various measured values of the plasma diameter are given in table 4.3. They
are slightly larger, by 22%, than the value of our previous work [6]. Note that
the diameters deduced from the Ny(B) and No(C) profiles are almost identical,
7% greater for No(B), at the maximum of emission, as shown in figure 4.15.
Then these two diameters slightly increase (by less than 20%), for ¢ = 15 ns
and t = 23 ns, in the decreasing part of the temporal profile.
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Figure 4.15: Radial profile of N5(C) and Ny (B) density at t = 9 ns. N3(C)
density is obtained with method 1 and N3(B) density is obtained with
method 2.

Table 4.3: Discharge diameter, based on the spatial distribution of N3(C)
and N3 (B)

Method 2: Abel inversion of the lateral intensity profile at fixed wavelength.
Method 1: Density profile using Abel inversion of the lateral intensity at
every wavelength.

FWHM [pm]

t = 9 ns (max of emission) | ¢ = 15ns [ ¢ = 23 ns

Electronic States

Method 2 Method 1 Method 2 | Method 2
NQ(C) 440 4+ 20 450 + 20 520 &+ 20 | 520 £ 20
NQ(B) 470 4+ 20 - 530 + 20

We then determined the time-resolved absolute densities of both Na(B) and
N2(C) from measurements along the line-of-sight, passing through the center
of the discharge and assuming a 450-pm column length. What is important to
note is that at the maximum of emission, ¢ = 9 ns, the No(C) density found
using method 1 at the center of the discharge, 3.4 x 10'® cm™3, is very close to
the one found using method 2, 3.1 x 10' cm ™3, which corresponds to the local
density at » = 0 mm. This additional argument comforts the relevance of our
method of measurements of the absolute densities of the species in the center
of the discharge.
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4.6 Absolute density measurements and resulting quench-
ing rates

4.6.1 Absolute density measurements

From the calibrated spectra obtained in section 4.4.1.1, knowing the width
of the plasma determined in section 4.5, we are able to determine the time-
evolution of the absolute densities of No(C) and Ng(B). Our results agree with
previous experiments [6] (after correcting the column length, previously estimed
as being 350 pum, to the current value of 450 um). Figure 4.16 shows the time-
evolution of the absolute densities of No(C) and N2(B) synchronized with the
high-voltage pulse, and the previous values obtained in [6]. First, the densities
of N2(C) and N2(B) increase due to excitation by electron impact of the ground
state of Ng, then the densities decrease due to the quenching reactions by Os
and Ns. Finally, from ¢ = 20 ns onward, there is a change of slope due to the
onset of pooling reactions, see section 4.4.1.2.
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Figure 4.16: (a) Voltage measured across the discharge and (b) Temporal
evolution of N3(B) and N,(C) densities compared with previous experi-
ments from [6]. Densities determined using method 2.

In order to validate the two-step mechanism, it is important to obtain pre-
cise values of the No(B) and Ny(C) densities. Thus, an important check is to
compare the sensitivity of the absolute densities of N3(C) and N2(B) to the
rotational temperature. Figure 4.17 shows the time-evolution of the absolute
densities of No(C) and N3 (B) using different assumptions. The red square sym-
bols show the density evolution using the rotational temperature deduced from
the fitting procedure with Specair, explained in section 4.4.1.1. The purple
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stars represent the density deduced using the intensity of the bandhead of the
(0,2) vibrational band. The profiles are scaled in absolute density using the
Specair fitting procedure only at maximum of emission ¢ = 9 ns. Both curves
coincide for ¢t < 20 ns, and remain close even for ¢ > 20ns.

For the two methods used, we observe a clear change of slope around ¢ = 20 ns,
that we interpret as the onset of pooling reactions (Equations (4.8) and (4.9))
which create No(C) and No(B) excited states. These reactions start to be
important after the end of the pulse when the density of Ny(A) has increased
enough.

T T T H T H T
‘ ‘ —s— determined from the Specair
fitting procedure for each time {
o 1 015 —— determined from
e proportionnality with intensity at
A=) 380 nm
> ;
= 14
U) =
@ 10 E
[0
©
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\—?\l 3
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i i —
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Figure 4.17: Time-evolution of the absolute density of N2 (C) deduced using
two different methods. The method that gives the red squares is more
accurate because it takes into account the temperature variations with
time. Both methods give similar results for ¢ < 20 ns and are within 50%
of each other for ¢ > 20 ns.

Furthermore, we can synchronize the No(B) and No(C) absolute density mea-
surements with the TALIF absolute measurements of the density of atomic
oxygen ([6] and [49]) which are reproduced in figure 4.18(d). These results con-
firm that O formation only occurs after the formation of No(B) and N2(C); the
rapid increase in O density coincides with the decay of the No(B) and No(C)
density. We also notice that the temperature continues to increase after the
end of the pulse. Both facts contribute to validate the two-step mechanism
presented in section 2.6.1.
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Figure 4.18: (a) High voltage pulse and corresponding reduced electric
field; (b) Conduction current; (c) N2 (C) rotational temperature (d) O ab-
solute density measured by TALIF [6], [49] (e¢) N3(B) and Ny (C) absolute
density.

NRP reference case spark discharge : 7, = 1000 K, d = 4 mm, V,, = 5.7 kV,
PRF = 10 kHz and v = 2.6 m.s~ .

The decay of No(B) and Ny(C) can be decomposed into two phases: phase 1
where states are depleted mainly by the quenching reactions by Oy and No, and
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phase 2 during which pooling reactions (Equations (4.8) and (4.9)) become an
important channel of population of No(B) and N2(C), which explains that the
decay of these states changes slope at ¢ > 20 ns.

4.6.2 Temperature dependence of the dissociative quenching
rates of Ny(B) and N, (C)

The decay rate of Nyo(B) and Na(C) can be deduced from the measurements
presented in figure 4.18 (e). Different quenching rates are associated with the
two phases described earlier. During phase 1, from ¢t = 9 to t = 20 ns, the
decay of No(B) and Ng(C) occurs with the following measured decay times:
Tic= 2.0 ns, 7y p= 3.8 ns. During phase 2, from t = 20 ns to t = 40 ns (end
of measurements), both states decay with approximately the same rate o=
6.3 ns and o= 7.0 ns.

These measurements allow us to determine the rates of the corresponding
quenching reactions. Indeed, the decay values of phase 1 are much shorter
than the radiative lifetimes of 6 us of No(B) and 40 ns for No(C). Thus, the
depletion of these states occurs mainly via fast - nanosecond timescale - dis-
sociation quenching reactions mostly with O and No. A non-exhaustive list
of the published rates of these quenching reactions can be found in tables 4.4
and 4.5, where the temperature is indicated when known. Most of the data
were obtained at ambient temperature, though a few measurements were done
at T around 2000 K [65], [68], [69], and [70]. To deduce from our density
measurements the quenching rates of No(B) and N2(C) by Og, the rates of
quenching of No(B) and N3 (C) by N were taken from the literature, [68], [71],
[72], and [73]. The rates for No(B) and No(C) quenching by Oy were deduced
at 2000 K, which is the approximate temperature of our experiments, in the
temporal range 10-20 ns where the decay occurs with the expressions:

1 1 1
k =|— —k nN, — — 4.13
aN2(0),02 |:7_C,decay,air aN2(C),N2 N2 7—R:| 7o ( )
k [ ! k 42 ] ! (4.14)
=|— - nN, + — :
N2 (B),0 TB,decay,air aN2(B), Nz ? TR | MOy

where 7r = 36.68 ns is the rate of radiative deexcitation of No(C) state [64]:

Ny (C) — N(B)+ hv (4.15)
We obtained k:qN2(B%702 = 2.6 (£ 0.5) x107 em™3. s7! and kqna (0,0, = 5.0
(£ 0.5)x10719 em=3. 71

These values are plotted in figure 4.19, and compared with the other values
reported in literature. The reported uncertainties on our measurements take
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Table 4.4: N,(C) quenching rate constants (in 10~ *em=3.s71)

Molecule  T[K]  Na(C,v=0) References

Ny 220-500 1 Capitelli et al [65], Kossyi et al [68]
300 1.14 £ 0.12 Dilecce et al |70]
300 1.3£0.2 Pancheshnyi et al|73]
300 1.09 + 0.1 Chen et al [69)]
300 1.1+0.6 Millet et al [71]
300 1.12 Mitchell [72]
1900 25+0.3 Bak et al [74]

O2 220-500 30 Capitelli et al [65], Kossyi et al [68]
300 30 £3 Pancheshnyi et al 73]
300 28 £2 Millet et al [71]
300 31.2 Mitchell [72]
1900 10 + 0.3 Bak et al [74]
2000 47 Packan [4]
2000 50+ 5 Present Work

Table 4.5: N3(B) quenching rate constants (in 107 ''em=3.s71)

Molecule  T[K]  Na(B,v=0) References

No 220-500 5 Kossyi et al [68]
300 3 Capitelli et al [65]
300 1.0 £ 0.8 Piper [75]
300 0.8 Mitchell [72]
1900 1.6 £0.3 Bak et al |74]

O2 220-500 30 Kossyi et al[68]
1900 4403 Bak et al [74]

2000 260 &+ 5 Present Work
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into account the uncertainties on the measured decay time in air and the dis-
persion on the published quenching rates of No(B) and No(C) by N2. More
data are available for Ny(C) quenching by Oy at ambient temperature. From
our measurements, the temperature dependence follows a 7'/300%-3 law, which
agrees with previous measurements at 2000 K [4]. For N2(B), the quenching
rate at 2000 K seems to be the same as the one at ambient temperature, 3.0
x1071%m=3.s7!. The rate of Bak et al [74] seems underestimated, probably
because the temporal response of their detection system was limited to 5 ns.

6 5
S
~ 5 O] > 4
o T ko)
D —
!?E 4 — IS
T "y Dataat-2000K { 2 g 3
2 “g 34 é/ Packan |l £ ° [
£ B + Baketal 2%,
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g - u Kossyi etal o 1 - Y
%) 14-{ @ Pancheshnyi et al . = 11 o Baketal
= A Millet et al o present work .
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Figure 4.19: Quenching rates of (a) N3(C) and (b) N2(B) by O;. Present
work and literature values: Kossyi et al [68], Pancheshnyi et al [73], Millet
et al [71], Mitchell [72], Packan [4], and Bak et al [74]

In this section, we obtained the time-evolution of the absolute densities of No(B)
and No(C) from experimental spectra, and synchronized them with atomic
oxygen TALIF measurements from [6], [49] and electrical measurements. The
increase of O and temperature coincides with the decay of No(B) and No(C),
thus validating the two-step mechanism. Finally, we determined for the first
time the dissociative quenching rates of Na(B) and N3(C) by O2 at 2000 K.

4.7 Electron density measurements

To provide additional validation data for the two-step mechanism, we now
present measurements of the electron number density during the NRP spark
discharge. The electron number density can be determined from the FWHM
of several Hydrogen Balmer lines such as H, at 656.3 nm and Hg at 486.1 nm
due to Stark broadening of the lineshapes [42]. We have seen on figure 4.4
that H, was present (over the No(B-A) spectrum) due to the presence of HoO
in ambient air. We used the 2400-gr/mm grating and a 50-pm entrance slit
of the monochromator to increase the spectral resolution. The broadening of
the Hy line is due to several effects: natural broadening, Doppler broadening,
collisional broadening, Stark broadening and instrumental broadening, see [42].
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In the case of a sufficiently high number density of electrons, Stark broadening
dominates, and the FWHM of the line can be easily related to the electron
number density. We investigated the FWHM of the H,, line for several spectra
for t = 3 to 11 ns.

Figure 4.20 presents the experimental spectra of Ny(B-A) with the additional
Balmer line H,, for ¢ = 5 ns. We added a Specair simulated spectrum of No(B-
A) on the top figure. The difference of the two spectra gives the H,, lineshape,
which is shown on the bottom figure.
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5 o] T,,= 6900 K
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Figure 4.20: Top: Experimental (thick black) and simulated spectra (thin
red) obtained for ¢ = 5 ns, integrated for 2 ns. Experimental spectra
obtained with the 2400 gr/mm grating with a 50-um slit entrance and
calibrated in intensity. Bottom : H, lineshape obtained from the difference
of the two signals shown on the top figure.

From the FWHM of the H, lineshape, we determined the electron number
density through the relation ([42]and [64]):

ne [em™3] = 9.87 x 10'6 x W16° with (4.16)
W, = FWHM of H, line [nm)| (4.17)

The temporal evolution of the electron number density is presented on figure
4.21 with the number densities of No(C) and Na(B). It was not possible to
analyze the spectra for ¢ > 11 ns because N2(B-A) hides the H, line. The
electron density increases during the high voltage pulse up to 3 x10' cm™3
which is consistent with the electron number density of an NRP spark discharge

2].
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Figure 4.21: Electron number density (black star) determined from the
FWHM of the H, lineshape. The Ny(C) and Ny(B) densities are taken
from figure 4.18.

4.8 Conclusions

In this chapter, absolute measurements of the density of excited nitrogen states
N2(B) and N3(C) created by nanosecond repetitively pulsed discharges in at-
mospheric pressure air preheated at 1000 K were performed using quantitative
Optical Emission Spectroscopy. These measurements were made on the NRP
reference case spark discharge.

The temporal evolution of the gas temperature was measured using the rota-
tional temperature of the second positive system of nitrogen during the high
voltage pulse. An ultrafast heating rate of 5 x 101° K/s is confirmed. These
measurement have been modeled recently by Popov [62], [76], whose model
agrees quite well with the absolute densities and temperature measured. A
comparison of the evolution of the measured and simulated temperature and O
density is shown on figure 4.22.

The diameter of the discharge was studied for the first and second positive sys-
tem of nitrogen using an Abel inversion of the lateral spectra at the maximum
of emission and was found to be 450-500 um for both states. These measure-
ments were synchronized with previous atomic oxygen measurements [6], [19],
and confirm that the dissociation of molecular oxygen within the first 20 ns
coincides with the quenching reactions of No(B) and No(C). The quenching
rates of No(B) and N2(C) by O2 were determined from the decay times of the
density of these species and from the published quenching rates of No(B) and
N5(C) by Ng, and are respectively equal to 2.6 (£ 0.5) x107? ecm™3. s7! and
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Figure 4.22: Comparison of experimental data (red square) and simulations
(blue line) for time evolution of (left) temperature and (right) O density
measured by TALIF [6], [49]. Courtesy of Dr Nikolay Popov [76].

5.0 (£ 0.5)x1071% em™3. s71 at 2000 K. Finally, the temporal evolution of the
electron density was deduced from the FWHM of the H, line, with a peak at
3 x10" cm™3.

The new data obtained in this thesis provides a comprehensive data set that
will be useful to further validate the two-step mechanism. For this further val-
idation, one should examine on the basis of the results presented here (profiles
of E/N, No(B), No(C), electrons, O, Ty, and Trot):
e the relative importance of electron-impact dissociation of O,
e the two-step mechanism - which also involves other states such as the
Nj(a) state,
e the importance of the pooling reactions that produce N3(B) and No(C)
from Na(A),

e the formation of electronically excited O atoms, etc.






Chapter 5

Influence of R and 7, on
Discharge Regimes and
Properties

5.1 Introduction

In this chapter, we perform a parametric study of the existence of the glow
regime with respect to the radius of curvature of the tip of the electrode R
and the gas temperature Ty, in order to validate the model proposed by Pai et
al |1] and presented in section 2.9. In section 5.2, we detail the experimental
conditions used in this chapter and chapter 6. In section 5.3, we characterize
the glow discharge at T, = 1000 K with ICCD images, before studying the in-
fluence of the radius of curvature of the electrode tip on the spatial structure of
the discharge in section 5.4. In section 5.5, we present the domains of existence
of the glow regime and show that the model fits the experimental voltage tran-
sitions for Ty > 700 K. We show that the minimum distance for the existence
of the glow regime decreases with decreasing R for a given gas temperature
T,. In section 5.6, we study the spatial structure of the discharge as a function
of the temperature and we highlight a new regime, the Multi-Channel Glow
(MCGQG) regime, which has the same characteristics as the glow regime except
that several streamers leave the anode. Finally, in section 5.7 we show that we
can obtain glow discharges at T, = 300 K with R = 20 pm, that have the same
features as glow discharges at T;, = 1000 K.

5.2 Experimental conditions

We use an Intensified Charge-Coupled Device (ICCD) camera which was syn-
chronized to the NRP discharges to acquire time-resolved images of the plasma
with gate width as small as 2 ns. Sections 3.2 and 3.8 provide details on the
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experimental setup. This diagnostic allows us to determine the dynamics of
the discharge and its spatial configuration. The luminosity of glow discharges
is quite low, so in order to have high intensity images, we did not use any filter
between the discharge and the camera. The images presented in this thesis
characterize the emission coming from all species within the discharge. How-
ever, in a glow discharge the light emission is dominated by the emission of
N3(C), see [2]. The gain of the ICCD camera was kept constant and equal to
255 - maximum value possible - for all the images presented in this chapter,
except for figure 5.1 (k) for which the gain was reduced to 70. In order to show
images with good contrast, we introduce the parameter Intensity (I) which
represents the value by which we multiply the signal received on the ICCD. It
gives an indication of the real intensity of the discharge and was adjusted to
visualize each discharge optimally.

In all the ICCD images of this thesis, except when mentioned otherwise, the
top electrode is the anode, connected to positive high voltage and the bottom
electrode - the cathode - is grounded. We use electrodes of calibrated radius of
curvature as explained in section 3.4. We use Pulse Generator 1 in the whole
chapter. In this chapter, the flow is axial and blown from the bottom to the
top; the flow rate is kept constant and the velocity of air is approximately equal

to 1.5 m.s~ L.

5.3 Characterization of the glow discharge at 1000 K

In this section, we investigate the characterization of the glow discharge ob-
tained at T, = 1000 K with Delmo electrodes, the electrodes used by Pai in [2].
The radius of curvature of the electrodes is approximately equal to 200 pum.
Figure 5.1 presents images integrated over 25 ns of different types of NRP dis-
charges, corona (top images (a)-(e)), glow (middle images (f)-(j)) and spark
(bottom image (k)) depending on the voltage V), applied on the electrodes.
The delay of the camera was set so as to get the signal of one discharge. We
notice that the discharges are not perfectly vertical. This is due to the difficulty
to align the electrodes at high temperature (7, > 800 K) because of thermal
distortion of the electrodes. The corona discharges are not perfectly symmetric
on figure 5.1 (d) and (e) because of the roughness of the electrodes and their
misalignment.

On the integrated images of the glow regime, we clearly see that the luminosity
is not uniform along the inter-electrode axis. The luminosity is higher close to
the cathode, especially when the applied voltage V}, is low. The luminosity of the
inter-electrode gap close to the anode increases when the voltage increases. In
order to understand the spatial structure of the glow discharge, its dynamics was
studied with ICCD images integrated for 2 ns - lowest gate width of the camera



SECTION 5.3 - CHARACTERIZATION OF THE GLOW DISCHARGE AT 1000 K 121

- for two different glow regimes, one qualified as "weak glow" for V,, = 4.8 kV,
just above the C-G transition, and one "strong glow", for V,, = 5.2 kV, just
below the G-S transition. These images are shown on figure 5.2. By convention,
in the following work, time ¢ = 0 ns is defined as the time when the rising edge
of the pulse measured by the voltage probe reaches 50 % of its maximum value.
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(a) 1=100 (b) 1=70 (c) I=70 (d) 1=70 (e) 1=70

¥

(f) 1=20 (g) I=12 (h) 71=12 (i) 1=8 (G) I=4

(k)

Figure 5.1: Images of a corona discharge (top images (a)-(e)), glow dis-
charge (middle images (f)-(j)), and spark discharge (bottom image (k))
integrated over 25 ns, averaged on several discharges. The gain was equal
to its maximum - 255 for the corona and glow regimes and reduced to 70
for the spark regime, to avoid saturation. The electrode shapes are out-
lined in white.

T, = 1000 K, Delmo electrodes, d = 4 mm, PRF = 10kHz and v ~ 1.5m.s™.
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For the strong glow regime, we clearly distinguish the two phases of discharge
formation as described in [2] and [36]. First, the luminosity - which conveys
the presence of Ny(C), is generated at the anode initially, at about ¢t = 2 ns
and propagates across the gap, reaching the cathode for ¢ = 7-8 ns. The second
phase consists in the return stroke, starting from the cathode at about ¢ = 10-
11 ns and reaching the anode at ¢ = 12 ns. This tow-step behavior is consistent
with the previous studies from Pai et al [2] and [36] and shows that the glow
regime studied in the present work is physically similar to the one previously
described. We also note that the speed of the first wave, about 1 x 10® cm.s™! is
typical of the velocity of streamers in air at atmospheric pressure.

For the weak glow regime, we also notice the first phase where the luminosity
is first emitted at the anode and propagates to the cathode. However, the
connection of the positive streamer and the cathode happens for ¢ = 7-8 ns
for the strong glow regime and at ¢ = 10 ns for the weak glow regime. The
connection time decreases with the voltage which is consistent with Tholin et al
[57]. We do not clearly see the return stroke for the weak glow regime. Figure
5.3 shows the measured total emission along the inter-electrode axis for the two
NRP glow discharges described in figure 5.2. These images are consistent with
the results obtained by Pai, where the 27¢ peak intensity which characterizes
the second stroke at the anode is proportional to the square of the applied
voltage. At low voltages, just above the C-G transition, the second peak at the
anode is not observed in [2] and [36]. This also confirms that the emission of
the discharge is dominated by the emission of No(C), since the total emission
along the inter-electrode axis is really similar to the No(C-B) (0-0) emission
obtained in a similar case [36], see figure 2.18 (a).

In this section, we have shown that at T, = 1000 K, we could observe glow
discharges that had slightly different temporal aspects, namely "strong" and
"weak" glow discharges. Both can be called glow discharges because
they are characterized by a light emission on a whole inter-electrode
gap distance in a diffuse manner and a low conduction current. That
is the criteria that will be used to determine whether a discharge is
a glow discharge in the following section. Furthermore, we have shown
that the obtained glow discharges are physically similar to the one found by
Pai [2]; they are characterized by the same sequence of physical phenomena for
similar measured voltage and current.
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Figure 5.3: Measured total emission along the inter-electrode axis for an
NRP glow discharge with T, = 1000 K, Delmo electrodes, d = 4 mm,
PRF = 10 kHz, and v ~ 1.5 m.s™!, (a) "weak" glow V, = 4.8 kV and (b)
"strong" glow V, = 5.2 kV. Each value is time-integrated over 2 ns.
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5.4 Influence of the radius of curvature R on the
structure of the glow discharge at 7, = 1000 K

We have already determined precisely what we would call a glow discharge on
an ICCD image (see section 5.3). In this section, we present the study of the
influence of the radius of curvature R of the electrode tip on the dynamics and
the spatial aspect of the glow discharge. We use the Delta Precis electrodes
R = 50 pm and R = 500 pum described in section 3.4. The distance | was kept
constant, [ = 8 mm in this section. The glow discharge studied here is typically
a "weak" glow discharge, that is to say just above the C-G transition.

50 um 500 pm
5.2 kV 5.5 kV

(a) Intensity = 32 (b) Intensity = 50

Figure 5.4: Images integrated over 25 ns of a glow discharge for two radii of
curvature, (a) R = 50 pm, V,, = 5.2 kV, Intensity = 32 and (b) R = 500 pm,
V, = 5.5 kV, Intensity = 50.

T, = 1000 K, d = 5 mm, [= 8 mm, PRF = 10 kHz, and v ~ 1.5 m.s~!. The
electrodes shapes are outlined in white.

Figure 5.4 shows images of glow discharges integrated during 25 ns, averaged on
400 discharges, for two different radii of curvature, R = 50 pm on the left and
R = 500 pm on the right. The voltage is slightly higher for R = 500 um - V,,
= 5.5 kV- than for R= 50 pm -V, = 5.2 kV- and is just over the C-G transition
in each case. The spatial structure of the discharge depends on the radius
of curvature of the electrode. Figure 5.5 represents the normalized intensity
of the discharge as a function of the distance along the radial extent - 1 mm
corresponds to the center of the discharge - for two radii of curvature, R = 50 um
(thin black) and R = 500 pum (thick green) at four different positions.

For R = 50 um, the size of the plasma is not constant on the whole gap, the
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radial extent of the plasma is wider close to the anode, p = 0.85 mm and
decreases abruptly in the middle of the gap p = 0.52 mm. When R = 500 um,
the size of the plasma decreases much more smoothly from the anode to the
middle of the gap, the FWHM of the light intensity goes from p = 0.90 mm
close to the anode to p = 0.77 mm in the middle of the gap. The radial width
of the discharge close to the pin electrode increases as R decreases, which is due
to the increase of the radial component of the Laplacian field close to the pin
as R decreases. For both radii of curvature, the global luminosity is similar,
the cathode luminosity is strong compared to the luminosity in the middle of
the gap. For both radii of curvature, we notice a striction at a distance equal
to 3.5 mm from the anode (approximately two-third of the inter-electrode gap
distance d), which corresponds to the connection point of the positive and
negative streamer (see [57]).
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Figure 5.5: Normalized intensity as a function of the distance along the
radial extent for two electrode radii of curvature, R = 50 um, V,, = 5.2 kV
(thin black) and R = 500 pum, V, = 5.5 kV (thick green) at four different
positions on the inter-electrode axis.

Figure 5.6 shows the intensity along the inter-electrode axis for R = 50 and
500 um taken from the images of figure 5.4. We notice the same shape of
luminosity. The luminosity at the anode is high, decreases towards the center
of the gap before increasing again at the cathode. The luminosity is higher for
R = 50 um, which can still be explained by the higher value of the electric field
at the tip. Figure 5.7 shows time-resolved images of a glow discharge - with a
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Figure 5.6: Intensity along the inter-electrode axis for two electrode radii
of curvature, integrated over pulse duration (25 ns), R = 50 um (thin black)
and R= 500 pm (thick green).

time-step of 2 ns - integrated during 2 ns, averaged over 2000 discharges for two
different radii of curvature, R = 50 pm (top) and R = 500 pm (bottom). We
see that the shape of the streamer leaving the anode depends on the radius of
curvature, as was previously observed on the images integrated over the whole
discharge on figure 5.4. For R = 50 wm, the radius of the positive streamer
varies very steeply during its propagation: the radius decreases by more than
40% from the anode to the mid gap. For R = 500 wm, the radius of the positive
streamer varies much less - it only decreases by 15 % - and more smoothly than
for R = 50 um.  For both radii of curvature, we observe a striction that
corresponds to the point of connection of the positive and negative streamers.

The connection time is 2-ns shorter for R = 50 wm than for R = 500 pum:
t =9 mns for R =50 um and t = 11 ns for R = 500 wm. This is consistent with
the increase of the electric field near the anode when the radius of curvature
decreases. In [57], for Ty, = 1000 K, d = 5 mm, and V},, = 5 kV, the connection
time is 4 ns shorter when R = 50 um than when R = 300 um.

Thus, the measurements and simulations are qualitatively in agreement. Also,
for a similar applied voltage V,,, the light intensity at the cathode for t = 11 ns
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Figure 5.7: Images of a glow discharge temporal development for two radii
of curvature, integrated over 2 ns and averaged on several discharges. Top:
R = 50 pm, V, = 5.2 kV, and bottom: R = 500 um, V,, = 5.5 kV. Intensity:
100.
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and 13 ns is much higher - 3.5 times higher - for R = 50 pm than for R = 500 um.
This is because the reduced electric field close to the tip increases when the
radius of curvature decreases for the same applied voltage V), (see section 2.9),
thus increasing the production of excited species, and especially No(C).

Table 5.1 summarizes the main differences between the structure of a glow dis-
charge for R = 50 um and R = 500 um. In this section, we have shown that for
different radii of curvature R of the electrode tip, glow discharges are character-
ized by the same sequence of physical steps. However, the radius of curvature
has a significant influence on the spatial structure of glow discharges. All these
conclusions confirm the recent results from 2D-axisymmetric simulations from
Tholin et al |57].

5.5 Influence of the temperature on the domains of
existence of the corona, glow and spark regimes

In this section, we study the influence of the gas temperature T, on the existence
of the glow regime with respect to the radius of curvature of the tip of the
electrode R, in order to validate the model presented in section 2.9. This
model was developed using hyperboloid electrodes. The electrodes we use in
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Table 5.1: Main differences between the structure of the glow discharge
studied on figure 5.4 and 5.7 for R = 50 um and R = 500 um.

Radius of
Curvature =50 pm R =500 pm
Applied voltage V), [kV] 5.2 5.5
Connection delay time [ns] 9 11
R.adlus of .the streamer 0.52 0.77
in the mid-gap [mm]|
Intensity at the cathode 35 1

for t = 13 ns [a.u.]

varying steeply varying smoothly
Streamer radial aspect by 40% by 15 %
during propagation during propagation

the experiments are circular at the tip, and they tangentially join the straight
profile, so that the electrode does not show any prominent angle, see section
3.4. However, the difference between the two geometries is very slight, see figure
3.18 and its seems relevant to test the validity of the model on the electrodes
we used.

We investigate the transition voltages No discharge-to-Corona (N-C), Corona-
to-Glow (C-G) and Glow-to-Spark (G-S) as a function of the gas temperature
T, for a given inter-electrode gap distance d and as a function of d for a given Ty,
for various radii of curvature. For each study, we measure the C-G transition
voltage Vo and G-S transition voltage Vigg using the Lecroy PPE 20 kV high-
voltage probe as the applied voltage V), was slowly increased from 0 V. The
discharge regime was estimated watching the discharge with the naked-eye.
This method is similar to the method used by Pai in [2]|. In the corona regime,
the emission zone in the anode region progressively enlarges across the discharge
gap as V), increases until if fully connects with the cathode, and then transitions
to the glow regime. This can be seen on figure 5.1. The G-S transition is
also distinct, as the luminosity and current greatly increase, accompanied by
a crackling sound. We assemble the transition voltage data measured for each
temperature T}, into a regime "map" of the discharge regimes as a function of
the temperature, as was done in [2]. We have also performed the same study
for a given T, varying d. We were able to investigate the regime from 0 V
to approximately 8.6 kV which was the maximum output voltage of Pulser
1 in our experimental conditions. As was done in [2|, we stop operating the
high-voltage pulse generator immediately after the spark regime is attained to

minimize electrode damage. For all these measurements, we set the frequency
to PRF = 30 kHz.
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5.5.1 Existence of the corona, glow and spark regimes for R =
200 pm

Figure 5.8 presents the regime map in applied voltage as a function of the
gap distance d with T, = 1000 K, PRF = 30 kHz, and v =~ 1.5 m.s~! for
electrodes of radius of curvature R = 200 wm. The upper limit of the regime
maps corresponds to the maximum applied voltage reachable with Pulser 1,
Vp = 8.6 kV in our experiments. Under d = 3 mm, only the spark regime
occurs. We notice the similarity with the regime map obtained by Pai et al in
[2] and reproduced on figure 2.31 in chapter 2. Figure 5.9 shows the regime
map in applied voltage as a function of temperature with d = 5 mm, PRF
— 30 kHz, and v ~ 1.5 m.s~! for the electrode of radius of curvature R =
200 um. We notice the similarity with the regime map obtained in [2] at high
temperature T, > 700 K and shown in figure 2.28. However, Pai [2] obtained

the glow regime only for T, > 700 K.
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Figure 5.8: Discharge regime map - applied voltage V, vs gap distance.
T, = 1000 K, R = 200 pm, [ = 8 mm, PRF = 30 kHz, and v = 1.5 m.s~ L.

This can be interpreted as a consequence of the better symmetry of the electrode
and the smoother surface of the material - without asperity. We should add
that for 500 K < T, < 700 K, the glow discharge structure is wider than the

one we obtained at higher temperature. This will be investigated in section 5.6
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Figure 5.9: Discharge regime map - applied voltage V,, vs gas temperature.
R =200 ym, d = 5 mm, | = 8 mm, PRF = 30 kHz, and v ~ 1.5 m.s™'.

5.5.2 Existence of the corona, glow and spark regimes for vari-

ous radii of curvature R as a function of gas temperature
T,

We then investigate the same transition voltages for different radii of curvature
of the electrode tip: R = 50, 100, 200, and 500 um as a function of temperature
T, for a given inter-electrode gap distance d = 5 mm. Figure 5.10 displays the
results for the two extreme radii of curvature available: (a) R = 50 um and (b)
R = 500 um. With R = 500 um, we do not obtain glow discharges for T <
800 K within the range of applied voltage reachable with the pulse generator
used. With R = 50 pm, we obtain a glow discharge for 7, > 500 K. Thus the
glow discharge was obtained at much lower temperature for R = 50 pm than
for R = 500 pum, confirming the prediction of the model presented in section
2.9.

5.5.3 Comparison with the transition voltage model

We compare our measured transition voltages for different radii of curvature R
of the electrodes with the transition voltages predicted by the model of Pai et
al [1] summarized in section 2.9.
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Figure 5.10: Discharge regime map - applied voltage V, vs gas temperature
for two radii of curvature. (a) R = 50 pm, and (b) R = 500 pm.
d=5mm, ! =8 mm, PRF= 30 kHz, and v ~ 1.5 m.s~!.

Corona-to-Glow Vg transition voltage

Figure 5.11 shows the Corona-to-Glow transition voltages VoG measured as a
function of (a) gas temperature Ty, for d = 5 mm, (b-c) inter-electrode gap
distance d for given gas temperatures Ty. (b) shows the transition voltages for
different radii of curvature R and T, = 1000 K, and (c) the transition voltages
for R = 100 pm and T, = 800 and 700 K. We use the transition voltage model
Ve obtained using Equation (2.12) assuming that the C-G transition voltage
corresponds to the breakdown voltage. Figure 5.11 (a) shows that this model
fits quite well the experimental data Vg for Ty >700 K. The cathode fall varies
from 1.2 kV - R = 50 and 100 um to 1.8 kV - R = 500 um. For R = 200 um, the
cathode fall seems to be equal to 1.8 kV for T;, < 800 K and decreases down to
1.2 kV for T; = 700 K. However, the experimental data departs from the model
for 500 K < T, < 700 K. The experimental values of Vo are significantly
smaller than the values determined by the model. This will be explained in
section 5.6. On figure 5.11 (b) and (c), we see good correspondence as well
between the model and the experimental data for Vo for R = 100 um and 7,
= 800 K and 700 K.

Glow-to-Spark Vg transition voltage

Figure 5.12 shows the Glow-to-Spark transition voltages Vg determined exper-
imentally as a function of the inter-electrode gap distance for (a) R = 200 pm,
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Figure 5.11: Corona-to-Glow transition voltages Vg for various radii of
curvature as a function of (a) gas temperature T, for d = 5 mm, (b) inter-
electrode gap distance d for different radii of curvature of the electrode tip
and T, = 1000 K, and (c) inter-electrode gap distance d for R = 100 um
and 7, = 800 and 700 K.

! =8 mm, PRF = 30 kHz and v ~ 1.5 m.s™ .

Ty = 1000 K, (b) R = 100 pm, T, = 1000 K, and (c) R = 100 um, T, = 800
K. We represent as well the modeled Vg, obtained using Equation (2.14) and
Vast, obtained using Equation (2.10). We notice that the experimental data
agree well with the models. For d < din, the N-S transition is observed, and
the transition voltage is correctly predicted by the theoretical AST curve. For
d > dpmin, the G-S transition is observed, and the transition voltage is correctly
modeled by the theoretical Vigg curve. Note that Vg varies linearly with d.

The value of (%)GS can be obtained using figure 5.12 (b) from the slope of
Vas for R = 100 pm at d = 5 mm. V.y can be deduced from the same figure
by extrapolating Vag to d = 0. The value we take is 1.0 kV. Furthermore,
we use the elevated temperature. For each initial gas temperature, we esti-
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Figure 5.12: Glow-to-Spark transition voltages V;s and No-Discharge-to-
Spark transition voltages Vg for various radii of curvature as a function
of inter-electrode gap distance d.

(a) R =200 pm, T, = 1000 K (b) R =100 pm, T, = 1000 K (c) R = 100 um,
T, = 800 K.

! =8 mm, PRF = 30 kHz, and v ~ 1.5 m.s~!

mate the elevated temperature writing the energy balance to the gas, using the
value of energy deposited into a typical glow discharge - 10 uJ, as explained in
[1]. The field in the positive column is equal to E,. = (%)Gs N, which gives
(%) gg = 185 Td.

The curves of Vg7 were calculated using avag7 deduced from the experimental
values of Vj,;,. We notice that there is a significative change in the shape of the
transition voltage curve when d is decreased and the transition changes from a
G-S to a N-G. The transition voltage curve varies linearly with d for Vzg and
non-linearly for Vg, which is appropriately predicted by the models detailed
above.



136 CHAPTER 5 - INFLUENCE OF R AND Ty ON DISCHARGE REGIMES AND
PROPERTIES

Figure 5.13 presents the modeled Vg - solid lines, and V4g7 - dotted lines, as
a function of the inter-electrode gap distance d for various radii of curvature
R and T, — 1000 K. The intersection of Vzg and Vygr corresponds to the
theoretical value of the minimum distance d,,;, for the existence of the glow
regime. We see that Vg increases with R, which explains why d,;, increases
with R. dy,ip corresponds to a cathode fall V.y = 1.1 kV for R =50, 100 and
200 pm and V.y =1.3 kV for R = 500 um.
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Figure 5.13: Predicted Vpg and Vsgr for various radii of curvature, as a
function of inter-electrode gap distance d. The intersection of Vg and Vagr
gives the experimental values of d,,,;, represented as a square for each value
of R. T, = 1000 K, | = 8 mm, PRF = 30 kHz, and v ~ 1.5 m.s™%.

5.5.4 Minimum distance d,,;, and corresponding minimum volt-
age V,,;, for the existence of the glow regime

As was seen in previous sections, we can determine the minimum distance d,;y,
for the existence of the glow regime from the map of the various discharge
regimes as a function of d for a given temperature 7,. However, making this
map is time-consuming and even if we stop operating just after getting the
spark discharge, we still damage the electrodes each time we produce a spark
discharge. Indeed, even after a few spark discharges (less than 10 s in total),
the cathode is seriously damaged by ion bombardment and heating as can be
seen on figure 5.14. Since the purpose of this work was to study the influence
of the radius of curvature of the electrodes, we needed perfectly calibrated radii
of curvature to have reproducible experiments.

Thus, in the rest of the study, we limit ourselves to the determination of the
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minimum distance d,,,;;, and corresponding minimum voltage V,,;, for which
glow discharges exist as function of gas temperature 7, and do not investigate
further the influence of the radius of curvature on the G-S transition voltage

Vas.

Figure 5.14: Cathode of initial radius of curvature Ry = 100 pm after a few
spark discharges. Image obtained with a BX51 Olympus microscope.

Figure 5.15 shows the influence of the radius of curvature on the existence of
the glow regime. Figure 5.15 (a) represents the minimum distance d,,;, and (b)
the corresponding minimum voltage V,,;, for the existence of the glow regime
as a function of temperature T}, for various radii of curvature.

We see that the glow regime exists for 7, > 700 K for R = 500 pm, T, > 500
K for R = 200 and 100 um and 7, > 300 K for R = 50 um. Furthermore,
dmin decreases with R for a given gas temperature T,;. Consequently, the glow
regime exists at lower temperature with small radius of curvature. On figure
5.15 (a), we also show the predicted dy;, as a function of temperature Ty;. As
explained in section 2.9, we used a semi-empirical model for awgg7. From V,ip,
we calculate g g7 using Equation (2.10) setting Vasr = Vinin. Then we deduce
dmin as function of T, using Equation (2.16). Figure 5.15 (b) shows the value
of the voltage Vinin obtained at dnn, and we see that this voltage increases
with decreasing T} for a given R. Furthermore, for a given gas temperature 7Ty,
Vinin decreases with decreasing R, which confirms that glow regime is promoted
with small radius of curvature R.

In conclusion, using electrodes with small radius of curvature R = 50 pm, we
succeeded in obtaining glow discharges at T, = 300 K, which was one of the
primary objectives of this thesis. We should emphasize that this study is based
on visual observations of the discharge. In the next section, imaging diagnos-
tics will be used to analyze the temporal development of the glow discharges
obtained.
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5.6 Influence of the temperature on the structure of
the glow discharge

In this section, we present images of glow discharges for different temperatures.
In the previous section, we presented the domain of existence of the glow regime
as a function of the gas temperature T,. This study was done with the naked
eye. While studying the various domains of existence of the regimes, we noticed
that for low temperatures 500< T, < 700 K, the spatial structure of the glow
discharges was rather different from the structure for 7, = 1000 K. In order
to verify that the glow discharges that we observed had the same dynamic
behavior than the one studied at T; = 1000 K, we investigate the structure of
the glow discharge using ICCD imaging (see section 5.2 for the experimental

details).
800 K 900 K
6.6 kV 5.9 kV

(a) I=60 (b)) I=60 (c)I=60 (d)I=20 (e)I=20 (f) =60

Figure 5.16: Images integrated during 25 ns of a glow discharge as func-
tion of gas temperature 7,. Emission averaged over several discharges.
R =200 um, d = 5 mm, | = 8 mm, PRF = 10 kHz and v~ 1.5 m.s™’.

Figure 5.16 shows time-integrated images of the structure of a glow discharge
from T, = 500 K (left) to 1000 K (right) for the same inter-electrode gap dis-
tance d = 5 mm and same PRF = 10 kHz. In each case, the image corresponds
to a weak glow regime just above the C-G transition. As the temperature de-
creased, the applied voltage V), had to be raised to get the glow regime, which is
consistent with the temperature dependence of the Corona-to-Glow transition
voltage Vg, see section 5.5.3.

For 800< T, < 1000 K, the glow discharge structure is similar to the discharge
structure of a glow regime obtained using Delmo electrodes, see section 5.3 or
obtained in the previous work of Pai [2]|. For 500< 7, < 700 K, the plasma
appears to be diffuse and homogeneous when the optical emission is integrated
over 100 accumulations. However, when we observe the discharge, we notice
individual filaments in the volume of emission. To investigate the behavior of
each discharge individually, images of single discharges were acquired with an
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integration time of 25 ns.

Figure 5.17 presents single-shot images of a glow discharge from T, = 500 K
(left) to 800 K (right) for the same experimental parameters as in figure 5.16.
Several typical samples of single-shot images are presented vertically. For T
= 800 K, only one single-shot image is presented since all acquisitions were
similar.

Figure 5.17: Single-shot images integrated during 25 ns of a glow discharge
as function of gas temperature 7. Intensity I = 25.

These images reveal that the plasma is actually composed of filamentary streamer
discharges with a branching structure. The high repetition rate and the vari-
ability in position of the numerous streamers give a diffuse appearance to the
eye. Figure 5.18 presents time-resolved images - integrated during 2 ns - of this
new kind of radially extended glow discharge, that we will call Multi-Channel
Glow (MCG) discharge. Several typical samples of single-shot images are pre-
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sented vertically for each time ¢. Recall that we cannot capture more than one
image per discharge event. Therefore, the images presented here are all from
separate discharges.
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5.6.1 Dynamic description

The dynamics of this radially extended glow discharge are very similar to the
dynamics of a common glow discharge, see figure 5.2. First, the luminosity
which is indicative of the presence of No(C) is generated at the anode initially,
at about ¢t = 1 ns and propagates across the gap, reaching the cathode at ¢t = 7-
8 ns. This connection time is similar to the one in a common glow discharge,
around 6-8 ns. The connection time seems to be a little longer in the case of the
multi-channel discharge, even though the voltage is higher than for the glow
discharge at T, = 1000 K. This may be because the streamers take a curved
path in the MCG discharge. We cannot distinguish a return stroke, as for a
weak glow discharge.

Unlike the weak glow discharge at T, = 1000 K, we distinguish several paths
of light emission. The excited species responsible for the luminosity, mainly
N2 (C), can take different paths from one discharge to the other. The connection
between the anode and the cathode does not always occur along the same
path: the main streamer that leaves the anode connects the cathode axially,
but additional streamers leave from the side of the anode. In other words, from
one discharge to the other, several streamers leave the anode at the same time
and /or the streamer does not always take the same axial path.

5.6.2 Electrical characteristics of glow and Multi-Channel Glow
(MCG) regime

Figure 5.19 shows the voltage and the total current measured for a glow regime
for T, = 1000 K and d = 5 mm and a multi-channel regime for 7, = 300 K and d
= 3.5 mm. The applied voltage is higher at low temperature (see section 5.5.1),
but the shape is similar for both discharges. The total current is fairly similar
in both discharges. The similarity in voltage and current of these two regimes
makes them impossible to distinguish using only electrical measurements. As
will be shown in section 6.8, the energy deposited is practically the same for
both regimes.

5.6.3 Multi-channel glow regime, as a 3D version of the glow
regime

The images of figures 5.17 and 5.18 confirm that we have found a 3D phe-
nomenon occuring at temperatures 7, < 700 K with electrodes of radius of
curvature R = 200 um and an inter-electrode gap distance d = 4 mm, which has
not been observed previously in our experimental reactor. This might have been
due to the different nature of the electrodes. Pai et al [1], |2], [36] used Delmo
industrial electrodes whose shape was not completely symmetric, whereas we
use calibrated Delta Precis electrodes. Furthermore, the difference between the
two regimes is only a difference in their spatial structure and can only be de-
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Figure 5.19: Typical voltage and current waveforms for a glow regime (dash
blue) and an MCG regime (solid black).

tected with ICCD images, a diagnostic that had not been implemented by Pai.
However, from our experiments, we cannot invalidate the 1D-model developed
in section 5.5. As long as an axial glow discharge is observed, this model is
valid. Thus, this MCG regime appears to be simply a 3D version of the glow
regime defined and studied in [1], [2], and [36]. All the characteristics of the
multi-channel regime except its spatial distribution are identical to the glow
regime characteristics.

5.6.4 Definition of the Multi-Channel Glow (MCG) regime

We may now define precisely what will be called a glow regime and what will be
called a MCG regime. For both the MCG and glow discharges, light is emitted
in diffuse manner, and the conduction current is very small. In addition, a
streamer connects the anode and the cathode. These features are common to
the MCG and glow regimes. However, the spatial structure of a glow and MCG
discharge is different. In the glow regime, only one streamer joins the anode
and the cathode. Figure 5.20 shows several samples of single-shot images of a
MCG discharge, integrated over 25 ns. A variety of situations is possible:

e an axial connection between the anode and the cathode

e an axial connection with additional streamers leaving the anode

e two off-axis connections, two different streamers reach the cathode

e an off-axis connection with additional streamers
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(f) () (h)

Figure 5.20: Samples of single-shot images of a MCG discharge, integrated
over 25 ns. T, = 600 K, R = 200 um, d = 5 mm, V, = 7.4 kV, | = 4 mm,
PRF = 10 kHz and v ~ 1.5 m.s~!. Intensity I = 18.

Figure 5.21 shows the intensity along the axis of symmetry of the electrodes,
for T, = 1000 K and T, = 600 K. We notice important differences between
those two profiles. For the glow discharge at 1000 K, the intensity is high at
the anode, decreases along the inter-electrode axis, is constant from d/5 to
3d/5 (distance from the anode), and increases again toward the cathode. The
intensity is higher at the cathode than at the anode. For the MCG discharge
at 600 K, the intensity is high at the anode and decreases from the anode to
the distance 3d/5 from the anode. This is because not all streamers join the
cathode, unlike for a glow discharge. Finally, the intensity increases slightly
towards the cathode, reaching 3/10 of the intensity at the anode. We see that
the two profiles are quite different. However, we should not rely on the time-
averaged intensity profiles to distinguish glow or MCG discharges because their
intensity profiles can be similar. Instead, it is recommended to rely on the
analysis of time-evolution images or the single-shot images.

When the gas temperature is decreased from 7, = 1000 K to T, = 500 K, the
MCG regime tends to be favored over the glow regime, see figure 5.17. On
figures 5.9 and 5.10 (a), we had obtained a glow regime at lower temperatures
than Pai et al and [1] and [2]. But because these maps were obtained by
watching the discharge, we were unable to discriminate a glow discharge from
a MCG discharge. Thus, the domains indicated on the various maps presented
in section 5.5 may correspond to either a glow or a MCG regime. For example,
for R = 200 um, glow regime exists for T, > 700 K, and the MCG regime for
T, < 700 K. Furthermore, this 3D structure of the discharge may explains why
the experimental data slightly departs from the model on figure 5.11.
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Figure 5.21: Intensity of the averaged discharges as function of distance
along inter-electrode axis for 7, = 1000 K and V,, = 5.4 kV (thick dash red)
from figure 5.16 (f) and 7, = 600 K and V, = 7.4 kV (thin solid black),
from figure 5.16 (b).

R =200 um,d = 5 mm, , | = 4 mm, PRF = 10 kHz and v~ 1.5 m.s~!!.

5.6.5 Multi-channel regime in other experimental setups

This branching structure regime was previously observed in other experimental
conditions. In [77], Nijdam obtained multi-streamer discharges in air at atmo-
spheric pressure and ambient temperature. He used a so-called "C -supply"
pulse generator that provides pulses of amplitude around 18 kV, rise time of
15-24 ns and fall time of approximately 10 ps, in a pin (anode)-plane (cathode)
configuration separated by an inter-electrode gap distance of 40 mm.

In these experimental conditions, we see in figure 5.22 a very strong multi-
channel regime: about 10 streamers are initiated at the anode and then separate
in more than 50 different streamers at d = 20 mm from the anode. When the
pressure is decreased down to 50 mbar, the branching structure is not present
anymore, but we see instead a diffuse discharge with uniform luminosity from
the anode to the cathode. Similar effects were obtained in [59] where negative
pulses of amplitude around 12 kV, rise time of 8 ns and FWHM of 22 ns, in a
pin (anode)-plane (cathode) configuration separated by an inter-electrode gap
distance of 30 mm have been applied in air at pressures between 300 and 760
torr.
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40 mm

(a) P = 50 mbar (b) P = 1000 mbar

Figure 5.22: ICCD images integrated for more than 1000 ns of a "streamer
discharge" in air in a pin-plane configuration for two different values of
pressure. T, = 300 K. d = 40 mm. Camera gain is varied between the
images, discharges are brighter at lower pressure. Images taken from [77].

Similar effects of the pressure have been seen in [78] where pulses of amplitude
around 45 kV, rise time of 5 ns and FWHM of 10 ns, in a pin (anode)-plane
(cathode) configuration separated by an inter-electrode gap distance of 15 mm
have been applied in air at pressures between 1 and 9 bars.

The evolution of the spatial structure of the discharge of Nijdam [77] and Tar-
diveau et al [78], when the pressure is increased in their experimental setup,
is identical to the evolution of the spatial structure of the discharge in our
present work when the temperature is increased. This suggest that the spatial
structure of the discharge depends on the reduced electric field E/N within the
discharge, N being the density of the gas.

5.7 Glow discharges from 7, = 1000 K to 7, = 300 K

In section 5.6, we mentioned that a MCG regime appears when the reduced
electric field is decreased from a situation where a glow discharge exists. To
obtain glow discharges at low temperature 7' < 500 K, we will see in section
6.2 that the inter-electrode gap distance d must be decreased.

To keep the reduced electric field F/N approximately constant, we started from
a glow discharge at T, = 1000 K and d = 4 mm and progressively decreased
the gas temperature 7; and the inter-electrode gap distance d. The experi-
mental parameters varied in this study are presented in table 5.2. We repeat
this experiment for electrodes of five different radii of curvature: Delta Precis
electrodes with R = 50, 100, 200 and 500 wm and Azfil electrodes with R = 20
Q.
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Table 5.2: Inter-electrode gap distance d and corresponding gas tempera-
ture T, for each NRP glow discharge shown in figure 5.23.

Gas temperature T, [K| Inter-electrode gap distance d [mm]

300, 400 2.5
500, 600 3.0
700, 800 3.5
900, 1000 4.0

Figure 5.23 presents time-integrated images of glow discharges (integrated on
several discharges) for different radii of curvature R = 20, 50, 100, 200 and
500 wm and different temperatures. The radius of curvature R is decreased from
top to bottom, the top line corresponds to 500 pum and the bottom two lines
correspond to 20 um. Each temperature corresponds to a column, T, = 300 K
is on the left and T, = 1000 K on the right. Each discharge recorded corre-
sponds to a weak glow discharge, as defined in section 5.3. For every set of
parameters both single-shot and averaged images were taken. The structure
of each discharge appears similar in the averaged and single-shot images. In
other words, we observe a glow regime and not a MCG regime, as defined in
section 5.6. For instance, the last line of figure 5.23 presents single-shot images
for R = 20 pm while the line immediately above presents averaged images of
the same discharge.

For R = 500 um and T, = 800 K, the transition N-S is observed for an applied
voltage V,, = 6.3 kV, and no glow discharge is seen for 7, < 900 K. This is
consistent with the minimum distance d,,;, of existence of the glow regime
with respect to the gas temperature Ty, see figure 5.15. For R = 500 um and
T, = 800 K, the predicted d;;, is 4.5 mm which is larger than our gap distance
of 4 mm in this experiment. For R = 200 and 100 pm, at 7, — 500 K, an
unstable glow is observed for V,, ~ 6.0 kV transitioning from time to time to
a spark regime. For this reason, this regime was not considered to be a glow
regime and was not recorded with the ICCD camera (sparks can damage the
camera). Each time a glow regime was recorded, we checked that it was a weak
glow regime by a careful examination of the 2-ns time-resolved images of the
discharge and by checking on the single-shot images that it was not a MCG
discharge.

All images presented in figure 5.23 show glow discharges, from T, = 900 K to
T, = 1000 K for R = 500 um, from 7, = 500 K to T, = 1000 K for R = 200
and 100 pum, and from 7, = 300 K to T, = 1000 K for R = 50 and 20 pum.
This is consistent with the model developed in [1], [2], and [36] and presented in
2.9. For a given temperature, decreasing the radius of curvature promotes the
existence of the glow regime. With large radii of curvature, only the transitions
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from "No Discharge" to spark regime are observed.

An example of time-resolved images of two glow discharges - one obtained at
1000 K and one at 300 K for the same radius of curvature R = 20 um is
presented on figure 5.24. The experimental parameters are the same as those
of figure 5.23. In particular, d = 4 mm for 7, = 1000 K and d = 2.5 mm for
T, = 300 K. On this figure, the intensity of the images is higher for the images
at higher temperature. This was observed for all the images of figure 5.23.
Nevertheless, we notice the same succession of physical processes than in the
weak glow discharge as defined in section 5.3. This allows us to conclude that
we have evidenced the existence of the glow regime at 300 K, as was defined
previously on the discharge at 1000 K in [2].
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Figure 5.23: Images integrated during 25 ns of a glow discharge at differ-
ent temperatures and radii of curvature. The images are averaged over
several discharges except for the last row, which corresponds to single-shot
discharges. | = 3.5 mm (! is defined on figure 3.16), PRF = 10 kHz, and
v~ 1.5 ms~!'. Top 3 rows: Intensity I = 25, Rows 4,5: Intensity I = 50,
Bottom row: Intensity I = 25.
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5.8 Conclusions

In this chapter, we have first determined with ICCD - camera images the spatial
and temporal structure of a glow discharge at T; = 1000 K. We confirmed the
existence of different kinds of glow regimes, a so-called "weak glow" regime
and a "strong glow" regime, the first regime being just above the onset voltage
of the return stroke. We studied the influence of the radius of curvature of
the electrodes on the spatial structure of the discharge at T; — 1000 K. For
R = 50 um, the streamer radius decreases while it propagates, whereas for
R = 500 um, the radius of the streamer is approximately constant. We then
studied the influence of the radius of curvature of the tip of the electrodes on
the limits of existence of the glow regime. This study confirmed the model
proposed by Pai in [1] and confirmed that at a given gas temperature T}, the
minimum distance for the existence of the glow regime d,,;, decreases when the
radius of curvature of the electrode decreases.

We studied the influence of the gas temperature on the spatial structure of
the discharge at a given radius of curvature with ICCD-camera imaging. On
single-shots images, we evidenced a regime spatially different from the glow
regime, called the Multi-Channel Glow (MCG) regime. This regime has the
same properties as the glow regime but it features several positive streamers
within a single discharge.

Finally, we have determined a set of parameters for which the glow regime exists
for different temperatures and different radii of curvature provided we decrease
the inter-electrode gap distance d while decreasing the gas temperature Tj,.

We have succeeded in obtaining a glow regime at T, = 300 K with electrodes of
small radii of curvature R = 20 and 50 pum, as was predicted by Pai et al in [1].
The configuration of the electrode is not exactly pin-pin, since we introduced
a plane behind the electrodes. The influence of the length [ between the tip of
the electrode and the plane will be studied in the next chapter.



Chapter 6

Parametric Study of the NRP
Glow regime at 7, — 300 K

6.1 Introduction

In the previous chapter, we established the existence of NRP Glow (G) dis-
charges at T; = 300 K. To get such a regime, electrodes of small radius of
curvature R = 20 or 50 um are needed, with a relatively small inter-electrode
gap distance (around 2.5 mm). The existence of a Multi-Channel Glow (MCG)
regime with a 3D branching structure was also established.

The purpose of this chapter is to establish the parameters that are important
to promote the NRP glow regime with respect to the NRP Multi-Channel Glow
(MCG) regime.

In the first part, we study the influence of geometrical parameters. In section
6.2, we study the influence of the inter-electrode gap distance d and in section
6.3, that of the flow direction on the nature of the discharge regime. Then,
in section 6.4, we study the influence of the length [ between the tip of the
electrode and the plane behind it. The definition of the length [ is given on
figure 3.16 in section 3.4.

In the second part, we will study in section 6.5 the influence of the Pulse
Repetition Frequency PRF and in section 6.6 the influence of the velocity of
the flow on the nature of the discharge regime. In section 6.7, we discuss the
physical explanation for the transitions from MCG and glow regimes. Then,
we show in section 6.8 an estimation of the energy put into the glow and MCG
discharges. Finally, in section 6.9, we investigate the importance of the plane
behind the pin electrodes with additional experiments.

In this chapter, we used Pulse Generators 1 and 2 and electrodes of small radius
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of curvature at the tip R = 50 um or 20 um at T, = 300 K. We use the system
described in section 3.2, but we do not preheat the gas and work at room
temperature T, = 300 K.

6.2 Influence of the inter-electrode gap distance d

In this section, we study the influence of the inter-electrode gap distance d on
the structure of the discharge at T, — 300 K. We use Pulse Generator 1 at
PRF = 10 kHz with electrodes of radius of curvature at the tip R = 50 um.
We work with an axial flow of velocity v equal to 0.5 m.s~'. The length [ is
kept constant, I = 3 mm. As the operator increases the voltage from 0 V,
the discharge is observed with the naked-eye. Images of glow-like discharges
are captured as soon as a luminous junction is realized between the electrodes.
Glow-like discharges when observed with the naked eye may either be glow
discharges or MCG discharges.

Figure 6.1 presents on the first line averaged images of glow-like discharges for
several inter-electrode gap distances d. The applied voltage V), is increased when
the gap d increases. These images are integrated over 25 ns and averaged over
1000 discharges. We notice that the radius p of the discharge at the mid-gap
decreases with decreasing d, and that the discharge luminosity structure seems
different for the different inter-electrode gap distances d. To discriminate MCG
and glow regimes, we also took single-shot images that are shown under the
averaged images. Several typical samples of single-shot images are presented
vertically on the second, third and fourth lines of figure 6.1. The various samples
do not appear with the same frequency. For instance, for d = 2.5 mm, most of
the discharges are similar to the images of figure 6.1 (h) or (n), which explains
why the plasma has a relatively small radial extent on the averaged image of
figure 6.1 (b), and figure 6.1 (t) rarely occurs. For d > 3.0 mm, the structure
is that of an MCG discharge, several streamers leave the anode, and for d <
2.5 mm, the discharge is a glow discharge, only one streamer leaves the anode.
This explains why the radius of the plasma is much larger for large values of d
than for small values of d.

We have seen that decreasing the inter-electrode gap distance d promotes the
existence of the glow regime with respect to the MCG regime. The evolution
of the discharge structure is similar when d is increased on figure 6.1 and when
T, is decreased on figure 5.16. This confirms that the relevant parameter that
controls the transition between the two regimes glow and MCG is the reduced
Laplacian electric field between the electrodes. When the reduced electric field
on the axis of symmetry of the discharge is too low (d is large or T} is small), the
model presented in section 2.9 is not valid anymore and the discharge develops
a 3D branching structure. This will be detailed in section 6.7.
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Figure 6.1: Images integrated over 25 ns of glow-like discharges with re-
spect to the inter-electrode gap distance d. d is increased from left to right
in steps of 0.5 mm from d = 2.0 mm to d = 4.5 mm. The first row corre-
sponds to images averaged over several discharges (Intensity I = 50) and
the last three rows are examples of single-shot images (Intensity I = 20).
T, =300 K, R = 50 um, [ = 3 mm, PRF = 10 kHz and v = 0.5 m.s™’.
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6.3 Influence of the flow direction

In this section, we detail the influence of the flow direction on the structure
of the glow discharge. We placed an additional metallic piece in between the
carrying Delmo electrodes and the Delta Precis or Azfil electrodes, as was
explained in section 3.4. Consequently, we introduced a plane behind the pin
electrodes, which modifies the structure of the Laplacian electric field between
the electrodes. Furthermore, the metallic piece is an obstacle to the air flow.
The size of this metallic piece is 6-8 mm in a flow of velocity v ~ 0.5 m.s~!.
Therefore, the Reynolds number is around 180-200 for T; = 300 K, which means
that behind the obstacle the flow is vortical. The schematic diagram in figure
6.2 shows the flow field before and after the obstacle.

Delta Precis

electrode
additional
metal piece
Delmo electrode
section
Flow
direction

Figure 6.2: Schematic diagram presenting the nature of the flow before and
after the obstacle. The carrying Delmo electrode direction is orthogonal
to the figure plane.

In the upcoming section 6.4, we will study the influence of the length [ between
the tip of the electrodes and the plane on the structure of the discharge. But
changing the position of the discharge with respect to the plane would change
the position of the plasma in the flow. Thus, it would be difficult to decouple
the influence of the Laplacian electric field on the discharge and the influence
of the nature of the flow. Consequently, studying the impact of the parameter
[ on the discharge is more relevant in a transverse flow configuration.

This leads to consider whether the direction of the flow may have an influence
on the regime transitions. Preliminary experiments showed that a transverse
flow has a tendency to blow more the discharge than an axial flow. However,
the various behaviors established in the previous chapter, the influence of R
and T} on the structure of the discharge, should be similar. Consequently, in a
first approach, we did not make a complete study of the impact of the direction
of the flow on the discharge structure. We have simply analyzed one test case,
a typical glow discharge at T, = 300 K, for two perpendicular directions of the
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flow.

The experimental setup for the study of NRP discharges in a transverse flow
was detailed in section 3.2. The electrodes are positioned approximately 15 mm
above the output of the metal tube blowing air. Figure 6.3 presents images
averaged on several glow discharges for two perpendicular directions of the
flow. On the left (a) is the same image as in figure 5.23 for Ty, = 300 K and
R = 20 pm. The right image corresponds to the same experimental parameters
except that the flow is blown perpendicularly to the axis of the electrodes. We
used the same air blowing tube in the two experiments. To change the axis of
the flow, we had to change the direction of the inter-electrode axis. For figure
6.3 (a), the flow is blown from the bottom (cathode) to the top (anode) and
the electrodes are vertical. Figure 6.3 (b) represents the image of an horizontal
discharge rotated of 90° clockwise. Thus, the flow comes from the left, as
indicated on the image. This rotation was made to compare easily the two
images.

Axial flow Transverse flow

(b)

Figure 6.3: Averaged images integrated over 25 ns of glow discharges. (a)
corresponds to an axial flow, blown from the bottom to the top V,, = 4.7 kV,
(b) corresponds to a transverse flow, blown from the left to the right
V, = 5.0 kV.

T, = 300 K, R = 20 um, d = 2.5 mm, [ = 3.5 mm, PRF = 10 kHz and
v = 0.5 m.s~!. Intensity I = 50.

We notice the same structure of the discharge. Both are glow discharges, and
present a global luminosity that is homogeneous. The geometric structures of
the discharge are similar. When the flow is transverse, we have to increase the
applied voltage to get a glow regime from 4.7 kV to 5.0 kV for figure 6.3 (b).
Thus, the luminosity is stronger at the anode on figure 6.3 (b) than on figure
6.3 (a). This confirms that the regime transitions are only slightly different for
a transverse flow.

We also took single-shot images in the same conditions. The images obtained
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are identical to the averaged images, except they are less luminous. Figure
A.1 in appendix A presents time-resolved images of the glow discharge in a
transverse flow at T, = 300 K of figure 6.3 (b). We notice the same succession
of physical steps that in a typical glow discharge in an axial flow at Ty = 1000 K
(figure 5.2) or T, = 300 K (figure 5.24).

The study of this single test case suggests that changing the flow direction does
not significantly affect the domain of existence of the various regimes for the
velocity considered here. For a given set of parameters, a discharge might be
a glow for an axial flow and a corona for a transverse flow. However, it is
reasonable to consider that the influence of the various parameters studied in
the previous chapter (radius of curvature of the electrode R, gas temperature
Ty...) on the discharge structure will not be greatly modified by changing the
direction of the flow. Consequently, until the end of the thesis, we will work in
a transverse flow and use the results previously obtained in axial flow.

6.4 Influence of the distance [

The purpose of this section is to establish the influence of the length [ between
the tip of the electrodes and the plane, varying [ from 1 mm to several millime-
ters. The axis of the flow is perpendicular to the inter-electrode axis. Using
Pulse Generator 1, and short length [ (I = 1 or 2 mm), we did not manage to
get a glow discharge for the maximum output voltage reachable by the pulser.
Therefore, we used Pulse Generator 2, that was characterized in section 3.3.
The main difference that impacts the structure of the discharge and the regime
transitions is the duration of the pulse. We used both channels of the pulser,
Channel 1 that creates pulses of Full Width at Half Maximum (FWHM) of
23 ns, and Channel 2 that creates pulses of FWHM of 6 ns, in the configuration
studied.

In the first part of the section, we study the effect of the length [ on the glow
regime or MCG regime. In the second part, we present experiments performed
with constant applied voltage V). These experiments will be used to discuss
the physical reasons behind the branching structure of MCG discharges.

6.4.1 Promote the glow regime increasing length [

Figure 6.4 presents images of glow-like discharges for various lengths [, I = 1 to
5 mm. These images were recorded as soon as a luminous junction was realized
between the electrodes, when increasing the voltage from 0 V and observing
the plasma with the naked-eye. The first line shows averaged images of several
discharges and the second and third lines are samples of single-shot images.

First, the minimum voltage to get glow-like discharges is higher with Pulser 2



SECTION 6.4 - INFLUENCE OF THE DISTANCE [ 159

Figure 6.4: Images integrated over 20 ns of glow-like discharges for [ =
1 to 5 mm. The images on the first line averaged over several discharges
(I= 40) and those on the second and third lines are samples of single-shot
images (I= 25).

T, =300 K, R = 50 pm, d = 4 mm, PRF = 10 kHz and transverse flow
v = 0.5 ms~h

Channel 2 than with Pulser 1. The conditions of figure 6.1 (e) are identical to
the conditions of figure 6.4 (c) except that the flow is transverse on the latter
image. In this case, the applied voltage V,, = 9.0 kV is higher than the applied
voltage in the first case, V,, = 7.6 kV. The difference between the two applied
voltages seems too high to be only due to the change of flow direction. Another
reason is the shorter duration of the pulse obtained with Pulser 2 Channel 2,
see section 3.3. We had to increase the applied voltage to have the same effects
on the plasma, since the voltage is applied during a shorter period of time.
Another consequence of the shorter duration of the pulse is that the luminous
emission is significant during a shorter period. Then, it is sufficient to integrate
the images on 20 ns (vs 25 ns for Pulser 1) to get the whole discharge.

Second, the structure of the discharge changes when [ is decreased, the radial
extent of the discharge is much larger when the length [ is larger. As in the
previous sections - sections 5.6 and 6.2, this might be a sign of the existence
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of an MCG regime. From the single-shot images of the same discharges, on
the second and third lines of figure 6.4, it is clear that for [ = 3 to 5 mm,
the structure is that of an MCG discharge, and for [ = 1 mm, the discharge
is a glow discharge. ! = 2 mm is an intermediate case between a glow and
MCG discharge. Time-resolved images of the glow discharge for [ = 1 mm were
taken and confirmed the glow nature of the discharge. A single streamer leaves
the anode on the inter-electrode axis and joins the cathode, as was seen on
figure 5.24. The differences in spatial structure for different values of [ will be
explained in section 6.4.2.

A third interesting result is the evolution of the minimum applied voltage V}, to
get a luminous junction between the electrodes - either a glow or MCG regime
- when the length [ is decreased. For 1 mm < [ < 3 mm, we had to increase the
applied voltage V), to get a luminous junction between the electrodes when [ was
decreased. This can be understood easily with a simple model of the Laplacian
electric field between the electrodes in this geometry. Even if the plane is of
finite dimension, the additional axial component of the electric field created
by the plane will increase the total value of the axial electric field at mid gap.
Since E = —ﬁV, the integral of the z-component of the electric field along the
inter-electrode axis is equal to the potential difference between the anode and
the cathode. If the field is enhanced at mid-gap and the applied voltage V),
is constant, the electric field at the tip is reduced. A glow discharge will only
develop if the electric field is high enough at the tip to ignite the streamer.
Consequently, we have to increase the applied voltage V), as [ is decreased.
This is illustrated on figure 6.5. It schematically represents the influence of the
reduction of the length [ on the axial electric field Er(z) keeping the integral
of Er(z) over z constant.

6.4.2 Interpretation of the influence of [ on the structure of a
glow-like discharge

The influence of the parameter [ on the structure of the discharge leads us to
analyze the physical causes of branching. Although the purpose of this work is
not to make a detailed study of the causes of branching, we will show how we
can interpret our experiments.

The exact mechanism that leads to streamer branching has been under discus-
sion for a long time now. Several explanations were given. Branching could be
due to a fundamental Laplacian instability in the streamer front. This expla-
nation was proposed in various works of Arrayas et al |[79], Meulenbroek et al
[80], Rocco et al [81], and Liu and Pasko [82]. Another older explanation is
based on the concepts of Raether [83]. Branching could be due to the stochastic
behavior of secondary avalanches in front of the streamer head. Pancheshnyi
[84] observed from 3D simulations that the non-uniformity of the distribution
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Figure 6.5: Schematic diagram presenting the influence of the plane be-
hind the electrodes on the axial Laplacian electric field at constant applied
voltage V,. The field E;, at mid-gap (z = 0) is enhanced whereas the field
at the tip of the electrode is decreased.

of the seed charges had an effect on the streamer head formation and could
lead to a branching phenomena. However the level of seed charges considered
in [84] was really low, 102-10% cm~3. This is much smaller than the level of pre-
ionization in our experiments, which can be considered equal to 10°-10'" cm™3.
Thus, this explanation might be relevant in low density environments but not
in media such as plasmas created by NRP in atmospheric pressure, where the
background ionization - charges left from the previous pulses - and free electrons
created by photoionization are high.

Let’s prove this estimation of the pre-ionization level by evaluating the density
of charged species before the beginning of a new pulse, following references [4],
[85], [86], and [87]. In the case of a gas with no electronegative component, the
electron density n. = n4 decays according to the law (see references [85] and
[57)):

dne
p = —[neny (6.1)
nma$
()= —5—— 2
nelt) = [ (6.2

The electron-ion recombination coefficient is typically equal to f = 1076 —
1077 em™3s7! for T, = 300 K (see references [65] and [85]). In the case where
nma = 1013 em =3 [2], Bn™9%t > 1 for t >1 us. In the case of NRP discharges
of this work, the repetition frequency PRF' of the pulses is between 1 and 30
kHz, which corresponds to a minimum duration between the pulses of 33 us.
Consequently, the previous condition is valid in the present work and equation
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(6.2) becomes:

1
~

The pre-ionization level in terms of electrons is approximately equal to 107 —
10™ em™3 depending on the PRF.

ne(t) (6.3)

However, in a gas with an electronegative component such as air with Oo,
attachment is an important depletion mechanism for electrons [85]. In cold air,
without electric field, the dominant process is [85]:

e+ 0+ M — 02_+M(M:OQOFN2) (64)

The main negative ion formed during the inter-pulse is considered to be Oy
[85], [84] though this has been questioned recently [88]. The electron lifetime
with respect to attachment is 7, = 1.1 x1078 s71 [35].

For T, = 1000 K or above, attachment can be considered negligible [4] and [89].
Consequently, the background pre-ionization is of different nature depending
on the temperature. For T; > 1000 K, pre-ionization consists in electrons
and negative ions such as O5 in equivalent proportions, but for T; = 300 K,
pre-ionization mainly consists of negative ions. Still the pre-ionization level is
similar [89] as the one found using Equation (6.3) even if the nature of the
charges is different at low temperature. Consequently, at room temperature,
the pre-ionization level is equal to 10°-10'" ¢cm™3 in terms of negative ions.

To verify the foregoing arguments, it is necessary to test the influence of the
Laplacian field created by the plane on the structure of the discharges (glow
or MCG). To this end, we have conducted experiments in which we kept the
applied voltage and gap distance constant, and just varied the length . Keep-
ing d and V), constant implies that the Laplacian electric field remains about
constant near the tip of the electrodes, even when [ is varied, because the field
at the tip is mostly determined by the radius of curvature of the electrodes. In
contrast, the Laplacian field at mid-gap varies much more with the distance [,
because the Laplacian field created by the plane is comparable in magnitude
to the Laplacian field produced by the electrodes at mid gap. Furthermore,
for reasons that will become apparent after Section 6.5 where we study the
influence of the PRF', we chose to work with a PRF of 1 kHz.

The first series of experiments was conducted with short pulses produced by
Pulser 2 Channel 2, and with electrodes of radius of curvature R = 20 um.
From the averaged images obtained at [ = 1, 3 and 4 mm (see figure 6.6), and
from an analysis of single-shot images (not shown), we can conclude that we
have a glow discharge for [ = 1 mm, and MCG discharges for [= 3 and 4 mm.
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(a) I =50 (b) I =20 (c) I =20

Figure 6.6: Images integrated over 20 ns of glow-like discharges to the eye
for [= 1, 3 and 4 mm. The applied voltage is kept constant at 10.9 kV.

T, = 300 K, R = 20 um, d = 4 mm, V, = 10.9 kV, PRF = 1 kHz and
v = 0.5 ms~ !t

Thus we see that increasing the Laplacian field created by the plane promotes
the occurrence of glow discharges over MCG discharges.

This effect is even clearer on longer gap discharges, obtained with a longer gap
d = 6 mm and longer pulse durations (hence using Pulser 2 Channel 1). Images
obtained for [ = 3 and 4 mm at constant applied voltage are shown in Figure
6.7. Here we clearly see the difference between the glow discharge obtained for
I = 1 mm and the MCG discharge obtained for [ = 3 mm.

Thus, these studies at constant applied voltage demonstrate that the Laplacian
field created by the plane plays a key role on the branching in our discharges.
Because the level of pre-ionization is similar in both cases, the cause of branch-
ing cannot be related to stochastic effects. Instead, we believe that branching
is prevented when the electric field is oriented along the z-axis, which is not
the case when the field is just created by a pin electrode of small radius of
curvature. The use of a plane reinforces the field along the z-axis, thus guiding
the streamers along that axis, hence preventing branching.
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(a) 1= 200 (b) I =125

() (h)

Figure 6.7: Images integrated over 50 ns of glow-like discharges for [ = 1
and 3 mm. The applied voltage is kept constant at 10.2 kV. The first line
displays images averaged over several discharges. The second, third and
fourth lines display samples of single-shot images (I = 35).

T, = 300 K, R = 20 ym, d = 6 mm, V, = 10.2 kV, PRF = 1 kHz and
v = 0.5 ms~L.
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6.5 Influence of the Pulse Repetition Frequency

In this section, we study the influence of the Pulse Repetition Frequency (PRF)
on the structure of the discharge. We used Pulse Generator 2 on Channel 2
with R = 20 um electrodes with a given inter-electrode gap distance d = 4 mm.
Two values of the length [ were investigated, [ = 1 and 4 mm. The choice of [
is important, when [ is small, glow discharges will be promoted, as was seen in
section 6.4.

Figure 6.8 shows the influence of the PRF' on the structure of the discharge for
[ =1 and 4 mm. For the two sets of values of [, we increase the PRF from 1 to
30 kHz. All other parameters are kept constant. The first line displays averaged
images. The second and third lines display samples of single-shot images. For

= 1 mm, only one sample is shown since all the discharges had an identical
spatial structure. In order to decouple the impact of the PRF and the impact
of the flow on the discharge, we work in motionless ambient air. The influence
of the flow rate on the discharge structure will be studied in section 6.6.

First of all, we had to increase the applied voltage to get glow-like discharges
while decreasing the frequency. This has already been observed by Pai [2]|. For
! = 1 mm, the discharge is of the glow type at all PRF. For [ = 4 mm, the
discharge changes from an MCG at 1 kHz to a glow at 10 and 30 kHz.

In the case | = 1 mm, the field is strongly enhanced by the plane behind
the electrodes (see section 6.4), and this effect seems sufficient to promote
glow discharges at all frenquencies investigated. However, when [ is larger,
I = 4 mm, the structure of the discharge depends greatly on the PRF. The
conclusions must not be drawn too quickly. It is known that the branching
frequency decreases when the pulse repetition rate is increased [84]. The reason
suggested in [84] is that a higher frequency leads to a higher density and a better
homogeneity of seed charges. Consequently, low frequency leads to a stochastic
non-uniformity that causes branching. This might be an acceptable argument
for low pulse repetition frequencies below 1-10 Hz, but in our case, where the
difference is observed between 1 kHz and 30 kHz, this is not relevant.

Indeed, as we saw in section 6.4.2; the level of pre-ionization in terms of neg-
ative ions is as high as 10°-10"' cm™3 for frequencies 1-30 kHz. For such high
levels of pre-ionization in terms of negative ions O, , it seems very unlikely
that stochastic processes can explain the difference in spatial structure of the
discharges as observed in figure 6.8. Other explanations are necessary. A first
argument might be that even if the densities of charged species are uniform,
the lower the density in front of the streamer head, the harder it is for the
streamer to propagate. An interesting result can be taken from [86]. They cal-
culated the propagation velocity of streamers for different levels of background
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[ =1 mm

1 kHz 10 kHz

L

106 kv | 9.9 kv
(a) 1= 40 (b) I=40 (c) =30 (d) I=30 (e) I= 60

(f) 1=30 (g) I=30

(k) 1=22 (1) I=22 (m) I=22

Figure 6.8: Images integrated over 20 ns of glow-like discharges with re-
spect to PRF. Two values of [ are investigated, | = 1 mm on the left and
! = 4 mm on the right. For the two sets of values of [, we increase the PRF
from 1 kHz from the left (a) and (c) to 10 kHz middle (b) and (d) and fi-
nally 30 kHz right (e) - only for [ = 4 mm. The other parameters are kept
constant. The first line displays images averaged over several discharges.
Second and third lines displays samples of single-shot images.

T, = 300 K, R = 20 um, d = 4 mm, and static room air.

ionization. For background ionization level of 0 and 10% ecm ™2 for O, the ve-
locity of the streamer is similar. Streamers propagate by photo-ionization but
are quite insensitive to the background ionization. But for an initial density
of Oy of 10" ¢cm™3, the velocity of the streamer increases, which indicates
that the propagation of the streamer becomes easier for such a high ionization
background.

Another argument might be that at high repetition frequencies, there might
not be enough time for diffusion of the residual ions. This could result in a
memory effect, with streamers taking the same path on consecutive discharges.
In [84], Pancheshnyi gives the diffusion coefficient for atmospheric negative ions
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Dion = 5 x1072 cm?. s~1. For a plasma of diameter 500 pm, the characteristic
diffusion time is approximately equal to 12 ms. This timescale is comparable
with the duration between two pulses at low frequencies used in this work - 1
kHz corresponds to 1 ms. In [90], Tholin et al detail the simulated distribution
of the electron density at the beginning of the eigth first pulses of an NRP
discharge at 10 kHz and 1000 K. The discharge tends to a permanent regime
after the second pulse in agreement with the experimental observation of Pai
[2]. In this regime, the electron density is uniform in a domain of diameter
2 mm around the axis of symmetry of the discharge. Diffusion of electrons is
negligible between pulses. We can infer that the same effect will happen for
negative ions at room temperature.

These results confirm the importance of the PRF in NRP discharges, here on
the discharge structure. Using a high repetition rate of the pulses - PRF > 10
kHz - is favorable to the development of glow discharges.

As a conclusion, we have seen that increasing the frequency of the pulses pro-
motes the glow regime with respect to the MCG regime. Two main explanations
were given. The first is that the level of pre-ionization in terms of negative ions
is lower for 1 kHz than for 30 kHz, which makes the propagation of the streamer
harder. The second explanation is that for repetition rates as high as 30 kHz,
the charged species may not have time to diffuse from the path that was created
from the previous discharge.

6.6 Influence of the flow rate

In this section, we consider the influence of the flow on the structure of the glow
discharge at room temperature. To our knowledge, this aspect has never been
studied in a pin-pin NRP configuration in air at atmospheric pressure. Glow
discharges at room temperature were obtained after a study with respect to the
temperature of the gas, see section 5.6. In preheated air, NRP discharges were
obtained in an air flow. This explains why the first NRP glow discharges at
room temperature that we got were obtained in an air flow (either transverse
or axial). Furthermore, this flow of air could be important in biomedical appli-
cations: the carrier gas brings the active species (ions, radicals) into the zone
to treat. Consequently, it seems relevant to study the importance of the flow
rate on the nature of the NRP glow discharge.

Figure 6.9 presents images of glow-like discharges in a transverse air flow and in
ambient static room air, both at 300 K, for [ = 3 and 5 mm. Indeed, as was seen
in section 6.4, when the value of [ is small, the glow regime is promoted with
respect to the MCG regime. The first row presents averaged images and the
last two rows show samples of single-shot images. The first and third columns
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correspond to a discharge in a transverse air flow of velocity v = 0.5 m.s~!, and

the second and fourth columns correspond to images in ambient static room
air. We worked with a Pulse Repetition Frequency PRF = 10 kHz with Pulser
2 Channel 2. In both cases, the applied voltage is increased from 0 V until we
detect by eye a luminous junction between the electrodes,

[ = 3 mm [ =5 mm

%

No Flow . No Flow

Figure 6.9: Images integrated over 20 ns of glow-like discharges for different
values of the transverse air flow for | = 3 and 5 mm. The first row displays
images averaged over several discharges (I=40) and the last two rows are
single shot images (I=25). Two samples of single shot images are presented
vertically. The first and third columns correspond to a discharge in a
transverse air flow of velocity v = 0.5 m.s™!, and the second and fourth
columns correspond to images in ambient room air.

T, = 300 K, R = 50 um, d = 4 mm, and PRF = 10 kHz.

For both values of [, the applied voltage V), for which the glow-like regime is
obtained is smaller for a discharge in static ambient room air. This is consistent
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with the already mentioned fact that the flow tends to blow NRP discharges,
especially in a transverse configuration. Furthermore, the structure of the dis-
charge changes in static or moving air. In an air flow of relatively low velocity,
the discharge tends to be an MCG discharge, with a streamer leaving the anode
away from the axis of symmetry of the electrodes. In static air, the discharge
is much more axial and corresponds to a glow regime.

The air flow has two main effects: first, it evacuates the neutral particles that
may have been slightly heated by the discharge. A streamer may develop more
easily in a slightly heated media. Glow discharges at T; = 1000 K were found
to heat the gas by AT < 200 K [2], [36] and it is likely that glow discharges
at 300 K heat similarly. This small increase of the temperature on the axis of
symmetry of the system can promote this direction for subsequent pulses.

The air flow also evacuates the charged species (ions, electrons). In a discharge
where the charged particles have not been evacuated during the inter-pulse
duration, the streamer tends to leave the anode in the axial direction, where
the charged particles are. Thus, both factors could be important.

We now vary the flow velocity v = 0.3, 0.5 and 0.8 m.s~'. For similar experi-
mental parameters as those of figure 6.9, glow discharges in static air becomes
MCG discharges at the three different velocities that we tested. The corre-
sponding images are shown on figure A.2 in appendix A. Even for a flow at a
velocity as small as v = 0.3 m.s~!, the discharge structure is affected by the
evacuation of the heat and/or the charged particles.

Next, in order to compare the structure of the discharge for the same applied
voltage V), we studied what happens when the air flow in which a discharge
is created is suddenly stopped. Figure 6.10 shows images of either corona or
glow-like discharges recorded when the plasma is created in a transverse air
flow and when the flow was stopped keeping all other parameters constant, in
particular the applied voltage. Two cases were studied, one for PRF = 1 kHz,
(a) and (b), and one for PRF = 30 kHz, images (c), (d), and (e). At 1 kHz,
we start from an MCG discharge (a). At 30 kHz, we start either from a corona
discharge (c) or from an MCG discharge (e). Image (f) was not recorded since
it was a spark discharge.

The results differ greatly for the two frequencies. At low frequency
PRF = 1 kHz, the discharge structure remains an MCG discharge when the
transverse air flow at v = 0.8 m.s~! is stopped. For PRF = 30 kHz, the struc-
ture of the discharge is affected when the air flow is stopped. Starting from
a corona in the transverse flow (c), the discharge evolves towards a more di-
rectional corona (d) or even a glow. Starting from an MCG discharge in the
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PRF =1 kHz PRF = 30 kHz PRF = 30 kHz
Flow 0.8 m/s Flow 0.3 m/s No Flow
Spark
discharge

(f)

(1) (m) (n) (0) (p)

Figure 6.10: Images integrated over 20 ns of glow-like discharges in a trans-
verse air flow and after stopping the air flow. For each couple of images,
the flow is stopped between image (a) and (b), (c¢) and (d), and (e) and
(f), all other parameters are kept constant. The first row corresponds to
images averaged over several discharges (I= 60) and the last two rows are
single-shot images (I= 25). The image of spark discharge is not repre-
sented.

T, =300 K, R = 20 um, d = 4 mm, /| = 3 mm.

transverse flow (e), the discharge turns into a spark when the flow is stopped.
This confirms what we already established in section 6.5. At low frequency,

there is no "memory effect" even in a static low. The particles are evacuated
by diffusion and the discharge develops in a media with hardly no memory



171

SECTION 6.6 - INFLUENCE OF THE FLOW RATE

of the previous pulses. The branching structure only depends in the relative
ratio of the axial and radial Laplacian electric field. At high frequency, even
if the axial Laplacian reduced electric field is relatively small, memory effects
come into play. The discharge always develops axially because of the small time
between the pulses: particles have no time to evacuate.

Thus, the nature of the flow has a strong influence on the discharge spatial
structure and the discharge transition voltages. These two cases of frequencies
can be analyzed in terms of characteristic times of the various phenomena at
stake. What brings energy into the system - high voltage pulses - is applied
at a frequency PRF. Let’s call T = 1/PRF the duration between the pulses.
What takes energy out of the system is the convection by the air flow. Since
the flow is transverse, we consider that a particle is totally evacuated from
the discharge when it has run approximately the diameter of the plasma D.
We consider D =~ 500 um. The residence time 7,.s for a particle within the
plasma can be defined by 7.5 = D/v. We can evaluate the Damkshler number
Da defined as the ratio of the energy deposited into the system by the energy
evacuated by a convective flow.

(6.5)

For the static flow, we can evaluate similarly the Damkohler number Da using
the characteristic diffusion timescale determined in section 6.5. The numerical
values of the residence time 7,5, the inter-pulse duration 7" and the ratio 7¢s/T
of the discharges in a transverse air flow and in static air are summarized in
table 6.1.

Table 6.1: Characteristic timescales of the energy deposited and evacuated
by convection and diffusion in the NRP discharges studied on figure 6.10.

Flow No Flow
PRF T v Tres Regime | 74 Regime
— res T ) T
Kz [us] | sl fus) s S/
30 33 0.3 1667 50 MCG | 10000 300 spark
1 1000 0.8 625  0.625 MCG | 10000 10 MCG

For small values of the Damkdhler number, the discharges tend to be of the
MCG kind. For PRF = 30 kHz with a flow at v = 0.3 m.s™! and for
PRF = 1 kHz with and without flow, Da < 50 and the discharges are MCG
discharges (figure 6.10). However, when Da = 300, the large number of pulses
seen by the particles has a significant influence on the nature of the discharge;
"memory effects" come into play, and glow discharges are privileged. The tran-
sition Damkohler number for which the axial path is privileged because of the
high number of pulses seen by the particles is between 50 and 300
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In this section, we have seen the importance of the flow on the structure of
the discharge. We have established that at low repetition frequencies, the flow
has no influence on the discharge structure. At high frequencies, the flow has
a strong influence on the structure of the discharge: a glow discharge becomes
an MCG in the presence of a transverse flow. This underscores the importance
of memory effect in NRP discharges. At low frequencies the flow evacuates
the charged particles and heat. There is no privileged path for the streamer
and an MCG regime develops. At high frequencies, the flow has no time to
evacuate charged particles and heat between two pulses, and the axial path
where the charged particles from the previous pulses are is a privileged axis for
the development of a new streamer: a glow regime develops.

6.7 Glow - MCG transition

The parametric study of the glow and MCG regimes enables us to highlight the
main reason why an MCG discharge develops when the model (see section 2.9)
predicts a glow discharge. The appearance of the branching structures of an
MCG regime is due to the low value of the axial component of the Laplacian
reduced electric field compared to the radial component within the gap be-
tween the electrodes. This was not predicted by the model of section 2.9, since
this model was not a 3D model. In an MCG discharge, additional streamers
propagate outwards the axis of symmetry of the electrodes.

This was the case in several independent studies that we led:
e when the temperature was decreased from 1000 K to 300 K see section
5.6
e when the inter-electrode gap distance d was increased see section 6.2
e when the length [ between the tip of the electrode and the plane behind
was increased see section 6.4
In these three cases, the axial Laplacian reduced electric field value is lowered
and this decrease is accompanied by the appearance of the branching structure.

Furthermore, the radial dependence of the field is changed. By varying the
length [ for instance, we affected the value of the Laplacian electric field on the
axis of symmetry (see figure 6.5) but we also affected the radial dependence of
the field. To see the effect of the variation of [, we performed a 2D-axisymmetric
simulation for two values of the length [ corresponding to the experiments of
figure 6.6, except that we considered a symmetric case where V; = +10.9 kV
and V_ =-10.9 kV. Figure 6.11 shows the equipotentials between the electrodes.
The step between them is equal to 1/20 of the voltage differences between the
two electrodes.

The calculation domain is 3 cm wide and 1 cm high with Dirichlet conditions
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(a) =1 mm (b) I =4 mm

d =4 mm

Figure 6.11: Simulated equipotentials for two values of the length [/, corre-
sponding to the experiments of figure 6.6, except that V. = +10.9 kV and
V_ =-10.9 kV.

(V' = 0) on the border, and the images shown are zoomed on the electrodes.
We see that the equipotentials are much smoother when I = 1 mm. When
[ = 4 mm, the field tends to be spherical at the tip of the electrode, the radial
component is increased compared to the axial component, thus confirming our
conclusion on the influence of the radial component of the electric field on the
nature of the glow-like regime. When the radial dependence of the electric field
is very peaked, streamers tend to leave on the side; branching and an MCG
discharge develop.

However, in some cases at high frequencies, we still observe glow discharges
whereas in the same experimental conditions we get MCG discharge at low
frequencies. This is due to a "memory effect" at high frequencies. This was
seen when we decreased the repetition frequency (see section 6.5) and when we
decreased the flow rate in section 6.6. When the time between pulses is large
(low frequencies), charged particles and heat are evacuated either by diffusion
or convection, which prevents any path from being privileged, and an MCG
discharge develops. When the time between pulses is smaller (high frequen-
cies), charged particles and heat are less evacuated, which explains why the
subsequent discharge takes the axial path: glow discharges develop. This con-
firms the importance of the repetitive aspect of the pulses on the nature of the
discharge.
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6.8 Energy measurements

A full characterization of the glow and MCG regimes at room temperature,
in terms of degree of gas heating, density of active species produced, energy
deposited is clearly warranted at this point, but is beyond the scope of this
thesis. Nevertheless, to gain some insight into the properties of the glow and
MCG discharges at 300 K, we have attempted to estimate the energy deposited
per pulse. This is the object of this chapter. The details of the measurements
are given in appendix C. Here we will comment the main results.

Estimation of the energy of a glow Regime at 7, = 300 K

Figure 6.12 presents the total energy as a function of the applied voltage V), for
three different regimes: no discharge, corona, and glow. The total energy in a
typical glow regime at room temperature is around 120 puJ. However, most of
this energy is composed of parasitic losses - that we were not able to evaluate
- if we compare with the case of a glow regime obtained at T, = 1000 K, see
section C.2. Furthermore, if we consider the energy increase when no discharge
is observed, from V,= 0 to 7 kV, it seems really unlikely that the plasma energy
represents more than a few pJ for a glow regime. We can thus only determine
the order of magnitude of the energy of the glow regime at T, — 300 K, and its
value should be between a few pJ and a few tens of microjoules.

140

120

¥

R

No Discharge ‘ ‘Corona‘

' *
80

100

S

*_Lx»w

=

60

o

40 N

HH
2.

20

Total energy per pulse [uJ]
DS

o 2 4 6 8 10 12
Voltage [kV]
Figure 6.12: Total energy per pulse as function of the applied voltage V,

at room temperature. The parameters are set - [ = 1 mm - so as to get a
glow discharge at high voltage.
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Comparison of the energy of a glow regime and an MCG regime
at 7, = 300 K

Still, we can investigate the differences in the total energies of the two regimes
studied in chapters 5 and 6, the glow regime and the MCG regime at room tem-
perature. Figure 6.13 shows the total energy measured as function of applied
voltage V), in two different experimental cases.
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Figure 6.13: Total energy per pulse as function of the applied voltage V,
in the same experimental conditions except | that was varied - black circle
! =1 mm, red diamond | = 4 mm. The corona regime is obtained at lower
voltage for | = 4 mm. For V,, = 11.4 kV, we obtain either a glow (I = 1 mm)
or a Multi-Channel Glow regime (I = 4 mm).

For V,, = 11.7 kV, we obtain a glow regime in one case and an MCG regime in the
other case. We use the same delay in both case 7 = 40.3 ns. These experiments
were done in the same conditions: Pulser 2 Channel 2, in a transverse flow of
velocity v = 0.5 m.s ™1, T, =300 K, R =20 pum, d = 4 mm, and PRF — 10 kHz.
The only parameter that was varied was the length [, [ = 1 mm for the glow
regime and [ = 4 mm for the MCG regime. The total energies Fy,, are equal
(£ 1 wJ) for the two regimes. It is strongly unlikely that the parasitic losses
are different in these two cases, since they only depend on the electric circuit.
However, based on figure 6.12 and section C.2, the parasitic losses Eyo_plasma
seem to be important. Using

Eplasma = Eiotal — Eno—plasma (66)

(see equation (C.1) of appendix C for details), it is difficult to evaluate if the
resulting energy of the plasma Epjqemq is similar for the two regimes. It seems
very unlikely that the parasitic losses differ by an order of magnitude. The
difference in the parasitic losses might only be of a few pJ for the two regimes.
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Consequently, the energies Epjqsmq should be within a few pJ and a few tens
of microjoules for the glow and the MCG regimes.

In this section, we estimated the order of magnitude of the energy deposited
into the plasma Epjqsmq for a glow regime at T, = 300 K to be between a few
nJ and a few tens of puJ and that it should be similar for the glow regime and
the Multi-Channel Glow regime.

6.9 Importance of the plane behind the pin electrodes

In this section, we confirm the importance of the plane behind the electrodes
with two additional experiments.

First, we study discharges between tungsten wires of 50 pm diameter. We used
Pulse Generator 2 with Channel 1 - FWHM around 25 ns - at PRF = 10
kHz. There is no conducting plane behind the electrodes. A picture of the
experimental setup can be found on figure 6.14.

Figure 6.15 displays images of the discharge obtained: clearly, the branching
phenomenon is enhanced. We see a developed branching structure with four
channels leaving the anode. The channels then divide again in more than four
channels for some of them. This enables to confirm that branching is enhanced
in a pin-pin configuration with small radius of curvature.

Figure 6.14: Experimental reactor enabling to work in a pin-pin configu-
ration at room temperature. The electrodes are made of 50 um diameter
tungsten wires and are outlined in white. No conducting plane is placed
behind the electrode unlike in the case of the parametric study of chapters
5 and 6. The holders are PVC, non-conducting planes. The flow of air was
transverse.
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Cathode

Figure 6.15: Images of MCG discharges obtained in the experimental setup
of figure 6.14. (a) Image integrated over 30 ns averaged over several dis-
charges and (b) single-shot image integrated over 20 ns. The electrodes
are outlined in white. Unlike for the other images of this work, the anode
is at the bottom and the cathode at the top.

Transverse Flow, T, = 300 K, R ~ 50 pym, d = 8 mm, V, = 14 kV,
PRF = 10 kHz and v~ 1 m.s™!.

The second example is the complete opposite of the first one. Here, we created
a reactor using several sets of pin-pin electrodes set on large steel planes. The
experimental setup is shown in figure 6.16.

Figure 6.16: Experimental reactor for the multi-pin configuration.

The distance between the two planes was 12 mm and the typical inter-electrode
gap distance used was around 4 mm. The electrodes used were radius of cur-
vature around 100-200 pm. Preliminary studies [91] indicate that, in this con-
figuration, glow discharges are much easier to obtain than in the pin-pin con-
figuration or with the small plane of size around 6 mm used in the previous
sections. With a transverse air flow or in static air at atmospheric pressure, for
an applied voltage of 7-8 kV and for two pairs of electrodes, we easily obtained
a glow regime. In this configuration, the axial component of the Laplacian
electric field is high which prevents branching.
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These two additional experiments confirm the importance of axial component
of the Laplacian electric field compared to the radial component in order to get
glow discharges in room temperature air.

6.10 Conclusions

In this chapter, we have investigated the nature of glow-like discharges that we
obtain at room temperature with respect to several parameters. We have seen
that decreasing the inter-electrode gap distance d promotes the existence of the
glow regime with respect to the Multi-Channel Glow (MCG) regime. We have
highlighted the importance of the plane behind the electrode. Decreasing the
length [ promotes the glow regime with respect to the MCG regime. Using a
larger plane compared to the inter-electrode gap distance d promotes the glow
regime.

Then, we have investigated the influence of the Pulse Repetition Frequency,
PRF and we have noticed that increasing the frequency promotes the glow
regime. We have investigated the influence of the flow rate: it has no influence
on the nature of the discharge at low frequencies but a strong influence at
higher frequencies due to memory effects. In static air at high frequencies,
the inter-pulse duration is too small for the evacuation of heat and/or charged
particles: glow discharges are privileged. We have suggested reasons to explain
the branching structures detected in cases where the model predicted a glow
discharge: a low value of the axial Laplacian reduced electric field between
the electrodes, and a very peaked distribution of the radial electric field as a
function of radius from the center of discharge. We have not been able to give
more than an order of magnitude of the energy of a glow discharge at room
temperature: between a few wJ and few tens of wJ.

For the sake of completeness, in appendix B, we show a comparison of time-
resolved images of a glow discharge at room temperature with simulations and
we see a good agreement.

We have established that glow discharges can be created at room temperature
using pin electrodes of small radius of curvature R = 20-50 um, with a plane
located very close behind the pin. Another alternative would be to use an
intermediate radius of curvature R = 100-150 pm. The Laplacian electric field
would be strong enough at the tip of the electrode, and the radial distribution
of the Laplacian electric field would be quite smooth. This would prevent the
MCG regime from developing. In such a case, we should increase the applied
voltage (as was seen in section 5.5) and consequently increase the inter-electrode
gap distance to approximately d = 10 mm. An applied voltage of about 15 kV
would be needed, which was at the limit of Pulser 2 used with the additional
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capacitor.

We detailed the effects of the various parameters of our experiments on the
nature of glow-like discharges. The goal of this work was to establish the
conditions of existence of the glow regime at ambient temperature. Thus, we
emphasized the ways to promote the existence of glow regime over the MCG
regime. However, depending on the application, both glow-like discharges could
be interesting. A glow discharge would be interesting because every discharge is
located at the same location in space which can concentrate the effect on a zone
to treat, the specific energy is higher. A MCG discharge could be interesting if
a large volume of gas needs to be treated.






Chapter 7

Conclusion

7.1 Contributions of this thesis

In this thesis, the NRP method was implemented to generate either NRP spark
or glow discharges into preheated atmospheric pressure air (7, = 300-1000 K)
between two steel electrodes of controlled radius of curvature which were either
perpendicular or parallel to the flow. The plasma was created using short
(5-30 ns of FWHM) high-voltage (up to 8.5 or 14 kV depending on the pulse
generator) pulses repeated at Pulse Repetition Frequencies (PRF’) from 1 to 30
kHz for an inter-electrode gap distance from 1 to 8 mm. The radii of curvature
of the electrodes studied were from 20 to 500 wm and for some experiments we
used a steel plane of 6 mm x 8 mm behind each pin electrode.

We have used calibrated Optical Emission Spectroscopy (OES) to examine the
densities of two excited states of nitrogen - No(B) and N3(C) during and after
an NRP spark discharge in order to validate the two-step mechanism proposed
to explain the ultrafast heating enhanced in NRP spark discharges. We real-
ized 2-ns-long time-resolved measurements of the absolute number densities of
N2(B) and N2(C) from which we deduced the gas temperature evolution. We
measured the radius of the discharge for those two species. We performed highly
time-resolved imaging (single shot and averaged images) with ICCD camera of
NRP glow discharges for different radii of curvature and gas temperature and
highlighted the existence of a 3D regime that we called NRP Multi-Channel
Glow (MCG) regime. Finally, we investigated how to promote the NRP glow
and MCG regime with a parametrical study at T;, = 300 K.

Ultrafast heating of NRP spark discharges

We defined an NRP reference case spark discharge with similar experimental
condictions to those of previous atomic oxygen measurements [6], [49]. The
diameter of the discharge was studied from the first and second positive system
of nitrogen using an Abel inversion of the lateral spectra at the maximum of
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emission and was found to be 450-500 um for both states. Time resolved mea-
surements of the absolute number densities of No(B) and N3(C) were realized
and from the Ny(C-B) spectra, we determined the temporal evolution of the
gas temperature during and after the high voltage pulse. The gas temperature
increases from 1500 K to 2400 K within 20 ns, thus confirming ultrafast heating.
Synchronizing those measurements with previous atomic oxygen measurements
[6], [49], we have shown that the dissociation of molecular oxygen within the
first 20 ns is mainly due to the quenching reactions of No(B) and Na(C). The
quenching rates of No(B) and N2(C) by Oz were determined from the decay
times of the density of these species and from the published quenching rates
of N3(B) and N3(C) by Ny, and are respectively equal to 2.6 (£ 0.5) x10~19
em 357! and 5.0 (£ 0.5)x1071% em~3.5s7! at 2000 K. Finally, the temporal
evolution of the electron density was deduced from the FWHM of the H, line,
with a peak at 3 x10™ cm™3.

Influence of the radius of curvature of the electrode and gas
temperature on the NRP glow regime

We studied the NRP glow regime at T, = 1000 K and confirmed the existence
of different glow regimes, a so-called "weak glow" regime and a "strong glow"
regime. The weak glow regime is just above the onset voltage of the return
stroke, and the strong glow regime shows a developed return stroke from the
cathode to the anode. At the same temperature, we notice that for a radius
of curvature of the electrode of R = 50 pum, the streamer radius decreases
while it is propagating, while for R = 500 pum, the radius of the streamer is
approximately constant. The influence of the radius of curvature of the tip of
the electrode on the limits of existence of the glow regime confirms the model
established by Pai et al in [1] and confirms that at a given gas temperature T,
the minimum distance for the existence of the glow regime d,,;, decreases when
the radius of curvature of the electrode decreases. Finally, we have shown a set
of parameters for which the NRP glow regime exists for different temperatures
and different radii of curvature. We obtain a glow regime at T, = 300 K with
small radii of curvature R = 20 and 50 pum, as was predicted by Pai et al in [1].
However, we added a steel plane (6 mm x 8 mm) behind each pin electrode.

Existence of an NRP Multi-Channel Glow (MCG) regime

While decreasing the gas temperature, we have seen emerging a spatially dif-
ferent regime from the glow regime, that we named the Multi-Channel Glow
(MCGQG) regime. This regime is characterized by the same features as the glow
regime - low conduction current, low light intensity, same discharge dynamics,
but the streamer can leave the anode on another direction than the inter-
electrode direction or several streamers leave the anode within a single dis-
charge. Depending on the application, both glow-like discharges could be in-
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teresting. An NRP glow discharge could be interesting when the application
requires a concentrate effect on a zone to treat; the specific energy is higher. A
MCG discharge could be interesting if a large volume of gas needs to be treated.

NRP glow and MCG regime at 7, = 300 K

Decreasing the inter-electrode gap distance d promotes the existence of NRP
glow regime with respect to NRP MCG regime. The importance of the plane
behind the electrode was shown: decreasing the length [ between the plane and
the electrode tip promotes the NRP glow regime with respect to NRP MCG.
We have also shown that increasing the frequency promotes the NRP glow
regime. We have investigated the influence of the flow rate on the nature of
the discharge: the flow has no influence on the nature of the discharge at low
frequencies but a strong influence at higher frequencies due to memory effects.
In static air at high frequencies, the inter-pulse duration is too small for the
evacuation of heat and/or charged particles: glow discharges are privileged.
We gave an order of magnitude of the energy of a glow discharge at room
temperature: between a few pJ and few tens of wJ. Finally, we have suggested
reasons that might explain the branching structures that we have detected in
cases where the model predicted an NRP glow discharge. It could be due to a
low value of the axial Laplacian reduced electric field between the electrodes,
and to a very peaked distribution of the radial electric field as function of radius
from center of discharge.

7.2 Recommendations and perspectives

Concerning the establishment of the existence of the glow regime at 300 K, sev-
eral studies should be undertaken. First, it is important to verify that the NRP
glow discharge does not heat the ambient gas, which is a required condition to
use it in temperature sensitive applications. The difference between the NRP
glow and MCG regime should be investigated in terms of energy deposited into
the plasma, temperature increase and production of atomic oxygen. The lat-
ter study can be realized with TALIF measurements as was previously done at
Ty, = 1000 K [6], [49]. It is important to know whether the energy deposited into
the plasma is different for glow discharges and MCG discharges. One method
to determine the parasitic losses Epopiasmae i a glow discharge at T, = 300 K
would be to keep all the parameters constant but to increase the inter-electrode
gap distance. The parasitic losses should only depend on the electric circuit.
In such conditions, we would detect no plasma and the energy measured would
only correspond to the parasitic losses.

We have demonstrated the existence of NRP glow discharges at room tem-
perature using pin electrodes of small radius of curvature of the electrodes
R = 20-50 pm, with a plane very close (1-3 mm) behind the pin. Another al-
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ternative would be to use an intermediate radius of curvature R = 100-150 pum.
The Laplacian electric field would be strong enough at the tip of the electrode
and would not decrease too steeply, and the radial distribution of the Lapla-
cian electric field would be quite smooth. This would prevent MCG regime
from developing. In such a case, we should increase the applied voltage as was
seen in section 5.5 and consequently increase the inter-electrode gap distance
to approximately d = 10 mm. An applied voltage of about 15 kV would be
needed which was at the limit of Pulser 2.

Concerning the ultrafast heating during an NRP spark discharge, the data
obtained in this thesis provides a comprehension data set that will be useful
to further validate the two-step mechanism. For this further validation, one
should examine on the basis of the results presented here (profiles of E/N,
N2 (B), No(C), electrons, O, Ty and Tror):
e the relative importance of electron-impact dissociation of Oa,
e the two-step mechanism - which also involves other states such as the
No(a) state,
e the importance of the pooling reactions that produce No(B) and No(C)
from Na(A),
e the formation of electronically excited O atoms, etc.

Another challenge is to understand if this ultrafast heating occurs as well when
the initial gas temperature is decreased. From Schlieren measurements [51], it
was shown that in ambient temperature room air, the temperature behind the
shock wave was almost constant and equal to the initial temperature. Comple-
mentary measurement of gas temperature with Optical Emission Spectroscopy
should be realized at the EM2C laboratory in order to verify this conclusion.



Appendix A

Additional images of NRP glow
discharges at 7, — 300 K

A.1 Time-resolved images in a transverse flow

2 ns 3 ns 4 ns 5 ns 6 ns 7 ns 8 ns 9 ns

10 ns 11 ns 12 ns 13 ns 14 ns 15 ns 16 ns 17 ns

Figure A.1l: Images integrated over 2 ns of an NRP glow discharge at
ambient temperature, averaged over several discharges. Flow is blown from
left to right on the images. The experimental parameters corresponds to

the image of figure 6.3 (b).

T,=300K, R =20 ym, d = 2.5 mm, V, =5.0kV, [ = 3.5 mm, PRF = 10 kHz

and v = 0.5 m.s~!. Intensity /= 220.
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A.2 Influence of the transverse flow velocity on the
NRP glow discharge structure

No Flow Flow 0.3 m/s Flow 0.5 m/s Flow 0.8 m/s

Figure A.2: Single-shot images integrated over 20 ns of glow-like discharges
for different values of the air flow. Two samples of images are presented
vertically. The first column corresponds to a discharge realized in static
ambient room air. The following columns correspond to discharges realized
in a transverse flow of air increased from v = 0.3 ms™! tov = 0.8 m.s™'.
T, =300 K, R = 50 um, d = 4 mm, d = 3.5 mm. Intensity: I = 25.



Appendix B

NRP glow discharges at ambient
temperature - comparison with
simulations

The purpose of this appendix is to show additional experiments that were done
with another pulse generator and to compare them with simulations. We used
a third Pulser FID FPG30-100MS, called Pulse Generator 3, which is different
from Pulser 1 and Pulser 2 as it delivers symmetric pulses, i.e. that the anode
is at potential V = V), and the cathode at potential V_ = —V},. Pulser 3 char-
acteristics are described in [40]. Because the symmetry of pulses, the Laplacian
electric field is less perturbed by surrounding objets at ground potential. This
pulse generator has been used in previous works [23] and [40]. From prelimi-
nary experiments, we had noticed that it seems easier to obtain glow discharges
at room temperature with this pulse generator. Consequently, we took a few
images in this configuration. We used an air flow at 10 m.s~! with d = 5 mm.
The electrodes were Delmo electrodes with a radius of curvature around 100
pum, though the shape may not have been symmetric. The FWHM of the pulse
was approximately 15 ns, and we worked at PRF = 1 kHz.

Figure B.1 shows a comparison between time-resolved images of a glow dis-
charge obtained in the conditions detailed above and simulations - performed
by Tholin, Bourdon and Celestin of the emission of the second positive system
of Ny integrated over the line of sight. Images of both series are integrated over
2 ns. The anode is at the top and the cathode at the bottom of the images.
These data were published in [92]. Rather good agreement is obtained between
the experimental and simulated images. A striction happens on both the exper-
imental and simulated images for tg+ 2 ns and tp+ 3 ns. If we compare these
images with the images of figure 5.24, we see that the different processes that
happen during a glow discharge are quite similar: development of a streamer
at the anode, connection of the streamer with the cathode, striction of the dis-
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charge approximately at mid-gap. The only difference consists in the significant
emission of N2(C) that we see at the cathode in the case of Pulser 3 that we
did not see in the case of Pulser 1 and Pulser 2.

These additional images show that we can obtain glow discharges at room
temperature with both types of pulser, a pulse generator delivering symmetric
pulses Vi =V}, and V_ = —V), such as Pulser 3 and a pulse generator delivering
positive high voltage pulses V. = V, and V_ = 0 V such as Pulser 1 and
Pulser 2. Finally, we have compared images of an NRP glow discharge at room
temperature with simulations and found a rather good agreement.
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Figure B.1: Images integrated over 2 ns averaged over 50 discharges of a
glow discharge taken every 1 ns (b, d, f, and h). Spatial distribution of
calculated line of sight of the second positive system of N, emission time
integrated over 2 ns (a, c, e, and g). The scale is linear. Experimental
conditions: axial flow, T, = 300 K, R~ 100 um, d = 5 mm, V,, =V, =| V_ |
=9 kV, PRF = 1 kHz and v ~ 10 m.s~!. Images taken from [92].






Appendix C

Electrical characterization of
glow and MCG discharges at
ambient temperature

In this appendix, we present measurements of the discharge voltage and cur-
rent during application of the high voltage pulse to determine the electrical
characteristics of the glow regime at 7, = 300 K. A comparison of the high
voltage pulses delivered by Pulser 1 and Pulser 2 was presented in section 3.3
and a detailed study of the influence of the position of the voltage probe on the
measured voltage for a glow discharge was realized in section 3.9. So, in this
appendix, we focus on current measurements and energy determination.

C.1 Determination of the current using Pearson probes

The Pearson probes that were used to measure the discharge current were
described in section 3.2. Figure C.1 shows the positions of the current probes
for the two pulsers used in the present work.

Pulser 1 highest reachable voltage was limited to 8.6 kV, in our experiment.
Pulser 2 can go to higher voltage, around 20 kV in an open circuit, and 15 kV if
we use an additional capacitor, as explained in section 3.3. In these high applied
voltage, the discharge may create electromagnetic noise likely to perturb the
measured current. Figure C.2 shows, with the same high-voltage Pulser 2
settings, the current when the probe was around the cable and when it was
just beside for a typical glow discharge. The residual current (noise current)
that we measured when the probe was not around the cathode cable is not zero,
but is negligible compared to the useful signal.

The measured total current I, is ideally only a displacement current in am-
bient air at low voltage where no discharge is observed. Figure C.3 shows the



192 ApPENDIX C - DETERMINATION OF THE CURRENT USING PEARSON PROBES

Figure C.1: Position of the current probe for (a) Pulser 1 and (b) Pulser
2. The 2877 Pearson current probe is not connected on the left picture.
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Figure C.2: Measured current through the Pearson coil when the probe
is around the cable and when it is just beside the cable for a typical glow
discharge at T, = 300 K.

calculated 14, derived from the applied voltage measured by the Lecroy probe
for a typical no discharge state, with Pulser 1 on the left (a) and Pulser 2
Channel 1 on the right (b).

dv,
Ljisp = C—F
disp dt
We should emphasize the importance of the delay between the waveforms. In-

deed, the signals delivered by the voltage and current probes are synchronized.
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This delay depends on the lengths of the various cables used, the intrinsic delay
between the various channels of the scope, and the triggering mode used.

To synchronize the current and voltage probes, we match the total current
and the derivative of the applied voltage V}, with no discharge present (in this
case the electrodes behave as a simple capacitor). For instance, in the case of
figure C.3 (a), the delay 7 between the current I;,; and Ig;s, determined from
voltage measurements is equal to -2.35ns. We can see on figure C.4 that using
Pulser 2 and Channel 2 (short pulses), the signal given by the Pearson probe
seems to decrease slower than dV},/dt, which might be due to a slow decrease
time of the probe. Indeed, this phenomenon only happens with very short
pulses of FWHM around 5 ns. Yet, we still see that the electrode impedance
Zejee is dominated by the capacitance of the cables. In the example of figure
C.4, the capacitance was chosen as to scale the calculated displacement current
Ijisp to the same maximum value as the measured current I;,;. Using this
scaling method, the electrode capacitance was measured for different applied
voltages in a regime where no plasma was present at room temperature, and
the electrode capacitance was found to be in the range: 2.7-3.5 pF for [ = 1 mm
and d = 4 mm (figure C.5).
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Figure C.3: Normalized displacement current and normalized total current
with (a) Pulser 1 and (b) Pulser 2 Channel 1 when no plasma is observed
at room temperature.

In this section, we have verified that the noise current measured by the Pearson
probe was not significant. We have checked that the current was displacement
current when no discharge was observed, for all pulse generators used in this
work.
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Figure C.4: Displacement current and total current with Pulser 2 Channel
2 when no plasma is observed at room temperature.

C.2 Energy determination

In this section, we discuss the energy deposited per pulse in the plasma for
typical glow discharges. We will first explain the principle of the method on a
glow discharge at T, = 1000 K and show the importance of the delay between
total current and voltage. The determination of the energy for a typical glow
or MCG discharge at T;; = 300 K is done in section 6.8.

Principle of the method

To obtain the energy, the applied voltage and discharge current were measured
as explained in section C.1. The total energy is calculated by multiplying the
measured voltage and current waveforms to obtain the power, which is then
integrated in time during the pulse duration to yield the energy. The value we
take into account is the value of the energy obtained after the first pulse which
correspond to the energy at t = 20 ns. The delay that we apply to the current
is determined by synchronizing the total current I;,; and displacement current
dV,/dt when no plasma is observed.

Pai presented this method to calculate the energy of a glow discharge at 1000 K
[2]. Tt is slightly different from the process described in section 4.3 to determine
the energy of an NRP spark discharge. The energy determined for a glow regime
at Ty = 1000 K, Ejpq is compared to "no-plasma" energy Eyo—piasma, that is
to say to the energy measured with the high voltage pulse generator operated
using the same settings but in ambient air such that no discharge is created.
In the case of a spark discharge, E,o—piasma < Eplasma- The energy deposited
within the discharge is equal to
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Figure C.5: Electrode capacitance C as a function of the applied voltage
for different "no discharge" state at room temperature.

Eplasma = Etotal - Enofplasma (C1>

Figure C.6 shows the energy per pulse for glow discharges at different applied
voltages V). The data taken from [2] are compared with results obtained in
the present work with Pulser 2 Channel 2 and different types of electrodes
(Delmo electrodes for Pai, and Delta Precis electrodes in the present work).
The energy per pulse is slightly smaller than the one found by Pai. We find
0.8 wJ while Pai found 1.4 uJ when the applied voltage was 5.9 kV. These
results are consistent recalling that the FWHM of the high-voltage pulse with
Pulser 2 Channel 2 is shorter than with Pulser 1 (see Table 3.3), which was used
for Pai’s study. To calculate the energy deposited per pulse in a glow regime at
ambient temperature, we cannot strictly use the same method. We determined
first the total energy in the discharge for different voltages corresponding to
"No discharge", corona and glow regime.

Influence of the delay on the total energy

The delay 7 has a strong influence on the determination of the total energy.
We need to synchronize the total current and voltage very precisely: a change
of 0.2-0.3 ns in the delay 7 has a 50% influence on the energy of a typical
glow regime at T;, = 1000 K, see figure C.7. However, what is important is the
difference between the total energy and the energy when no plasma is observed,
which corresponds to the energy of the parasitic losses, see equation (C.1).
Changing slightly the delay 7 changes both the values i and Epo_piasma
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Figure C.6: Measured energy per pulse for the glow regime as function of
applied voltage for PRF' =1-30 kHz and 7, = 1000 K.
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but scarcely affects the difference Epjqemq- In the rest of this work, we choose
to synchronize Iy, and I;,; when no discharge is applied at low voltage and
ambient temperature.

200 = experimental data A

linear fit
delay:/0.2ns
i
// energy: 50%
/
0 e
/'
-4,6 -4,4 -4,2 -4,0 -3,8 -3,6 -3,4
Delay t [ns]

-
)]
o

-
o
o

[6)]
o

Total energy [uJ]

Figure C.7: Energy per pulse in a typical glow discharge at ambient temper-
ature as function of the delay 7 between the total current and displacement
current.

In this section, we have shown that the delay 7 between the current and the
voltage has a strong influence on the total energy FEioq of a glow discharge.
For a typical glow state at T, = 300 K, the energy increases of 50 % if the delay
changes of 0.3 ns.
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