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Abstract

In this Ph.D. thesis, the nanosecond pulse method was implemented to generate Dielec-
tric Barrier Discharges (DBD) and Surface Dielectric Barrier Discharges (SDBD) for plasma
treatment of biological samples. The plasma was created using short (10-14 ns of FWHM)
high-voltage (up to 11 kV) pulses of fast rise times (2-5 ns). The biological targets are can-
cer cells in a liquid culture medium contained in a standard Petri dish. Both exposure
devices were designed in a same way (dimensions and polarity) and were inserted into
the same experimental set-up, which is a waveguide matched by a load impedance. A
high voltage tap-off measures the incident and reflected voltage pulses. The current is
measured via a measure resistor in series with the discharge device, which ensures a large
frequency bandwidth measurement.

The work was mainly experimental. We focused on the electrical characteristics of dis-
charges. The electrical parameters, including the voltage across the air gap, the discharge
current and the energy deposited into plasma per pulse, were given as a function of the
measured waveforms. A same equivalent electrical circuit was proposed to model both
ns-DBD and ns-SDBD devices. To support the experimental approach, we developed
a numerical model based on the propagation equations along transmission line. The
lumped elements of the equivalent circuit end the line. The model was used in the nu-
merical treatment of experimental waveforms.

We first studied the electrical characteristics of discharges in a reference case without a
Petri dish. In the ns-DBD configuration, the measured currents rise in 600 ps up to sev-
eral tens of amperes. A negative current is still recorded after the voltage pulse ends. The
discharge current presents a sharp peak, then the current decays to the trailing edge, and
finally a peak of current of the opposite polarity is observed. It was related to the reversal
of electric field sign in the gap because of a high surface charge density on the dielectric
layer. The surface charges are then driven in the remaining plasma channel, that leads to
a discharge current in the electrical circuit after the voltage pulse ends. The energy de-
posited into plasma per pulse is in the order of millijoule. In the ns-SDBD configuration,
the characterization is more challenging as the discharge currents are very low (few am-
peres). We calculated the energy deposited per pulse in a range of tens of microjoules.
Then, we investigated the influence of the exposure conditions on discharges. The pres-
ence of the solution promotes reproducible results. In the case of the ns-DBD, the mea-
sured current waveforms are repeatable in terms of time-lag, amplitude and shape. The
energy deposited per pulse is thus reproducible that is a key feature for exposure. For the
ns-SDBD case, the solution has a weak influence on the deposited energy whatever the
treatment distance. However the rise time of the voltage pulse has a strong impact on the
energy. Finally, a preliminary study on biological treatment by ns-SDBD plasma was per-
formed. Results revealed that the ns-SDBD plasma has an influence on the viability of the
glioblastoma cells in the given conditions.
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Résumé

Dans ce travail de thése, la méthode des décharges nanosecondes a été mise en oeuvre
afin générer des Décharges a Barrieres Diélectriques (DBD) et des Décharges de Surface a
Barrieres Diélectriques (SDBD) pour le traitement plasma d’échantillons biologiques. Les
plasmas ont été générés par des impulsions haute tension (jusqu’'a 11 kV), trés courtes (de
10 a 14 ns de largeur a mi-hauteur) et de temps de montée tres brefs (2-5 ns). Les cibles bi-
ologiques sont des cellules cancéreuses cultivées dans un milieu biologique liquide placé
dans une boite de Pétri classique. Les deux systémes d’exposition ont été congus selon
la méme stratégie (dimensions et polarité), et s'inserent dans le méme montage expéri-
mental qui est constitué d'un guide d’onde terminé par une impédance d’adaptation.
Un diviseur de tension mesure 'impulsion de tension incidente et réfléchie. Le courant
de décharge est mesuré via une résistance de mesure placée en série avec le systeme
d’électrodes, ce qui permet d’obtenir une mesure sur une large bande de fréquence.

Le travail est principalement expérimental. Nous nous sommes intéressés aux caractéris-
tiques électriques de la décharge. Les parametres électriques, comprenant la tension aux
bornes de l'intervalle d’air, le courant de décharge et 'énergie déposée dans le plasma
par impulsion, sont définis en fonction des signaux mesurés. Un méme circuit élec-
trique équivalent a été proposé pour modéliser les deux systémes d’exposition, ns-DBD
et ns-SDBD. En appui de I'approche expérimentale, nous avons développé un modele
numérique basé sur les équations de propagation dans une ligne de transmission. Les
éléments localisés du circuit équivalent terminent la ligne. Le modele a été utilisé pour le
traitement numériques des données expérimentales.

Nous avons d’abord étudié les caractéristiques électriques de la décharge sans boite de
Pétri, comme cas de référence. En configuration ns-DBD, le courant mesuré croit en 600
ps pour atteindre plusieurs dizaines d’Amperes. Un courant négatif est encore mesuré
apres la fin de 'impulsion de tension. Le courant de décharge présente un pic étroit,
puis décroit jusqu’a la fin de I'impulsion de tension, et enfin un pic de polarité opposée
est observé. Cette composante négative est due a I'inversion du champ électrique dans
I'intervalle, causée par le stockage important de charges a la surface du diélectrique. Les
charges sont alors transportées dans le canal de décharge résiduel. L'ordre de grandeur de
I'énergie déposée par la décharge par impulsion est de I’ordre du millijoule. Dans le cas de
la ns-SDBD, une caractérisation électrique de la décharge se révele plus complexe car les
courants mesurés sont de faible amplitude (quelques amperes). Nous avons néanmoins
calculé I'énergie déposée dans le plasma par la décharge, elle est de I'ordre de quelques
dizaines de microjoules par impulsion.

Ensuite, nous avons étudié I'influence des conditions d’exposition sur les décharges. La
présence de la solution biologique dans la boite de Pétri est a I'origine d’'une meilleure re-
productibilité de la décharge. Dans le cas des décharges ns-DBD, les courants de décharge

sont reproductibles en termes de temps d’apparition, d’amplitude et d’allure. L'énergie
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déposée par la décharge est par conséquent aussi reproductible, ce qui est appréciable
pour une exposition plasma. Dans la configuration ns-SDBD, la présence de la solution
influence peu la valeur de I'énergie déposée par la décharge, quelque soit la distance de
traitement. Par contre, le temps de montée de I'impulsion de tension a une influence im-
portante sur I'énergie déposée. Enfin, une étude préliminaire a été réalisée sur le traite-
ment de d’échantillons biologiques par plasma ns-SDBD. Les résultats montrent que le
plasma généré a une influence sur la viabilité des cellules de type glioblastome exposées

dans les conditions de I'étude.
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Introduction

Motivation and Context

Cold plasmas in atmospheric pressure air have been used in many different applications
during the past few years. Because of its high chemical reactivity, cold plasma treatment
appears to be a promising solution for biomedical applications. In cold plasmas, elec-
trons are heated up to a few tens of thousands of degrees Kelvin, while the heavy species
such as neutral species or ions remain at room temperature. Cold plasmas are an ap-
propriate solution for biological applications (Kong et al., 2009; Weltmann and Woedtke,
2017). Promising results have been obtained in cancer treatment (Vandamme et al., 2012;
Chenetal,, 2017; Lin et al., 2017).

A simple way to generate cold plasmas is to use electrodes at high-voltage separated by
a gaseous gap. However, at atmospheric pressure, the originally cold plasma rapidly be-
comes a high-conducting junction that evolves into a thermal plasma. This discharge
regime must be avoid for biological applications. Dielectric Barrier Discharge (DBD) is a
solution to prevent this regime. DBDs are self-sustaining electrical discharges in electrode
configurations containing an insulating material in the discharge path. This so-called di-
electric barrier is responsible for the formation of a non thermal plasma at atmospheric
pressure (Kogelschatz, 2003; Bazinette et al., 2016; Boisvert et al., 2017). The most com-
mon discharge regime is filamentary. Depending on the electrode configurations, the
discharge develops in the gas volume or along the surface of the dielectric layer (Gibalov
and Pietsch, 2000). Since the 1990s they have been explored for many applications, for
example the biological decontamination of medical devices or as sources for the electric

wind in aerodynamic control systems (Brandenburg, 2017).

Research on the use of non-thermal plasma effects in medicine can be split into two cat-
egories: direct plasma treatment and indirect plasma treatment. In direct plasma treat-
ment, biological targets play the role of one of the two electrodes. Some current may then
flow through the biological target. Direct plasma treatment can induce a flux of various
active species (atoms and molecules and charged species), as well as radiation in the UV
band to the surface of the biological sample. Nowadays two major families of devices for

generating cold plasma for biological and medical applications are plasma jets and di-
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electric barrier discharges (DBDs). In jets, most of the plasma is generated at a distance of
the target, and reactive species generated in the plasma are drifted via a carrier gas. Ion-
ization waves can also produce some plasma at the treatment surface. In contrast DBDs
generate plasma directly at the surface being treated. The active species deposited on
target surfaces (charged particles and short-lived reactive species) are different between
the two systems (Lin et al., 2017). Indirect plasma treatment mainly involves uncharged
atoms and molecules that are generated in plasma. The active uncharged species are typ-
ically delivered to the surface via diffusion or flow of gas through a plasma region (Frid-
man et al., 2008). Recently a dielectric barrier discharge apparatus has been mounted just
above a petri dish containing human cancer cells. Active species are produced within the
discharge area and are melted in the medium, thus reaching biomolecules (Han and M,
2017).

The biological target can be biological tissues or cells. However cells to be treated can
also be in biological sample. In that case the interface plasma-liquid plays a role. Plasma
liquid interactions are complex, including plasma characteristics, the control of the reac-
tivity transfer at the plasma-liquid interface and interfacial charging. Interfacial processes
are still poorly diagnosed. Charging of liquid materials by dielectric barrier discharges and
jets recently received a lot of attention. However the effect of plasma-liquid interfaces and
the effect of solution properties is missing. On the other hand interfacial charging may
play a role on the discharge dynamics. These aspects are still not well known (Adamovich
etal., 2017).

The induction of apoptosis, i.e. the programmed cell death after plasma treatment, has
been explored in the literature using different cell models. This effect has been used in
typical cancer treatment applications. Scientific research on cancerous diseases has been
carried out on the cytotoxic effect of plasmas, which can induce apoptosis of cancer cells
in vitro (Fridman et al., 2007; Keidar et al., 2013; Ma et al., 2014). In particular, high con-
centrations of reactive oxygen species (ROS) generated by plasmas were able to induce a
cytotoxic effect after destabilization of the mitochondrial membrane (Stoffels et al., 2006).
On the other hand, the charge of the cell and its poration after application of nanosecond
pulsed electric fields (nsPEF) can also contribute to the induction of apoptosis. More sub-
tle damage such as damage to the cytoskeleton after deformity of the cell can affect the
functionality of cells that can cause cell death (Bardet et al., 2016; Haas et al., 2017). Elec-
tric fields induced by the discharge may affect cell processes (Babaeva and Kushner, 2010).

This thesis is based on a partnership of two teams, Xlim (Limoges) and SIAME Labora-
tory (Pau). Xlim’s group is experienced in delivery devices for exposure of biological cells
to nanosecond pulsed electric fields (Bardet et al., 2016; Soueid et al., 2017). Cold plasma
or ns-PEF interaction with cells are often studied separately (Carr et al., 2017). A poten-

tially attractive objective is to combine these processes in order to study their interaction



with biological media. In this context, the objective of this Ph.D. thesis is to study and
realize nanosecond plasma exposure devices for biomedical applications :

* the first exposure device generates DBD on a nanosecond time scale (ns-DBD). The
biological sample acts as an electrode. The discharges develops in the air gap be-
tween the dielectric layer and the biological sample. The exposure device is based
on the work of Fridman’s group (Lin et al., 2017).

* the second exposure device generates surface DBD on a nanosecond time scale (ns-
SDBD). The discharge develops along the dielectric layer surface close to an active
electrode. During the plasma exposure, the biological sample faces the discharge
device. By contrast to the DBD configuration, the discharge is not in direct contact
with the surface of the solution. The discharge device conception is in the conti-
nuity of the design of plasma actuators for flow control (Moreau et al., 2016) or for
plasma assisted combustion systems (Soloviev et al., 2017).

Scope of the Ph.D. thesis

The biological targets are cancer cells in a liquid culture medium contained in a standard
Petri dish. Both exposures devices are optimized for the given application in terms of di-
mensions, voltage polarity and prevention of electromagnetic interferences. The work is
mainly experimental. We focus on the electrical characteristics of discharges. Electrical
measurements are a part of the device circuit in order to monitor the electrical activity of
the discharge during the plasma treatment.

Chapter I presents the basic principles of the nanosecond pulse method implemented for
both exposure devices. The description of the experimental facility used in this work is
detailed. We present an equivalent electrical circuit that stands for a suitable model for
both ns-DBD and ns-SDBD devices. To support the experimental approach, we develop a
numerical model in which the lumped elements of the equivalent circuit ends a transmis-
sion line. The developed model will be used for the numerical treatment of experimental
waveforms in the next chapters.

Chapter Il is dedicated to the ns-DBD exposure device. We describe the experimental set-
up of the device. In exposure conditions, the discharge develops in the air gap between
the dielectric layer and the solution that is the counter electrode. We will discuss on the
difficulty in electrically modeling the solution. Therefore we study the discharge gener-
ated between the dielectric layer and a metallic plane cathode as a reference case. We
present the electrical characteristics of the discharge. Then we carry out a preliminary
study on the discharge in the exposure conditions.

Chapter III addresses the ns-SDBD device. We describe the experimental set-up of the

device. In exposure conditions the Petri dish is located near the discharge. We present the
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electrical characteristics of the discharge without a Petri dish. Then we study the influ-
ence of the exposure conditions on the discharge. Finally we present preliminary results
of glioblastoma cells treated by ns-SDBD.



Introduction

Contexte

Les plasmas froids a pression atmosphérique sont utilisés dans de nombreuses applica-
tions depuis ces derniéres années. Ils constituent une solution prometteuse dans le do-
maine bio-médical grace a la chimie réactive générée. Dans un plasma froid, les électrons
sont portés a quelques milliers de degrés Kelvin tandis que les particules lourdes restent
a temperature ambiante. Les plasmas froids sont aujourd’hui une solution appropriée
pour les applications biologiques (Kong et al., 2009; Weltmann and Woedtke, 2017). Ainsi
des résultats prometteurs viennent d’étre obtenus récemment dans le traitement du can-
cer (Vandamme et al., 2012; Chen et al., 2017; Lin et al., 2017).

Une fagon simple de générer un plasma froid est d’utiliser un systeme d’électrodes sé-
parées par un gaz, une électrode est portée a la haute tension 'autre est connectée a la
masse. Cependant, a pression atmosphérique, le plasma froid généré devient rapide-
ment tres conducteur et évolue en plasma thermique. Ce régime de décharge doit étre
évité pour les applications bio-médicales. Les décharges a barriere diélectrique (DBD)
sont une solution pour prévenir ce passage a 'arc. Les DBDs sont des décharges auto-
entretenues générées par un systéme inter-électrodes présentant un matériau isolant sur
au moins une des électrodes. Ces décharges a barriere diélectrique géneérent un plasma
froid a pression atmosphérique (Kogelschatz, 2003; Bazinette et al., 2016; Boisvert et al.,
2017). Le régime le plus commun est le régime filamentaire. Suivant la configuration du
systeme, la décharge se développe en volume ou en surface du matériau isolant (Gibalov
and Pietsch, 2000). Depuis les années 90, les DBD ont été étudiées dans le cadre de nom-
breuses applications comme, par exemple, la décontamination en milieu médical ou la
création de flux d’air ionique pour le controle d’écoulement en aéronautique (Branden-
burg, 2017).

Les applications des plasmas froids en médecine peuvent étre séparées en deux caté-
gories : le traitement plasma direct et indirect. Pour le traitement direct, la cible bi-
ologique joue le role d'une électrode. Une partie du courant peut alors traverser la cible.
Le traitement plasma direct peut induire un flux d’espéces actives (atomes, molécules et
espéces chargées) aussi bien que des radiations UV a la surface de I'’échantillon a traiter.
De nos jours, Il existe principalement deux facons de générer des plasmas froids pour un
traitement direct en médecine: en utilisant un jet de plasma et en configuration DBD.
Dans le cas des jets plasmas, les especes sont créées a distance puis transportées vers
I’échantillon dans un flux de gaz porteur. En revanche, les DBDs géneérent le plasma di-
rectement a la surface de I'’échantillon a traiter. Les especes actives créées sont différentes
dans les deux cas (Lin et al., 2017). Le traitement plasma indirect fait plutot intervenir des

atomes ou des molécules non chargés électriquement. Ces especes actives non-chargées
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sont transportées vers la surface de la cible par diffusion ou dans un flux de gaz por-
teur (Fridman et al., 2008). Récemment un systéeme reposant sur la génération de DBDs
de surface a été placé a proximité de la surface d'un échantillon a traiter contenant des
cellules cancéreuses. Les especes actives produites par la décharge sont alors mélangées
a l'air au-dessus I’échantillon (Han and M, 2017).

La cible biologique a traiter peut étre un tissu ou des cellules biologiques. Dans le cas ou
les cellules a traiter sont dans une solution biologique, I'interface plasma-liquide joue un
role. Linteraction entre le plasma et la surface d'un liquide est un probleme complexe
qui fait intervenir la nature du plasma, le controle du transfert de réactivité au liquide, et
la charge électrique de I'interface. Les processus d’échange plasma-surface sont jusqu’a
aujourd’hui méconnus. La charge électrique de l'interface par DBD et par jets commence
a étre abordée dans les études récentes. Cependant I'action du plasma sur la modification
des propriétés du liquide n’est pas encore completement décrite. Enfin la rétroaction de
la charge de la surface sur la dynamique de la décharge n’est pas encore completement
comprise (Adamovich et al., 2017).

Le déclenchement de 'apoptose, i.e. la mort programmées des cellules, apres traitement
plasma a été étudiée dans la littérature grace a différents modeles de cellule. Cet effet
a été clairement utilisé dans le traitement du cancer (Fridman et al., 2007; Keidar et al.,
2013; Ma et al., 2014). En particulier, les especes d’oxygene réactif (ROS) produites par
plasma induisent un effet cytotoxique aprés déstabilisation de la membrane mitochon-
driale (Stoffels et al., 2006). Par ailleurs la charge des cellules par I'application de champs
électriques pulsés nanosecondes (ns-PEF) peut conduire a la mort cellulaire par électro-
poration. Des dommages plus subtils peuvent affecter la fonctionnalité des cellules et
entrainer leur mort (Bardet et al., 2016; Haas et al., 2017). Les champs électriques dus
au développement de décharges peuvent affecter les processus cellulaires (Babaeva and
Kushner, 2010).

Les travaux présentés dans cette these sont basés sur la collaboration entre deux équipes,
Xlim (Limoges) et le Laboratoire Siame (Pau). Léquipe d'Xlim est expérimentée dans
I'application de ns-PEF a des cibles biologiques (Bardet et al., 2016; Soueid et al., 2017).
Les effets du champ électrique ou du plasma sur les cellules biologiques sont classique-
ment étudiés séparement. Il a semblé pertinent de combiner ces deux techniques pour
étudier leur action sur des milieux biologiques. Dans ce contexte 1'objectif de la these
est I’étude et la réalisation de systemes d’exposition nanoseconde pour des applications

bio-médicales :

* le premier systeme d’exposition réalisé permet de générer des décharges a barriere
diélectrique a I'échelle nanoseconde (ns-DBD). L'échantillon biologique se com-
porte comme une électrode. La décharge se développe dans l'air entre le diélec-

trique et la cible biologique. Le dispositif d’exposition ns-DBD est clairement basé



sur le travail du groupe de Fridman dans ce domaine (Lin et al., 2017).

¢ le second systéeme d’exposition permet de générer des décharges de surface al’échelle
de la nanoseconde (ns-SDBD). La décharge se développe a la surface du diélec-
trique a proximité de I’électrode active. La cible biologique est située face au plasma
pendant I'’exposition. Contrairement au traitement par ns-DBD, le plasma n’est pas
en contact direct avec la surface de la solution. Cette technique se place dans la con-
tinuité de travaux réalisés pour le contrdle de vol par actionneurs plasmas (Moreau
et al., 2016), ou pour la combustion assistée par plasma (Soloviev et al., 2017).

Objectif de la these

Les cibles biologiques considérées sont des cellules cancéreuses cultivées dans un milieu
biologique liquide au sein d’'une boite de Pétri classique. Les deux systemes d’exposition
sont optimisés en termes de dimensions, de polarité et de compatibilité électromagné-
tique. Le travail présenté est essentiellement expérimental. Nous nous sommes con-
centrés sur la caractérisation électrique des décharges. Les mesures électriques sont di-
rectement intégrées au dispositif d’exposition pour enregistrer I'activité électrique des
décharges pendant le traitement plasma.

Le chapitre I présente les principes fondamentaux de génération de nano-impulsions de
tension utilisées dans les deux systémes d’exposition. Le dispositif experimental com-
mun est détaillé. Nous introduisons un modele électrique équivalent du circuit identique
pour les deux systemes, ns-SDBD et ns-DBD. En support de I'approche expérimentale,
nous développons un modele numérique basé sur un modele de ligne de transmission
terminée par les éléments localisés du circuit équivalent proposé. Ce modele sera utilisé
dans les chapitres suivants pour le traitement numérique des données expérimentales.
Le chapitre II est dédié au systeme d’exposition ns-DBD. Le dispositif expérimental est
décrit. Dans les conditions d’exposition plasma, la décharge électrique se développe dans
I'air entre la couche diélectrique sur I’électrode active et la surface de la solution, qui joue
le role contre-électrode. Nous discuterons de la difficulté a modéliser électriquement la
solution. Dans ce contexte le cas de référence choisi consiste a remplacer la solution
biologique par un plan métallique. Les caractéristiques électriques de la décharge sont
présentées. Puis nous présentons une étude préliminaire sur 'influence des conditions
d’exposition sur la décharge.

Le chapitre III présente le dispositif d’exposition ns-SDBD. Le systéme expérimental est
présenté. En condition d’exposition la décharge est générée a proximité de la surface de
la solution biologique. La décharge est tout d’abord étudiée électriquement sans la solu-
tion biologique, puis l'influence des conditions d’exposition sur la décharge est présen-
tée. Enfin, nous présentons des résultats préliminaires de traitement plasma de cellules
cancéreuses de type glioblastome.
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I.1 Introduction

This chapter aims to present the experimental set-up and the concept of electrical char-
acterization of both exposure devices, i.e. the nanosecond-pulsed dielectric barrier dis-
charge (ns-DBD) plasma and the nanosecond-pulsed surface barrier discharge (ns-SDBD)

plasma.

Section 1.2 presents the experimental set-up for nanosecond pulse discharge gener-
ation. To initiate the discharges in atmospheric air we use two different power supplies
that generate high voltage pulses (5—10 kV) of 10 — 14 ns duration, with a fast rise time of
2—-5ns. Due to the timescales related to nanosecond pulses, the wave nature of the carried
signal can not be neglected. The exposure device is inserted into a waveguide matched by
aload impedance to avoid reflected pulses. Subsequently we present the voltage and cur-
rent measurements. A high voltage tap-off is used to measure the incident and reflected
voltage pulses. The current is measured via a measurement resistor in series with the dis-
charge device. It ensures a large frequency bandwidth required to measure nanosecond
pulsed discharge currents. Finally we present an equivalent circuit to outline the concept
of the experimental set-up. The main characteristics of the whole system are detailed.

To complete the characterization of the experimental setup, Section 1.3 presents a
study on the reflection of nanosecond pulse voltage. The study is performed in the fre-
quency domain and in the time domain. In the latter case we develop a numerical model
based on the propagation equations along a transmission line. The equations are solved
using a standard one dimensional finite difference time domain (FDTD) method. Simu-

lations of incident and reflected voltage pulses are presented.

In Section 1.4 we propose an equivalent electrical circuit that stands for a suitable
model for both ns-DBD and ns-SDBD devices. The measured current is the total current
flowing through the device, the discharge current is just one of its components. To char-
acterize the discharge current component of the total measured current, we will present
numerical circuit simulations. Simulations are based on the transmission line model de-
veloped in Section I.3. The lumped elements of the equivalent circuit will end the line, and
a simplified model of a discharge is used. The developed model will be used in the nu-
merical treatment of experimental waveforms in the next chapters. Finally, we present the
experimental approach to determine electrical parameters of discharges. These parame-
ters, including discharge current and voltages across the air gap and the dielectric layer,
are given as a function of the measured waveforms according to the proposed equivalent

circuit. An expression for the energy deposited per pulse by the plasma is also given.
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I.2 Experimental set-up

A general experimental setup for nanosecond pulse discharges exposure of biological me-
dia is composed of a high-voltage pulse generator, an exposure device and measurement,

and monitoring equipment. Figure 1.1 presents a schematic of the experimental set-up.

Vi 1 Vi
ns-pulse I = 1 tap-off || o exposure HV load
generator 1 3 2] ff device 50 ©2
— r .

oscilloscope

(B0 O

Figure I.1: Schematic of the experimental set-up.

I.2.1 Voltage pulses generation

To initiate plasma discharges we used two generators. The first pulse generator (FPG 10-
1SM10 FiD Technology, Burbach, Germany) is a high-voltage generator delivering 14 — ns
duration pulses with adjustable voltage amplitude up to 10 kV. The rise time is approxi-
mately 4 ns and the pulse repetition frequency is adjustable up to 1 kHz. The second pulse
generator (FPG 20-1NJ10 FiD Technology, Burbach, Germany) is a high-voltage generator
that can deliver voltage of amplitude up to 20 kV. The pulse duration is adjustable from 1
to 10 ns; the rise time is approximately 2 ns. The pulse repetition frequency is adjustable
up to 1 kHz.

Figure 1.2 shows typical voltage pulses delivered by these two generators and their Fourier
transforms. The decrease of the pulse generated by the 10 kV generator is followed by a
plateau with non-negligible amplitude (20% of the maximum), and its duration is around
12 ns. This plateau is due to an internal reflection in the generator. As both pulse du-
rations are similar, the amplitudes of the Fourier transform are similar at low frequency.
The useful —20 dB bandwidth is same at 65 MHz. The main difference between pulses is
the rise time that is two times larger for the 10 kV pulse generator. This leads to a differ-
ence at high frequency : the pulse voltage presents a significative energy (above the noise
level) up to 400 MHz for the 10 kV pulse generator and up to 800 MHz for the 20 kV pulse
generator. Therefore we mainly used the 10 kV pulse generator to study the discharges.
However for a long-time used at a high repetition rate the 20 kV generator is preferred.
Results obtained with the 20 kV generator will be studied in regard with those obtained
with the 10 kV generator.
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Figure 1.2: Voltage pulses delivered by the 10 kV pulse generator (a) and by the 20 kV pulse
generator (c). Fourier transform of pulses (b) and (d).

I.2.2 Connection and monitoring

To apply the nanosecond pulse voltage to the exposure device we use a HV coaxial cable
(N cable) presenting a 50 (2 impedance. The maximum input voltage is 5.5 kV in DC.
We assume that losses in the cable are negligible. Exposure devices are connected to the
coaxial cable with HN connectors of 50 Q2 impedance and a frequency bandwidth up to
3 GHz.

In order to acquire voltages, 10 dB, 20 dB and 30 dB attenuators are added. Their
characteristic impedance is 50 Q with a frequency bandwidth up to 3 GHz at least. The
measured pulses are displayed on a 3 GHz bandwidth oscilloscope (DSO, TDS 694C, Tek-
tronix, USA) presenting a sample rate of 10 GS/s and 50 Q input impedance.
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I.2.3 Impedance matching

The pulse generators have not a protective device to prevent them being damaged by re-
flected pulses, at long-time use. To reduce reflection the system is terminated by a match-
ing load of 50 Q2 impedance. The maximum input voltage of the high voltage load (2051-
GHMP, Barth electronics, USA) is 10 kV during 100 ns. Figure 1.3 shows impedance and
reflection coefficient of the HVload. The real part of impedance is 50 Q with a zero imagi-
nary part till 300 MHz. The reflection coefficient shows a resonance at 850 MHz. The load
impedance can be thus considered as an ideal 50 Q resistor on a frequency bandwidth of
300 MHz.

Real
80+ Imaginary ——— )
ISyql ----- ,
60 .
s} TN _
8 40 + i a0
2 =
3 -
2 20 23
< ©
£ -35
O T~ {-40
20t 1™
-50
10 100 1000

Frequency (MHz)

Figure 1.3: Frequency characterization of the HV 50 Q2 load. Reflexion coefficient, real and
imaginary parts of the impedance.

The discharge device is thus inserted into a waveguide matched by a load impedance
to reduce reflected pulses. However if apertures exist in the external conductors of the
exposure device, common mode current has to be regarded. Figure 1.4 shows the com-
mon mode current flowing the external conductor of the experimental set-up. A stray ca-
pacitance naturally exists in between the outer conductor of the device and the ground.
Note that the exposure device is grounded by the stray capacitance. The common mode
current flows around the loop : along the ground shielding mesh of the cable, through
the stray capacitor in between the outer conductor of the device and the ground, and
on the ground towards the generator. This current can generate electromagnetic interfer-
ences (EMI). In practical terms one limits EMI by reducing the loop surface. The matching
impedance also contributes to reducing EMI.
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Figure 1.4: Common mode current, I.,,,, flowing the external conductor of the set-up
around the loop of surface S.

I.2.4 Voltage and current measurements

The high voltage pulse measurement requires a wide band. The HV pulse is measured via
a tap-off (Model 241, Barth electronics, USA) connected between the generator and the
device (Kenaan et al., 2011). The tap-off characterizes the incident and reflected pulses as
seen in Figure I.1. The tap-offis a voltage divider of ratio 1/1 on the primary line (between
port 1 and port 2) and 1/100 on the second line (between port 1 and port 3). It presents a
minimal rise time through the mainline of 30 ps but of 1.5 ns through the second line. In
other words, the measured rise time of the voltage pulse will be minimum equal to 1.5 ns.
To determine frequency performance of the tap-off, we measured scattering parameters.
Figure 1.5 shows the S;; reflection coefficient as well as the S3; transmission coefficient.
S11 parameter shows a very weak attenuation of the primary line signal without distor-
tion. However S3; parameter reveals a useful —3 dB bandwidth of the measure line of
only 270 MHz. The measured voltage waveform is then undistorted up to 270 MHz.

-20

1S141
25+ 1S3l ——
=30+

-35

ISl 1931 (dB)
5
|
!

10 100 1000
Frequency (MHz)

Figure 1.5: Frequency characterization of the tap-off. Reflexion coefficient S;; and trans-
mission coefficient S3;.
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The discharge current pulse also has to be measured without a significant frequency

bandwidth limitation. A common way is to use current probes as Rogowski coils (Benard
et al., 2012; Pai, 2008; Shao et al., 2009; Zhang et al., 2006) inserted in series between the
device and its outer conductor. In this work, we can not use this technique because of the
discharge device dimension. To apply plasma directly to biological targets, exposure de-
vices will be designed in circular shapes with a diameter just below a Petri dish (3.5 cm).
Current probes are then too large to be inserted into the waveguide. Another technique is
to use a back shunt resistor in series to the ground shielding mesh of the HV cable, in an
open ended circuit. The discharge current is then calculated by comparing the incident
current pulse to the reflected one (Anikin et al., 2004; Correale et al., 2015; Starikovskaia
et al., 2010; Liu et al., 2014). This technique can be applied here by using the HV tap-off.
However the measured rise time is limited to 1.5 ns. An alternative technique is the usage
of a shunt resistor (Dawson and Little, 2013; Takashima et al., 2011a) in series with the
discharge device and the ground. The impedance of the shunt resistor is negligible.
In this work, we use the same approach. However the measure resistor impedance is of
50 Q. It should be noted that such a value is not negligible in the equivalent impedance
of the experimental set-up. In practical terms, the measure resistor is made of a 50 Q
impedance coaxial cable ended by the 50 Q input impedance of the oscilloscope. Thus
the bandwidth is only limited by the input bandwidth of the oscilloscope and attenua-
tors, i.e. 3 GHz. This technique was applied in (Arnaud-Cormos et al., 2014) to measure
NRPD current pulses with rise time less than 1 ns (in a point-to plane electrodes sys-
tem).This measurement is also used at low frequency (Bessieres et al., 2004; Naudé et al.,
2005; Bouzidi et al., 2014).

I.2.5 Equivalent electrical circuit

|
ns-pulse generator:
|

(Zc, 1)

Figure 1.6: Schematic of the electrical circuit for applying the voltage pulse and for mea-

suring the current. Z. =71 =R, =50 Q.

Figure 1.6 outlines the concept of the set-up equivalent electrical circuit. The voltage,
Vg, delivered by the pulse generator is guided to the line termination using the coaxial ca-
ble of characteristic impedance Z. = 50 Q and length [. A sufficiently long cabling should
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be used to avoid superposition of the incident and reflected pulse. V,, is the voltage actu-
ally applied to the electrical termination. The electrical termination represents the expo-
sure device and the measure resistor. In a simple way both ns-SDBD and ns-DBD devices
consist in two electrodes, one of which at least is covered with a dielectric layer, and an air
gap where discharge develops. This is electrically modeled by one equivalent capacitor
C as a first approximation. The discharge device is inserted into the waveguide matched
by the 50 Q load impedance. At the device location, the impedance due to the matched
load is 50 Q. The load impedance is thus considered as a lumped circuit element and de-
noted Zj. The same assumption is applied to the measurement resistor, R,,. It should be
noted that the tap-off is not modeled in the electrical circuit since it causes no distortion
of waveforms over a 2 GHz bandwidth. This electrical circuit stands for a waveguide to

apply and measure the pulse voltage, as well as to measure the current.

I.3 Reflection of voltage pulses

To complete the characterization of the experimental setup, we study reflection of nanosec-
ond voltage pulse. We consider the circuit termination in Figure 1.6 in which only the
device capacitance can vary. We first determine the influence of the device capacitance
on the reflection coefficient in the frequency domain. Then we study the reflection in
the time domain. We developed a model of transmission line based on the telegrapher’s
equations. The equations are solved using a standard one dimensional finite difference
time domain (FDTD) method. The model is briefly presented before showing the results
of simulations on the incident and reflected pulses. The transmission line is ended by the
lumped elements depicted in Figure 1.6. We evaluate the reflection in view of capacitance
variations but also stray inductance which can participate to a reflection increase.

I.3.1 Reflection in the frequency domain

Let’s consider the reflection coefficient of the electrical circuit in Figure 1.6

7-7 71 (1 +iR,,Co
I'(w) = ¢ with Z= Lf m ), (1)
Z+7, 1+i(Z1y +R;)Cw

with Z, = Ry, = Z1, =50 Q.

Z is the equivalent impedance of the electrical termination. It tends to 50 Q at low fre-
quency but tends to 50 /2 at high frequency.

Figure 1.7 compares modulus of the reflection coefficient for various capacitances as a
function of frequency. The range of capacitance is 1 — 20 pF according to DBD and SDBD
device dimensions. The reflection coefficient increases with capacitance for a given fre-
quency. Using the matching impedance Z;, the modulus tends to zero at low frequency
and to a limit value of only 1/3 at high-frequency.
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Figure I.7: Modulus of the reflection coefficient as a function of frequency for C = 1-20 pF.

I1.3.2 Reflection in the time domain
Model formulation

In the nanosecond timescale, the propagation equations along transmission lines have to
be solved to determine the reflected pulse due to the exposure device.

Standard methods for analyzing the propagation characteristics of transmission lines re-
lies on the use a classical lumped element electrical model of the line. Losses are not
considered during the propagation in the cable. The model is then constructed by con-
sidering the inductance and capacitance along a fixed length of the line, as depicted in
Figure 1.8. The length, along z axis, of a very short element of line is denoted Az. The
change in amplitude of voltage and current of a signal by passage through this element
can be determined thanks to Kirchhoff’s circuit laws

ov(z+ Az 1)
ot ’

0i(z, 1)
v(iz,t)—v(z+ Az, t) =LAz FYaRE

i(z,t)—i(z+Az,t)=CjAz
(I.2)

with L; the self-inductance for an unit length (in H / m) and C; the capacitance for a unit
length (in F / m).

A complete line can be viewed as a cascade of n, very short elements of line as seen
is Figure 1.8. At any point of the line, the current and the voltage depend both on line
position z and time ¢. This leads to the following set of partial differential equations

0i(z, 1) __C ov(z, 1)
oz ar
ov(z, 1) L 0i(z, 1)

oz ar

(I.3)
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(a) i(z,t i(z+Azt
) (c+ut)
Ll Az
V(z,t)T — G Az v(z+Az,t)

Figure 1.8: Models of an element of line a) and the network b).

The propagation velocity of waves along the line is 1/1/L;C; = 2 x 10® m/s and the char-
acteristic impedance of the line is \/L;/C; = 50 Q.

The closing conditions are obtained by applying Kirchhoff’s circuit laws at the lumped
elements of the ends of line. The set of equations is solved using a standard one dimen-
sional FDTD method.

Results and discussion

The ends of line are the lumped components of electrical circuit depicted in Figure 1.6.
The receiving end voltage is the voltage V, actually applied to the electrical termination.
The sending voltage is delivered by pulse generators, V.. Shape of these voltage pulses
differ from square waveforms, with a non zero component remaining after the pulse (as
shown in Figure 1.2). For a sake of simplicity we assume an ideal voltage pulse for mod-
eling. Figure 1.9 compares the ideal pulse with a standard pulse delivered by the 10 kV -
pulse generator. The key features are similar, i.e. amplitude, rise time and FWHM.

Figure 1.10 presents the incident and reflected pulses at the ends of the line. The line
stands is a 10 m long coaxial cable. The device capacitances considered are 10 pF and
20 pF. The timescale is chosen to observe the total reflection. The time origin is imposed
by the voltage pulse delivered by the generator. The incident pulse V; is the ideal pulse
V. It propagates during 50 ns, it is applied to the load and reflected in the same time.
The reflection is composed of two pulses due to the high frequency mismatch, i.e. during
rise and fall times of the incident pulse. The first pulse is negative because the equivalent
impedance of the electrical termination is lower than the characteristic impedance of the
cable. Then, the reflection is fully absorbed by the output impedance of the generator and
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Figure 1.9: Experimental voltage pulse and ideal voltage pulse for modeling.

no reflected signals remains. The applied voltage is the sum of the incident and reflected
pulses. Note that one can also access to V() by reconstructing : V() = V;(t—t,) +V, (t +
tp) with £, = 50 ns the propagation time.
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Figure 1.10: Incident V; and reflected V, pulses (solid lines) at the input of the line and
applied voltage pulses V,, to the electrical termination (dashed line) for C = 10 pF (a) and

C =20 pF (b). I,, is the current flowing the measure resistor.

The amplitude of reflected pulses increase with the device capacitance C. For C =
20 pF, it is about 10% of the incident pulse. In other words, less than 5% of the incident
pulse energy is reflected towards the generator. So only a weak percentage of the incident
pulse energy is reflected toward the generator, even for a high value of capacitance. Nu-
merical results show the efficiency of the circuit matching by the load impedance.



Chapter I. Experimental set-up and electrical characterization 22

Figure 1.10 also compares the current flowing through the measure resistor I,, and the
reflected voltage. The reflected current and voltages are linked up with
VARV 712

Vi(t) -
71+ 7, Z1+7Z,

50
V(1) = Im(8) = _?Im(t) (1.4)

when placing at the termination. The reflection is only due to the current flowing through
the measure resistor.
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Figure I.11: Incident V; and reflected V, pulses (solid lines) at the input of the line and
applied voltage pulses V, to the electrical termination (dashed line) for C = 10 pF and a

stray inductance of L = 0.2 pH. I,, is the current flowing the measure resistor.

In addition, stray inductance due to connections can not be neglected at high fre-
quency. Thereby we study the effects of a self inductance in series with the measure resis-
tor. The capacitance is 10 pF. The value of the inductance is chosen to be the maximum
value that can be found in experiments : L = 0.2 uH for a wire connexion 20 cm long and
of 2.5 mm diameter (Grover, 2009). Figure I.11 shows that the stray inductance causes
oscillations in the voltage reflected pulse, and so over-voltages on the applied voltage V.
Oscillations are evident also for the measured current pulses. In practical terms, the only

way to reduce stray inductance effects is to minimize connection length.

I.4 Discharge electrical parameters

When considering dielectric barrier discharges, a classical electrical characterization con-

sists in calculating the electrical parameters (voltages and currents) according to a known
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equivalent circuit (Liu and Neiger, 2003). So far for a sake of simplicity the exposure device
was modeled by one capacitor. A classical equivalent electrical circuit of a DBD involves
at least two capacitances to model the air gap where the discharge develops and one di-
electric layer.

The equivalent circuit of our exposure devices now includes these two capacitances in se-
ries, Cqir and Cgje. A stray capacitance Cp, is also put in parallel. This equivalent circuit
is similar to the one proposed by (Naudé et al., 2005) to determine the electrical parame-
ters of DBD in a Townsend regime at atmospheric pressure. In this work, we consider this
approach for nanosecond pulse excitation.

Figure 1.12 shows the equivalent circuit included into the waveguide. The discharge is
symbolized by closing a switch and forcing some of the current through the plasma chan-
nel, whose resistance R, (#) rapidly changes with time (Kogelschatz, 2003). A stray induc-
tance is added in series with the measure resistance to model connexions that can not be
neglected at high frequency (as discussed in Section 1.3.2). This equivalent circuit stands
for a suitable model for the ns-pulse DBD device as well as ns-pulse SDBD device. This
will mainly depend on the stray capacitance value that is preponderant in the case of
SDBD and weak in the DBD configuration.

I, Tgier

Cdiel
- v

R, Tair 77T Ry(t)
vl = <y VTC? Z D

(Zc> l) \L ]m = Ip + [diel
R,

il

Figure I.12: Schematic illustrating the equivalent electrical circuit of exposure device.

all

I1.4.1 Electronic circuit simulations

The current through the measure resistor I, is the total current flowing the device, the
discharge current is just one of its components. Whatever the experimental approach
used to determine the discharge current from that measured, the accuracy will depend
on the similarity in both currents. In other words, the more alike the currents, the more
this determination will be accurate. In this section, we perform simulations to support
the experimental approach. The modeling aims to contribute to characterizing the dis-

charge current component in the total measured current. It also contributes to defining
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experimental conditions suitable for the discharge current calculation.

Simulations are based on the transmission line model developed in Section 1.3. The line
is ended by the lumped elements depicted in Figure 1.12. This equivalent circuit models
the ns-DBD device or the ns-SDBD device, depending on the capacitance values. Numer-
ical simulations are thus presented for different capacitances values consistent with both
devices. The effect on electrical parameters, on discharge current especially, is discussed.

Results for a set of reference values

Conditions of simulations are similar to those of Section 1.3: the coaxial cable length is
10 m and the voltage at the line input is the ideal pulse (see in Figure 1.9). Table I.1 presents
the electrical components values. They are chosen to be in a range of values consistent
with the exposure devices. A set of reference values is in bold : C,;» = 0.5 pF and Cg;¢; =
40 pF, Cgir << Cgjer by nature. The stray capacitance Cp, = 0.1 pF is negligible. This set of
reference values models a DBD device. The stray inductance is first neglected.

Cair F) |01 05 1 5
Caiel (PF) 5 10 20 40
Cp (pP) 01 1 10 20
Rg kQ) t>t| - 025 1 5

Table I.1: Elements circuit values, reference values are in bold.

Figure 1.13 shows the electrical parameters (voltages and currents) for the set of refer-
ence element values with and without discharge.
Without discharge, the circuit is a classical capacitive circuit. The voltage drop across the

measure resistor R, can be neglected. Voltages over the air gap and the dielectric layer

follow
C,;:
Vair(t) = $Va(t);
Cair+cdiel
C.. (1.5)
Vaiel(t) 8 ————V,(1).
e Cair+Cdiel ¢

As Cgir << Cyier, the incident voltage pulse is mainly applied to the air gap : Vg (1) =

V. (t) and Vg;.; negligible.

Currents are only displacement currents. The measured current is mainly due to Cg;, as
Caircdiel dva(t) dva(t) - ) dva(t)

Im(t): +Cp dt ~ aer

(I.6)
Cair +Caier dt

The equivalent capacitance of the device is approximately C,;» + Cp, = 0.6 pF, the reflec-

tion is then very weak.
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Figure 1.13: Voltages and currents for the set of reference values for the circuit elements,
for an ideal incident pulse V;. t; = 76 ns is the trigger of discharge and ¢, = 82 ns is the
time when the applied voltage begins to decrease. Results obtained without discharge
(top figures) and with discharge (bottom figure). Applied voltage pulse V,, voltages over
the air gap Vi and over the dielectric layer V;,; (a) and (c). Discharge current I;, current

measured I, and currents in C;, and Cg;; (b) and (d).

The discharge is modeled by an interruptor and a resistor R4(t) in series (Kogelschatz,
2003). The resistance is a simplified model of the plasma channel. Note that the aim of the
modeling is not to find an equivalent model of the discharge channel but to support the
experimental approach. The resistance Ry varies rapidly in time. The time of switch on
is determined before the simulation. It is chosen at t; = 76 ns, when the applied voltage
is maximum and the capacitors are charged. Before switch on R; = 1 MQ, the switching
time is arbitrarily set to 2 ns, and then R; = 1 kQ. The rise time of discharge current
depends on switching time, it is thus beyond the scope of discussion. The description of
voltages and currents can be decomposed in 3 stages in time (see in Figure 1.13 (c) and
(d):
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e Fort < tg, currents and voltages are identical to those without discharge.

» For ts < t < tg, with t, the time when the applied voltage begins to decrease. As

soon as the interruptor is switched on, C,;, is in parallel with R;. C,;; starts to dis-
charge through R;. During this time R, rapidly varies, V,; suddenly drops and I;,
presents a negative minimum. Then Cg;,; begins to charge, V,;, decreases while
Vgier increases. The current I,;, is then due to the discharge of Cg;;.
The measured current I, is very similar to the discharge current I;. The maximum
discharge current is about V,;/R4. As the current I,;, is negative, the discharge
current is greater than the measured one (I,, = I4;; +14, I, = 0). These currents fall
with a time constant approximate to R;C;.;. Their maximum values only differ of
about 1 %.

e Fort = t,. The measured current remains similar to the discharge current. The
current flowing C;, is a displacement current. With the end of the applied voltage
pulse, Vir = =V so the sign of V;, reverses. The amplitude of discharge current
is then negative. This maximum mainly depends of the charge status of C;;.; by I4
before the applied voltage ends.

A discharge current is still flowing in R, after the applied voltage pulse ending. This
current is due to the discharge of C;;.; through R;. The surface charge on the di-
electric (i.e. Cg;¢;) can be driven in the discharge channel which is still modeled by

a non infinite resistance (R; = 1kQ).

As discussed in Section 1.3, the reflection is only due to the current flowing through
the measure resistor following Equation 1.4. So the discharge causes the reflected voltage
pulses (see at 130 ns in Figure 1.13(c)). Therefore, the applied voltage, that is the sum of
incident and reflected pulses, drops.

It should be pointed out that the discharge current and measured current are very similar
since the displacement currents are very weak. In that case one can easily obtain the

discharge current from the measured one.

Parametric study

To further investigate the role of each circuit elements, we perform a parametric study
with elements values considered in the Table 1.1 :

 Figure I.14 shows results when C,; varies. The currents behavior is same to the one
described in the reference conditions, except for case of high capacitance (5 pF).
Maximum of discharge current is about V,;/R,4. The amplitude of V,; after switch
depends on the charge status of capacitances C,;, and Cyje; before switch (see
Equation 1.5). When C,; increases (for a given Cg;,;) the maximum of discharge

current reduces.
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For C4; = 5 pF, the measured current is very different from the discharge current
in shape and amplitude. Indeed the current I,;,, that is a negative component in
the measured current, is strengthened. After switch on, this component due to the
discharge of C,;; is no more negligible and the maximum of measured current is
then lower. At pulse ending, the induced displacement current predominates and
screens the component of discharge current in the measured one.
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Figure 1.14: Currents for C,;r = 0.1 =5 pF for an ideal incident pulse. t; = 76 ns is the
trigger of discharge and V,, is the applied voltage pulse for C,;, = 5 pF. Results obtained
for the reference values in solid line. Measured currents (a) and discharge currents (b).

* Figure .15 shows that a decrease in Cy;.; changes the shape of both currents. The

capacitance Cy;0; mainly drives the discharge current after its maximum. The time
constant R;C;.; decreases with Cy;.;. This time constant governs the fall and the
increase in current after both maxima (positive and negative). The current shape
changes consequently. Moreover, the negative maximum in discharge current de-
pends on the charge status of C;;,; before pulse ends, following Vi, = =Vgje;.
The maximum of discharge current decreases with C;,; as it depends on the values
of V401 and V;, before switch on (see Equation 1.5). Enhancement of I;, leads to
a distinction between maxima of measured and discharge currents. A difference of
10 % is observed for Cy;.; = 5 pF.

* Whatever the stray capacitance C,, discharge current remains approximately un-
changed while the measured current is significantly changed (see in Figure 1.16).
An increase in the C, value leads to an increase in the displacement current com-
ponent (C,dV,/dt in Equation 1.6). For high values (C, > 10 pf in our conditions),
displacement current component screens the component of discharge current in
the measured current.

A high stray capacitance value dominates the device impedance. For C, = 20 pF
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Figure 1.15: Currents for C;;,; = 5 —40 pF for an ideal incident pulse. f; = 76 ns is the
trigger of discharge. V, is the applied voltage pulse for C;;.; = 5 pF. Results obtained for
the reference values in solid line. Measured currents (a) and discharge currents (b).

Figure 1.16(b) shows that the reflected pulses are the same to those presented in

Figure 1.10 for a same equivalent capacitance. This reflection superimposes to the
one due to the discharge.
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Figure 1.16: Currents for C, = 0.1 — 20 pF for an ideal incident pulse. f#; = 76 ns is the
trigger of discharge. V, is the applied voltage pulse and V; the reflected pulses for C;, =

20 pF. Results obtained for the reference values in solid line. Measured currents (a) and
discharge currents (b).

* Results depend on the modeling of variation in time of the resistor R; that stands
for a simplified model of discharge. We consider R, as a circuit component. Fig-
ure [.17 compares results obtained when R varies (after switching). Discharge and

measured currents are very similar. A decrease in Ry limits time constant of charge
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and discharge of Cy;.; through R; as well as the maximum of discharge current
(Vair/Rg). For a high value of R; displacement current is no more negligible com-
pared to the discharge current.
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Figure 1.17: Currents for R; = 0.25 -5 kQ for an ideal incident pulse. f; = 76 ns is the
trigger of discharge. V, is the applied voltage pulse and V, the reflected pulses for R; =

0.25 kQ. Results obtained for the reference values in solid line. Measured currents (a) and
discharge currents (b).

* The last case takes into account the self-inductance due to connexions. Figure 1.18
compares the reference results and results obtained with L = 0.2 pH. Reflection
caused by the discharge is increased. Oscillations occur in currents at a frequency

of (2my/LCq;;)~! = 500 MHz. The stray inductance provides a realistic approach of
connections effects at high frequency.

Conclusion

To summarize, the similarity between the discharge current and the measured one de-
pends on capacitance values. When the stray capacitance is negligible, the equivalent cir-
cuit stands for a model of the ns-DBD device. In that case, both currents are very similar
as long as Cg;1/Cqir >> 10. When C,;, increases (for a given Cg;,; value) the associated
current that is a negative component is strengthened. In a similar way, the associated
displacement current screens the discharge current component in the measured current.
The measured current is then very different from the discharge current in shape and am-
plitude. For a low Cg;¢; value (for a given Cg;, value), the current flowing through C;; is
strengthened. This leads to non negligible difference between maxima of discharge cur-
rent and measured one.

When the stray capacitance impedance is preponderant, the circuit in Figure 1.12 stands

for an equivalent circuit of the ns-SDBD device. The displacement current component
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Figure 1.18: Currents for an ideal incident pulse. f; = 76 ns is the trigger of discharge. A
stray inductance of L = 0.2 pH models connections. V, is the applied voltage pulse and V,
the reflected pulses for L = 0.2 pH. Results obtained for the reference values in solid line.
Measured currents (a) and discharge currents (b).

screens the component of discharge current in the measured one.

[1.4.2 FElectrical characterization

In experiments, the two waveforms available by measurements are :

¢ the total current flowing the exposure device given by using the measure resistor :

e The applied voltage V,. The high voltage tap-off measures the incident and re-
flected pulses at the input of the exposure device (see in Figure 1.1). The voltage
actually applied to the exposure device is determined by using

Va() = Vi(t— 1) + V(L + 1), (1.7)

with £, the wave propagation time that only depends on the length of cable between
the tap-off and the exposure device.

We consider the equivalent circuit in Figure I.12 to calculate electrical parameters only
based on the applied voltage V,(#) and the total current I,,(?).

dl
Let’s define for convenience V), =V, — Ry,1,,, — L—2,

dt

Applying the current Kirchhoff’s law, the discharge current is given by

Ig :Im_Ip_Iairy (1.8)
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with
av,,
The applied voltage V/, is the sum of the voltage across the air capacitance V,;, and the

voltage across the dielectric capacitance V;,;, hence

av’! AdVgiel
L..=C,..—&_c, . —-diet .10
air air dt air dl_ ( )
By expressing the current through the dielectric capacitance
AVgiel
Lajer :Cdiel—dtle =In—1p, (L.11)
and by using Equation 1.10, one obtains
dav), Cgi
Finally Equation (I.8) becomes
Cuai CpCuair _dV!
Iy=(1+ =2, — (Cp + Cuiy + L) —2, (1.13)
diel Caiet ~ dt

A complete electrical characterization of discharge can be achieved with the determina-
tion of the voltages across the gap air and the dielectric layer. By using Equations (1.12)

and (1.9), the voltage across the air gap (per pulse) is expressed as

CP /
Vair =0+ C )Va(t) -

I3
f I,(Ddt. (I.14)
diel Cdielr Jo

The voltage across the dielectric layer (per pulse) is given by

o 1 ‘ Cp _,
Vaier= —— | Im(D)di- V,(1). (1.15)
Caier Jo Caiel

The expression 1.13 gives the discharge current as a function of the waveforms I,, and
V.. When considering Cg;; << Cgje;

; Caircdl’el
Ily=L,-Cp—— when Cp>>——7—
avy CairCaiel '
lg=L;—Cuir—— when C,<<————
dt Cair +Cdiel

This leads to the common determination of the discharge current as the difference be-

tween the measured current and displacement current

Lg =1m —1ais. (I.17)
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Finally, the determination of the energy deposited into plasma is an important param-
eter for the biomedical applications. The determination of the energy also participates
at the electrical characterization of the discharge. The energy deposited into plasma per
pulse is defined as

E:f Vair(0)14(1) dt; (I.18)
0

where V;, is given by Equation 1.14.
When the above electrical parameters can not be determined, the energy is commonly

calculated from the measured waveforms I,,, and V,

E:f V;(t)lm(t)dt:f (Va (DL () = Rul2, (1) dt (1.19)
0 0

Finally, a classic problem in determination of energy arises from very small discharge
currents. In that case, the voltage and current waveforms are nearly indistinguishable
from the corresponding waveforms when no discharge is present. The energy is then

calculated as

Edischarge = Etotal — Eno discharge (1.20)

Without discharge, no conduction current flows, and the energy Ey discharge reflects par-

asitic losses.

1.4.3 Synchronization of voltage and current waveforms

The delay between the current and voltage waveforms has a strong influence on the de-
termination of electrical parameters of discharges. We will determine the delay by using
circuit simulations. We use the FDTD model. The sending voltage is the measured volt-
age for which the reflection is removed. We first compute the applied voltage and then we
synchronize the waveforms considering the synchronization of numerical results.

Figure 1.19(a) shows an exemple of applied voltage computed from incident and re-
flected experimental waveforms by using V,(f) = V;(t - t,) + V(¢ + 1) (&}, is the wave
propagation time). Before computation, the experimental data of voltage are filtered us-
ing one simple moving average filter (with 3 points) to reduce noise. The magnitude of the
applied voltage is slightly larger than the incident pulse magnitude. A parasitic reflexion
is found at the end of the fall time. To implement the calculation, we first computed the
applied voltage from numerical results. Figure I.19(b) compares the applied voltage pulse
directly obtained by simulation and that computed from numerical results. Both pulses

superimpose which shows the accuracy of the applied voltage computation.

In simulation, results of current and voltage waveforms are synchronized. Therefore,
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Figure 1.19: Calculation of the applied voltage V, from the experiments (a) and from the

numerical results (b). 7, the wave propagation time.
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Figure 1.20: Synchronization of applied voltage and current waveforms. Numerical results

(a) and experiments (b).

the measured current is synchronized by matching the first pulse of displacement cur-
rent to that of obtained in simulation. For example, in Figure 1.20(b), the two curves were
synchronized by shifting the measured current curve according to the numerical current
showed in Figure 1.20(a). This method provides a convenient way to synchronize the volt-
age and current waveforms, without and with discharge. The method uses the good ac-

cordance between displacement currents obtained in simulation and experiments.

The determination of the electrical parameters is thus based on the knowledge of the ca-
pacitances, which depend on the exposure device. Some of these values can be estimated
using the classical expression

Co €0€rS

(I.21)
e
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where C is the capacitance of a capacitor made of two electrodes of surface S separated
by a dielectric media of thickness e and relative permittivity €,. The above formula gives
indicative values. Generally, we will adjust the capacitance values with respect to the dis-
placement currents, by using circuit simulation in comparison with measurements. The
capacitances determination will be detailed for each exposure device in their respective
chapters.

[.5 Conclusion

This chapter aimed to present the experimental set-up that is common to both exposure
plasma devices.

We first described the experimental set-up and the performance characteristics of its
components. We detailed the measurement for voltage and current. The current is mea-
sured via a measure resistor in series with the discharge device. In experiments the mea-
sure resistance is the termination of a matched coaxial cable connected to the oscillo-
scope. It ensures a large frequency bandwidth required to measure nanosecond pulsed
discharge current. The experimental set-up stands for a waveguide to apply and measure
the voltage pulse, as well as to measure the current. In addition we provided a study on
voltage pulses reflection. We developed a model of transmission line. Numerical results
showed the efficiency of the circuit matching. Then we proposed an equivalent electrical
circuit that stands to a suitable model for both ns-DBD and ns-SDBD devices. We pre-
sented numerical simulations to study the component of discharge current in the total
measured one. A parametric study on capacitance values contributed to defining exper-
imental conditions suitable for discharge current determination. The developed model
will be used in the numerical treatment of experimental waveforms in the next chap-
ters. Finally, we defined electrical parameters (voltages, currents and energy deposited
per pulse) as a function of the measured waveforms, according to the equivalent circuit.
We also described the method of waveforms synchronization to ensure an accurate delay
determination.
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1.1 Introduction

Dielectric barrier discharges can be realized in filamentary mode or in uniform mode.
Filamentary DBDs are characterized by transient micro-discharges which result in inho-
mogeneous plasma treatment. An advantage of a uniform discharge in surface treatment
applications is the uniform effect on the surface. The most common type of atmospheric
air DBD is filamentary. It is known however that uniformity of DBD plasma could be
improved by shortening the voltage rise time. On the phenomenological point of view,
transition from filamentary to uniform regime can be explained using a simple time-scale
analysis. Filaments develop as fast ionization waves. If the voltage rise time is shorter than
the time needed to bridge the gap discharge develops under high over-voltage conditions.
Uniformity is attributed to the high electric field in front of the ionization wave. The very
high value of the field is responsible for the suppression of the instabilities by saturation
of the ionization coefficient, the fast expansion of the plasma channels and their overlap-
ping, the generation of UV radiation, and the generation of run-away electrons leading
to pre-ionization of the gas (Ayan et al., 2009). Moreover results indicate that ns-DBD
uniformity depends on applied electric field in the discharge gap (Liu et al., 2014). Itis a
threshold phenomenon. Uniform discharges are observed for fields applied to the air gap
from 130 kV/cm to 185 kV/cm. The exposure device presented in this chapter is based on
the work of Fridman et al. (Lin et al., 2015; Lin et al., 2017; Ranieri et al., 2017). The major
difference is the magnitude of the applied voltage pulse that is lower here (29 kV in (Lin
etal., 2017) and 10 kV in our study). The treatment distance is thus shorter in our work.

This chapter aims to present the experimental set-up and the electrical characterization
of the ns-DBD. Section I1.2.1 details the discharge exposure device that is integrated into
the experimental set-up described in the Chapter I (Section 1.2). In exposure conditions,
the discharge develops in the air gap between the dielectric layer and the solution which
is the counter electrode. We will discuss on the difficulty in electrically modeling the so-
lution. Therefore in this chapter we will study the discharge generated between the di-
electric layer and a metallic plane cathode, as a reference case. We will propose an equiv-
alent circuit of the discharge device. The determination of the component values will be
detailed. In Section II.3 we will electrically characterize the discharge. We first perform
an experimental study on the discharge. Then we will determine the electrical parame-
ters of the discharge according to the equivalent circuit. The discharge current, voltage
across the air gap, voltage across the dielectric layer and energy deposited per pulse will
be calculated. We will show that a Rompe-Weizel model, that is commonly used to model
equivalent arc resistance, fits well with the ns-DBD electrical parameters. Finally, we will
carry out a preliminary study on the discharge in the exposure conditions by using the

biological solution as counter electrode.
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II.2 Experimental set-up

II1.2.1 Description

The ns-DBD exposure device is shown in Figure II1.1. The pulse generating, measure-

ments and monitoring are performed as described in Chapter I. For the performed exper-

iments voltage pulses are delivered by the 10 kV generator. The exposure device in series

with the measure resistor is inserted into the waveguide matched by the load impedance

to ensure the propagation of the fast rising voltages pulses and to reduce reflection. The

exposure device is connected to the supply coaxial cable with an HN connector, in parallel

to the waveguide. This connexion length is minimized (around 5 cm) to reduce parasitic

reflections.

connecto

I — (Zc) (Zc) -

’ " toward the generator toward the load
insulation

- N .
outer conductor connector

anode s \ ‘ ¢ connectivity anode
: h .
) glass slide

tungsten wire

tungsten W'll'_e connection

' -
>

biological sample

cathode

outer condugtor
connectivity

toward the oscilloscope

Figure II.1: Picture and schematic of the ns-DBD device with a Petri dish containing an

aqueous solution (side view).

The discharge device is composed of :

a high voltage electrode, the anode, connected to the inner conductor of the HV
supply coaxial cable. The anode is made of a thin metallic film disk of 0.75 cm ra-

dius. The high voltage conductor is enclosed in a dielectric material for insulation.

the anode is covered by disk glass slide as a dielectric barrier. The dielectric layer is
140 pm thick with a radius of 1.5 cm. The radius is greater than the radius of the HV
electrode to assure a complete electrical insulation. We adapted device dimensions
to expose biological sample contained in a standard Petri dish of 3.5 cm diameter.

an air gap with the thickness varying using a micrometric positioning sliding plate.
The reference gap distance is 350 pm.

the cathode, which is made of a square copper plane of 5 cm side. This electrode is
connected to the outer conductor of the set-up via the measure resistance. It should
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be noted that a particular attention was paid at ensuring the continuity of the outer
conductor. Four wires connected in parallel achieve this continuity ; the length of
connection is then minimized.

The Petri dish containing the biological sample is placed on the copper plane. The
Petri dish is filled with a constant volume of solution of 2 ml. The biological so-
lution is a resistive conductor. It can act as the counter electrode, provided that
it is electrically connected to the outer conductor. So a metallic wire immersed at
a medium height connects the biological sample to the metallic copper plate. The
wire is made of tungsten that is a non-oxidizable material and exhibits a low reactiv-
ity towards the biological sample. During plasma exposure, the discharge develops
in the air gap, in between the biological sample surface and the dielectric layer on
the upper side.

During plasma exposure, the surface of the biological solution acts as the counter elec-
trode. The Petri dish, the solution height and the tungsten wire can induce, respectively,
stray capacitances and stray inductance in the electrical circuit. Moreover, the biological
solution as water-based substance medium is a dispersive medium. Such media present a
complex frequency-dependent permittivity €(w) that account for their responses to elec-
tric field. A common dispersive model to approximate the frequency behavior of biologi-
cal media permittivities is the Debye model

€5 — €00 o €5—€xo .[ €s— €0 o

€r(w) =€+ + €5+ -1 0T+ , II.1
r(®) = oo l+ioT iwgy o 14 (w1)? 1+ (w1)? e aL.1)

where €5 and €, are the relative permittivities of the medium in the limit of low frequen-
cies and high frequencies, respectively. o is the conductivity and T is the dielectric re-
laxation time. An electrical conductivity of 1.5 x 1072 S/cm and a relative permittivity of
76 were measured for the biological solution considered, at room temperature and in a
frequency range up to few hundred of MHz (Kenaan et al., 2011). Figure I1.2 illustrates
the behavior of solution’s relative permittivity as a function of the field’s frequency. For
low frequencies, the solution impedance is purely resistive due to the conductivity term.
After 350 MHz, the dielectric component of the solution increases inducing a change in
the solution impedance.

An electrical model of the counter electrode is thus not straightforward when consid-
ering the equivalent impedance of the solution, the Petri dish and the connection. There-
fore we performed the study on the electrical characterization of discharges without Petri
dish. The experimental set-up is same, the cathode is the metallic plane as shown in Fig-
ure I1.3. Electrical measurements obtained in the case of the biological sample will be

analyzed based on results obtained with the metallic plane.
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Figure I1.2: Relative permittivity of water €, = ¢ — ie” as a function of frequency of the
electric field (e, = 78 and o = 1.5 x 1072 S/cm (Kenaan et al., 2011). €, = 1.8 and T =
9.4 x 10712 s (values of water).
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Figure I1.3: Picture and schematic of the ns-DBD device (side view).

I1.2.2 Frequency and time domain characterization

To determine frequency performance of the experimental set-up, we measured the Sy;

reflection coefficient. The real part and the imaginary part of the impedance are com-

puted from the S;; parameter measurement. Results are given for both device configura-

tions (the metallic plane and the biological solution). Figure I1.4 shows a similar behavior

in both cases till 300 MHz. The slight resonances observed in case of the experimental

set-up with metallic plane do not affect its frequency bandwidth. When considering the

biological solution, a resonance appears for each multiple of 175 MHz that leads to a mis-

matching beyond 300 MHz. This resonance is probably caused by the stray capacitances

of the Petri dish containing the solution in series with the stray inductance due to con-

nexion.
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Figure II1.4: Frequency domain measurements. Reflexion coefficient S;; (a) and
impedance (b) of the ns-DBD device with the metallic plane (in straight line) and with
the Petri dish containing the biological sample (in dotted line).

As illustrated Figure 11.4(a), [S11| < —7.5dB for frequencies lower than 300 MHz for the
set-up with the metallic plane. The latter value can be seen as an upper boundary defin-
ing the frequency bandwidth of the devices. When the counter electrode is the solution,
the frequency bandwidth of the experimental set-up is then reduced to 210 MHz. A mod-
ification of its impedance reduces its bandwidth. Figure I1.4(b) shows that for frequencies
lower than 100 MHz the impedance of the set-up with the metallic plane is mainly resis-
tive. As the frequency increases, the real part of the impedance progressively shifts from
50 Q (22 Q at 300 MHz), and the imaginary part increases. This is due to the equivalent
capacitor of the discharge device. For the configuration with the biological solution, the
equivalent capacitance of the discharge device is higher. The impedance mismatch is

then stronger as it occurs for lower frequencies (around 50 MHz).

To complete the set-up characterization, Figure I1.5 shows measurements of typical volt-
age and displacement current pulses obtained for the device with the cathode plane. The
results are the raw measurement data, without numerical treatment or waveforms syn-
chronization. The voltage is supplied by the 10 kV - generator to the ns-DBD device. The
incident and reflected pulses are measured via the tap-off. The displacement current is
measured via the measure resistor. The first current pulse rises in around 2.9 ns to 17.2 A.
The incident pulse has a maximal magnitude of 7.56 kV, a full width at half magnitude
(FWHM) of 13.6 ns and a rise time of 4.4 ns. The line is 5.18 m long between the tap-off
and the discharge device, so the reflection is measured 51.8 ns after the incident pulse.
This defines the propagation time #, = 25.9 ns. The line length is sufficient to distinguish
reflected and incident pulses. As discussed Section 1.3.2, two pulses compose the reflec-
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tion V,. Their shape is not symmetric because of the incident pulse shape. A weak para-
sitic reflexion, probably due to the load impedance, adds 3 ns after V,. Then, no voltage
reflection is measurable. Less than 5 % of the incident pulse energy is reflected toward the
generator. Results show the efficient matching of the device by the load impedance in the
frequency bandwidth considered (up to 300 MHz).
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Figure II.5: Time domain measurements with the metallic plane. Incident and reflected
pulses (a) and displacement current (b).
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Figure I1.6: Time domain measurements of the exposure device (with the Petri dish con-

taining the biological sample). Incident and reflected pulses (a) and displacement current
(b).

Figure I1.6 shows the measurements obtained for the exposure device. The shape of
displacement currents is similar to the waveforms obtained with a metallic cathode. One
can observe oscillations in the displacement current. These oscillations correspond to
the circuit resonance at 250 MHz (see in Figure 11.4(b)).
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I1.2.3 Equivalent electrical circuit

To determine the electrical parameters of ns-DBDs, an equivalent model of the exposure
device has to be assessed. Each element of the experimental device set-up is associated
to an electrical component. In this way we arrive at the equivalent circuit of the ns-DBD
device shown in Figure II.7, in which the cathode is the metallic plane. This equivalent

circuit is the same as the one proposed in Figure 1.12, the details are as follows :

e the impedance due to the matched load, Z; =Z, =50 Q, at the device location.

¢ the equivalent capacitor of the dielectric barrier, C;,;.
The dielectric layer is made of a 140 um thick glass slide. The relative permittivity
€, = 7. A first approximation of the capacitance can be given using C = g€, S/e.
S is the anode surface of radius 0.75 cm. The capacitance Cg;,; is then estimated
around 80 pF. Material and thickness of the dielectric layer were chosen to obtain a
large value of Cg;.;, as discussed in Section 1.4.1. This ensures to apply the voltage
mainly to the air gap.

e the capacitance of the air gap, C;;.
For a 350 um gap distance, C,;, = 4.5 pF by using the latter formula.

* the stray capacitance C, that naturally exits in between the two electrodes.
This capacitance can not be estimated using the latter formula, nor measured. Its

value has to be estimated by using simulation.
e R, that models the plasma resistance.
e the impedance due to the measure resistor, R, = Z, = 50 Q, at the device location.

e the stray inductance, L, due to wire connections. The large metallic plate (the cath-
ode) in series with wires also induces stray inductance.
As a first approximation, the stray inductance only due to outer conductor connec-

tivity is around 25 nH for a 2.5 cm connection length.

The above values of lumped elements are indicative. These values should be adjusted

by numerical simulations to model the exposure device.

[1.2.4 Determination of circuit element values

We perform circuit simulations to validate the equivalent circuit of the ns-DBD device as
well as to optimize the values of elements. We use the FDTD model presented in Sec-
tion 1.3.2. The electrical termination of the line is the proposed equivalent circuit of ns-
DBD device. The line is 5.18 m long. The sending voltage is an experimental incident

waveform, i.e. a measured voltage for which the reflection is removed.
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Figure I1.7: Equivalent lumped elements of the exposure device/Equivalent circuit of the

electrical termination.

Figure I1.8 shows a set of numerical and experimental results of voltages and displacement
current pulses. Experimental incident voltages have a magnitude of 5.8 kV and 7.56 kV.
Numerical results are given for the set of optimized values presented in Table II.1. These
values are determined by matching reflected pulses and displacement current to the ex-
perimental ones. A good agreement, in shape and magnitude, is obtained. The main
difference is the magnitude of the second current pulse that is always over estimated by

simulation. We focused on the accordance of the first current pulses.

Cair PF)  Cgier (pF) Cp (pF) L (nH)
6.2 80 1.5 45

Table I1.1: Elements circuit values for the ns-DBD device with the cathode metallic plane.

In addition to the circuit simulation, we calculated the equivalent impedance of the
device for the set of given values. Figure I1.9 compares theoretical and experimental re-
sults (also shown in Figure I1.4). Results are in good agreement in the considered band-
width frequency (up to 300 MHz). Beyond 450 MHz results behavior differs.

Finally, in the proposed equivalent circuit, the stray inductance is the only element
that differs from classical electrical modeling of DBD at lower frequency. To analyse the
role of this element, Figure I1.10 compares the above results to results obtained without
stray inductance. The capacitances are not changed. Shapes and magnitude of current
pulses differ, in particular the first one, and the oscillations after the two pulses are not
modeled. In the frequency domain, the equivalent impedances only agree at low fre-
quency (up to 100 MHz). The stray inductance is of particular relevance to model the
ns-DBD device up to 300 MHz.



Chapter II. ns-DBD exposure device 44

15

10}

Voltage (kV)
© —~ N WA U ®

Displacement current I 3; (A)

||| _1||
75 100 125 150 050 75 100 125

Time (ns) Time (ns)

1
—_—

)
W
al
=3

Figure I1.8: Voltage pulses (a) and corresponding displacement current pulses (b). Mea-
surements represented by a solid line and numerical results by a dotted line.

60
50 —

40
301
20} ) \
10
o |- Imaginary
10f

201 \

300
10 100 1000

Frequency (MHz)

Impedance (Q)
/
N

Figure I1.9: Equivalent impedance of the device with the cathode metallic plane. Mea-

surements represented by a solid line and numerical results by a dotted line.

To conclude, numerical results of voltage and displacement current pulses agree well
with measurements for different voltage magnitudes. In the frequency domain, the equiv-
alent impedance agrees well with experimental results in the considered bandwidth fre-
quency. The good agreement validates the proposed equivalent circuit including the HF
effect of connection via a stray inductance to model the ns-DBD device. This validation
represents the first step in the determination of discharge electrical parameters. The val-
ues of elements (Table II.1) will be used in the following.
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Figure 11.10: Displacement current pulses (for a 7.58 kV voltage pulse) (a) and device
impedance (b) without the stray inductance in the equivalent circuit. Measurements rep-
resented by a solid line and numerical results by a dotted line.

II.3 Electrical characterization of the discharge

We study the discharge with single-shot recorded. The discharge is not sensitive to the
pulse repetition rate in the considered frequency range (up to 100 Hz). In Section I1.3.1,
we study the influence of electric field applied to the air gap by varying the applied volt-
age and the air gap distance. We first perform a statistical study on discharge time lag.
Then we present the characteristics of the measured current pulses for a reference gap
distance (350 um). In Section I1.3.2 we determine the electrical parameters of the dis-
charge, as described in Section 1.4.2. According to the equivalent electrical model, the
discharge current, voltage across the air gap, voltage across the dielectric layer and en-
ergy deposited per pulse are calculated. In Section I1.3.3 we show that a Rompe-Weizel
model, that is commonly used to model equivalent arc resistance, fits with results com-
puted from experiments. Finally, in Section I1.3.4 we carry out a preliminary study on the
influence of the Petri dish on the discharge.

II.3.1 Statistical study and current measurements

For the performed experiments the voltage pulses were delivered by the 10kV-generator.
Pulses with different amplitudes were applied, from 4.67 kV to 10.45 kV. Their rise times
are slightly dependent on the amplitude of the pulse, from 4.9 ns down to 4.4 ns. The
FWHM is quite constant 13.8 — 13.9 ns. The air gap distances are 300 um, 350 pm and
400 pm. We do not observe discharge for distances higher than e = 400 pm.

To characterize the ns-DBD, we first performed a statistical study of the discharge. It is

commonly observed that the discharge breakdown is always preceded by a waiting pe-
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riod of time, namely the time lag to discharge ignition 1. This time lag is the sum of the
statistical time lag T and the formative time lag 7. The statistical time lag T is the period
of time between the instant of application of the electrical field and a sufficient genera-
tion of free electrons to lead to discharge ignition. The rate of production of free electrons
naturally produced in the atmosphere is quite small, in the order of 103 cm ™3 s7! (in nor-
mal circumstances). There is thus a small probability that free electrons are present in
the gap during the voltage pulse. The most likely source of free electrons is secondary
emission at the cathode surface. Once liberated, initiatory electrons start the multiplica-
tion avalanche leading to a discharge. This period of time is called the formative time-lag
7. It depends on the gas, the cathode material and the applied electrical field. In exper-
iments the measured time lag is T = 15 + T7. Note that a large number of initiatory elec-
trons associated with a large over-voltage ensures a reliable discharge initiation whatever

the discharge process considered.

Figure I1.11 shows examples of results of the number of discharge occurrences as a
function of the time lag. By convention, time ¢ = 0 ns is defined as the time when the
rising edge of the voltage pulse reaches 50% of its maximum value. The duration time of
the voltage pulse is divided into regular periods of time. If a discharge occurs during the
pulse rise the bar chart is colored in blue and in green if the period corresponds to the fall
time. The probability density function is the skew-normal distribution with parameter o

() =2bx)P(ax),

1 2

P ="T5me (11.2)
cp(x)—fx o) dit = = 1+erf(i)]
) 2 N

This distribution is a continuous probability distribution that generalizes the normal dis-
tribution for non-zero skewness. Indeed, statistical time lags are usually determined by
using voltage pulses with fast rise time and long time duration. The duration of the pulse
is here very short, around 13.8 ns. The skewness of the probability density function ob-
served for the highest values of the time lags is due to the limited pulse duration. There-
fore the selected statistical time lag 1 at a given distance and incident voltage is taken as
the mode of the arbitrary probability density function, not the mean. Table I1.2 summa-
rizes the results.

The time lag to discharge ignition increases as the incident voltage amplitude de-
creases for all gap distances. For e = 300 um time lags are inferior to 3 ns. However the
time lags less than 2 ns are associated with discharges occurring during the rise time of
the voltage pulse (Figure I1.11(a)). It is then difficult to conclude about a dependance on

the maximum voltage. For the larger distances, distributions are similar. The time lags are
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Figure II.11: Number of discharge occurrences N as a function of the time lag. e = 300 pm
andV =6.4kV (a),e=350 pmandV =9.7kV (b), e =350 umand V = 8.5kV (c), e = 400 pm
andV=10.6kV (d), e=400 pm and V = 9.6 kV (e). a is the skewness factor determined by
fitting.

close to 4 ns at high voltage (see in Figures I11.11(b),(d)) and close to 9 ns at low voltage (see
in Figure I1.11(e)). In between, a transition appears in the time lag : the discharge time lag
is randomly distributed over the duration of the voltage pulse between 4 ns and 10 ns, as
shown in Figure I1.11(c).

Figure I1.12 shows the measured current for incident voltage pulses in the range 6.37 —
9.83 kV. The air gap distance is 350 um. The lowest voltage is the inception voltage.
To illustrate the time lag variation, the current pulses are synchronized on the displace-
ment currents. The figure also shows an incident voltage shifted of —7,. In between 8.5
and 9 kV, the measured current randomly distributed over the presented waveforms. The
maximal amplitudes of the current gradually increases with the voltage amplitude, from
42.2 A to 76.8 A. Whatever the incident voltage amplitude, the shape of the measured
current pulses is the same. The rise time of pulses is 600 ps. Currents exhibit a step in

the tree-quarters of their rises. After reaching their maximum, the current pulses start to
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e =300 um e =350 um e =400 um
V (kV) T(ns) V (kV) T (ns) V (kV) T (ns)

8.5 1 9.8 4.1 10.6 4

7.7 1.2 9.7 3 10 8.5
7 1.2 9.4 3.9 9.1 10

6.4 2 9 4.1 9.6 11

5.7 2.5 8.9 8.7

4.7 3 8.3 8.5

Table I1.2: Time lag as a function of the incident voltage pulse for the 3 considered air gap

distances.

decrease, with a hump after the current peak. The current decreases up to the end of the
voltage plateau. As the voltage pulse ends, the current falls up to reach a negative value.
The FWHM of the current pulses then depends on the time lag. The duration is around
5.1 ns for short time lags and 6.5 ns otherwise. A current is still measured several tens
of nanoseconds after the maximum current instant. The characteristics of the measured
current are not sensitive to the applied field. The changes in the discharge time-lag can be

explained by different electron emission processes at high field that reduce the statistical

time lag.
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Figure 11.12: Current pulses measured for incident voltage pulses of amplitude in the
range 6.37 —9.83 kV. The air gap distance is 350 pum.

Figure I1.13 shows pictures of the discharge. It can be seen that discharge occupies the
entire gap region. The luminosity appears to be diffuse. Note that the uniformity of the
discharge cannot be discussed because of the long exposure time.
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Figure I1.13: Pictures of the ns-DBD. The exposure time is 4 seconds. The incident voltage
amplitude is 10 kV for a 400 pum air gap distance, and the repetition rate frequency is 10
Hz.

II.3.2 Electrical parameters of the ns-DBD

In this section, we present one example of a typical result using the discharge electrical
parameters.

Figures I1.14(a),(b) show typical waveforms of voltage and current pulses measured. The
results are the raw measurement data. The incident voltage pulse has arise time of 4.4 ns,
a maximum amplitude of 9 kV, and a FWHM of 13.6 ns. The applied voltage calculated
from the incident and reflected pulses is shown in Figure I1.14(c). The applied pulse rise
is similar to the incident one. Then the applied voltage drops of 1.5 kV, because of the
reflection due to the discharge. Parasitic reflections induce a plateau in the latter third of
the pulse fall.

The measured current and the applied voltage are synchronized in Figure I1.14(d). The
synchronization was performed according to the method described in Section 1.4.3. By
convention, time ¢ = 0 ns is defined as the beginning of voltage recording. The measured
current is synchronized by matching the first pulse of displacement current to that of ob-
tained in simulation. The two curves were synchronized by shifting the measured current
curve by —24 ns, according to the numerical current. The experimental delay between the
voltage and current pulses is thus 24 ns. The method uses the good accordance between
displacement currents obtained in simulation and experiments (as shown in Figure I1.8).
The synchronization accuracy is thus estimated at +0.1 ns for the 10 GS/s oscilloscope.
The current pulse starts to rise as the voltage has reached its maximum. The current pulse
rises in 600 ps to a maximum of 66.5 A. In the same time the applied voltage drops. The
current presents a step at the three-quarter of the pulse (see in Figure 11.14(b)). Then the
current pulse starts to decrease, with a hump after the current peak. As the voltage pulse
ends, the current falls down to —21.5 A. The FWHM of the current pulse is 6.5 ns. Finally
the current increases (up to 0 A) during 50 ns. A current is still measured after the applied
voltage pulse ending.

In Section I.4.2 we defined the electrical parameters of the ns-DBD according to the equiv-
alent circuit proposed in Figure I1.7. The electrical parameters are then calculated from

the measured current and the applied voltage. It should be noted that for the computa-
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Figure I1.14: Measurements with discharge. Incident and reflected voltage pulses and
current pulse (a) and (b), calculation of the applied voltage V, (c) and waveforms syn-

chronization (d).

tion the experimental data of the current and the applied voltage were filtered using one
simple moving average filter (with 5 points).
Figure I1.15 shows the discharge current that is computed from Equation (I.13)

Cai CpCair dV'
Ig=(1+ =20, — (Cp + Cpir + D) —2,
Caiel Caier = dt

dl
V;:Va—RmIm—Ld—’t”

The oscillations in the discharge current are due to the circuit resonance between 1 and
2 GHz (see in Figure 11.4). The rise of the discharge current pulse is very different from
the measured one. The discharge current starts 0.6 ns before the measured current and
exhibits a peak. The peak decreasing corresponds to the step in the leading edge of the
measured current pulse. After the peak, the shape of both currents are similar, the dis-
charge current amplitude (on average) is slightly larger than that of the measured one.
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Figure I1.15: Electrical parameters of ns-DBD. Applied voltage, measured current and dis-

charge current computed from measurements.
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Figure I1.16: Electrical parameters of ns-DBD. Applied voltage, voltages across the air gap
and the dielectric layer and discharge current (a). Measured current, discharge current
and current through the air capacitance (b).

The voltages across the air gap and the dielectric layer, and the current through the air
capacitance are shown in Figure I1.16(a). These parameters are computed from measure-
ments using Equations (I.14) and (I.15) respectively. Figure I11.16(b) presents the current
through the air gap capacitance, 1,;-, computed with Equation (I.12). The measured cur-
rent is the sum of the discharge current and the current flowing the air capacitance (when

considering C, as negligible).



Chapter II. ns-DBD exposure device 52

As Cgje; >> Cuir, more than 90 % of the voltage is applied to the air gap. When the dis-
charge ignites, C,;, discharges in the discharge resistor. V,;, suddenly drops of 75 % and
I,4ir falls. The peak of the discharge current is thus the current due to the sudden dis-
charge of C,;,. The peak of the discharge current rises in 0.4 ns, for a maximum ampli-
tude 0of 94.8 A and a FWHM of 0.7 ns. These characteristics depend on the numerical filter
applied to the experimental data, even for a weak filtering. As well the discharge current
calculation is based on numerical derivation (of applied voltage and measured current).
Moreover the frequency bandwidth of the peak is around 1 GHz, which is out of the equiv-

alent circuit bandwidth (300 MHz). Therefore, these values are only indicative.

As soon as the discharge is ignited, C,;, is in parallel with the equivalent discharge resis-

1200 10

= 1 = 2000
= 1000 = g _
< 1300 < 1500
= ] . g 6 ] —
L ) o —_
5 1600 2 5 A 10002
S 005 = lso0 &
- 200 ) 2 ] 3
()] i D]
g 10 g o0 0
G G -
> 1 1 1 1 1 1 1 _200 > _2 1 1 1 1 1 1 1 -500

60 70 80 90 100110120130140 60 70 80 90 100110120130140

Time (ns) Time (ns)

Figure I1.17: Electrical parameters of ns-DBD. Energy deposited into the plasma per pulse.
Result obtained by using Equation (I.18) (a) and Equation (1.19) (b).

tance that is of very low value. The discharge current charges C;;.; and V;,; increases.
V.ir thus decreases, following Vi = V;,— V.1, S0 the discharge current decreases. When
the applied voltage starts to fall, V,;, and thus the discharge current falls. Cg;;,; keeps
charging until the discharge current reaches 0A, 9.4 ns after the discharge ignition. At
this instant the charge deposited on the dielectric layer is maximum, ¢,4x = 15 mC. The
corresponding surface charge density is 0 = 8.5 mC/cm? when considering a uniform
discharge (the discharge occupies a cylindrical volume of section equal to the anode sur-
face). The density of surface charge is large, the sign of electric field applied to the gap
thus reverses. The discharge current then becomes negative. A discharge current is still
flowing in the plasma resistor after the applied voltage pulse ending. Indeed a voltage is
still applied to the air gap as long as Cg;;,; discharges. This capacitance discharges in the
measure resistance. As well, the surface charge driven in a remaining plasma channel can
contribute to the discharge of C;;.;, on the considered time scale.
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To complete the electrical characterization of the ns-DBD, the energy as a function of
time is shown in Figure 11.17(a). The instantaneous power applied to the plasma is ob-
tained by multiplying the voltage applied to the air gap and the discharge current wave-
forms. The power waveform is then integrated in time over the total current duration to
yield the energy deposited by the pulse into the plasma. The energy rapidly increases dur-
ing the current pulse duration (i.e., the FWHM). From that moment on the energy slowly
increases until the current reaches 0 A. The energy due to the discharge current peak is
around 290 pJ. When considering that the peak amplitude is estimated at +50 % and the
final energy at 1.15 +0.15 m]J.

Figure 11.17(b) compares the energy deposited par pulse computed from the measured
waveforms V, and I, (Equation 1.19). In that case, the variation of the energy over the

time is not described but the total energy is close to the reference one, around 1.17 m].
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Figure 11.18: Electrical parameters of ns-DBD. Applied voltage, voltages across the air gap
and the dielectric layer, discharge current and measured current for a 6.37 kV - voltage
pulse (a) and for a 9.83 kV - voltage pulse (b).

The above electrical parameters were calculated for discharges obtained when apply-
ing voltages of 6.37 kV (i.e. the inception voltage) and 9.83 kV. Results are shown in Fig-
ures I1.18 and I1.19. The applied electric fields to the air gap are 170 kV/cm and 260 kV/cm,
respectively. Except for the characteristics depending on the applied voltage amplitude
(magnitudes and time lags), the behavior of the electrical parameters is identical to the
reference case. The main difference between results is the constant time in the decreas-
ing phase of the voltage across the dielectric layer. This time constant decreases with an
increase in the applied voltage. C;;.; not only discharges in the 50 2 measure resistance,
but also in the equivalent resistance of a remaining plasma channel. This equivalent resis-

tance decreases with an increase in the applied voltage. The energy deposited into plasma
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Figure I1.19: Electrical parameters of ns-DBD. Energy deposited into the plasma per pulse
for a 6.37 kV - voltage pulse (a) and for a 9.83 kV - voltage pulse (b).

per pulse is around 0.58 + 0.07 mJ and 1.3 + 0.16 m]J, respectively.

The behavior of electrical parameters (discharge current, voltages across the air gap
and the dielectric layer, and energy) are not sensitive to field applied to the air gap in the
considered range (170 — 260 kV/cm). Based on the similarity in results, we can consider
that a same discharge regime is obtained in the considered conditions. According to (Liu
et al., 2014) the ns-DBD obtained in similar conditions is uniform for field applied to the
gap in the range 140 — 190 kV/cm.

II.3.3 Circuit simulations with a Rompe-Weizel model

The above results of the ns-DBD electrical parameters are similar to the numerical re-
sults obtained in Section 1.4.1. The main difference is the peak in the discharge current.
The numerical results were obtained using a very simplified model of discharge. The
discharge was modeled by an interruptor and a resistor R;(#) in series. The value and
the variation in time of the resistance were arbitrarily chosen. To further investigate the
electrical behavior of the discharge, we perform here similar circuit simulations using a
Rompe-Weizel model to model the discharge. The line is ending by the given equivalent
circuit with elements values of Table II.1 and the sending voltage is the experimental in-
cident voltage.

The Rompe-Weizel model is a current controlled resistance to model arc developing in
air between metallic electrodes. The resistance is calculated at each time step but only
the ignition time is chosen. (Jobava et al., 2000) found that a Rompe-Weizel model can
model the arc resistance of electrostatic discharges. If a voltage pulse of 5 kV is applied to
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an inter-electrode system of 323 um spacing, the measured current pulse is characterized
by an amplitude of 75 A, a rise time of 136 ps and a duration of around 5 ns. The pulse
shape is very similar to the one obtained in our study. Therefore we propose a Rompe-
Weizel model to take into account the discharge in electrical circuit simulations. The arc

resistance as a function of time is given by:

2e
R, (t) = +R, (IL.3)

V2ar [y har

where 2e is the length of the discharge and its image, 1;() is the discharge current and ar
a parameter derived from basic ionization processes. The Rompe-Weizel model implies
a constant electric field along the discharge channel. The model is here completed by
adding a resistance R in series to model a DBD.
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Figure I1.20: Measured current obtained in experiments (solid line), in simulations (dot-
ted line) and the discharge resistance modeled by the Rompe-Weizel model.

Figure I1.20 shows the discharge resistance, the experimental measured current and
the calculated current obtained by simulation. We choose the ignition time of discharge
compared to the experimental result. The measured current significantly increases after
a time delay which is a function of the ag parameter. The pulse characteristics depend
on ag and R. In our conditions, ag = 3 x 10~* m?/V?s and R = 28 Q give a good agreement
with experiments. Figure I1.21 compares the electrical parameters of discharge obtained
in simulation to those computed from experiments. These results are in accordance. The
shape of the discharge current is similar including the peak. The rapid variation in time of
Ry (inless than 1 ns) driven by the Rompe-Weizel model gives satisfactory results to model

electrical parameters of the ns-DBD. The main difference between results appears during
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the last stage. The decrease in the voltage across the dielectric layer is a little quicker with
the Rompe-Weizel model. Nevertheless we can estimate the equivalent resistance of the

remaining plasma channel at around 32 Q.

@
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Figure I1.21: Electrical parameters of discharge. Circuit simulations (a) and results ob-

tained from experiments (b).

It should be noted that results obtained with the Rompe-Weizel model are in accor-
dance with experiments for the considered range of applied voltages, namely 6.37-9.8 kV
(results not shown). This is especially the case for voltages superior to 8 kV. R was in the
range 30 —22 Q. In all cases, ag = 3 x 10~* m?2/V2s which is in accordance with (Jobava

et al., 2000) for a similar applied field range.

I1.3.4 Influence of the exposure conditions

In the previous sections, we established the electrical characterization of the ns-DBD dis-
charge with a cathode - metallic plane. The purpose of this section is to study the influ-
ence of the Petri dish in the exposure conditions. The experimental set-up is the same.
The biological solution is the counter electrode as presented in Section I1.2.1.

We first performed a statistical study of the discharge time lag. For the experiments volt-
age pulses are delivered by the 10 kV generator. Under these conditions, discharges occur
for gap distances from 650 pm to 1.5 mm. For shorter distances, a wave on the solution
forms and brings the dielectric layer in contact with the solution. The visual aspect of the
discharge is similar to that presented in Figure II.13 by using a metallic cathode.

We present the results obtained with the 650 pm gap distance. Discharges occur for a
voltage amplitude around 8 kV. Figure 11.22 shows the number of discharge occurences
as a function of the time lag. The time lag decreases in an uniform way from 8 ns to 5 ns

with an incremental increase in the voltage. We did not observe a transition in discharge
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time-lags as for the case of the metallic cathode. The secondary emission at the cathode
surface, that depends on the cathode material, governs the discharge initiation.
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Figure I1.22: Number of discharge occurrences N as a function of the time lag. The air gap
distance is 650 pm. V. =8.9kV (a) and V = 10.1 kV (b).
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Figure 11.23: Current pulses measured for incident voltage pulses of amplitude in the
range 8.9 —-10.1 kV.

Figure I1.23 shows the measured current for three amplitudes of incident voltage pulses,
namely 8.9 kV, 9.4 kV and 10.1 kV. The current pulses are synchronized on the displace-
ment currents to illustrate the time lag. An incident voltage which is shifted of -7, is also
showed. The maximal amplitudes of the measured current are 22.4 A, 30.1 A and 38.4 A
respectively. The amplitude has almost doubled for an increase in the incident voltage
of only 1.2 kV. The shape of the measured current pulses is similar whatever the incident
voltage amplitude. Current waveforms exhibit a step in the leading edge of the pulse (in

the tree-quarters of their rises). The rise time up to the step is 0.6 ns, that is similar to
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the rise time measured with a metallic plane. After rising the current waveform forms a
plateau. For the highest voltage, the plateau is formed of two successive maxima. As the
voltage pulse ends, the current falls down to reach a negative value. The FWHM of the
current pulses then depends on the time lag. The duration is around 5.7 ns for short time
lags and 8 ns otherwise. A current is still measured several tens of nanoseconds after the
maximum current instant.The rise and fall characteristics of the pulse are similar to those
observed with the metallic cathode. The step in the leading edge of the pulse is more pro-

nounced. The main difference is the plateau at maximum amplitude.
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Figure I1.24: Applied voltage, measured current and energy for a 8.9 kV voltage pulse (a)
and for a 10.1 kV voltage pulse (b).

To further investigate the exposure conditions, we calculated the energy deposited
per pulse. We calculated the energy from the experimental waveforms V, and I,,, by using
Equation (I.19). Figure I1.24 shows the results for two different voltages. The current and
voltage waveforms were synchronized by shifting the measured current curve by —20 ns.
The energy is around 0.71 m] for a 8.9 kV incident voltage and 1.43 m] for a 10.1 kV inci-
dent voltage. The energy depends on the voltage and current amplitudes. It also depends
on the FWHM of the current pulse that is based on the discharge time-lag. In the given
exposure conditions, the measured currents are repeatable in time-lag, amplitude and
shape of the waveforms. The energy deposited per pulse is thus reproducible at a given
applied electric field, as shown in Figure 11.25. The values are consistent with that used in
[Lin2015] (i.e. 0.9 m]J/pulse) for tumor cell killing by uniform ns-DBD plasma treatment.
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Figure I1.25: Energy per pulse as a function of the applied electric field. The air gap dis-
tance is 650 pm.

1.4 Conclusion

In this chapter we described the experimental set-up of the ns-DBD exposure device. We
discussed on the difficulty in electrically modeling the solution. Therefore we studied
the ns-DBD device with a metallic cathode as a reference case. We proposed an equiva-
lent circuit of the discharge device. A good agreement between experiments and simula-
tions was found in the time domain, as well as in the frequency domain in the considered
bandwidth (up to 300 MHz). Then we performed an electrical characterization of the
discharge. We first performed a statistical study on the discharge. Subsequently we de-
termined the electrical parameters of the discharge according to the equivalent electrical
model. We calculated the discharge current, voltage across the air gap, voltage across the
dielectric layer and energy deposited per pulse. We showed that the behavior of electri-
cal parameters (discharge current, voltages across the air gap and the dielectric layer, and
energy) are not sensitive to field applied to the air gap in the considered range. When a
discharge ignites, the air capacitance suddenly discharges that leads to a peak in the dis-
charge current. The discharge pulses ends as the applied voltage decreases. The current
then falls to a negative value depending on the surface charge density on the dielectric
layer. The surface charges are then driven in the remaining plasma channel. This leads
to the presence of a discharge current in the circuit after the voltage pulse ends. We also
showed that a Rompe-Weizel model, that is commonly used to model equivalent arc re-
sistance, fits well with the ns-DBD electrical parameters. Finally, we carried out a pre-

liminary study of the discharge in the exposure conditions. The measured currents are
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repeatable in terms of time-lag, amplitude and shape of the waveforms. The energy de-
posited per pulse is thus reproducible that is a key feature for the solution exposure. To
further investigate the ns-DBD in the exposure conditions, it would be interesting to de-

termine an equivalent electrical model of the solution.
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III.1 Introduction

In this chapter, we present a ns-SDBD device for plasma treatment of biological medium.
Common applications of ns-SDBDs are plasma-based flight control (Starikovskii et al.,
2009; Takashima et al., 2011b; Bayoda et al., 2015; Moreau et al., 2016) and plasma com-
bustion (Stepanyan et al., 2014; Nudnova et al., 2015). In this context the work of (Soloviev
et al,, 2017) can be considered relevant for our application. Ns-SDBDs were initiated by
a high-voltage pulse of negative polarity, with a 20 ns FWHM, 2.5 ns rise front and 24kV
of amplitude (48 kV applied voltage). The authors showed that the discharge starts at the
edge of the HV electrode and propagates along the surface of the dielectric layer. Numer-
ical simulation and experiments agreed in demonstrating that the discharge propagates
as two successive ionization fronts. One develops during the rise time of the voltage pulse
and contributes to charge the dielectric surface. The main energy deposition into the gas
occurs at the stage of the leading edge and during the plateau. At the trailing edge, the
discharge evolves as a streamer propagating above the dielectric surface. The height of
the discharge is about 40 pm.

During plasma exposure, the biological sample faces the discharge device. By contrast to
the DBD configuration, the discharge is not in direct contact with the surface of the solu-
tion. Ns-SDBD are known for inducing high values of electric field, up to 250 kV/cm (Shcherbanev,
2017). Under these conditions, a significant fraction of energy deposited into the dis-
charge goes to electronic excitation of atoms, molecules and dissociation of molecules by
direct electron impact. As a result, active species are efficiently generated. On the other
hand, in ns-SDBD plasma actuators, compression waves in quiescent air are generated
by fast localized heating during the nanosecond pulse (Starikovskii et al., 2009). Both first
and second stroke of a single voltage pulse produce a current peak. It was then demon-
strated in (Benard et al., 2012) that each of the peaks leads to the production of a pressure
wave propagating in the surrounding medium. The results also indicate that the intensity
of the pressure wave can be changed by the amplitude of applied pulse, by the rise time of
the leading edge or by the period of HV pulses. This compression wave formation could
strengthen the influence of long life active species on the biological sample.

Section II1.2 details the exposure device that is integrated into the experimental set-up
described in the Chapter I (Section 1.2). We will propose an equivalent circuit of the expo-
sure device. The determination of the component values will be detailed. In Section I11.3
we will electrically characterize the discharge. As a reference case we will study the dis-
charge generated by voltage pulses delivered by the 10 kV generator, without a Petri dish.
Finally, we will carry out a preliminary study on the discharge in the exposure conditions

in Section I11.4. Some preliminary biological results will also be presented.
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II.2 Experimental setup

III.2.1 Description

The ns-SDBD exposure device is shown in Figure III.1. The pulse generating, measure-
ments and monitoring are performed as described in Chapter I. For experiments voltage
pulses are delivered by the 10 kV generator. The exposure device in series with the mea-
sure resistor is inserted into the waveguide matched by the load impedance to ensure the
propagation of the fast rising voltages pulses and to reduce reflection. The exposure de-
vice is connected to the supply coaxial cable with a HN connector, in parallel to the waveg-
uide. This connexion length is minimized (around 5 cm) to reduce parasitic reflections.
The exposure device is very similar to the DBD exposure device previously described. It
consists in an HV electrode system separated by a dielectric layer. The active electrode
as well as the biological solution are grounded for safe exposure. The dimensions of the
device are adjusted to the Petri dish diameter.

(Z(,) - "

toward the load

I — (ZC)

, ),;!\ ~

toward the generator

<— connector
anode

outer conductor
connectivity

epoxy slide

tungsten wire
connection

——— toward the oscilloscope

(Ze)

cathode biological sample

Figure III.1: Picture and schematic of the ns-DBD device with a Petri dish containing a
biological sample (side view).

The discharge device is composed of :

* a high voltage electrode, the anode, connected to the inner conductor of the HV
supply coaxial cable. The anode is made of a thin copper film in the form of a disk
(66 pm thick) with a 0.75 cm radius. The high voltage conductor is enclosed in a

dielectric material for insulation.

* the anode is covered by disk shaped epoxy plate as a dielectric barrier. The relative
permittivity is 4.3. The dielectric layer is 1.6 mm thick with a radius of 1.5 cm. The
radius is greater than the radius of the HV electrode to insure a complete electrical
insulation. We adapted device dimensions to expose biological sample contained
in a standard Petri dish of 1.75 cm radius.
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 the cathode, which is a copper ring of 1 cm diameter and 66 um thickness. Fig-
ure III.1 shows the electrode shape (in grey) on the dielectric disk (in blue). The
cathode is connected to the outer conductor of the set-up via the measure resistor.

The length of connection is minimized.

* the distance between the Petri dish and the discharge device can be varied by using
a micrometric positioning sliding plate.

The Petri dish containing the biological sample is placed on the copper plane. The
Petri dish is filled with a 2 ml constant volume of solution. The biological solution is a
resistive conductor. It is connected to the outer conductor by a metallic wire immersed
in the biological sample. By contrast to the DBD configuartion, the solution is not an
electrode. Discharges develop at the surface of the dielectric layer in the vicinity of the

cathode (at the inside and outside of the ring), with or without a Petri dish.

III.2.2 Frequency characterization

The S;; reflection coefficient was measured in order to determine the frequency perfor-
mance of the experimental set-up. The real part and the imaginary part of the impedance
are computed from the S;; parameter measurement. Results in Figure III.2 are given in
two configurations : the device is in a free space and the device faces the Petri dish far
from 500 pm (distance from the cathode).

A satisfactory matching corresponding to a S;; lower than —3 dB is achieved in both con-
figurations in the considered bandwidth, i.e. up to 300 MHz. A complete mismatch is ob-
served at 500 MHz without the Petri dish. This mismatch is less pronounced if the device
faces the Petri dish. Then the S;; magnitude decreases from this frequency up to 1GHz in
both configurations.The equivalent impedance shows a similar behavior for both config-
urations up to 300 MHz. The real part of the impedance is 50 Q at low frequency whereas
the imaginary part is very weak up to 100 MHz. Then the real part decreases because of
the equivalent capacitance of the device. The imaginary part increases at the same time
because of the parallel resonances observed beyond. A huge parallel resonance is marked
at 450 MHz without the Petri dish, that causes the mismatch observed in the S;; parame-
ter. This resonance corresponds to an electromagnetic mode of the exposure device. With
the Petri dish, this resonance is weaker and appears at higher frequency (800 MHz). This
can be due to the electrical losses to the biological solution. A serial resonance precedes
each parallel resonance at 230 MHz with Petri dish and at 200 MHz without.

II1.2.3 Equivalent electrical circuit

To determine the electrical parameters of ns-SDBDs, an equivalent model of the exposure

device is determined. Each element of the experimental device set-up is associated with
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Figure III.2: Frequency domain measurements. Reflexion coefficient S;; (a) and
impedance (b) of the ns-SDBD without a Petri dish (in straight line) and with the Petri
dish containing the biological sample (in dotted line).

an electrical component as seen in Figure II1.3 :

the impedance due to the matched load, Z;, = Z. = 50 Q, at the device location,

* the equivalent capacitor of the dielectric barrier between the anode and the air gap,

Caiel,
¢ the capacitance of the air volume where discharge develops, C,;r,

* the equivalent capacitor of the dielectric layer between the two electrodes, that is
taken into account as a stray capacitance C,

e R, that models the plasma resistance,

¢ the impedance due to the measure resistor, R, = Z, = 50 Q, at the device location,

the stray inductance, L, due to wire connections.

The corresponding equivalent circuit is showed in Figure I11.4 on the left side. This cir-
cuit is the same as the one of the DBD configuration, as discussed in Chapter I Section 1.4).
However, the determination of the three capacitances Cg;r, Cgie; and Cp, is challenging in
SDBD configuration (Pang et al., 2014). Indeed, C,;r and Cg;,; values increase in time as
the discharge develops along the surface. However C,, is preponderant considering the
device configuration. Its value is constant. Therefore we model the SDBD device by an
equivalent capacitance, C.4 =~ C, as a first approach.
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Figure II1.3: Equivalent lumped elements of the exposure device.
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Figure II1.4: Equivalent circuit of the electrical termination.

I11.2.4 Determination of circuit element values

The determination of the element values is achieved by using circuit simulations. The
electrical termination of the line is the proposed equivalent circuit of the ns-SDBD de-
vice. The line is 5.18 m long. The sending voltage is an experimental incident waveforms.
We first compares numerical results to waveforms measured without a Petri dish facing
the device.

The displacement current obtained in simulation is compared to the experimental one
in Figure II1.5. A satisfactory agreement is found for the set of values given in Table III.1.
Slight differences appear in between the two pulses and on the amplitude of the second

pulse. We focused on the accordance of the first current pulse. The comparison of equiv-
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alent impedances is also presented to complete the study. A good agreement is obtained
up to 250 MHz. Beyond, the electromagnetic mode resonance can not be reproduced by
using the proposed equivalent circuit. It should noted that the good agreement (in tran-
sient and frequency domains) is achieved by modeling the HF effect of connection with
the stray inductance.
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Figure II1.5: Displacement current pulses (for a 4.3 kV voltage pulse) (a) and device
impedance (b). Measurements in straight line and numerical results in dotted line.

without Petri dish with Petri dish
Ceq (pF) L (nH) Ceq (pF) L (nH)
7 56 6.3 56

Table II1.1: Elements circuit values of the ns-SDBD.

A similar study is performed when a Petri dish is located 500 pm below the the device.
The experimental results are shown in Figure II1.6 (in straight line). For a same voltage
pulse, experimental currents are very similar. The equivalent impedances also present
only slight differences below 250 MHz. The main difference occurs beyond : the reso-
nance is very minimized when the Petri dish facing the device. Therefore we assume that
the electrical influence of the dish on the ns-SDBD is weak. The same equivalent circuit is
then used to model the ns-SDBD device with and without a Petri dish. Only the equivalent
capacitance is adjusted (see in Figure II1.1) to fit with experiments as shown in Figure II1.5.
Results are in good agreement in the time domain and in the frequency domain up to 250
MHz.
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Figure II1.6: Displacement current pulses (for a 4.3 kV voltage pulse) (a) and device
impedance (b) with a Petri dish located 500 pm from the cathode. Measurements rep-
resented by a solid line and numerical results by a dotted line.

III.3 Electrical characterization of the discharge

Figure II1.7 shows pictures of the discharge. The discharge uniformly develops from the
cathode along the dielectric surface. Some darks areas are observed at concave irregulari-
ties of the electrode surface. The uniformity of the discharge cannot be discussed because

of the long time exposure.

Figure II1.7: Pictures of the ns-DBD. The exposure time is 4 seconds. The incident voltage

magnitude is 9 kV and the repetition rate frequency is 10 Hz.

We study the discharge with single-shot recorded. The discharge is not sensitive to the
pulse repetition rate in the considered frequency range (up to 100 Hz). In Section III.3.1
we present a statistical study on discharge time-lag and we describe the measured cur-
rent pulses. In Section III.3.2 we will determine the energy deposited into plasma per
pulse according to the equivalent electrical circuit. In Section I11.3.3, we will propose cir-
cuit simulations in which the discharge is modeled by a resistance varying in time. This
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simplified model will provide a first approach of electrical parameters of the ns-SDBD. Fi-
nally, in Section I11.4 we will study the discharge in the exposure conditions. The influence
of the Petri dish is studied by varying the distance from the discharge device. Moreover,
the 20 kV generator is used for plasma exposure as it is preferred to the 10 kV generator for
along-time used at a high repetition rate. So the influence of the voltage pulse, especially
the rise time, is also studied. Finally preliminary biological results will be presented.

III.3.1 Statistical time lags and current measurement

For the experiments, the voltage pulses were delivered by the 10kV-generator. Pulses with
different amplitudes were applied, from 4.3 kV to 7 kV. Figure I11.8(a) shows the measured
currents for a given incident voltage (6.1 kV). The maximum amplitude of the pulse due
to the discharge (2.3 A) is very weak compared to the maximum of displacement current
(12.5 A). As a consequence it is difficult to identify weak discharge activity. We estimate
that discharges ignite when a 5.6 kV voltage pulse is applied. The inception voltage is
defined as the minimum applied voltage for measuring a discharge current. A discharge
activity can occur without inducing sufficiently high current to be measured. An optical

UV light detection is clearly lacking for precise inception voltage measurement.
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Figure I11.8: Measured current I, (a) and time lags as a function of the incident voltage
(b).

If the applied voltage to the ns-SDBD device is too low, no discharge leading to a mea-
surable current is observed. On the other hand when the applied voltage is too high, the
discharge activity is mainly recorded in the trailing edge of the first displacement current
pulse. Statistical variation of the time lag is thus only observed for a limited voltage range.
Two examples of measurable statistics are given in Figure I11.9. The estimated time lags
are then 3.7 ns for 6.1 kV and 2.5 ns for 6.8 kV. The statistical time lag decreases with the
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applied voltage as shown in Figure II1.8(b). The time lag decreases linearly by considering
that the value found for the highest voltage is affected by the displacement current pulse.
Moreover, the amplitude of the current pulse due to the discharge is typically greater as

time lags decrease. It remains in a few amperes range.
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Figure I11.9: Number of discharge occurences N as a function of the time lag. V =6.1 kV
(@) and V =6.8 kV (b). a is the skewness factor determined by fitting.

III.3.2 Electrical parameters of the ns-SDBD

The issue in the electrical characterization of the ns-SDBD discharge is very different from
the DBD configuration. The equivalent capacitances of C,;» and Cy;.; can not be esti-
mated in a simple way. Moreover, the voltage and current waveforms are very close from
the corresponding waveforms when no discharge is present because of small discharge
currents.

In this case the discharge current and the energy deposited per pulse are calculated as

follows :

e the discharge current is estimated as the difference between the total measured cur-
!
a

t

rent and the displacement current: I; = I;, — 145, with I5;5 = Ceq TR The displace-

ment current is calculated by using circuit simulations.

* For small discharge currents, the energy within the discharge is Egischarge = Etotal —
Eno discharge: The total energy per pulse is obtained by multiplying the measured
voltage and current waveforms, and integrated in time during the pulse duration.
Eno discharge reflects parasitic losses.

In our conditions we estimated that En gischarge << Etotal, the energy deposited into
plasma per pulse is thus calculated from Equation (1.19)

E=f \AGIMG) dt:f (Va(DIn() = Rpl5, (1)) dt
0 0
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The applied voltage pulse V, is calculated from the incident pulse and the reflected
one. The delay that we apply to the current is determined by synchronizing the measured
current and displacement current obtained in simulations. The experimental delay be-
tween the voltage and current pulses is 24 ns. Figure II1.10 shows the measured current
and the applied voltage waveforms. The voltage magnitude is 6.8 kV. The reflection due
to the discharge current is negligible, no drop in voltage is observed. The discharge cur-
rent is obtained by the difference between measured current and numerical displacement
current. The weak difference in the shape of these currents induces negative values before
and after the discharge current pulse, at 102, 105 and 120 ns respectively. The discharge
current rises in 2 ns up to 2.5 A. A peak is observed of 3 ns - FWHM. Then the current
decreases and forms a plateau (1 A) till the voltage pulse ending.
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Figure II1.10: Applied voltage, measured current, displacement current and discharge cur-

rent for a 6.8 kV applied voltage.

Figure III.11(a) shows the energy deposited into the plasma per pulse for a 6.8 kV ap-
plied voltage. The statistics of the measured current for the given applied voltage is plot-
ted. Statistical changes in the discharge current lead to dispersion in the limit value of the
energy. The final energy is estimated to 60 + 10pJ. The mean value of energy as a function
of the applied voltage is plotted in Figure III.11 (b). The mean value is obtained by averag-
ing five randomly distributed events for each voltage. The energy linearly increases with

the voltage. The energy is in the range of plasma actuators in (Bayoda et al., 2015).

I11.3.3 Circuit simulation

For applied voltages lower than 6.5 kV, the voltage and current waveforms are nearly in-

distinguishable from the corresponding waveforms when no discharge is present. In that



Chapter III. ns-SDBD exposure device 72

100
(b)

75 J

>
S5
(0]
=] —~
S S
3 =
> & 50 z
= 5
s U 25
5 J
o -

1 b () 0

90 100 110 120 130 140 150 445 5556657758859
Time (ns) Voltage (kV)

Figure II1.11: Applied voltage, measured currents and energies for a 6.8 kV applied voltage

(a). Mean values of energy as a function of applied voltage (b).

case we performed circuit simulations to support the experimental approach in the de-
termination of current and energy for low currents. We consider the complete equivalent
circuit of the ns-SDBD device shown in Figure I11.4. The capacitances C,;, and Cg;,; were
estimated in comparison with experimental waveforms. The discharge is modeled by a
simplified model of resistance rapidly varying in time. The value and the variation in time
of the resistance were chosen to fit with experiments. In the given conditions, the dis-
charge is switched on at 103.7 ns. The equivalent resistance of the discharge channel is
set to 7.5 kQ.

Figure I11.12 compares experiments and results obtained in simulations. Cg,;, and Cgje;
are estimated to 0.4 pF and 12 pF respectively. These values are consistent with those ex-
perimentally determined in (Pang et al., 2014) in ns-SDBD actuator configuration. The
stray capacitance is slightly decreased to 6.8 pE and the stray inductance is unchanged.
A satisfactory agreement is obtained between experimental and numerical results. Both
discharge currents rise during the leading edge of the voltage pulse. The magnitude of the
simulated current is 0.75 A and that obtained in experiments is 1 A. The pulses end when
the voltage pulse decreases. The final energy obtained in simulation by considering the
discharge current is also consistent.

To further investigate the discharge, Figure I11.13 shows the voltages across the air gap
and the dielectric layer, and the currents flowing through the capacitances. Results are
very similar to those presented in Figure 1.16 in Chapter I. The displacement current due
to stray capacitance is dominant. It should be noted that to obtain a satisfactory accor-
dance between simulation and experiments, the discharge is ignited one nanosecond be-
fore the rise of the measured current.
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Figure III.12: Applied voltage, measured current (experiments in straight line and sim-
ulation in dotted line) and energy (a), applied voltage, discharge current (experiments
represented by a solid line and simulation by a dotted line) and energy (b) for a 6.07 kV
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Figure II1.13: Numerical results. Applied voltage pulse V,, voltages over the air gap V;,
and the dielectric layer Vg;.; (a). Discharge current I;, measured current I,,, and currents
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III.4 Discussion on biomedical applications

In this Section we study the discharge under the exposure conditions. The influence of the
Petri dish is studied by varying the distance from the discharge device. Moreover, the 20
kV generator is used for plasma exposure as it is preferred to the 10 kV generator for along-
time used at a high repetition rate. So the influence of the voltage pulse, especially the rise
time, is also studied. Finally preliminary results on plasma treatment of glioblastoma cells
will be presented.

III.4.1 Influence of the exposure conditions

As a first step, the influence of the Petri dish containing the biological sample is studied
by using the 10kV generator. Figure I1I.14 (a) compares the measured current with and
without a Petri dish. The Petri dish faces the device at a distance of 500 um from the
cathode. The voltage is adjusted so that the two displacement currents are superimposed.
Hence the difference between the two currents is only due to a change in the discharge
activity. Figure I11.14(b) shows the discharge current calculated by using element values
of Table III.1. The discharge current ignited in the last phase of the leading edge of the

voltage pulse. The rise time is 1.3 ns and the magnitude is 2.5 A.

Voltage (kV), Current (A)
Voltage (kV), Current (A)

0 | | | | 10 | | | |
90 100 110 120 130 140 90 100 110 120 130 140
Time (ns) Time (ns)

Figure II1.14: Influence of the Petri dish. The Petri dish is at a distance of 500 pm from the
device and V, = 7 kV. With Petri dish (in straight line) and without Petri dish (in dotted
line) for a same incident voltage (a). With a Petri dish: applied voltage, measured current
(solid line), displacement current (dotted line) and discharge current (b).

Figure II1.15 presents several currents measured for a same applied voltage (V, = 6.8
kV). The changes in the measured current due to the discharge activity are very weak

when varying the distance. Moreover no statistical variations in the discharge time lag is
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observed. The measured discharge time lag is short, 1.2 ns, so the discharge current com-
ponent is screened by the displacement current.

The Petri dish influences the discharge characteristics as it prevents any statistical distri-
bution of the ignition time lag. Moreover, the discharge ignites earlier when the Petri dish
faces the device, whatever the distance or the applied voltage. The petri dish facing the
device may modify the transverse electric field distribution. Discharge ignition depends
on the electrons multiplication factor along the field line (Pedersen, 1989).

Current (A), Voltage (kV)
Energy (1J)

90 100 110 120 130 140
Time (ns)

Figure III.15: Influence of the distance between the Petri dish and the exposure device.
Applied voltage, measured current and energy deposited per pulse for a 7.6 kV applied
voltage.

For technical considerations, the 20 kV generator will be used for plasma exposure.
The influence of applying a voltage pulse with a shorter rise time of 2.35 ns is proposed in
Figure I11.16. The distance between the Petri dish and the device is 500 um. The measured
current is very different from the one described in Figure I11.15. The displacement current
is obviously two times higher. The current pulse due to the discharge is fully screened by
the displacement current. Oscillations are due to the 450 MHz resonance circuit, that is
beyond the bandwidth of the equivalent circuit (shown in Figure I11.6). That’s why the
displacement current obtained in simulation is not in accordance with experiments. A
complete characterization is thus challenging. The energy deposited is only given as the
calculation is based on an accurate synchronization of waveforms. The final value of the
energy is around 50 pJ.

The energy deposited into the discharge per pulse as a function of applied voltage is
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Figure I11.16: Influence of the use of the 20 kV voltage pulse generator. The Petri dish is
at a distance of 500 um from the exposure device. Applied voltage, measured current,
displacement current and energy for a 6.3 kV applied voltage.

shown in Figure I11.17. The pulses are generated by the two generators. The Petri dish is
500 um from the device. The variations of the energy against the applied voltage is nearly
linear for each configuration. The Petri dish has a weak effect on the energy deposited.

However a shorter rise time leads to an increase in the deposited energy by a factor of 2.

III.4.2 Preliminary study on biological targets

A preliminary study on the plasma treatment of biological samples was performed. Typ-
ically, U87 glioblastoma cells contained in a Petri dish are exposed to ns-SDBD. The ap-
plied voltage pulses were delivered by the 20 kV pulse generator. The rise time of voltage
pulses is 2.35 ns and the FWHM is 11 ns.

Human U87-MG glioblastoma (ECACC, 89081402) cancer cell line was grown at 37°Cina
5% CO, humidified atmosphere in Modified Essential Medium with EARLES salts (10370-
047, Gibco) supplemented with 10% fetal bovine serum (10500-064, Gibco), 0.2% Glucose
(19002-013, Gibco), 2 mM L-glutamine (X0550, Dominique Dutscher), and 100 U.ml™}
penicillin 100 pg.ml~! streptomycin (15140155, Gibco). The viability of cells was > 90%
as determined by visual counts using Trypan Blue exclusion on a Malassez cell. Prior to
ns-SDBD exposure, cells were trypsinized, washed, and suspended at 0.3 million ml~!in
complete medium in a volume of 2 ml in a 35 mm Petri dish (734 — 2417, VWR). The cells
were homogeneously distributed.

The coupling of the discharge with the biological sample is governed by the distance be-

tween the active electrode and the sample surface. This distance is 500 pum. The Petri dish
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Figure I11.17: Energy deposited per pulse as a function of the applied voltage amplitude
V, by using the 10 kV generator and the 20 kV generator, in two configurations : with Petri
dish (in straight line) and without Petri dish (in dotted line).

is exposed during 30 min in a sterilized environment. The voltage amplitude varies be-
tween 5.9 kV and 7.4 kV, the repetition rate is 100 Hz. The control Petri dish (not exposed)
is located at the vicinity of the exposure system during the experiment. The temperature
of a MEM (Minimal Essential Medium) solution 500 pm from the exposure device has
been measured during and after applying 6.5 kV pulses at 100 Hz for more than half an
hour. The outcome was that no temperature change has been observed.

Immediately after exposure, all Petri dishes were incubated at 37°C in a 5% CO, humid-
ified atmosphere for 15— 16h. The total volume of each dish was transferred to 15 ml
tubes after washing with PBS 1X (D8537, Sigma-Aldrich) and trypsinization. After 10 min
centrifugation at 500 g, the pellet was resuspended in 500 pl supplemented medium.
Cells were subsequently loaded with 3 nM of TMRM (TetramethylrhodamineMethyl Es-
ter, FP —41391A, FluoProbes) over 20 min at 37°C in a 5% CO, humidified atmosphere,
and labeled with 3 uM of 7— AAD (7-Aminoactinomycin D, A9400 — 1IMG) for 5 min at
room temperature.

Determination of the mitochondrial membrane potential (AYm by TMRM) and cell vi-
ability (by 7-AAD) was simultaneously measured by fluorescence using a flow cytometer
(Muse®© Cell Analyzer, Millipore). Figure I11.18 shows the results in terms of cells viability
after exposure to ns-SDBD. The glioblastoma cells viability is presented in function of the
energy deposited into plasma per pulse. According to this preliminary result the plasma
has an influence on the viability of the cells under consideration from 90 pJ, namely 16 J
in total. The range of the total energy can not be compared to that commonly used in ns-

DBD as the interaction processes are different. These preliminary results are encouraging
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since the exposure conditions are not optimized.
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Figure I11.18: Biological experiments of U87—-MG glioblastoma cells. Viability of U87-MG
glioblastoma cells after exposure (at a repetition frequency of 100 Hz during 30 min) as a

function of the energy deposited per pulse.

III.5 Conclusion

In this chapter we described the experimental set-up of the ns-SDBD exposure device. We
proposed an equivalent circuit of the discharge device. We discussed on the challenges to
determine the equivalent capacitances of the air gap and of the dielectric layer. Therefore
we proposed a simplified equivalent circuit. The SDBD device is then modeled by one
equivalent capacitance, that is approximately the stray capacitance. A good agreement
between experiments and simulations was found in the time domain, as well as in the
frequency domain up to 250 MHz. The same equivalent circuit is used when a Petri dish
faces the device with a small change in the capacitance value. Then we performed an
electrical characterization of the discharge. We first performed a statistical study on the
discharge. The discharge time-laglinearly reduces as the voltage increases. The discharge
is characterized by small currents (few Amperes). The discharge current is obtained by
subtracting the displacement current from the measured current. The energy deposited
per pulse linearly increases with the voltage in a the range of several tens of pJ. Finally,
we carried out a preliminary study on the discharge in the exposure conditions. When the
Petri dish faces the device, the discharge ignites earlier without any statistical distribution
of the discharge time lag, whatever the distance or the applied voltage. This could be
explained by a change in the transverse electric field. Discharges were also generated by
the 20 kV generator. The energy deposited per pulse was determined. We showed that
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the Petri dish has a weak effect on the energy whereas a shorter rise time of the voltage
pulse leads to an increase in the deposited energy by a factor of 2. We showed preliminary
results of glioblastoma cells treated by ns-SDBD. In the given conditions, the plasma has

an influence on the viability of the cells under consideration.
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Conclusion

In this Ph.D. thesis, the nanosecond pulse method was implemented to generate either
DBD and SDBD for plasma treatment of biological samples. The plasma was created us-
ing short (10-14 ns of FWHM) high-voltage (up to 11 kV) pulses of fast rise times (2-5
ns depending on the pulse generator). Both exposure devices are designed in a same
way. The dimensions allow plasma treatment of biological sample contained in a stan-
dard Petri dish. The voltage polarity is chosen for a safety use. Both exposure devices
are inserted into the same experimental set-up which is a waveguide matched by a load
impedance. The devices are interchangeable and can be used in a biological laboratory
as no EMI disturbance was observed. A high voltage tap-off measures the incident and
reflected voltage pulses. The current is measured via a measure resistor in series with the
discharge device. It ensures a large frequency bandwidth required to measure nanosec-
ond pulsed discharge current. We showed that the same equivalent circuit can model
both devices.

In both cases we first studied the electrical characteristics of the discharge in a reference
case without a Petri dish. In the ns-DBD configuration, the measured currents rise in
600 ps up to several tens of amperes. The FWHM depends on the voltage pulse duration.
A negative current is still measured after the voltage pulse ends. The discharge current
presents a sharp peak, then the current decays as the voltage pulse ends. Then a peak of
current of the opposite polarity is observed. It has been related to the reversal of electric
field sign in the gap because of a high surface density on the dielectric layer. The surface
charges are then driven in the remaining plasma channel. This leads to a discharge cur-
rent in the circuit after the voltage pulse ends. The energy deposited into plasma per pulse
is in the order of millijoule. In the ns-SDBD configuration, the electrical characterization
is more challenging as the discharge currents are very low (few amperes). We calculated
the energy deposited into plasma per pulse in a range of tens of pJ.

Then, we have investigated the influence of the exposure conditions for the two devices.
Although the discharges are very different, we have noticed that the presence of the solu-
tion promotes reproducible results in both cases. For the ns-DBD, the measured currents
are repeatable in terms of time-lag, amplitude and shape of the signals. The energy de-
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posited per pulse is thus reproducible that is a key feature for the solution exposure. For
the ns-SDBD, the discharge ignites earlier without any statistical distribution of the dis-
charge time lag whatever the distance or the applied voltage. We have suggested that the
Petri dish changes the transverse electric field distribution. There is a weak influence on
the final energy. However, the rise time of the voltage pulse has a strong influence on
the energy. Finally, a preliminary study on treatment of biological samples by ns-SDBD
plasma was performed. The glioblastoma cells viability was presented as a function of the
energy deposited into plasma per pulse. According to this preliminary result the ns-SDBD

plasma has an influence on the viability of the cells in the given conditions.

In a future work, the considered biological sample will be treated by the ns-DBD plasma.
To complete the ns-DBD characterization, it should be interesting to consider ICCD fast
imaging to study the uniformity of the discharge. In the ns-SDBD configuration, fast
imaging could also be used to optically determine the area covered by the ns-SDBD in
order to estimate the C;,; capacitance. Measuring the discharge current of the ns-SDBD
in the exposure configurations is challenging because the discharge current is very low
compared to the displacement current. An experimental set-up with a lower C, value
could be dedicated to study the discharge current. Replacing the classical coaxial con-
nexion by a strip line could sufficiently reduce C,, value. On the other hand, preliminary
effects with ns-SDBD plasma treatment should be confirmed and reinforced by experi-
ments with other conditions in terms of discharge and biological parameters. The treat-
ment distance and the time of exposure could be optimized. Moreover the measure of
reactive oxygen species (ROS) density could give informations about the efficiency of the
plasma treatment. In a future work both exposure devices could be combined with ns-
PEE
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Conclusion

Dans ce travail de these, la méthode basée sur les décharges nanosecondes a été mise en
oeuvre afin de concevoir deux dispositifs d’exposition plasma, basés sur les décharges ns-
DBD et ns-SDBD, pour le domaine bio-médical. Le plasma de décharge est créé a I'aide
d’impulsions tres courtes (de 10 a 14 ns de largeur a mi-hauteur) haute tension (jusqu’a
11 kV) et de temps de montée trés brefs (2-5 ns). Les deux systéemes d’exposition ont
été concus selon la méme stratégie. Leurs dimensions permet de traiter des cellules en
culture au sein d'une solution biologique dans une boite de Pétri classique. La polarité
de I'électrode active pour le traitement est sécurisée. Les deux systémes s’inserent dans
un méme systeme d’ondes guidées terminé par une impédance d’adaptation. Ils sont
interchangeables, et peuvent étre utilisés dans un laboratoire de recherche en biologie
grace a des émissions parasites tres réduites. Un diviseur de tension permet de mesurer
I'impulsion de tension incidente et réfléchie. Le courant de décharge est mesuré via une
résistance de mesure placée en série avec le systeme d’électrodes. La dispositif permet
de mesurer des courants de décharge de temps de montée inférieur a la nanoseconde.
D’autre part, nous avons montré que les deux systémes peuvent étre modélisés par le
méme schéma électrique équivalent.

Les caractéristiques électriques des décharges ont été obtenues sans boite de Pétri, comme
cas de référence, pour les deux systemes d’exposition plasma. En configuration ns-DBD,
le courant mesuré a un temps de montée de 600 ps et une amplitude de plusieurs dizaines
d’Amperes. La décroissance du courant est liée a celle de I'impulsion de tension ap-
pliquée. Un courant d’amplitude négative est toujours enregistré apres la fin de 'impulsion
de tension. Le courant de décharge comporte tout d’abord un pic étroit, puis décroit et
chute a la fin de I'impulsion de tension. Un pic d’amplitude négative est alors observé.
Cette composante négative est due a I'inversion du champ électrique dans I'intervalle,
causée par le stockage important de charges a la surface du diélectrique. Les charges sont
alors transportées dans le canal de décharge résiduel. L'ordre de grandeur de I'énergie dé-
posée par la décharge par impulsion est de I'ordre du mJ. Dans le cas de la ns-SDBD, une
caractérisation électrique de la décharge s’avere plus complexe, car les courants mesurés
sont de faible amplitude (quelques amperes). Nous avons calculé I'énergie déposée dans
le plasma par la décharge, elle est de I'ordre de quelques dizaines de microjoules par im-
pulsion.

Ensuite, nous avons étudié I'influence des conditions d’exposition sur la décharge pour
les deux systemes. Bien que les régimes de décharge soient différents entre ces deux sys-
temes, nous avons noté que la présence de la solution biologique dans la boite de Pétri
est a 'origine d’'une meilleure reproductibilité de la décharge. Dans le cas des décharges

ns-DBD, les courants de décharges sont reproductibles en termes de temps d’apparition,
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d’amplitude et d’allure. L'énergie déposée par la décharge est par conséquent aussi re-
productible, ce qui est appréciable pour une exposition plasma.

Dans la configuration ns-SDBD, la décharge s’initie plus tot sans dispersion statistique,
quelle que soit la distance a laquelle se trouve la surface de la solution a traiter. On peut
penser que la présence de la boite de Pétri modifie les lignes de champ électrique en sur-
face de diélectrique. L'influence de la présence de la solution sur I'énergie déposée par la
décharge est faible. Par contre, le temps de montée de I'impulsion de tension a une in-
fluence importante sur I'énergie déposée. Enfin, des résultats préliminaires sur le traite-
ment d’échantillons biologiques sont présentés. La viabilité de cellules cancéreuse de
type glioblastome est étudiée en fonction de I'énergie déposée par la décharge ns-SDBD.
Ces résultats montrent que le plasma généré a une influence sur la viabilité des cellules

exposées, dans les conditions de I’étude.

Ce travail doit se poursuivre par I'exposition de cellules cancéreuses dans le cas du sys-
teme ns-DBD. Pour compléter les caractérisations électriques de la décharge ns-DBD, il
serait intéressant d’étudier I'uniformité de la décharge par imagerie rapide. En config-
uration ns-SDBD, I'imagerie rapide pourrait aussi aider a la détermination de la surface
occupée par la décharge en surface de diélectrique, et ainsi obtenir un ordre de grandeur
de la capacité diélectrique équivalente. Par ailleurs, le courant de déplacement mesuré
pour la ns-SDBD est plus important que le courant de décharge, ce qui rend la détermi-
nation de ce dernier difficile a réaliser. Un nouveau montage a faible capacité parasite
pourrait alors étre mis au point pour étudier le courant de décharge. D’autre part, les
résultats biologiques préliminaires obtenus par exposition avec le systeme ns-SDBD de-
vront étre reproduits. Les conditions d’exposition devront également étre optimisées en
termes de distance de traitement et de temps d’exposition. Enfin, la mesure de densité
de ROS pourrait donner des informations sur l'efficacité du traitement plasma. A long
terme, 1'exposition plasma devrait étre combinée a ’application de champs électriques
pulsés nanosecondes.



Bibliography

Adamovich, I, S D Baalrud, A Bogaerts, P ] Bruggeman, M Cappelli, V Colombo, U Czar-
netzki, U Ebert, ] G Eden, P Favia, D B Graves, S Hamaguchi, G Hieftje, M Hori, I D
Kaganovich, U Kortshagen, M J Kushner, N J Mason, S Mazouffre, S Mededovic Tha-
gard, H R Metelmann, A Mizuno, E Moreau, A B Murphy, B A Niemira, G S Oehrlein,
Z L Petrovic, L C Pitchford, P U Pu, S Rauf, O Sakai, S Samukawa, S Starikovskaia, J
Tennyson, K Terashima, M M Turner, M C M van de Sanden, and A Vardelle. “The 2017
Plasma Roadmap: Low temperature plasma science and technology”. In: Journal of
Physics D: Applied Physics 50.32 (2017), p. 323001.

Anikin, N. B., S. M. Starikovskaia, and A. Yu. Starikovskii. “Study of the oxidation of alkanes
in their mixtures with oxygen and air under the action of a pulsed volume nanosecond
discharge”. In: Plasma Physics Reports 30.12 (2004), pp. 1028-1042. por: 10.1134/1.
1839956.

Arnaud-Cormos, D., S. Kohler, D. Bessieres, R.P. O’Connor, J. Paillol, and P. Leveque. “Elec-
trical measurements for nanosecond repetitive pulsed discharges”. In: IEEE Trans-
actions on Plasma Science 42.7 (2014), pp. 1909-1916. po1: 10 . 1109 /TPS . 2014 .
2324286.

Ayan, H., D Staack, G Fridman, A Gutsol, Y Mukhin, A Starikovskii, A Fridman, and G Fried-
man. “Application of nanosecond-pulsed dielectric barrier discharge for biomedical
treatment of topographically non-uniform surfaces”. In: Journal of Physics D: Applied
Physics 42.12 (2009), p. 125202. URL: http://stacks.iop.org/0022-3727/42/1i=
12/a=125202.

Babaeva, N Y and M J Kushner. “Intracellular electric fields produced by dielectric barrier
discharge treatment of skin”. In: Journal of Physics D: Applied Physics 43.18 (2010),
p. 185206.

Bardet, Sylvia M., Lynn Carr, Malak Soueid, Delia Arnaud-Cormos, Philippe Leveque, and
Rodney P. O’Connor. “Multiphoton imaging reveals that nanosecond pulsed electric
fields collapse tumor and normal vascular perfusion in human glioblastoma xenografts”.
In: Scientific Reports 6 (Oct. 2016), p. 34443.

Bayoda, K.D., N. Benard, and E. Moreau. “Elongating the area of plasma/fluid interaction
of surface nanosecond pulsed discharges”. In: Journal of Electrostatics 74 (2015), pp. 79
-84. DOIL: https://doi.org/10.1016/j.elstat.2014.12.004.

85


http://dx.doi.org/10.1134/1.1839956
http://dx.doi.org/10.1134/1.1839956
http://dx.doi.org/10.1109/TPS.2014.2324286
http://dx.doi.org/10.1109/TPS.2014.2324286
http://stacks.iop.org/0022-3727/42/i=12/a=125202
http://stacks.iop.org/0022-3727/42/i=12/a=125202
http://dx.doi.org/https://doi.org/10.1016/j.elstat.2014.12.004

BIBLIOGRAPHY 86

Bazinette, Rémy, Jean Paillol, Jean-Francois Lelievre, and Francoise Massines. “Atmospheric
Pressure Radio-Frequency DBD Deposition of Dense Silicon Dioxide Thin Film”. In:
Plasma Processes and Polymers 13.10 (2016), pp. 1015-1024. po1: 10 . 1002/ ppap .
201600038.

Benard, N., N. Zouzou, A. Claverie, J. Sotton, and E. Moreau. “Optical visualization and
electrical characterization of fast-rising pulsed dielectric barrier discharge for airflow
control applications”. In: Journal of Applied Physics 111.3 (2012), p. 033303. DOI: 10.
1063/1.3682568.

Bessieres, D., J. Paillol, and N. Soulem. “Negative corona triggering in air”. In: Journal of
Applied Physics 95.8 (2004), pp. 3943-3951. DOI: 10.1063/1.1667599.

Boisvert, J-S, ] Margot, and F Massines. “Transitions of an atmospheric-pressure diffuse
dielectric barrier discharge in helium for frequencies increasing from kHz to MHz".
In: Plasma Sources Science and Technology 26.3 (2017), p. 035004.

Bouzidi, M C, X Bonnin, N Naudé, H Piquet, A Belinger, and N Gherardi. “Maximization of
the working domain of an Atmospheric Pressure Townsend Discharge (APTD) using a
current-source static converter”. In: Journal of Physics: Conference Series 550.1 (2014),
p. 012044.

Brandenburg, Rony. “Dielectric barrier discharges: progress on plasma sources and on
the understanding of regimes and single filaments”. In: Plasma Sources Science and
Technology 26.5 (2017), p. 053001.

Carr, L, S Bardet, R Burke, D Arnaud-Cormos, P Leveque, and R P O’Connor. “Calcium-
independent disruption of microtubule dynamics by nanosecond pulsed electric fields
in U87 human glioblastoma cells”. In: Scientific Report 7 41267 (2017).

Chen, Zhitong, Hayk Simonyan, Xiaogian Cheng, Eda Gjika, Li Lin, Jerome Canady, Jonathan
H. Sherman, Colin Young, and Michael Keidar. “A Novel Micro Cold Atmospheric Plasma
Device for Glioblastoma Both In Vitro and In Vivo”. In: Cancers 9.61 (2017). DOI: 10.
3390/cancers9060061.

Correale, G., R. Winkel, and M. Kotsonis. “Energy deposition characteristics of nanosec-
ond dielectric barrier discharge plasma actuators: Influence of dielectric material”. In:
Journal of Applied Physics 118.8 (2015), p. 083301. DoI: 10.1063/1.4929362.

Dawson, R. and J. Little. “Characterization of nanosecond pulse driven dielectric bar-
rier discharge plasma actuators for aerodynamic flow control”. In: Journal of Applied
Physics 113.10 (2013), p. 103302. DO1: 10.1063/1.4794507.

Fridman, Gregory, Gary Friedman, Alexander Gutsol, Anatoly B. Shekhter, Victor N. Vasilets,
and Alexander Fridman. “Applied Plasma Medicine”. In: Plasma Processes and Poly-
mers 5.6 (2008), pp. 503-533. DOI: 10.1002/ppap.200700154.

Fridman, Gregory, Alexey Shereshevsky, Monika M. Jost, Ari D. Brooks, Alexander Frid-
man, Alexander Gutsol, Victor Vasilets, and Gary Friedman. “Floating Electrode Di-

electric Barrier Discharge Plasma in Air Promoting Apoptotic Behavior in Melanoma


http://dx.doi.org/10.1002/ppap.201600038
http://dx.doi.org/10.1002/ppap.201600038
http://dx.doi.org/10.1063/1.3682568
http://dx.doi.org/10.1063/1.3682568
http://dx.doi.org/10.1063/1.1667599
http://dx.doi.org/10.3390/cancers9060061
http://dx.doi.org/10.3390/cancers9060061
http://dx.doi.org/10.1063/1.4929362
http://dx.doi.org/10.1063/1.4794507
http://dx.doi.org/10.1002/ppap.200700154

87 BIBLIOGRAPHY

Skin Cancer Cell Lines”. In: Plasma Chemistry and Plasma Processing 27.2 (2007), pp. 163—
176. DOI: 10.1007/s11090-007-9048-4.

Gibalov, VI and G]J Pietsch. “The development of dielectric barrier discharges in gas gaps
and on surfaces”. In: Journal of Physics D: Applied Physics 33.20 (2000), p. 2618.

Grover, Frederick W. “Inductance calculations”. In: Dover publications, inc. Mineola New-
York (2009).

Haas, Alexis J., Yann Le Page, Maxim Zhadobov, Ronan Sauleau, Yves Le Dréan, and Chris-
tian Saligaut. “Effect of acute millimeter wave exposure on dopamine metabolism of
NGF-treated PC12 cells”. In: Journal of Radiation Research 58.4 (2017), pp. 439-445.
DOI: 10.1093/jrr/rrx004.

Han, D and Cho J M. “Antitumorigenic effect of atmospheric-pressure dielectric barrier
discharge on human colorectal cancer cells via regulation of Sp1 transcription factor”.
In: Sci. Rep. 743081 (2017).

Jobava, R., D. Pommerenke, D. Karkashadze, P. Shubitidze, R. Zaridze, S. Frei, and M.
Aidam. “Computer simulation of ESD from voluminous objects compared to transient
fields of humans”. In: IEEE Transactions on Electromagnetic Compatibility 42.2 (2000).
DOI: 10.1109/15.831704.

Keidar, Michael, Alex Shashurin, Olga Volotskova, Mary Ann Stepp, Priya Srinivasan, An-
thony Sandler, and Barry Trink. “Cold atmospheric plasma in cancer therapy”. In:
Physics of Plasmas 20.5 (2013), p. 057101. DO1: 10.1063/1.4801516.

Kenaan, M., S. El Amari, A. Silve, C. Merla, L.M. Mir, V. Couderc, D. Arnaud-Cormos, and
Leveque P. “Characterization of a 50-ohms exposure setup for high-voltage nanosec-
ond pulsed electric field bioexperiments.” In: IEEE Trans Biomed Eng 58 (2011), pp. 207—
214.

Kogelschatz, Ulrich. “Dielectric-Barrier Discharges: Their History, Discharge Physics, and
Industrial Applications”. In: Plasma Chemistry and Plasma Processing 23.1 (2003), pp. 1-
46. 1SSN: 1572-8986. DOI: 10.1023/A:1022470901385.

Kong, M.G., G Kroesen, G Morfill, T Nosenko, T Shimizu, ] van Dijk, and ] L Zimmermann.
“Plasma medicine: an introductory review”. In: New Journal of Physics 11.11 (2009),
p. 115012.

Lin, Abraham, Billy Truong, Sohil Patel, Nagendra Kaushik, Eun Ha Choi, Gregory Frid-
man, Alexander Fridman, and Vandana Miller. “Nanosecond-Pulsed DBD Plasma-Generated
Reactive Oxygen Species Trigger Inmunogenic Cell Death in A549 Lung Carcinoma
Cells through Intracellular Oxidative Stress”. In: International Journal of Molecular
Sciences 18.966 (2017).

Lin, Abraham, Billy Truong, Arthur Pappas, Lawrence Kirifides, Ahmed Oubarri, Shuyang
Chen, Shaojun Lin, Danil Dobrynin, Gregory Fridman, Alexander Fridman, Nianli Sang,
and Vandana Miller. “Uniform Nanosecond Pulsed Dielectric Barrier Discharge Plasma

Enhances Anti-Tumor Effects by Induction of Immunogenic Cell Death in Tumors


http://dx.doi.org/10.1007/s11090-007-9048-4
http://dx.doi.org/10.1093/jrr/rrx004
http://dx.doi.org/10.1109/15.831704
http://dx.doi.org/10.1063/1.4801516
http://dx.doi.org/10.1023/A:1022470901385

BIBLIOGRAPHY 88

and Stimulation of Macrophages”. In: Plasma Processes and Polymers 12.12 (2015),
pp. 1392-1399. 1SSN: 1612-8869. DOL: 10.1002/ppap . 201500139.

Liu, C., D. Dobrynin, and A. Fridman. “Uniform and non-uniform modes of nanosecond-
pulsed dielectric barrier discharge in atmospheric air: fast imaging and spectroscopic
measurements of electric fields”. In: Journal of Physics D: Applied Physics 47.25 (2014),
p. 252003.

Liu, S. and M. Neiger. “Electrical modelling of homogeneous dielectric barrier discharges
under an arbitrary excitation voltage”. In: Journal of Physics D: Applied Physics 36.24
(2003), p. 3144.

Ma, Yonghao, Chang Seung Ha, Seok Won Hwang, Hae June Lee, Gyoo Cheon Kim, Kyo-
Won Lee, and Kiwon Song. “Non-Thermal Atmospheric Pressure Plasma Preferentially
Induces Apoptosis in p53-Mutated Cancer Cells by Activating ROS Stress-Response
Pathways”. In: PLOS ONE 9.4 (Apr. 2014), pp. 1-14. DoIL: 10. 1371/ journal . pone .
0091947.

Moreau, E., A. Debien, N. Benard, and N. Zouzou. “Nanosecond-Pulsed Dielectric Bar-
rier Discharge Plasma Actuator for Airflow Control Along an NACA0015 Airfoil at High
Reynolds Number”. In: IEEE Transactions on Plasma Science 44.11 (2016), pp. 2803—
2811.DOI: 10.1109/TPS.2016.2603226.

Naudé, N., J.-P. Cambronne, N. Gherardi, and E Massines. “Electrical model of an atmo-
spheric pressure Townsend-like discharge (APTD)”. In: EP] Applied Physics 29.2 (2005),
pp. 173-180. DOI: 10.1051/epjap: 2004197,

Nudnova, M. M, S. V Kindysheva, N. L Aleksandrov, and A. Yu Starikovskii. “Fast gas heat-
ing in N2/02 mixtures under nanosecond surface dielectric barrier discharge: the ef-
fects of gas pressure and composition”. In: Philosophical Transactions of the Royal So-
ciety of London A: Mathematical, Physical and Engineering Sciences 373.2048 (2015).
DOI: 10.1098/rsta.2014.0330.

Pai, David. “Nanosecond Repetitively Pulsed Plasmas in Preheated Air at Atmospheric
Pressure”. In: PhD Thesis Ecole CentraleParis, France (2008).

Pang, Lei, Kun He, Dongxu Di, Qiaogen Zhang, and Chunliang Liu. “Capacitances and en-
ergy deposition curve of nanosecond pulse surface dielectric barrier discharge plasma
actuator”. In: Review of Scientific Instruments 85.5 (2014), p. 053501. DO1: 10.1063/1.
4871552.

Pedersen, A. “On the electrical breakdown of gaseous dielectrics-an engineering approach”.
In: IEEE Transactions on Electrical Insulation 24.5 (1989), pp. 721-739. DOI: 10.1109/
14.42156.

Ranieri, Pietro, Lin, Shrivastav Ravi, Wang Mingkun, Abraham Lin, Alexander Fridman,
and Gregory Fridman. “Nanosecond pulsed Dielectric Barrier Discharge induced Anti-
Tumor Effects Propagate Through the depth of Tissue via Intracellular Signaling”. In:
plasma medicine 7 (2017).


http://dx.doi.org/10.1002/ppap.201500139
http://dx.doi.org/10.1371/journal.pone.0091947
http://dx.doi.org/10.1371/journal.pone.0091947
http://dx.doi.org/10.1109/TPS.2016.2603226
http://dx.doi.org/10.1051/epjap:2004197
http://dx.doi.org/10.1098/rsta.2014.0330
http://dx.doi.org/10.1063/1.4871552
http://dx.doi.org/10.1063/1.4871552
http://dx.doi.org/10.1109/14.42156
http://dx.doi.org/10.1109/14.42156

89 BIBLIOGRAPHY

Shao, T., Long Kaihua, Zhang Cheng, Wang Jue, Zhang Dongdong, Yan Ping, and Zhang
Shichang. “Electrical characterization of dielectric barrier discharge driven by repet-
itive nanosecond pulses in atmospheric air”. In: Journal of Electrostatics 67.2 (2009),
pp. 215-221. DOI: https://doi.org/10.1016/j.elstat.2008.12.001.

Shcherbaneyv, Sergey. “Filamentary nanosecond surface dielectric barrier discharge at el-
evated pressures. Streamer-to-filamentary transition and application for plasma as-
sisted combustion.” In: PhD Thesis Ecole normale supérieure Paris-Saclay, France (2017).

Soloviev, VR, VM Krivtsov, S A Shcherbanev, and S M Starikovskaia. “Evolution of nanosec-
ond surface dielectric barrier discharge for negative polarity of a voltage pulse”. In:
Plasma Sources Science and Technology 26.1 (2017), p. 014001.

Soueid, M., M. Dobbelaar, S. Bentouati, S. M. Bardet, R. P. O’Connor, D. Bessiéres, J. Paillol,
P. Leveque, and D. Arnaud-Cormos. “Delivery devices for exposure of biological cells
to nanosecond pulsed electric fields”. In: Medical & Biological Engineering & Comput-
ing (2017). DOI1: 10.1007/s11517-017-1676-0.

Starikovskaia, S.M., K. Allegraud, O. Guaitella, and A. Rousseau. “On electric field mea-
surements in surface dielectric barrier discharge”. In: Journal of Physics D: Applied
Physics 43.12 (2010), p. 124007.

Starikovskii, A Yu, A A Nikipelov, M M Nudnova, and D V Roupassov. “SDBD plasma actu-
ator with nanosecond pulse-periodic discharge”. In: Plasma Sources Science and Tech-
nology 18.3 (2009), p. 034015.

Stepanyan, S A, V R Soloviev, and S M Starikovskaia. “An electric field in nanosecond sur-
face dielectric barrier discharge at different polarities of the high voltage pulse: spec-
troscopy measurements and numerical modeling”. In: Journal of Physics D: Applied
Physics 47.48 (2014), p. 485201.

Stoffels, E, I E Kieft, REJ Sladek, L ] M van den Bedem, E P van der Laan, and M Steinbuch.
“Plasma needle for in vivo medical treatment: recent developments and perspectives”.
In: Plasma Sources Science and Technology 15.4 (2006), S169.

Takashima, K., Y. Zuzeek, W.R. Lempert, and 1.V. Adamovich. “Characterization of a sur-
face dielectric barrier discharge plasma sustained by repetitive nanosecond pulses”.
In: Plasma Sources Science and Technology 20.5 (2011), p. 055009.

Takashima, Keisuke (Udagawa), Yvette Zuzeek, Walter R Lempert, and Igor V Adamovich.
“Characterization of a surface dielectric barrier discharge plasma sustained by repeti-
tive nanosecond pulses”. In: Plasma Sources Science and Technology 20.5 (2011), p. 055009.

Vandamme, Marc, Eric Robert, Stéphanie Lerondel, Vanessa Sarron, Delphine Ries, Sébastien
Dozias, Julien Sobilo, David Gosset, Claudine Kieda, Brigitte Legrain, Jean-Michel Pou-
vesle, and Alain Le Pape. “ROS implication in a new antitumor strategy based on non-
thermal plasma”. In: International Journal of Cancer 130.9 (2012), pp. 2185-2194. DOTI:
10.1002/ijc.26252.


http://dx.doi.org/https://doi.org/10.1016/j.elstat.2008.12.001
http://dx.doi.org/10.1007/s11517-017-1676-0
http://dx.doi.org/10.1002/ijc.26252

BIBLIOGRAPHY 90

Weltmann, K-D and Th von Woedtke. “Plasma medicine”. In: Plasma Physics and Con-
trolled Fusion 59.1 (2017), p. 014031.

Zhang, Q., ] Zhu, ] Jia, F Tao, and L Yang. “Design of a current transducer with a magnetic
core for use in measurements of nanosecond current pulses”. In: Measurement Science
and Technology 17.4 (2006), p. 895.



	Page de garde
	Introduction
	Experimental set-up and electrical characterization
	Introduction
	Experimental set-up
	Reflection of voltage pulses
	Discharge electrical parameters
	Conclusion

	Nanosecond-pulsed dielectric barrier discharge exposure device
	Introduction
	Experimental set-up
	Electrical characterization of the discharge
	Conclusion

	Nanosecond-pulsed surface dielectric barrier discharge exposure device
	Introduction
	Experimental setup
	Electrical characterization of the discharge
	Discussion on biomedical applications
	Conclusion

	Conclusion
	Bibliography

