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Sommaire 

Les avancées en stérilisation par plasma de dispositifs médicaux (DM) sont tributaires à la fois du 

développement de sources de plasma adaptées au traitement de ces DM et de la compréhension 

des mécanismes d'inactivation des micro-organismes. Les principaux objectifs poursuivis au 

cours de cette thèse étaient, d'une part, le développement de sources de plasma à la fois 

spatialement uniformes et de faible température du gaz « 50 OC) et, d'autre part, l'identification 

et l'optimisation des agents biocides de ces plasmas (e.g. le rayonnement UV). 

Au cours de ce travail, nous avons conçu et mis au point trois types d'applicateurs de champ 

électromagnétique pouvant entretenir un plasma. Tout d'abord, un réseau de sources de plasma, 

de type antenne, distribuées autour de l'enceinte à décharge de nature diélectrique; chacune des 

sources de ce réseau est alimentée individuellement en puissance haute-fréquence (HF), ce qui a 

nécessité la mise au point d'un diviseur de puissance en technologie guide d'onde. Ce concept de 

sources distribuées a rapidement été abandonné au profit de deux autres sources de plasma, car 

ces dernières offraient des avantages immédiats pour la stérilisation biomédicale ainsi qu'en 

termes d'efficacité énergétique et de largeur de bande en fréquence (impédance d'entrée quasi 

constante). Ces deux sources de plasma sont basées sur des lignes d~ transmission planes où le 

plasma fait partie intégrante de la ligne de transmission, l'une étant destinée à stériliser l'intérieur 

de tubes diélectriques thermosensibles (e.g. cathéters cardiaques) et l'autre permettant 

l'immersion d'objets tridimensionnels dans le plasma (e.g. forceps). 

Deux types de micro-organismes ont été utilisés pour tester les performances, identifier et 

optimiser les agents biocides des sources de plasma que nous avons développées: des spores 

bactériennes sédimentées à partir d'une suspension de Bacil/us atrophaeus et des bactéries 

végétatives de type Staphylococcus aureus intégrées dans une matrice de biofilms. L'inactivation 

de ces micro-organismes placés dans nos stérilisateurs plasma est obtenue grâce au rayonnement 

UV. Ce procédé de stérilisation est rapide (quelques minutes), non toxique (pas d'aération 

subséquente nécessaire) et dégrade relativement peu les polymères thermosensibles (érosion non 

détectée). 

Mots-clés: source de plasma haute-fréquence (HF), impédance d'entrée, lignes de transmission 

planes, stérilisation, spores bactériennes, biofilm, dispositifs médicaux (DM) thermosensibles. 
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Abstract 

Advances in plasma sterilization of medical devices (MDs) are dependent upon both the 

development of plasma sources adapted to the processing of these MDs, and upon the 

understanding of the inactivation mechanisms of microorganisms. The main objectives of this 

thesis were, on the one hand, to develop plasma sources that are spatially uniform and that have a 

low gas temperature « 50 oC) and, on the other hand, the identification and optimization of 

biocidal agents (e.g. UV radiation) in their plasmas. 

In the course of this work, we have designed and developed three types of electromagnetic 

field applicators to sustain plasma. The first was a network of distributed antennas on the outside 

of the dielectric discharge-vessel, which possessed multiple high-frequency (HF) input ports fed 

by a waveguide-based power divider. This distributed source concept was soon abandoned in 

favour of two other plasma source designs, since the latter ones provided immediate advantages 

for biomedical sterilization, and also in terms of energy efficiency and frequency bandwidth (e.g. 

near-constant input impedance). These two plasma sources are based on planar transmission line 

designs where the plasma is part of the transmission line: the first allows one to sterilize the inner 

surfaces (lumen) of thermally sensitive dielectric tubes (e.g. cardiac catheters), while the other 

enables one to immerse three-dimensional objects within the plasma (e.g. forceps). 

Two types of microorganisms were used to test the performances to identify and to optimise 

the biocidal agents of the plasma sources that we have developed namely, sedimented bacterial 

spores from a suspension of Bacillus atrophaeus and vegetative Staphylococcus aureus bacteria 

. embedded in a biofilm matrix. Inactivation of these microorganisms in our plasma sterilizers 

results through irradiation. This sterilization process is rapid (a few minutes), non-toxic (it does 

not require venting), and it affects thermally sensitive polymers relative1y little (no erosion was 

detected). 

Keywords: high-frequency (HF) plasma sources, input impedance, planar transmission lines, 

sterilization, bacterial spores, biofilm, thermally sensitive medical devices (MDs). 



v 

Table des matières 

Sommaire ....................................................................................................................................... iii 

Abstract .......................................................................................................................................... iv 

Table des matières ........................................................................................................................... v 

Liste des figures et tableaux (hors publications) ........................................................................... vii 

Liste des notations et symbcHes ....................................................................................................... x 

Remerciements .............................................................................................................................. xii 

Chapitre 1 Introduction ................................................................................................................ 1 

1.1 Historique des travaux antérieurs en stérilisation par plasma ................................................... 2 

1.1.1 Exposition directe et indirecte d'objets à stériliser au plasma 

1.1.2 Mode d'action des espèces biocides 

1.2 Science de surface de polymères traités par plasma ................................................................. 8 

1.2.1 Photo-dégradation des polymères 

1.2.2 Érosion des polymères par des espèces réactives 

1.3 Notions microbiologiques pour physiciens ............................................................................. 12 

1.3.1 Bactéries végétatives, endospores bactériennes et biofilms 

1.3.2 Niveau d'assurance de stérilité (NAS) 

1.3.3 Courbes de survie 

1.4 Contribution de l'auteur, démarche de recherche et objectifs de la thèse ............................... 16 

Chapitre 2 Stérilisation de la surface interne de tubes· diélectriques ..................................... 20 

2.1 Introduction ............................................................................................................................ 21 

2.2 Développement d'une source de plasma utilisant des antennes distribuées autour d'une 

enceinte cylindrique à décharge ............................................................................................. 22 

2.3 Développement d'une source de plasma linéaire pour tubes diélectriques ............................ 25 

2.4 Inactivation de spores empilées dans des tubes diélectriques ................................................ 63 

2.5 Inactivation de biofilms dans des tubes diélectriques ............................................................ 88 

2.6 Discussion et problématique de la stérilisation des endoscopes souples par plasma ........... 104 

2.6.1 Complexité des dispositifs et présence de longs canaux de faible diamètre 

2.6.2 Revue des techniques traditionnelles de désinfection des endoscopes souples 



2.6.3 Principaux facteurs à considérer pour la stérilisation des endoscopes souples par 

plasma 

VI 

2.7 Résumé et conclusion ........................................................................................................... 111 

Chapitre 3 Stérilisation d'objets par leur immersion dans le plasma ................................. 113 

3.1 Introduction ...................................................................................................... : ................... 113 

3.2 Caractéristiques électrodynamiques du stérilisateur par immersion et détermination de ses 

agents biocides ..................................................................................................................... 114 

3.3 Discussion et problématique de l'endommagement de la membrane externe des spores par 

plasma ................................................................................................................................. 148 

3.4 Résumé et conclusion .......................................................................................................... 151 

Conclusion générale .................................................................................................................. 153 

Bibliographie (hors publications) ................................................................................................ 157 

Annexe 1 Étude d'un diviseur de puissance pour sources de plasma distribuées ...................... 162 

Annexe 2 Développement d'une source de plasma linéaire pour stériliser l'intérieur 

de tubes diélectriques médicaux .......................... : ...................................................... 180 

Annexe 3 Développement d'une source de plasma linéaire pour stériliser des objets 

médicaux par immersion ............................................................................................. 212 

Annexe 4 Contribution de l'auteur, localisation des publications insérées dans la thèse de doctorat 

et acceptation des coauteurs ........................................................................................ 249 



Vll 

Liste des figures et tableaux (hors publications) 

Figure 1.1 Schéma de principe d'un stérilisateur à plasma froid de type post-décharge en flux 

(prototype 50 L, Université de Montréal) [2]. 

Figure 1.2 Micrographies par MEB de a) spores non traitées; b) spores traitées avec une post­

décharge d'argon (40 minutes); c) spores traitées avec une lampe Hg (40 minutes), 

d'après Crevier [25]. 

Figure 1.3 Micrographies de spores (Lerouge et al [12]): (gauche) spores de contrôle non 

traitées; (droite) spores après 30 min d'exposition à un plasma d'un mélange 02/CF4. 

Figure 1.4 Spectre d'absorption VUV d'un film de a) 70 nm d'épaisseur de polyéthylène (PE), 

b) 29 nm polypropylène (PP), c) 33-nm de polystyrène (PS) et d) polyméthacrylate de 

méthyle (PMMA), (d'après Truica-Marasescu et Wertheimer [30]). 

Figure 1.5 Micrographies obtenues au microscope électronique à balayage de particules de 

polystyrene: (a) contrôle non exposé; (b) après 15 minutes d'exposition à un plasma 

de 02/CF4 (p = 100 mbar; P = 200 W; F = 50 sccm; [CF4] = 15%), d'après Lerouge 

et al. [31]. 

Figure 1.6 Micrographie par microscope à transmission d'une spore de B. atrophaeus sur 

laquelle les différentes tuniques protectrices du matériel génétique contenu dans le 

coeur sont identifiées. TE: Tunique Externe; TI: Tunique Interne; MP: Membrane 

Plasmatique; Cx: Cortex; Co: Coeur [38]. 

Figure 1.7 Exemple de courbe de survie, d'après Hury et al. [44]: influence de la densité 

surfacique de spore sur l'inactivation de B. atrophaeus après exposition à un plasma 

de CO2. Haute densité surfacique de spores (~) obtenue avec 50 III d'une suspension 



V111 

de 2.108 spores.mr1; faible densité surfacique de spores (0) obtenue avec 500 ~l 

d'une suspension de 2.107 spores.mr1
• 

Figure 1.8 Diagramme de la structure des travaux effectués et des idées maîtresses de la thèse. 

Figure 2.1 Classification des différents types d'applicateurs de champ électromagnétique 

permettant l'entretien de décharges HF, d'après Zakrzewski et Moisan [45]. 

Figure 2.2 Schéma de principe d'une source de plasma à éléments distribués. 

Figure 2.3 Représentation simplifiée en trois dimensions du diviseur de puissance que nous 

avons caractérisé et optimisé (voir l'article reproduit à l'annexe 1 pour plus de 

détails). 

Figure 2.4 Page de couverture du numéro de janvier 2008 de la revue Plasma Pro cesses and 

Polymers. Ces micrographies illustrent le type d'empilement que notre procédé 

plasma a permis d'inactiver. 

Figure 2.5 Exemples de biofilms rencontrés dans des tubes à usage médicale: surface d'un tube 

(a) endotrachéal Costerton [47], (b) d'endoscope souple [48], (c) de dialyse [49] et (d) 

de médecine dentaire (prélevé dans l'unité étudiante de médecine dentaire de 

l'Université de Montréal par 1. Barbeau). 

Figure 2.6 Structure d'un endoscope souple (gastroscope), d'après [55]. 

Figure 2.7 Illustration de la procédure standard de lavage de l'extérieur du tube d'insertion avec 

un linge stérile préalablement trempé dans une solution enzymatique [57]. Le linge 

est à usage unique. 

Figure 2.8 Illustration de la procédure standard de lavage successivement a) des canaux air-eau 

et b) des canaux succion/biopsie [57] en les purgeant avec une solution enzymatique. 



IX 

Figure 3.1 Micrographies obtenues au microscope électronique à transmission en mode S-TEM 

et C-TEM de spores de B. atropheus après exposition au plasma d'argon. Il est à 

noter qu'il ne s'agit pas de la même spore exposée et non-exposée. Par comparaison 

avec la spore de contrôle, la membrane externe de la spore exposée au plasma 

n'apparait pas endommagée. 

Figure 3.2 Micrographies obtenues au MEB de spores de B. atrophaeus: (a) spores non exposées 

puis hydratées; (b) spores soumises pendant une minute à un plasma d'argon 

(inactivées) puis hydratées et observées à fort (b) et faible grossissement. Le noyau 

des spores lysées de la figure (b) a été coloré par J. Barbeau par ordinateur. 

Figure A4 Localisation des publications insérées dans la thèse de doctorat. 

Tableau 1.1 Comparaison des principales caractéristiques des systèmes de stérilisation par 

plasma fonctionnant en décharge et en post-décharge, (adapté de Moisan et al. [20]). 

Tableau 1.2 Longueur d'onde pour la dissociation des liaisons chimiques typiques dans les 

polymers par ordre croissant de longueur d'onde d'absorption (tableau adapté de 

Rabek [28]). 



ATCC 

DOS 

EM 

HF 

LSPQ 

PA 

PE 

PTFE 

RF 

TEM 

TOS 

UV 

UVV 

B. subtilis 

oC 

mLsm 

e 

fmax 

h 

Ille 

ne 

Listes des notations et symboles 

Acronymes 

American type culture col1ection 

Décharge d'onde de surface 

Electromagnétique 

Haute fréquence 

Laboratoire de santé publique du Québec 

Pression atmosphérique 

Polyéthylène 

Polytétrafluoroéthylène 

Radio fréquence 

Transverse electric and magnetic 

Taux d'onde stationnaire 

Ultraviolet 

Ultraviolet du vide (de 100 à 200 nm) 

Abréviations 

Bacillus subtilis 

Degré Ce1sius 

Mil1ilitre standard par minute 

Symboles latins 

Aire d'une section transversale d'un tube 

Coefficient d'absorption totale d'une raie 

Diamètre interne d'un tube 

Charge de l'électron 

x 

Fréquence maximale d'utilisation d'une ligne triplaque sur le mode purement TEM 

Distance entre les plans de masse d'une ligne triplaque 

Masse de l'électron 

Densité critique 

Puissance absorbée par le plasma 

Puissance incidente 



PR 

Ps' 

Ps" 

OJ 

Puissance réfléchie 

Puissance rayonnée à l'extérieur de la ligne triplaque 

Puissance dissipée dans les conducteurs et le diélectrique d'une ligne triplaque 

Puissance transmise 

Débit 

Epaisseur de la bande conductrice centrale d'une ligne triplaque 

Largeur de la bande conductrice centrale d'une ligne triplaque 

Impédance d'entrée 

Impédance caractéristique d'une ligne de transmission 

Impédance caractéristique d'une charge 

Xl 

Impédance caractéristique de la ligne triplaque contenant les tubes diélectriques et 

le plasma 

Symboles grecs 

Permittivité diélectrique du vide 

Permittivité relative effective 

Permittivité relative 

Longueur d'onde du champ électromagnétique dans le vide 

Longueur d'onde du champ électromagnétique guidée 

Pulsation du champ électromagnétique 



Xll 

Remerciements 

Les travaux de recherche présentés dans cette thèse de doctorat sont le fruit d'un travail 

d'équipe auquel je suis fier d'avoir participé. Ces trois années de recherche m'ont apporté 

beaucoup de plaisir et je tiens à exprimer ma profonde reconnaissance à tous ceux qui y ont 

contribué. 

Tout d'abord, j'aimerais remercier mon directeur de recherche, le professeur Michel Moisan, 

qui m'a offert tous les moyens pour mener à bien ce projet de recherche dans les meilleures 

conditions. De plus, grâce à la confiance qu'il m'a témoignée, j'ai eu l'opportunité d'évoluer 

dans un climat de recherche stimulant et agréable. Je tiens tout particulièrement à le remercier 

pour m'avoir permis de participer à des conférences internationales et pour m'avoir communiqué 

le plaisir d'écrire des demandes de brevet et des articles scientifiques. Les moments les plus 

intéressants de mon doctorat resteront la réécriture en commun de passages de futures 

publications où j'ai pu admirer toutes ses qualités scientifiques. 

Toute ma gratitude va également au professeur Jean Barbeau pour son constant soutien et ses 

encouragements ainsi que pour tous les conseils microbiologiques qu'il m'a prodigués. 

Jacynthe Séguin, une microbiologiste d'une grande_compétence, enthousiaste et pleine 

d'énergie, a joué un rôle crucial dans les recherches présentées dans cette thèse: elle a non 

seulement effectué l'essentiel du travail de préparation et de récupération des échantillons 

microbiologiques, mais elle a de plus participé à la conception de nombreuses expériences. 

Les sources de plasma développées au cours de cette thèse ont été construites par Jean­

Sébastien Mayer, notre chef d'atelier de mécanique. En fait son apport se situe bien au-delà de 

ses seules attributions de technicien: en plus de' construire des pièces, il a activement participé 

à la conception des structures mises au point en proposant plusieurs solutions techniques 

avantageuses. Par ailleurs, il m'a patiemment enseigné les règles du dessin technique et 

l'utilisation du logiciel Autocad, ce que j'ai grandement mis à profit au cours de ma thèse. 

Depuis son arrivée dans le Groupe il y a un an, Pierre Levif et moi avons travaillé en équipe 

sur l'optimisation de certaines sources de plasma ce qui donnera lieu, je l'espère, à de nouvelles 

publications. Ce fut un plaisir de travailler avec lui. 

Mes remerciements vont également à Danielle Kéroack pour son aide en informatique ainsi 

qu'au laboratoire. Par exemple, l'un des résultats les plus importants de ma thèse fut 



X111 

l'identification des rayons UV situés en-dessous de 180 nm (qui sont des agents très efficaces 

d'inactivation des micro-organismes) et j'ai pu le faire grâce à l'utilisation d'un spectromètre 

sous vide que Danielle avait préalablement remis en état de marche, aligné et configuré de 

manière précise. 

J'aimerais également remerCIer Thomas Fleisch et Yassine Kabouzi pour notre belle 

collaboration sur l'optimisation d'une source de plasma de type Surfaguide, collaboration ayant 

d'ailleurs résulté en un article en commun. 

Ma reconnaissance se porte également sur Karim Boudam pour sa participation à 

l'identification des agents biocides du plasma et à la mise au point d'un dispositif de 

spectroscopie d'absorption optique. 

Tous mes remerciements vont à Didier Leconte de la société Univalor pour ses 

encouragements, ses judicieux conseils et sa gentillesse à mon égard. 

Je souhaite souligner la participation de l'agent de brevet David Saint-Martin à la réécriture 

des revendications et à la version finale des deux demandes de brevets figurant dans cette thèse. 

Mes remerciements vont également aux étudiants de l'Université de Montréal à qui j'ai eu la 

chance d'enseigner en tant qu'auxiliaire d'enseignement puis chargé de cours. 

Je tiens à exprimer mes plus vifs remerciements aux professeurs Jean-Jacques Laurin, Jacques 

Pelletier, Ke Wu, L'Hocine Yahia et Zenon Zakrzewski pour leurs nombreux conseils 

scientifiques. Par exemple, ce dernier m'a transmis dans le passé des. connaissances sur les 

techniques micro-ondes qui furent amplement mises à profit durant mon doctorat. 

Plusieurs membres ou anciens membres du Groupe de physique des plasmas et du Groupe de 

contrôle des infections m'ont apporté leur aide au cours de mon doctorat. C'est le cas d'Annie 

Leduc, Ahlem Mahfoudh, Eduardo Castafios Martinez, Bachir Saoudi et Jérôme Saussac ainsi 

que les stagiaires David Chiasson, Rosalie Plantefève et Paul Gavra. Ma gratitude va également 

aux autres membres de ces deux groupes pour leur sympathie à mon égard. 

Je tiens à remercier les membres de mon jury de thèse, les professeurs Margot, Barbeau, 

Laroussi et Wertheimer d'avoir accepté d'y participer. 

Finalement, je remercie infiniment Natacha (ma douce moitié), mon petit frère Sébastien, 

Janine et Noël, mes parents Martine et Pierre, ainsi que mes amis de Montréal et d'Europe pour _ 

leur appui au cours de ces trois années remplies de défis. 



Chapitre 1 

Introduction 

La stérilisation par plasma se veut une alternative aux méthodes de stérilisation conventionnelles 

basées sur la chaleur et/ou sur l'utilisation de composés chimiques biocides. Au sens strict du 

terme, cette méthode n'est pas encore utilisée en milieu hospitalier, bien que certains 

manufacturiers de systèmes de stérilisation prétendent y avoir déjà recours [1]. Parmi les 

avantages de cette technique en voie de développement, citons la possibilité de stériliser à moins 

de 50 oC, en utilisant un plasma froid, et sans avoir à respecter un temps d'aération après 

traitement [2]. Ainsi, il est possible de stériliser, avec peu d'endommagement des polymères 

thermo-sensibles (à la différence de l'autoclave ou du four à chaleur sèche). De plus, 

contrairement au traitement par l'oxyde d'éthylène et autres composés chimiques biocides, les 

objets sont immédiatement disponibles une fois terminé le processus de stérilisation. Enfin, la 

stérilisation par plasma, lorsqu'elle utilise des gaz comme l'argon ou un mélange comme N2-02 à 

faible teneur en 02, apparaît comme moins oxydante pour les objets à traiter que la stérilisation 

par ozone, également un procédé à basse température. 

Dans le cadre de cette thèse, nous avons conçu et mis au point des sources de plasma que nous 

avons par la suite utilisées pour la stérilisation, ce travail de recherche sur les structures 

électromagnétiques constituant d'ailleurs une part importante des travaux regroupés dans ce 

document. Généralement, un plasma de laboratoire peut s'obtenir en utilisant de l'énergie 

électromagnétique. La décharge gazeuse peut s'obtenir par un champ électrique continu ou par un 

champ électrique alternatir de haute fréquence (fréquences radio, le plus souvent 13.56 ou 27.12 

MHz, ou micro:-ondes, le plus souvent 915 ou 2450 MHz, ces fréquences étant autorisées à des 

fms industrielles, scientifiq~es et médicales (fréquences ISM)). Le Groupe de physique des 

plasmas de l'Université de Montréal possède une longue tradition quant au développement de 

sources de plasma alimentées par des champs de haute-fréquence (HF). Plusieurs des dispositifs 

mis au point dans ce groupe sont d'ailleurs utilisés par différents groupes de recherche à travers 

le monde. Certains sont produits en série, et nous pouvons citer en exemple un lanceur d'onde de 

surface compact, le Surfatron, commercialisé par la compagnie française Sairem. Ce savoir-faire 
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s'est forgé au fil des années grâce à l'inventivité de Michel Moisan et des autres membres du 

groupe, souvent avec l'apport scientifique de chercheurs invités, tel le professeur Zenon 

Zakrzewski, et parfois au contact d'entreprises privées, telle Air Liquide, manifestant des besoins 

industriels particuliers. 

Parallèlement à ces travaux, depuis une dizaine d'année, le Groupe de physique des plasmas 

de l'Université de Montréal s'est donné un nouveau défi à relever: la stérilisation de dispositifs 

médicaux (DM) par plasma. De nombreuses études sont menées internationalement sur ce sujet, 

qui connaît un essor impressionnant parmi le champ des applications plasmas. 

La présente thèse de doctorat s'inscrit dans la continuité des recherches déjà entreprises, car 

elle représente le mariage entre l'activité historique du groupe (le développement de sources de 

plasma), et sa principale activité actuelle de recherche, la stérilisation par plasma. Nous avons 

ainsi pu profiter au maximum des connaissances déjà acquises et des outils en place pour 

structurer nos travaux de recherche. 

Avant d'aborder la présentation des objectifs de la thèse, nous allons tout d'~bord effectuer un 

historique des travaux antérieurs en stérilisation par plasma, ce qui nous permettra par la suite de 

mieux situer notre activité de recherche. 

1.1 Historique des travaux antérieurs en stérilisation par plasma 

Les premiers pas en stérilisation par plasma ont été rappelés par différents auteurs (e.g. [3-6]). La 

mise au point du premier stérilisateur par plasma se situe, chronologiquement, bien après le 

développement du premier stérilisateur à vapeur d'eau (autoclave) par Chamberland (1880) et du 

premier stérilisateur à air chaud par Poupinel (1884) [6]. De fait, les premiers travaux remontent à 

un brevet de Menashi [7] en 1968 qui utilisait un champ RF pulsé pour entretenir un plasma 

d'argon à la pression atmosphérique et stériliser l'intérieur d'un récipient, par exemple une 

bouteille. Une électrode linéaire était insérée dans le récipient, tandis qu'un autre conducteur 

enroulé autour du récipient servait d'électrode de masse. Ce système permettait de stériliser des 

bouteilles contenants des dépôts de 106 spores en moins d'une seconde. L'action biocide résidait 

selon Menashi en un chauffage intense des spores en un temps suffisamment court pour ne pas 

endommager le récipient. Ce mécanisme fut plus tard appelé micro-incinération par Peeples et 

Anderson [8]. 
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Les premières expériences en stérilisation par plasma utilisaient pour la plupart des gaz rares 

tels l'argon ou l'hélium seuls [2] ou, comme Jacobs and Lin [9], de façon additionnelle du 

peroxyde d'hydrogène (H202) en plus dans un procédé, dans ce dernier cas, en deux étapes: (1) 

injection et contact du H202 avec les objets à stériliser et (2) utilisation d'une décharge RF de gaz 

rare pour éliminer les résidus toxiques de la surface des objets stérilisés. En fait, certains des 

systèmes développés dans les années 70 et 80 n'utilisaient pas les agents biocides propres à la 

phase plasma [10], mais plutôt des espèces possédant directement des propriétés biocides 

(comme H202 ou des aldéhydes). 

Au milieu des années 90, Laroussi utilisa une décharge à barrière diélectrique (DBD) en mode 

diffus à la pression atmosphérique pour décontaminer des surfaces [11]. Parallèlement, de 

nombreux dispositifs de stérilisation par plasma ont été mis au point avec différentes 

configurations géométriques et modes d'action, à la fois à pression réduite et à la pression 

atmosphérique. L'un des travaux majeurs pendant cette période fut celui de Lerouge et al [12], 

qui ont notamment démontré que la composition du gaz est un facteur déterminant de l'efficacité 

biocide d'un plasma. 

Il est à mentionner qu'obtenir la stérilité ne garantit pas nécessairement l'élimination de la 

masse physique des microorganismes et, souvent, des résidus bactériens sont encore présents 

après la phase de stérilisation, substances éventuellement pyrogènes, c'est-à-dire pouvant 

provoquer, entre autres, de la fièvre chez l'homme. Ce problème connexe, potentiellement 

présent dans toutes les techniques de stérilisation, connaît un intérêt particulier dans le cadre de la 

stérilisation par plasma (voir e.g. certains des articles publiés par le groupe de F. Rossi [13, 14]). 

La stérilisation par plasma peut s'effectuer selon deux régimes assez distincts de pression de 

gaz: à pression réduite (0.1-15 mbar) et à la pression atmosphérique [2]. La pression 

atmosphérique a l'avantage sur la pression réduite d'offrir une plus grande densité d'espèces 

chimiquement actives, de l'ordre de cent fois. Par contre, les photons UV à la pression 

atmosphérique ont un plus faible parcours avant d'être absorbés par le gaz ambiant du fait d'une 

plus grande densité d'atomes et de molécules d'où, probablement, une contribution moins 

importante à l'inactivation des micro-organismes par ces photons. De plus, autres inconvénients, . 

les plasmas à la pression atmosphérique sont généralement de plus petit volume et de température 

plus élevée. 
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À l'heure actuelle, plusieurs équipes de chercheurs en stérilisation par plasma produisent des 

résultats innovants et structurés dont les ramifications sont multiples, allant de la détennination 

des agents biocides (voir e.g. les travaux des groupes d'Awakowicz [15] et de Laroussi [16]) à 

l'interaction d'un plasma avec des tissus vivants (e.g. groupe de Fridman [17] et de Stoffels [18]), 

en passant par la destruction protéique (groupes de Kong [19] et de Rossi [13]), pour ne citer que 

quelques-unes de ces équipes. 

Une revue de la stérilisation par plasma peut se diviser selon au moins deux axes: par exemple 

on peut effectuer la distinction entre (i) les procédés de décharge et de post-décharge ou (ii) le 

mode d'action des espèces biocides, les rayons UV ou les espèces chimiquement réactives 

provoquant l'érosion des micro-organismes. Nous allons brièvement résumer ces différentes 

approches. 

1.1.1 Exposition directe et indirecte d'objets à stériliser au plasma 

On peut envisager deux types de stérilisateur par plasma [2]: ceux où les micro-organismes sont 

soumis à la décharge électrique elle-même (stérilisation directe) et ceux où les micro-organismes 

reçoivent les effluents de la décharge (stérilisation en post-décharge). 

La post-décharge en flux de gaz s'obtient en faisant en sorte que le gaz ionisé et excité soit 

entraîné, très rapidement, dans l'enceinte de stérilisation: à cette fin, en amont, on introduit le gaz 

sous un grand débit et, en aval, on le "tire" au moyen d'une pompe à vide, comme le montre la 

figure 1.1 [2]. Les espèces ainsi transportées sont maj ori tairement électriquement neutres, car les 

particules chargées se "recombinent" (un ion positif s'alliant à un électron pour fonner une 

particule neutre) dès qu'elles quittent la zone de décharge. Les atomes, comme 0 et N, et les 

molécules excitées comme N2, pouvant aussi bien servir à fonner des molécules émettrices de 

photons UV que d'avoir une forte réactivité chimique, sont à durée plus grande mais limitée (::::: 

milliseconde), d'où la nécessité de les amener rapidement en leur point d'utilisation, c'est-à-dire 

à l'endroit où se trouvent les micro-organismes à inactiver. Ceci peut être obtenu en agissant sur 

leur vitesse d'écoulement qui dépend de la pression et du débit de gaz. Il faut également veiller à 

ce que ces espèces soient distribuées de manière unifonne dans la chambre de traitement afin que 

la stérilité y soit atteinte de façon simultanée partout. Moisan et al. [20] ont présenté les 

avantages et les inconvénients de ces deux techniques. Nous les avons résumés dans le tableau 1. 



Entrée 
des gaz 

Source de 
plasma 

Chambre de post-décharge 
(enceinte de stérilisation) 

Évacuation 
des gaz par 
pompage 

Grille 
supportant 
les objets à 
stériliser 

5 

Figure 1.1 Schéma de principe d'un stérilisateur à plasma froid de type post-décharge en flux 

(prototype 50 L, Université de Montréal) [2]. 

Tableau 1.1 Comparaison des principales caractéristiques des systèmes de stérilisation par 

plasma fonctionnant en décharge et en post-décharge, (adapté de Moisan et al. [20]). 

Caractéristiques Décharge Post-décharge 

Temps nécessaire à Généralement Généralement 

l'obtention de la stérilité inférieur à 10 minutes 
-

supérieur à 10 minutes 

Espèces présentes Ions, molécules, Radicaux, atomes et 

à proximité des surfaces électrons, radicaux, molécules neutres 

à traiter atomes et molécules ou excités, UV 

neutres ou excités, UV Faible densité 

d'espèces chargées 

Présence d'un champ OUI Généralement NON 

électrique à proximité 

des surfaces à traiter 

Température du gaz Généralement élevée Généralement 

près des surfaces à 
0 

(> 50 C) 
0 

faible « 50 C) 

traiter 
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Il est possible d'obtenir plus rapidement (quelques minutes) qu'en post-décharge la stérilité 

en décharge, ce qui représente l'avantage essentiel de ce type de système. Par ailleurs, la post­

décharge permet généralement de remplir des chambres de stérilisation de plus grand volume 

(e.g. 50 L). De plus, placer des objets dans une enceinte de post-décharge permet généralement 

de mieux les préserver en raison de la plus faible densité d'espèces chargées, d'une plus faible 

température du gaz et de l'absence de champ électrique HF à l'emplacement des objets à 

stériliser, évitant ainsi l'échauffement des pièces conductrices [20]. Par ailleurs, les stérilisateurs 

utilisant une post-décharge d'ondes de surface ont permis une remarquable compréhension des 

mécanismes de stérilisation ([21 D. 
Les systèmes fonctionnant en décharge et en post-décharge nous apparaissent 

complémentaires: c'est pourquoi l'approche choisie par plusieurs Groupes dont le nôtre consiste 

à développer chacune de ces deux techniques pour bien en évaluer les avantages et inconvénients, 

lesquels peuvent d'ailleurs dépendre de l'application considérée. 

1.1.2 Mode d'action des espèces biocides 

Une espèce biocide est un agent capable de tuer des micro-organismes. Un plasma peut contenir 

plusieurs types d'espèces biocides. Étudier les mécanismes de stérilisation par plasma consiste 

principalement à déterminer l'efficacité biocide de chacune de ces espèces. Ce point n'est pas 

trivial car il est parfois difficile de trouver des conditions opératoires permettant d'isoler certaines 

espèces uniquement. Par exemple, il est particulièrement ardu de s'affranchir de toute émission 

UV. Ce point a donc fait l'objet de très nombreuses études (e.g. [22, 23 D dont nous allons 

résumer les résultats les plus significatifs. 

Les espèces biocides d'un plasma sont principalement les rayons ultra-violets (UV) et les 

radicaux. Dans le spectre du rayonnement électromagnétique (EM), la plage de longueur d'onde 

couverte par les UV s'étend de 10 à 400 nm. Elle peut être grossièrement divisée en deux parties: 

les UV qui sont absorbés par l'air (1 < 200 nm), qui portent le nom d'UV du vide (UVV), et 

ceux qui ne le sont pas, appelés UV proches (200 nm <1 < 400 nm). Une partie seulement de la 

gamme de longueur d'onde couverte par les UV possède des effets biocides (c'est-à-dire 

permettant de tuer efficacement des micro-organismes): ce sont les UV dont la longueur d'onde 
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est inférieure à 300 nm [24]. Un élément important à mentionner est le fait qu'une endospore 

bactérienne inactivée par des UV apparaît similaire au microscope électronique à balayage 

(MEB) à une spore non exposée aux UV (voir la figure 1.2, d'après Crevier [25]). 

Figure 1.2 Micrographies par MEB de a) spores non traitées; b) spores traitées avec une post­

décharge d'argon (40 minutes); c) spores traitées avec une lampe Hg (40 minutes), d'après 

Crevier [25]. 

Les radicaux libres (atomes (e.g. 0) ou molécules (e.g. OH)) amènent une érosion des micro­

organismes. Par exemple, Lerouge et al [12] ont démontré l'importance de l'effet de la 

volatilisation de la matière organique en décharge en utilisant un plasma réactif. Ces auteurs ont 

utilisé un mélange 02/CF 4 connu pour son efficacité à éroder les polymères. Une réduction de 5 

log de la viabilité des spores a été obtenu en 5 min d'exposition par une importante érosion des 

spores (figure 1.3). 

Figure 1.3 Micrographies de spores (Lerouge et al [12]): (gauche) spores de contrôle non 

traitées; (droite) spores après 30 min d'exposition à un plasma d'un mélange 02/CF4. 

Lors de la détermination des espèces biocides d'un plasma, l'observation de l'érosion des 

spores au MEB constitue un premier indice à prendre en compte pour suggérer l'implication des 

des radicaux libres dans le processus d'inactivation de spores. Dans les faits, à basse pression, 

c'est principalement par le choix initial du gaz plasmagène qu'est prédéterminé le mode d'action 
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biocide: les plasmas de gaz inertes comme l'argon entraînent relativement peu d'érosion des 

micro-organismes (du moins pas détectable au MEB!) comparé aux plasmas réactifs comme les 

plasmas d'oxygène ou de CF4(comparaison des figures 1.2 et 1.3). 

Pour terminer, il est à mentionner que d'autres explications aux propriétés biocides des 

plasmas ont été proposées. Par exemple, Mendis et al. [26] ont suggéré que les particules 

chargées jouent un rôle significatif à la pression atmosphérique dans la rupture de la membrane 

externe de cellules bactériennes. Selon ces auteurs, ce mécanisme physique s'applique 

uniquement aux bactéries à Gram négatif comme E. coli, qui possèdent de fines membranes 

externes. 

1.2 Science de surface de polymères traités par plasma 

La science de surface des polymères est l'une des facettes importantes de la stérilisation par 

plasma, car pour des raisons économiques un objet traité doit pouvoir être réutilisé plusieurs fois, 

donc avec une détérioration limitée de sa surface. C'est un très vaste sujet de recherche dont les 

ramifications sont multiples et nous allons seulement ici en rappeler quelques aspects importants, 

tout d'abord en nous intéressant à l'effet des UV/VUV sur les polymères, puis à l'effet des 

espèces chimiquement actives (e.g. 0, OH) sur ceux-ci. 

1.2.1 Photo-dégradation des polymères 

L'irradiation d'un polymère par des photons peut mener à toute une série de phénomènes allant 

de la modification chimique de la surface jusqu'à la décomposition du polymère [27]. Le tableau 

1.2 rappelle les longueurs d'ondes pour la dissociation des liaisons chimiques typiques dans les 

polymères (tableau adapté de Rabek [28]). 
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Tableau 1.2 Longueur d'onde pour la dissociation des liaisons chimiques typiques dans les 

po1ymers par ordre croissant de longueur d'onde d'absorption (tableau adapté de 

Rabek [28]). 

Liaison À (nm) 

0-0 35 

C-Br 45-70 

C-C1 60-86 

C=C 179 

O-H 249-336 

C-H 286-301 

L'intensité du rayonnement absorbé (dI) est proportionnelle au nombre de collisions entre les 

photons et les molécules [28, 29]: 

dl =-Nt5 dx 
l a 

(1.1) 

où l est l'intensité du rayonnement incident (photons / cm2
), N est le nombre de molécules 

absorbantes par centimètre cube, t5a est l'aire de la section transversale d;interaction (cm2
) 

représentant la probabilité qu'un photon soit absorbé par une molécule et dx est l'épaisseur de 

l'échantillon. Cette équation peut être intégrée directement quand la concentration des molécules 

absorbantes est uniforme dans la direction du flux et est indépendante de l'intensité du 

rayonnement (cette dernière condition est valide lorsque le nombre de photons absorbés est une 

très faible fraction des molécules absorbantes). On en déduit l'équation intégrée: 

(1.2) 

Truica-Marasescu et Wertheimer [30] ont regroupé sur une unique figure la distribution 

spectrale, mesurée expérimentalement, des densités optiques dans le VUV de 4 différents 

polymères: polyéthylène (PE), polypropylène (PP), polystyrène (PS) et polyméthacrylate de 

méthyle (PMMA) (figure 1.4). Ces quatre spectres montrent une augmentation subite de 

l'absorption des polymères pour des longueurs d'ondes inférieures à 160 nm, due à l'absorption 

des châmes alkyles et/ou à la photoionisation. 
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Figure 1.4 Spectre d'absorption VUV d'un film de a) 70 nm d'épaisseur de polyéthylène (PE), b) 

29 nm polypropylène (PP), c) 33-nm de polystyrène (PS) et d) polyméthacrylate de méthyle 

(PMMA), (d'après Truica-Marasescu et Wertheimer [30]). 

On observe sur la figure 1.4 que les quatre spectres montrent une densité optique importante 

en-dessous de 160 nm due à l'absorption des chaînes alkyles et/ou à la photoionisation. De ce 

fait, la profondeur de pénétration des VUV est limitée à quelques dizaines de nanomètres, 

contrairement à la pénétration des UV qui est de l'ordre de quelques micromètres dans les 

polymères hydrocarbonés communs [30]. 

1.2.2 Érosion des polymères par des espèces réactives 

Un exemple d'érosion de polymères par des espèces réactives d'un plasma est donné à la figure 

1.4 [31]. Ces deux micrographies obtenues au microscope électronique à balayage montrent 

l'érosion de microsphères de polystyrène par un plasma 02/CF4 (15 minutes de traitement). 
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Figure 1.5 Micrographies obtenues au microscope électronique à balayage de particules de 

polystyrene: (a) contrôle non exposé; (b) après 15 minutes d'exposition à un 

plasma de 02/CF4 (p 100 mbar; P = 200 W; F = 50 sccm; [CF4] 15%), d'après 

Lerouge et al. [31]. 

Les travaux de Crevier [19] ont, quant à eux, mis en évidence l'érosion de microsphères de 

polystyrène, cette fois dans une post-décharge de N2-02 : il a été montré que l'érosion de ces 

microsphères est proportionnelle, entre 0.2 et 2 % 02, au pourcentage d'02 injecté dans la 

décharge. 

Finalement, il est à noter qu'il est possible de se representer les interactions plasma/micro­

organismes, tel que montré par Pelletier [32], comme l'interaction d'un plasma avec un 

polymère. Cette approche se justifie du fait que les micro-organismes sont formés de chaînes 

carbonées, d'azote, d'oxygène et de phosphore, et peuvent donc en première approximation être 

considérés comme des polymères dans le domaine de la stérilisation par plasma [33J. De fait, 

l'inactivation de micro-organismes par l'érosion due aux espèces chimiques réactives 

s'accompagne généralement de l'érosion des polymères sur lesquels reposent ces micro­

organismes. 

En somme, quel que soit le type mode d'action des agents biocides, il existe toujours des 

dommages aux matériaux. Ces effets sont cependant. présents à divers degrés: par exemple, 

l'érosion due aux UV n'est généralement pas décelable sur des micrographies de polymères 

obtenues au microscope électronique à balayage. Toutefois, il est possible de mettre en lumière 

ces dommages en utilisant des techniques de diagnostics plus poussées comme une microbalance 
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à cristal de quartz, la spectroscopie de photo électrons X [30], la goniométrie de surface [34] ou la 

microscopie à force atomique [35]. 

1.3 Notions microbiologiques pour physiciens 

Cette thèse rassemble des travaux de recherches multidisciplinaires touchant à de nombreux 

thèmes tels l'électromagnétisme, la microbiologie et la physique des plasmas. Une partie non 

négligeable des travaux de cette thèse ayant trait à l'étude des effets d'un plasma sur des micro­

organismes, il nous apparaît utile, à ce stade introductif, de rappeler quelques notions micro­

biologiques pertinentes pour la compréhension de cette thèse. 

1.3.1 Bactéries végétatives, endospores bactériennes et biofilms 

Les bactéries sont des organismes vivants unicellulaires dépourvus de noyau: l'ADN est libre 

dans la cellule. Elles ont des dimensions de quelques micromètres de longueur, variables d'un 

genre à un autre, et peuvent présenter différentes morphologies: sphériques (coques), allongées 

ou en bâtonnets (bacilles), plus ou moins spiralées [36]. Deux types de micro-organismes ont été 

utilisés pour tester l'efficacité des stérilisateurs que nous avons développés: des endospores et des 

biofilms. L'origine historique de la découverte des endospores remonte à la deuxième moitié du 

19ème siècle où Tyndall, Cohn et Koch ont indépendamment découverts que certaines espèces de 

bactéries passaient au moins une partie de leur vie sous la forme de structures cellulaires 

dormantes [37]. Certaines bactéries ont la capacité de former des endospores à partir de la forme 

végétative lorsque les conditions extérieures ne sont pas propices à leur croissance [25]. Elles 

protègent ainsi leur matériel génétique en formant une "coquille" tout autour de l'ADN. En fait, 

la spore n'a aucune activité métabolique; elle est en état de dormance [37]. Cependant, lorsque 

les conditions externes redeviennent favorables, la spore germe et forme de nouveau une bactérie 

métaboliquement active. 
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Figure 1.6 Micrographie par microscope à transmission d'une spore; de B. atrophaeus sur 

laquelle les différentes tuniques protectrices du matériel génétique contenu dans le 

coeur sont identifiées. TE: Tunique Externe; TI: Tunique Interne; MP: Membrane 

Plasmatique; Cx: Cortex; Co: Coeur [38]. 

En raison de leurs résistances à des conditions extrêmes, les spores bactériennes de Bacillus. 

subtilis (bactérie récemment renommées B. atrophaeus [39]) ont été très étudiées. Selon Setlow 

[40], elles résistent particulièrement bien aux traitements chimiques, à la chaleur et aux UV. 

En dépit de leur apparente simplicité, les bactéries peuvent aussi former des associations 

complexes [41]. Les bactéries présentes dans un biofilm présentent un arrangement 

particulièrement bien structuré de cellules et de composants extra-cellulaires (majoritairement des 

polymères de sucres), donnant lieu à des structures secondaires appelées microcolonies, dans 

lesquelles peut se former un réseau de canaux facilitant la diffusion des nutriments et 

l'élimination des produits du métabolisme. Dans son livre, « The biofilm primer» [42], Costerton 

a décrit les modes de développement des bactéries dans un biofilm. Ceux-ci sont complexes, car 

un biofilm possède une structure sociale. Selon Barbeau [43], "les premiers colonisateurs des 

surfaces changent inévitablement leur micro environnement et le prépare à l'érection d'une 

communauté. L'organisation spatiale des différentes espèces suit des schèmes particuliers, dictés 

par les besoins de chacune d'elles: nécessité nutritionnelle et besoins respiratoires. Ainsi, comme 

dans les sociétés plus évoluées, les différentes diasporas microbiennes se regroupent souvent en 

micro-colonies. Le mode de vie sessile (attaché aux surfaces) favorise aussi la production et la 

sécrétion, par certaines espèces, de polymères de sucres qui serviront, entre autres, à enchâsser 

les individus dans le biofilm". Dans le cas de la stérilisation par plasma la matrice de sucre 
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entourant les bactéries leur permet de mieux résister aux attaques des agents biocides comme les 

UV et les espèces chimiquement actives, comme nous le verrons au cours de cette thèse. 

1.3.2 Niveau d'assurance de stérilité (NAS) 

La stérilité absolue d'un échantillon n'est pas vérifiable de façon pratique avec des tests 

microbiologiques [25]. On se sert plutôt de la notion de probabilité pour évaluer si une technique 

de stérilisation est fiable ou non. On utilise, en particulier, le niveau d'assurance de stérilité 

(NAS). Ainsi, le NAS d'un procédé est exprimé comme la probabilité d'occurrence d'un article 

non stérile dans une population d'articles donnée. Un NAS de 10-6 correspond à la probabilité 

d'au plus un micro-organisme survivant sur une population initiale de 106 spores. Les spores 

bactériennes étant des micro-organismes beaucoup plus résistants que leur forme végétative, 

celles-ci sont utilisées comme indicateur biologique. Il est à noter que le NAS est un critère selon 

nous ambigu dans la mesure où il ne précise en rien la densité surfacique de spores devant être 

inactivées, un paramètre essentiel dans l'efficacité de la stérilisation par plasma, comme nous 

allons le voir dans la prochaine section. 

1.3.3 Courbes de survie 

Une courbe de survie représente le nombre (sous forme logarithmique) de micro-organismes 

survivants après traitement en fonction du temps ou de la dose d'agents actifs. Nous avons décrit 

une procédure très détaillée pour l'obtention d'une courbe de survie (voir page 75). Une version 

simplifiée d'un protocole standard utilisé pour l'obtention d'une courbe de survie a été présentée 

par Boudam [33]. "Afin de construire cette courbe, on a recours à deux méthodes: i) la méthode 

de numération directe, utilisée lorsque le nombre de survivants est assez élevé (supérieur à 100) 

et qui consiste à étaler, par dilutions successives, sur un milieu de culture solide la charge 

microbienne récupérée après traitement, et d'en effectuer le décompte après incubation; ii) la 

méthode de filtration sur membrane utilisée (avantageusement, parce que beaucoup plus précise) 

lorsque la population de survivants est inférieure à 100, et qui consiste à filtrer la totalité de la 

suspension de récupération à travers une membrane dont la porosité retient les microorganismes. 
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La membrane est ensuite déposée sur un milieu de culture solide et un décompte est effectué 

après incubation." 

20 40 60 

Time (min) 

80 100 

Figure 1.7 Exemple de courbe de survie, d'après Hury et al. [44]: influence de la densité 

surfacique de spore sur l'inactivation de B. atrophaeus après exposition à un plasma 

de CO2• Haute densité surfacique de spores (~) obtenue avec 50 III d'une 

suspension de 2.108 spores.mr1; faible densité surfacique de spores (0) obtenue 

avec 500 III d'une suspension de 2.107 spores.mr1
. 

Deux exemples de courbe de survie sont représentés sur la figure 1.7 (d'après Hury,et al. 

[44]). Ces courbes de survie ont été obtenues dans les mêmes conditions plasma, avec le même 

nombre initial de spores (10\ mais avec deux densités surfaciques de spores différentes, ce qui 

permet d'obtenir des empilements de spores plus ou moins importants. L'explication donnée par 

ces auteurs (et qui constitue l'hypothèse généralement acceptée en stérilisation par plasma à 

pression réduite) est que les agents biocides du plasma inactivent d'abord les spores isolées et 

celles à la surface d'empilements, tandis que la ou les couches de spores plus profondes sont 

principalement inactivées, plus tardivement, dans ce qu'on appelle la deuxième phase. Ceci 

constitue une ambigüité dans le niveau d'assurance de stérilité (NAS), qui ne précise pas la 

densité surfacique de spores à inactiver. 
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1.4 Contribution de l'auteur, démarche de recherche et objectifs de la thèse 

Cette thèse rassemble les brevets et les articles scientifiques pour lesquels notre contribution est 

majeure, tel qu'attestée par le fait d'en être premier auteur. Il s'agit de 2 demandes de brevets (la 

version américaine de chacune y est reportée pour l'essentiel) et de 5 articles (dont 4 déjà 

publiés). Pour chacune de ces publications, nous avons contribué à la conception des expériences, 

à la prise de mesures ainsi qu'à l'écriture et la mise en forme du manuscrit soumis à publication. 

Notre contribution ainsi que celles des co-auteurs est précisée pour chacun de ces 7 documents 

dans l'annexe 4, tel que demandé dans le guide de présentation des thèses de doctorat de 

l'Université de Montréal. Afin de mieux visualiser l'organisation de la présente thèse par article, 

l'annexe 4 contient également une figure montrant la localisation de ces publications dans la 

thèse. 

Pour faire ressortir la cohérence de cet ensemble de travaux, nous avons inséré, en amont de 

chacune de ces publications, une section introductive expliquant l'enchaînement des idées 

directrices, c'est-à-dire la logique et les motivations qui ont structuré notre démarche de 

recherche. De surcroît, pour mieux équilibrer notre présentation et gagner en clarté, chaque 

chapitre comporte une section de discussion et sa propre conclusion. 

La finalité de la thèse est de produire des sources plasma pour la stérilisation d'objets 

médicaux. L'originalité de la démarche de recherche adoptée est décrite à la figure 1.8. Ce 

diagramme montre l'enchainement des étapes qui ont guidé notre démarche de recherche. Nous 

avons tout d'abord identifié certains besoins industriels qui pouvaient potentiellement être 

comblés en stérilisation par plasma, comme par exemple le retraitement de cathéters cardiaques. 

Ensuite, nous avons inventé des applicateurs de champs électromagnétiques permettant de créer 

des sources de plasma adaptées a priori à ces objets en tenant compte de leur géométrie et de leur 

nature (e.g. polymères thermosensibles). Une fois ces sources de plasma mises au point, nous 

avons travaillé dans plusieurs directions tels (i) l'uniformité du plasma en modifiant les 

paramètres géométriques de la source de plasma, (ii) les performances électrodynamiques de 

l'applicateur de champ HF où nous avons optimisé le transfert énergétique du générateur vers le 

plasma, (iii) l'efficacité biocide du plasma en utilisant des indicateurs biologiques 

particulièrement résistant au plasma (des spores et des biofilms) ainsi que des méthodes de 
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caractérisation des agents biocides (e.g. spectroscopie d'émission optique) et (iv) la minimisation 

des dommages aux matériaux contenus dans l'objet médical à traiter (e.g. le Téflon) et des 

matériaux connus pour être particulièrement dégradés par un plasma (e.g. des microsphères de 

polystyrène). 

Pour chacune de ses quatre étapes, nous avons évalué les limites de l'efficacité du procédé 

(symbole {- sur le diagramme) et avons donc parfois remis en question la capacité des systèmes 

que nous avions développés à stériliser l'instrument médical en question. Ceci nous a poussés, 

entre autres, à arrêter le développement d'une source de plasma utilisant des antennes distribuées 

autour d'un tube diélectrique (voir section 2.2) et à abandonner nos tentatives de mises au point 

d'un stérilisateur pour endoscopes souples (voir section 2.6). Nous avons souhaité discuter de ces 

systèmes qui n'ont pas fonctionné, car ce sont, d'une part, ces informations qui ont orienté notre 

démarche de recherche en nous offrant une meilleure connaissance des problèmes rencontrés et, 

d'autre part, afin de faciliter les recherches qui se poursuivent dans notre Groupe et dans le 

monde sur le développement de sources de plasma et sur le retraitement des endoscopes souples. 

Par ailleurs, au cours de ces travaux, certaines questions de science fondamentale ont été 

soulevées et sont discutées dans nos articles ainsi qu'à la section 3.3 où nous avons apporté 

certains éléments de réflexion supplémentaires. 
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Figure 1.8 Diagramme de la structure des travaux effectués et des idées maîtresses de la thèse. 

D'un point de vue plus concret, la structure des travaux effectués reflète également les 

objectifs précis que nous nous étions fixés en débutant nos travaux: 

1) Caractériser un applicateur de champ électromagnétique, conçu pendant notre travail de 

maîtrise mais demeuré jusque là à l'état brut, permettant de créer un plasma dans des tubes 

diélectriques possédant un faible diamètre interne « 4 mm) et une grande longueur (> 50 cm). 

2) Stériliser par plasma en quelques minutes l'intérieur de tubes diélectriques formés de 

polymères thermosensibles (tel le Téflon) couramment utilisés dans la fabrication des cathéters 

cardiaques (actuellement, la plupart de ces dispositifs médicaux sont à usage unique). 

3) Déterminer et optimiser les agents biocides (e.g. photons UV, espèces chimiquement 

actives) participant à l'inactivation par plasma dans la décharge. 

4) Évaluer puis minimiser les dommages causés par le traitement plasma aux polymères 

afin que les tubes puissent subir plusieurs cycles de stérilisation sans dommages structurels 

empêchant leur réutilisation. 
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5) Développer, tester et optimiser un système de stérilisation en décharge permettant un 

traitement rapide « 3 minutes) de surfaces dans une source de plasma d'environ 5 litres. 

Pour bâtir cette thèse, nous l'avons logiquement divisée en deux chapitres de résultats et de 

discussions, avec pour guide l'enchaînement des idées de la figure 1.8: au chapitre 2, nous 

présenterons une structure pouvant stériliser l'intérieur de tubes diéleCtriques thermosensibles 

(e.g. des cathéters cardiaques) et au chapitre 3, un dispositif permettant la stérilisation, par 

immersion dans le plasma, d'objets tridimensionnels (e.g. des forceps). Pour chacune de ces deux 

sources de plasma, nous avons également déterminé puis optimisé les agents biocides permettant 

d'inactiver des micro-organismes. Dans notre cas, il s'agit principalement de la gamme de rayons 

ultra-violets (UV) de longueur d'onde inférieure à 300 nm, qu'il convient donc d'enrichir si on 

veut accroître la vitesse d'inactivation, en photons d'où l'intérêt des études spectroscopiques 

présentées au cours de cette thèse. 
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Chapitre 2 

Stérilisation de la surface interne de tubes diélectriques 

Certains dispositifs médicaux (DM) tels les cathéters cardiaques et les endoscopes souples sont 

constitués de polymères thermosensibles comme le polyuréthane et le Téflon. Ces instruments ne 

peuvent donc pas être stérilisés par les méthodes à haute température sans qu'il y ait 

endommagement de leurs propriétés. De plus, la particularité géométrique de ces structures qui 

comprennent un ou plusieurs canaux longs (souvent de plus d'un mètre) et étroits (parfois de 

diamètre aussi faible que 1.5 mm) ajoute à la difficulté de la méthode même de stérilisation. Dans 

les faits, ces dispositifs sont soit à usage unique, ce qui est majoritairement le cas des cathéters, 

soit seulement hautement désinfectés, et non stérilisés, dans le cas des endoscopes souples. Des 

recherches universitaires et industrielles sont activement menées à l'échelle internationale pour 

proposer des solutions efficaces permettant de réaliser la stérilisation de ces dispositifs. 

L'obstacle scientifique principal du retraitement d'instruments médicaux comportant de 

longues parties creuses est la capacité de pénétration des agents biocides à l'intérieur des canaux, 

,la stérilisation de leur surface externe ne posant que peu de problèmes techniques. En ce qui 

concerne les méthodes plasma, les dispositifs de post-décharge, bien qu'efficaces sur des objets 

comportant des parties creuses de faible profondeur, sont mal adaptés à la stérilisation de la 

surface interne de tubes de petit diamètre et de grande longueur. En effet, dans le cas de la post­

décharge, il est nécessaire d'imposer une importante vitesse d'écoulement au gaz afin d'utiliser 

les espèces actives (émetteurs de photons UV, radicaux) créées en décharge, espèces d'une durée 

de vie limitée (::; 500 ms). Les tubes de petit diamètre possédant une faible conductance 

hydrodynamique, il est difficile d'exploiter les espèces actives, car il se forme à leur entrée une 

importante élévation de pression qui ralentit la progression des espèces biocides au point où 

celles-ci se désactivent avant qu'elles n'aient pu jouer leur rôle sur la totalité de la longueur du 

DM [3]. 

Il restait donc à mettre au point une méthode de stérilisation par plasma adaptée au traitement 

de l'intérieur de ces tubes qui ont la propriété d'être de nature diélectrique (transparents aux 

champs électromagnétiques (EM)), où le plasma serait créé directement à l'intérieur des tubes, 
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sur toute leur longueur, à partir d'un applicateur de champ haute-fréquence (HF) situé 

extérieurement. Pour mettre au point cette méthode de stérilisation, plusieurs stratégies ont été 

envisagées. Avant de les présenter, nous allons tout d'abord rappeler, en guise d'introduction, les 

principaux types d'applicateurs de champ EM HF, ce qui nous servira par la suite à mieux 

caractériser et situer les sources de plasma développées. 

2.1 Introduction 

Il existe de nombreux types d'applicateur de champ haute-fréquence (HF) permettant de créer et 

d'entretenir une décharge. Nous pouvons citer en exemple les bobines conductrices entourant un 

tube diélectrique donnant lieu aux décharges dites inductives et les lanceurs d'ondes de surface 

qui, au contraire d'une bobine HF, peuvent être localisés sur quelques cm de longueur du tube à 

décharge et donner naissance à un plasma s'étendant sur une beaucoup plus grande distance. 

Chaque type de plasma possède ses propres caractéristiques opérationnelles, offrant un large 

éventail de possibilité pour l'utilisateur. Cependant, malgré le grand nombre de sources de 

plasma HF déjà disponibles, pour certaines applications et pour des besoins industriels 

particuliers, le développement de nouvelles sources de plasma peut s'avérer nécessaire. 

Le schéma de la figure 2.1 propose une classification des principaux applicateurs de champs 

électrique HF. Cette classification est largement inspirée des travaux de Zakrzewski et Moisan 

publiés en 1995 [45]. Initialement, les sources de plasma micro-ondes étaient surtout créées à 

l'intérieur de cavités résonnantes avec pour conséquence que leurs dimensions et leur volume 

étaient très limités. Par la suite, pour obtenir un plasma micro-ondes de grande longueur par 

rapport à la longueur d'onde du champ EM (avant l'introduction des plasmas d'onde de surface), 

le champ électrique qui entretient la décharge devait provenir d'une onde, progressive ou 

stationnaire, qui est portée par un applicateur de champ s'étendant tout le long de l'enceinte à 

décharge. Souvent ce type d'applicateur possède une dimension beaucoup plus grande que les 

deux autres et est, pour cette raison, dénommée « applicateur linéaire ». Dans ce cas, on fait 

souvent appel, comme applicateur de champ, à une ligne de transmission: par exemple, un guide 

d'onde rectangulaire enserrant le tube à décharge ou un guide d'onde à fente irradiant vers le tube 

à décharge situé à l'extérieur. Pour les mêmes fins, il est également possiblè de disposer une ou 

plusieurs antennes le long du réacteur. En fait, le plasma est soit créé à l'intérieur de la structure 
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de propagation (applicateur de type « ligne de transmission» tel que désigné dans l'article de 

Zakrzewski et Moisan [45]) ou extérieurement à celle-ci (applicateur dit de type « antennes»). 

Les sources de plasma constituant le cœur de notre thèse sont des applicateurs linéaires de type 

ligne de transmission et fonctionnant en mode d'onde progressive. 

Applicateurs de champ électrique HF 

~~ 
Cavités résonnantes Applicateurs linéaires 

~~ 
Lignes de transmission Antennes 

~~ 
Onde progressive Onde stationnaire 

Figure 2.1 Classification des différents types d'applicateurs de. champ électromagnétique 

permettant l'entretien de décharges HF, d'après Zakrzewski et Moisan [45]. 

Dans le cadre de notre recherche axée sur le thème de la stérilisation médicale, nous nous 

sommes intéressé à créer des sources de plasma offrant plusieurs caractéristiques spécifiques: (i) 

une faible température du gaz « 50 OC) pour ne pas endommager les dispositifs médicaux (DM) 

formés de polymères dits thermosensibles; (ii) une bonne uniformité spatiale du plasma pour 

traiter simultanément un ensemble de DM; (iii) une technologie suffisamment adaptable 

géométriquement pour traiter des objets de forme complexe tel, par exemple, l'intérieur de longs 

tubes creux. 

Étant donné que les deux problèmes majeurs auxquels nous faisons face quant aux sources de 

plasma déjà existantes étaient leur trop forte température du gaz en décharge pour pouvoir y 

introduire des objets médicaux et/ou la non-uniformité spatiale du plasma sur une . longueur de 

plusieurs dizaines de cm, voire du mètre, nous avons tout d'abord pensé à recourir à un réseau de 

sources de plasma distribuées; tel que présenté à la prochaine section. 

2.2 Développement d'une source de plasma utilisant des antennes distribuées autour d'une 

enceinte cylindrique à décharge 

Nous avons tenté d'assembler le rayonnement de différentes antennes pour créer un plasma de 

quelques litres. Le schéma de principe de cette structure est présenté à la figure 2.2. Ce dispositif 

possède quatre arrivées de puissances· micro-ondes coaxiales (en connecteurs N), chacune 
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alimentant deux antennes de type «patch» micro-ruban (donc 8 antennes en tout) rayonnant vers 

l'intérieur du système, là où est placé le tube à décharge. La fréquence d'opération choisie était 

de 2450 MHz, ce qui imposait des dimensions précises aux antennes (une demi-longueur d'onde 

guidée à la résonance). 

Tube de 
silice fondue 

Patch micro- . 
ruban 

Plasma 

Connecteur 
coaxial de 
type N 

Figure 2.2 Schéma de principe d'une source de plasma à éléments distribués. 

Malheureusement, nous avons rapidement réalisé que cette source de plasma ne permettait pas 

d'atteindre nos objectifs (en particulier, le plasma était fortement non uniforme, même à pression 

réduite), ce qui nous a poussés à arrêter son développement et à nous tourner vers d'autres types 

de sources de plasma telles que présentées à la section suivante. 

Par ailleurs, l'alimentation en puissance micro-ondes (2450 MHz) des nombreuses antennes de 

la source de plasma nécessitait de scinder l'arrivée de puissance HF en plusieurs portions égales 

pour chaque groupe d'antennes:, préférablement sans qu'il y ait interférence de leur part sur la 

distribution de puissance. Ceci a pu être assuré au moyen d'un dispositif en guide d'ondes 

rectangulaire que nous avons perfectionné à partir des travaux initiaux de Pelletier et al [46]. 

Nous avons résumé brièvement les recherches que nous avons effectuées sur ce dispositif dans le 

paragraphe ci-dessous (les détails de ce dispositif sont disponibles dans un article situé à 

l'annexe 1). 

Diviseur de puissance 

Nous avons caractérisé une structure micro-ondes permettant, à partir du flux de puissance 

circulant dans un guide d'onde rectangulaire, de réaliser sur ce flux un nombre arbitraire de prise 
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de puissance de valeur égale (ou non selon les besoins), chacune renvoyée sur autant de sorties 

coaxiales (figure 2.3). Concrètement, le flux de puissance micro-ondes provenant du générateur 

se propage initialement le long d'une section de guide d'onde rectangulaire puis est réfléchi en 

raison d'une plaque conductrice placée à son extrémité, créant ainsi une onde stationnaire le long 

du guide d'onde. La division de puissance s'obtient en introduisant dans le grand côté du guide 

d'onde des antennes de type champ électrique placées aux positions de maximums d'intensité du 

champ électrique stationnaire. En utilisant la méthode des circuits équivalents, nous avons 

élaboré les expressions analytiques donnant l'admittance d'entrée de ce dispositif en fonction du 

nombre de sorties coaxiales. Nous avons raffmé ce circuit équivalent en considérant de surcroît 

l'influence mutuelle entre antennes. En somme, ce diviseur de puissance pouvant fonctionner sur 

un flux micro-ondes de haute puissance (2:: kW) apparaît à la fois compact et efficace en termes 

de caractéristiques . électrodynamiques, ce qui en fait un dispositif de choix pour alimenter 

simultanément et de façon non interactive plusieurs sources de plasmas. 

Figure 2.3 Représentation simplifiée en trois dimensions du diviseur de puissance que nous 

avons caractérisé et optimisé (voir l'article reproduit à l'annexe 1 pour plus de 

détails). 

En somme, ces travaux initiaux, bien que peu encourageant dans l'optique d'atteindre nos 

objectifs fixés en introduction, nous ont apporté plusieurs enseignements dans notre quête du 

développement d'une source de plasma permettant de traiter efficacement des objets médicaux. 
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Tout d'abord, les applicateurs de champs électromagnétiques à développer doivent posséder une 

configuration suffisamment simple pour pouvoir facilement en réaliser une réduction ou 

extension d'échelle (e.g. pour traiter des tubes diélectriques d'un diamètre interne allant de 1.5 à 

8 mm). C'est pourquoi nous avons cherché d'autres alternatives et nous sommes tournés vers le 

développement de structures utilisant une ligne de transmission plane, telle que celle présentée 

dans la prochaine section pour le traitement de l'intérieur de tubes médicaux. 

2.3 Développement d'une source de plasma linéaire pour tubes diélectriques 

Les lignes de transmission planes possédant au moins deux conducteurs parallèles l'un à l'autre 

présentent un intérêt certain, peu encore exploité, pour créer et entretenir un plasma. Le récent 

engouement qu'elles ont suscité résulte principalement du fait qu'elles propagent un mode 

Transverse Électrique et Magnétique (TEM) ou quasi-TEM, ce qui offre la possibilité de les 

exploiter dans une large bande de fréquence (typiquement 27-2450 MHz), à la différence des 

guides d'onde classique (rectangulaires ou cylindriques). De plus, elles peuvent être facilement 

adaptées à différentes configurations d'enceintes à décharge. En outre, les caractéristiques 

électrodynamiques de ces structures sont peu affectées par la présence du plasma créé à 

l'intérieur de celle-ci (bien adaptée du point de vue impédance sans plasma, il n'apparaît aucune 

puissance réfléchie avec plasma). De ce fait, l'optimisation de ses performances en absence de 

plasma est une démarche suffisante, qui s'effectue en considérant l'impédance caractéristique de 

la ligne de transmission, la fréquence maximale d'opération de celle-ci et les possibilités de 

réduction ou d'extension d'échelle requises. Finalement, comme ce sont des structures ouvertes 

qui ne rayonnent pas moyennant le respect de certaines contraintes géométriques, il est possible 

d'évaluer l'uniformité axiale des plasmas ainsi entretenus par des mesures optiques, comme nous 

allons également le voir dans l'article qui suit. Le lecteur intéressé pourra également trouver des 

informations d'ordre plus techniques sur le concept de cette source de plasma dans la demande de 

brevet située à l'annexe 2. 
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Long plasma columns generated by high-frequency (HF) fields and extending over distances 

longer than the free-space wavelength of the applied electromagnetic (EM) field are of interest in 

various applications. A commonly used method to achieve such long plasma columns caUs for 

the propagation of EM surface waves that use the plasma as their propagating medium. In such a 

case, the HF field applicator, called a wave-Iauncher, is much shorter than the actuallength ofthe 

plasma column. Long plasma columns can also be sustained by using field applicators that run 

along the full length of the discharge tube. Most such linear applicators rely on waveguide 

components. However, it is possible to use TEM (transverse electric magnetic) planar 

transmission lines based on stripline technology to design efficient linear field-applicators. Using 

such an approach, we have developed a new type of HF linear field applicator that operates on a 

relatively wide frequency range (typically, 200-2450 MHz). Comparison of the discharge that it 

generates with a surface-wave discharge (SWD) sustained under similar operating conditions 

shows that the discharge volume is larger than that obtained with a SWD at the same power level, 

hence a lower gas temperature and a plasma column more axially uniform, two valuable features 

for sorne applications. The contraction of these plasma columns is shown to occur at higher gas 

pressures than with SWDs. AlI these measurements are carried out in argon as the discharge gas. 
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2.3.1 Introduction 

There are many ways of applying a high frequency (HF: this term designates jointly radio and 

microwave frequencies) field to generate, within dielectric tubes, plasma columns that are long 

compared to the free-space wavelength of the applied electromagnetic (EM) field. Nowadays, 

most of these discharges are sustained through the propagation of EM surface waves where the 

field applicator, in this case called a wave launcher, needs to extend only over a short segment of 

the plasma column created (see, e.g. [1]). Long HF plasma columns can also be sustained by field 

applicators that fUll along the full intended discharge length. These elongated structures with one 

dimension much larger than the others, termed linear applicators, are mainly based on waveguide 

technology. A review and a classification of such applicators have been presented in [2]. 

The current article reports a new type of linear field applicator that provides long, uniform and 

low-gas-temperature plasma columns, which could be used, for instance, to sterilize heat­

sensitive, long and small-diameter hollow tubes such as endoscopes [3]. This nov el plasma 

source is based on the stripline, a transmission line of planar configuration well known in 

microwave engineering [4]. The concept and features of this plasma source will be examined in 

the case of a low-pressure discharge (0.1 - 20 torr; 13 - 2600 Pa). 

This work is not the first attempt at utilizing planar transmission lines in the design of plasma 

sources. In recent years, microstrip structures have been employed to generate micro-plasmas. A 

microstrip is comprised Of a conducting strip "deposited" on a dielectric substrate resting on a 

conducting surface, but it should not be understood as necessarily meaning a microstructure. 

Micro-plasmas are of a very limited spatial extent as implied by their designation, and are 

supplied at very low HF power levels that, in sorne cases, nonetheless correspond to high-density 

values of absorbed HF power [5-10]. The motivations driving research on these microsystems are 

discussed by Broekaert [11]: these microstrip structures are mainly used to generate plasma at 

atmospheric pressure for spectrochemical analysis. In contrast, our novel system aims at 

producing large volume plasmas, actually plasma columns that are much longer than the free­

space wavelength of the EM field, and at power levels (10 to 500 W) much higher than for 

micro-plasmas. 

The paper is organized as follows. Section 2.3.2 introduces the concept oflong plasma-column 

generation with stripline field applicators. The electrodynamic properties of such structures 
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without plasma and with plasma are examined in sections 2.3.3 and 2.3.4, respectively. A 

comparison, under similar experimental conditions, between the plasma column generated by a 

stripline field applicator and that sustained by a surface wave is presented in section 2.3.5. 

Section 2.3.6 suggests a classification of planar transmission lines when utilized as field 

applicators to sustain plasma. Section 2.3.7 is the conclusion. 

2.3.2 Using striplines to generate plasma columns 

2.3.2.1 The stripline configuration used 

Microwave guiding structures can be divided into two broad categories: those that propagate 

TEM or quasi TEM modes, and those that support the other modes [12]. The stripline belongs to 

the first category. The stripline is a planar transmission line (also called triplate line), as shown in 

figure 1. It consists of a conducting strip (which can be cylindrical or planar: here it is planar) of 

width w and thickness t centred between two wide, parallel, conducting (ground) plates of width 

L separated by a distance h. A homogeneous dielectric of relative pennittivity Er fills the entire 

region comprised between the parallel ground-plates and the conducting strip. The HF power is 

generally applied at one end of the conducting strip. 

Figure 1. Configuration and characteristic dimensions of our stripline transmission-Hne. 

An approximate sketch of the electric field lines within this planar transmission line is shown in 

figure 2, which corresponds to a cross-sectional view of figure 1. The direction of propagation of 

the electromagnetic TEM wave is along z and its field components are Ey and Hx, except at the 

lateral edges of the conducting strip whe~e sorne Ex-field component is generated. 
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z 

Figure 2. Approximate representation of the electric field lines within the stripline transmission­

line of figure 1. 

Intuitively, one can think of the present stripline as a sort of "flattened out" coaxial line. The 

conceptual evolution, shown in figure 3, from a coaxialline to this stripline supports this view. 

Stripline 

Figure 3. Conceptual evolution from the coaxial line to the stripline, a partially open flat­

transmission-line (after [13]). 

The coaxial line and the stripline transmission-line can both propagate the fundamental TEM 

mode. Since the coaxial line (figure 3(a)) is a c10sed structure, no electromagnetic energy can 

flow out of it. In contrast, the stripline (figure 3(e)) is a partially open structure from which, 

provided sorne dimensional restrictions are obeyed, no microwave energy leaks out: specifically, 

it requires the width L of the conducting ground-plates to be large enough compared to the 

distance h between these plates and to the width w of the conducting strip (figure 1). Then, the 

lateral c10sing plates can be removed (figure 3(d)) without fearing microwave leakage, as we now 

show experimentally. 
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2.3.2.2 Dimensional conditions for the stripHne transmission-Hne to be a non-radiating open 

structure 

The fact that a stripline transmission-line, under appropriate dimensional conditions, is non­

radiating is known from the literature, but it has not been demonstrated experimentally in the way 

that we are going to do it. This is because, as role, for compactness reasons, c1assical striplines 

are imbedded in a dielectric substrate (of a high Er value), whereas in our case the stripline lies in 

air, allowing the introduction of a probing antenna within it. The variation of the electric field 

component Ex (clearly Ey cannot exit the stripline), detected with an electric-fieldantenna (see 

inset in figure 4), is plotted in figure 4 as the antenna is withdrawn by 1 mm steps along the x­

axis, starting at 1 mm from the conducting strip (y = 0). The observed decrease of Ex(x) is so fast 

that, at x = 25 mm (compared to L = 200 mm), its intensity is already less than 10 % ofits value 

at the origin. We further note that the degree of confinement of the electric field is almost 

independent of the actual frequency of the electromagnetic field, at least between 200 MHz and 

800 MHz. The HF electric field is confined within the stripline because: i) its main component is 

directed along the y axis and its presence essentially limited to the width of the conducting strip 

(supplied with HF power) and its immediate vicinity (see the approximate E-field sketch in figure 

2): no leakage is expected provided L» w ; ii) the Ex component is generated on the lateral 

edges of the conducting strip (since an E field needs to be perpendicular to any conducting 

surface) and its intensity decreases as Ixl increases because the E field, as we move away from the 

lateral edge of the conducting strip, rapidly tends to align in the y direction to become 

perpendicular to the surrounding conducting (ground) plates (see figure 2 again): no leakage is 

expected provided L» h . Figure 5 compares the relative variation of the Ex-field intensity of our 

striplines with h = 24.0 mm and h = 71.8 mm, at approximately the same width values w. It is 

c1ear that field confinement is better when the distance h between the ground plates is smaller, 

even though L is smaller in the present case (90 mm instead of 200 mm): as a matter of fact, hlL 

= 0.27 for the sman h case and hlL = 0.35 for the large h case. 
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Figure 4. Variation of the intensity of the Ex component of the electric field, relatively to its 

value at x = 0, as a function of x for the stripline of figure 1, in air, where w = 31.0 mm, 

h = 71.8 mm and L = 200 mm, at three different frequencies of the electromagnetic field. The 

origin of the x-axis corresponds to the 'tip (5 mm long) of the antenna (0.6 mm/2 mm i.d./o.d.) 

positioned at 1 mm from the conducting strip. 
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Figure S. Relative variation along x of the Ex-field intensity showing that the E-field 

confmement depends mainly on the stripline height h: (a) h = 71.8 mm (w 31.0 mm and L ::::: 

200 mm); (b) h::::: 24.0 mm (w 26.4 mm and L = 90 mm). Applied field frequency is 200 MHz. 

2.3.2.3. The stripline as a field applicator sustaining plasma colurnns 

Figure 6 shows the design of thè stripline plasma source that we are proposing: one or more 

dielectric tubes can be placed on both sides of the strip conductor within an air-dielectric 

environment. 

Dielectric 
'dischargè 
tube 

~~IIIIiIiI1I'I"-:"7'~"1t .--. Stop 
cçmductor 

Figure 6. Schematic representation of a stripline field applicator showing, as an example, how 

four plasma colurnns can be sustained at the same time. The system can also be operated with 

less discharge tubes, even just one. 
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In the case of a pure TEM mode, the electric field is perpendicular to the direction of wave 

propagation (figure 2) and, therefore, there is no electric field component directed axiaUy within 

the dielectric discharge tubes (Ez = 0). This prevents the launching of a surface wave that would, 

otherwise, generate a plasma column3 with properties independent of those of the stripline field 

applicator (see section 2.3.5.3). 

In what foUows, we examine the electrodynamical properties of our striplines as field 

applicators, in the absence (section 2.3.3) and in the presence (section 2.3.4) of a discharge. 

2.3.3 Electrodynamic properties of the stripline field applicator in the absence of plasma 

An important feature of our stripline system is that its properties (inc1uding E-field profile, line 

characteristic impedance, ultimately input-power reflection coefficient) are very little affected, as 

will be shown, by the presence of plasma. As a result, the plasma source can be optimised, in 

particular in terms of power efficiency, by working on the dimensions of the stripline field 

applicator itself, a task that can be achieved with a network analyser since, in absence of plasma, 

HF powers as low as a few m W can be used. The foUowing points need to be considered for ease 

of design and proper operation: i) HF power should preferably be supplied to the plasma source 

using convention al 50 n coaxiallines, which implies setting the values of the w and h parameters 

such that they yield 50 n for the applicator characteristic impedance; ii) the position and 

structure of the input and output HF power connectors to and from this new type of field 

applicator have to be examined. In particular, the fact that the discharge tubes are set paraUe1 to 

the stripline axis requires the connectors to be implemented sideways (see appendix Al); iii) 

proper operation of the stripline applicator requires the EM power to flow in the TEM mode, 

which imposes sorne constraints on the scaling-up ofthis system. 

2.3.3.1. Characteristic impedance of our stripline field applicator 

3 It has been shown by Sauvé et al. [14] with a waveguide-type field applicator that an electric field directed 
perpendicularly to the discharge tube does not excite a surface wave plasma whereas a slightly tilted EM beam does. 
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The value of the' characteristic impedance Zo of our stripline was determined, first,' 

experimentally, employing a method proposed by Yue et al.[15]. For that purpose, a network 

analyzer is utilized for recording the magnitude of the stripline input voltage-reflection 

coefficient, Irinl, as a function of frequency, the stripline being terminated here by a load 

impedance ZL (equal to 50 Q). Classically, it leads to the voltage standing-wave ratio (VSWR) 

since VSWR = (1 + Irin 1)1 (1 - Irinl), as illustrated in figure 7. The value of Zo is then obtained 

from the following expression [16] : 

(~:r =~(VSWR)max (VSWR)min (1) 

where the exponent +1 is used when ZO>ZL and -1 when ZO<ZL' The ambiguity related to the ± 

sign in equation (1) can, in practice, be readily removed as we know that zodecreases 

monotonously with increasing w/h. 
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Figure 7. Example of a VSWR pattern determined experimentally from the magnitude of the 

recorded input voltage-reflection coefficient, Irin l, as a function of frequency for a stripline of 

characteristic dimensions h = 24.0 mm, t = 3.2 mm and w = 48.0 mm and terminated by a 50-

ohm load. 

The measurements shown in figure 8 for Zo were carried out by varying the conducting strip 

width w. The domain ofw/h values investigated was such that the measured Zo values were close 
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to the impedance of the feeding line. The Zo values are plotted in figure 8 as a function ofthe w/h 

ratio, the height h being kept constant (h 24.0 mm). 
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Figure 8. Measured characteristic impedance of the stripline as a function of the conducting strip 

width (open circle); the full circle data point at w/h = 2.0 is inferred from figure 7. The 

theoretical curve is obtained from relation (2). 

Various expressions for the characteristic impedance of a stripline can be found in the literature 

(e.g. [4, 17, 18]). Here, we use a simple empirical formula provided by Ghose [19] : 

zoFr =94.15(~+1.18.!..+0.45J-l 
(h-t) h 

where the characteristic impedance Zo is expressed in ohm. The rest of the notation is as defined 

in figure 1. As both the distance h separating the ground plates and the thickness t of the six 

conducting strips considered (varying w) in establishing figure 8 remained the same, the value of 

the tJh parameter in (2) was actually constant and, in the present case, equal to 3.2 mm/24.0 mm 

= 0.133. Figure 8 shows a remarkable agreement between our measurements and the values of 

Zo calculated from Ghose's formula [19], underlining the dominant role of the w/h parameter in 

determining the value of Zoo 

2.3.3.2. Limitations in the scaling-up of our stripline applicator 

Our way of utilizing a stripline as a field applicator for plasma column generation is not 

classical since the distance h separating the parallel ground plates is much larger (typically by a 

(2) 
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factor 10) than what is commonly employed in microwave engineering. Therefore, we need to 

look for possible limitations when scaling-up this field applicator. 

In that respect, we already know that in order to avoid energy leakage to the outside of the 

structure, whenever increasing h, L has to be widen (see figure 5). As for the stripline 

characteristic impedance, it can be set at 50 n by tuming to realistic values of w and h in relation 

(2) (generally t« h and t can thus be neglected in (2». Finally, the domain of validity for 

operating in the TEM mode, in particular for expression (2) to be applicable, has to be 

ascertained. Formula (2) ceases to be valid whenever increasing w or h makes any of them 

becoming equal to a certain fraction of the EM wavelength. As a matter of fact, the maximum 

frequency for TEM mode operation of a stripline of given dimensions can be expressed as [20]: 

(3) 

where w and h are in cm. This maximum frequency corresponds to the cutoff frequency of the 

first TE mode since this mode, when increasing frequency, is the next one after the (fundamental) 

TEM mode to be excited within a stripline. The variation of this cutoff frequency as a function of 

h for two different characteristic impedances, 50 ohms and 100 ohms, is plotted in figure 9 (recall 

that the Zo value chosen sets the value of the w/h ratio through relation (2), assuming t can be 

neglected as compared to h). 
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Figure 9. Maximum frequency of operation of the stripline field applicator under a pure TEM 

mode as a function of the distance h separating the parallel ground plates, as ca1culated from 

relation (3) for characteristic impedances of 50 ohms and 100 ohms. 

The physical meaning of formula (3) can be illustrated by considering the following example. 

When h is larger than 30 mm, figure 9 indicates that the stripline applicator at 2.45 GHz with a 

50-ohm line would no longer operate in the TEM mode and, as a result, it would not be power 

efficient. The fact that the free-space EM wavelength at 2.45 GHz is 122 mm implies that the 

height h should not be typically higher than a quarter of a wavelength. 

2.3.3.3 Practical realization of our stripline field applicator 

We have designed, built and experimentally characterized several field applicators in two 

geometries: linear and circular, Only the linear one is described in this paper. Its structure is 

sketched according to cross-sectional, top and side views in figures lO(a), (b) and (c), 

respectively. The thickness of the two ground plates is 6.4 mm and that of the strip is 3.2 mm. 

Dielectric supports are used to hold both the discharge tubes and the conducting strip; conducting 

spacers are used to connect electrically the two ground plates and ensure a constant distance h 

between them. Greater design detaH is given in the appendix. 
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Figure 10. (a) Schematic cross-sectional view of a linear stripline field-applicator (flat 

conducting strip) designed to sustain simultaneously four plasma columns (or less). (b) 

Schematic top view of the applicator in figure 10(a), with the upper plate (1) removed. (c) 

Schematic side view of the applicator shown in figure 10(a). 

Number designation 

1. Upper conducting plate 6. N-type coaxial connector 

2. Centred conducting strip 7. Incoming HF power from 

3. Dielectric support for the conducting generator through coaxial cable 

strip and discharge tubes 8. Matched load at the stripline output for dissipating 

4. Conducting post (spacer) the HF power not absorbed by plasma 

5. Lower conducting plate 

2.3.4 Electrodynamic properties of our stripline field applicator in the presence of plasma 

2.3.4.1 Experimental arrangement for plasma generation and HF -power measurements 
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The experimental arrangement for generating plasma with our stripline applicator is shown in 

figure 11. We have worked at powers from a few watts up to a few hundred watts with applied 

field frequencies varying from 50 to 2450 MHz (data reported only in the 200 - 2450 MHz 

range). 

1. HF 'generator 
2. Ferrite circulator 
3. C.irculator matched load 
4. 8idirectional 

HF-:power measuring line 
5. Double-throw switch 
P. HF power meter3. 
7. Stripline' 

field-applicator 1 
8. Unidirec.lional 

HF-power measuring 
line at the st(ipline 
output 

9. Matched lo.ad 
10. Gàs bottl~ 
11. Gas flowdivider for 

feeding individually 
the dischàrgè tubes 

12 .. Vélcuum pump 

11 

Figure 11. Schematic representation of the experimental arrangement showing the components 

related to feeding and measuring microwave power as well as those required for gas feeding and 

flow control. 

Measurements of the incident power PI and of the reflected power PR at the stripline input are 

made using a calibrated bidirectional power-measuring-line (4) (together with a thermistor power 

meter (6)) located between the output port of the circulator and the stripline applicator input. 

Measurements of the transmitted· power PT exiting from the applicator are made using a 

directional power coupler (8) (together with a thermistor power meter (6)) located between the 

stripline end (output) and a matched load (9). The terminating matched load (9) prevents HF 

power to be reflected at the end of the stripline, which would affect the HF field intensity 

distribution along the stripline field applicator. This is the only matching means of this plasma 

source, which is frequency independent! 
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Figure 12. Schematic representation of the power flows to, in, and out of the stripline field 

applicator in the presence of plasma, with indications of the various loss mechanisms. 

Figure 12 is a schematic representation of the HF power flows within the stripline field applicator 

with indications of the loss mechanisms. Using energy conservation (and the notation in figure 

12), the power PA absorbed by the plasma can be written as: 

(4) 

By using wide enough paraUel ground plates, we ensure that there is no radiated power outside 

the applicator (see figure 5)4, and thus Ps' = o. Utilizing a network analyser in the transmission 

mode (see appendix), we can' check that the power lost within the stripline structure (air 

environment) in the absence of plasma is negligible compared to the incident power. Therefore, 

relation (4) reduces to: 

(5) 

which aUows a fast determination of the power absorbed in the discharge, PA. Comparing PA with 

PI amounts to determining the power efficiency of the stripline plasma-source, the ratio value 

PAIPI = 1 implying a 100% efficiency. 
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2.3.4.2 HF-power efficiency of the stripline plasma source 

To characterize the power efficiency of our plasma source, we have used a single (fused 

silica) discharge tube of 6 mm inner diameter (i.d.), centred with respect to the conducting strip. 

The argon flow was set to 10 sccm (standard cubic centimetre/min) at a pressure of 100 mtOIT (13 

Pa) and a field frequency of 2.45 GHz. The stripline dimensions are those of figure 5(b). Figure 

13 examines the power absorbed by the plasma as a function of the incident power under these 

operating conditions. The percentage of reflected power at the stripline input remains zero over 

the whole range of incident HF power examined (10-110 W). As the HF power is raised from 10 

to 20 W, the plasma column length increases (not shown in the figure); at 20 W, the whole tube 

length located within the field applicator (620 mm) is filled with plasma; at higher incident HF 

powers, part of the incoming power flow going across the field applicator is not absorbed in the 

plasma and is, in fact, sent to the matched load located at the output of the applicator (see figure 

Il) to prevent reflection at the applicator end. Because of this, above 20 W, there is a decrease of 

the percentage of absorbed power by the plasma, as shown in the figure. 
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Figure 13. Percentage of the reflected power, PR, of the transmitted power, PT and of the 

absorbed power, PA, normalized to the incident power, PI, as functions of PI, at 2.45 GHz. The 

discharge tube, 6 mm i.d., is made from fused silica, and argon gas is used at a 10 sccm flow and 

a 100 mtOIT pressure. Stripline dimensions as in figure 5, case (b). 

4 This can also be shown by fully c10sing the siripline structure by adding laierai conductîng walls and observîng then that there is no change in 
the measured power flows Pb PR and PT. 
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The same type of power measurements as in figure 13 was carried out also at 200 MHz and 

600 MHz in addition to 2.45 GHz, as shown in figure 14. Altogether, less than 3 % of the 

incident power is reflected at the applicator input plane (not shown). It means that no impedance 

matching system is, practically speaking, needed at the applicator input to achieve an efficient 

power transfer from the HF generator to the plasma source over the 200-2450 MHz frequency 

range. However, we observe in figure 14 that the applied ffequency has a significant impact over 

the percentage of absorbed power by the plasma: it increases with frequency. This is due to the 

fact that the electron density increases as the frequency of the field applied to ,the discharge is 

raised, as supported experimentally by the increase in the emitted light intensity (not shown) and 

by calculations presented in the section that follows. 
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Figure 14. Percentage of power absorbed by the plasma with respect to incident power as a 

function of the incident power at three field frequencies, namely 200 MHz, 600 MHz and 2.45 

GHz (stripline dimensions as in figure 5, case (b)). 

2.3.4.3 Influence of the electron density regime on the electrodynamical properties 

This section is devoted to determining whether and to what extent the plasma is overdense, 

having in mind possible effects on, for example, the distribution of the e1ectric field intensity 

existing in absence of plasma. An HF discharge is overdense when its electron plasma (angular) 

frequency, OJpe = (nei/meGol" exceeds the applied (angular) field frequency, OJ, where ne, is the 
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electron density, e and me the electron charge and mass respectively, and 80 the permittivity of 

free space. The value of electron density obtained when (Ope (0 is termed the critical density, ne, 

and an overdense plasma can also be defined by ne > ne. 

2.3.4.3.1 Density of the plasma and minimum field frequency of operation as functions of the tube 

diameter. Most standard diagnostic techniques for measuring the electron density could not be 

utilized with our stripline plasma. Such is the case with, for example, double Langmuir probes 

(HF field perturbation), resonant cavities (no accessibility), Stark broadening (too low an electron 

density). We therefore turned to the estimation of the electron density of the stripline plasma on 

the basis of the absorbed power per unit length [1]: 

L(nJ == TCR2n/J 

where () is the power lost (and absorbed) per electron, R, the inner radius of the discharge tube. 

Values of () have been obtained experimentally by Moisan et al. [21] from the absorbed power in 

surface-wave discharges, and these values confmned by theoretical calculations [22]. As shown 

in [23], the value of () deduced from a given kind of discharge is, in fact, applicable to aU kinds 

of electrical discharges sustained under the same operating conditions. Using such published 

values of () and our experimentally observed L values averaged .over the stripline plasma 

column, one can infer the electron density from relation (6). It is plotted in figure 15. We observe 

that ne is larger than ne suggesting that the discharge is (slightly) overdense over the 200 to 2450 

MHz domain investigated. 
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Figure 15. Comparison between the critical density, ne, and the estimated value of the electron 

density, ne, using equation (6). Experimental conditions: 0.1 torr of argon, 6 mmJ8 mm i.d./o.d. 

tube to which there corresponds B ~ 1O-1l W as reported in [23]. 

A further argument supporting the electron density values displayed in figure 15 is related to 

the fact that a discharge can be achieved only provided the plasma sheath width is not larger than 

the radius of the discharge tube. Following Lieberman and Lichtenberg [24], we take the sheath 

width s as a few times the Debye length ÂDe , say 3 times its value: 

s~3Âne=3 
( 

e 
)

1/2, 

where ~ is the electron temperature in eV. Estimation of the electron temperature using, for 

example, calculations by Steenbeck and Von Engel [25] yields r;, ~ 2 eV as a reasonable 

numerical value. Figure 16 shows the sheath width calculated from expression (7) as a function 

of field frequency, assuming that the electron density is either the critical one or ten times this 

value, and adding the electron density value as plotted from experiments in figure 15. 
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Figure 16. Estimated sheath width calculated using relation (7) as a function of field frequency, 

assuming that the electron density is either ne, the critical one, or ten times this value (dotted and 

full Hnes, respectively). The sheath thickness corresponding to the ne values inferred from 

equation (6) for a 6 mm Ld. tube are also shown (full squares). 

(7) 
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Figure 16 shows a relative good agreement between the sheath width stemming from the 

estimated ne values (figure 15) and that when assuming ne 10 ne. Considering that a discharge 

cannot be achieved when s exceeds half the tube diameter, figure 16 implies that the discharge 

could not be sustained below 30 MHz in the case ne = 10 ne, while assuming ne = ne would raise 

the cut-offto 100 MHz. 

Figure 17 plots the minimum power, Pmin, required to sustain a discharge as a function of the 

field frequency. The results for the 6 mm i.d. tube shows that the stripline discharge can be 

sustained at least down to 27 MHz, a fact consistent with considering ne ~ 10 ne in figure 16. As 

expected, the smaller the tube diameter, the higher the minimum frequency at which a discharge 

can be sustained: a practical cut-off frequency can be considered to be reached when P min exceeds 

200 W in the case where the discharge can be sustained at higher frequencies with only lOto 20 

W (actually, a 2 cm long discharge is taken as a reference). 
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Figure 17. Measured minimum power value required to sus tain a 2 cm-long (reference) stripline 

discharge as a function of the applied field frequency, for three dis charge tube diameters. 

2.3.4.3.2. influence of the overdense plasma on the stripline impedance matching and on the 

electric field intensity profile. The arguments suggesting that the stripline plasma is overdense are 

not in contradiction with the fact that the power reflected at the stripline input, over the whole 

frequency range tested (27-2450 MHz), is not modified (PRIP1 :$; 3 %) when the discharge is 

sustained (see section 2.3.4.2). This is because the characteristic impedance of the stripline is the 

same, whether the plasma is on or off: in other words, the stripline does not "see" the plasma. It 
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cornes from the fact that the power transferred per unit length from the stripline to the discharge 

is small compared to the power flow (see also sections 2.3.5.1 and 2.3.5.2). 

When a plasma is overdense, as a mIe, the distribution of the electric field imposed by the 

EM field applicator in absen'ce of plasma is modified when the plasma is switched on. This is not 

the case here, essentially because the plasma is only slightly overdense. This can be seen from 

figure 18 that compares the lateral decrease of the (normalized) intensity of the x-component of 

the electric field as measured with an x-oriented electric-field antenna (see figure 4), with and 

without the discharge: both profiles of the electric field intensity are similar. This behaviour can 

be explained by considering the penetration depth, 6, that expresses the evanescence (non­

collisional "skin effect") of the EM field in an overdense plasma. It can be written as: 

We find here that the tube radius is much smaller than the skin depth (<51 R :::::, 4 20) at any 

frequency between 27 and 2450 MHz and therefore, although the plasma is overdense but only 

slightly, its presence should not affect the profile of the electric field intensity as the discharge is 

switched on, shown in figure 18. 
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Figure 18. Profile (normalized distribution) of the intensity of the component of the electric 

field, relatively to its value at x = 0, as a function of x, with and without the discharge. The 

intensity of these two recordings is normalized at unity for x 0 (in presence of plasma, the 

(8) 
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measured field intensity at mid-axial position decreases to 0.8 times its value without plasma). 

Experimental conditions:f= 600 MHz, 1 tOIT of argon, 6 mm/8 mm i.d./o.d. discharge tube. 

2.3.5 Comparison between the discharge from a stripline field applicator and that from an 

EM surface wave 

2.3.5.1 Power density absorbed in the discharge 

For given discharge conditions, the HF power absorbed per unit plasma volume is much less in 

the stripline discharge than in the surface-wave discharge (SWD) as we show. Consider the inset 

in figure 19 where two stripline discharge configurations are depicted: a single discharge tube in 

one case and two discharge tubes in the second case. Since the length of the central conducting 

strip is 62 cm, this is the maximum plasma column length that the present prototype of stripline 

applicator can yield when using a single discharge tube. To have more power fully absorbed into 

plasma, we subjected two discharge tubes to the field applicator; in such a case, the plasma 

volume created is obtained by adding up these two plasma columns. Figure 19 shows the length 

of the single plasma column cand that of the double plasma column as obtained with the same 

stripline applicator as well as the length of the plasma column from the surface-wave discharge 

as functions of absorbedmicrowave power, under the same operating conditions, namely argon 

gas at 1 tOIT, 6 mm i.d. discharge tube and 915 MHz applied-field frequency; stripline dimensions 

as in figure 5 case (b) and the wave launcher is a surfatron [26]. The observed threshold length of 

the SWD as a function of absorbed power cornes from the fact that a minimum electron density 

(absorbed power) is required for the surface wave to propagate [1]. 
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Figure 19. Length of the plasma column sustained by a stripline field applicator in the case of a 

single discharge tube (.Â) and total length of the plasma columns in the case of two discharge 

tubes (.), compared with the length of the plasma column sustained by a surface wave (0) as 

functions of absorbed power (stripline dimensions as in figure 5 case (b), field frequency 915 

MHz). 

We observe that, for a given absorbed power, the stripline discharges are five tîmes longer than 

the SWD. It implies that the absorbed power per unit plasma volume is five times lower in the 

stripline discharges than in the SWD. This result is consistent with a qualitative observation of 

the discharge tube temperature after a few minutes of operation: the stripline discharge tube is 

almost at ambient temperature, while the SWD tube is too hot to be touched (over 50 oC). 

2.3.5.2. Measured axial distribution of emitte4 light intensity 

Figure 20 shows the emitted lîght intensity recorded with a photodiode (and a collimator: see 

section 2.3.5.3) over the 330-800 nm range along the SWD and along the stripline discharge, in 

both cases at a field frequency of915 MHz. The emitted light intensity is more unifonn axially in 

the case of the stripline discharge, implying that its plasma density is also more unifonn. This can 

be explained by considering that, although these two kinds of discharges are sustained by a 

travelling wave, the wave power absorbed by the stripline discharge per unit length, dP A/dz, is 

much smaller and related to a lower electron density in the discharge (see section 2.3.5.4). 
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Because the power deposited locally is much smaller than the power flow, the wave power 

decreases only slightly along the field applicator, leading to an electron density, on the average, 

that decreases only slightly axially. 

At any rate, in both cases, the electron density tends to decrease with increasing z, as can be 

seenin figure 20, as a result of the power flow of the propagating wave being expended in 

sustaining the discharge. The overall decrease of the electron density along the stripline is more 

pronounced the longer the stripline applicator, the larger the tube diameter or the higher the field 

frequency. Such a nonuniformity of the plasma could have undesirable effects for sorne 

applications. A possible solution to compensate for the electron density decrease is to switch the 

HF power feeding port with that of the matched load at half process time. A second solution 

would be to reduce gradually the cross-sectional dimensions of the applicator structure when 

going from the power input side to the matched load side, as already proposed by Zakrzewski and 

Moisan [2] in the general case of a long linear field applicator and by Slinko et al. [27] in the 

specific case of a plasma column laying longitudinally within a rectangular waveguide, the height 

of which is gradually decreased in the power flow direction. A third possibility is to remove the 

matched load and use its port to actually feed the stripline from a second microwave generator 

(not phase related with the first one to avoid standing waves along the stripline). 

The integration as a function of z of the light intensity axial profiles recorded in figure 20 

shows that the total intensity of the stripline discharge is approximately 10 times less than that of 

the SWD while its power density (related to plasma column length), in figure 19, is only 5 times 

less than that of the SWD. A factor of 2 higher for the light intensity compared to plasma column 

length (absorbed power) for the stripline discharge could result from various factors that inc1ude 

the difference in pressure between figure 19 (1 torr) and figure 20 (100 mtorr) as well as a 

difference in radial distribution of the emitted light intensity in these two types of discharge, as 

discussed in the next section. 
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Figure 20. Recorded axial distribution of emitted light intensity along the plasma columns 

sustained by a stripline field applicator and a surface wave (surfatron wave-Iauncher) at 915 MHz 

in argon gas at 100 mtorr in a 6 mm i.d. tube. The surfatron launching gap is located at z = 0 

where a front (z> 0) and a back surface wave (z < 0) are excited. The surfatron body extends 

from z = - 80 mm to z = 0, preventing light collection over that z interval. The light collimator 

was aiming at the diameter chord of each discharge tube. 

2.3.5.3. Light intensity recorded transversally to the discharge tube axis as an indication of 

the discharge radial uniformity 

The intensity of the emitted light, in this section, is recorded transversally, i.e. as a function of 

lateral position y (see figure 4), at z = 310 mm, under the following operating conditions: argon 

gas at 20 torr, an applied field frequency of 600 MHz, a 26 mm i.d. discharge tube. To ensure 

sorne spatial resolution to these lateral measurements, a 1 mm-diameter light collimator, 30 mm 

long, connecting to an optical fibre, was used. Figure 21 shows that the lateral profile of the 

stripline discharge and that of the SWD do not have the same symmetry. The lateral profile of the 

SWD is symmetric with respect to the discharge tube axis, while the profile of the stripline 

discharge is c1early asymmetric with the maximum of intensity off-axis (preventing us from 

performing Abel inversion to obtain the radial profile of light intensity from the stripline 

discharge). In fact, the lateral profile of the stripline discharge is wider than that of the SWD, 

suggesting a radially more uniform plasma than with a SWD. The lateral decrease of the light 
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intensity of the stripline dis charge with increasing y is consistent with the continuous decrease of 

the electric field intensity from the central strip (y = 0) to the ground plate. By comparison with 

measurements made at one torr (not reported), the lateral profile of the light intensity of the SWD 

at 20 torr is slimmer, i.e. the plasma glow no longer fully fills the discharge tube radial cross­

section. This is known as discharge contraction [28]. 
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Figure 21. Recorded lateral profile of the intensity of emitted light from a tubular dis charge 

sustained by a stripline field applicator compared to that obtained from a SWD under the same 

operating conditions: argon gas at 20 torr, an applied field frequency of600 MHz and 26 mm Ld. 

dis charge tubes. A 1 mm-diameter light collimator, 30 mm long with its tip located at 100 mm 

from the tube and connecting to an optical fibre, was used to provide sorne spatial resolution to 

these laterai measurements. 

2.3.5.4 A voiding the launching of surface waves along a plasma column 

As a role, surface-wave discharges are azimuthally symmetric and, therefore, the wave 

propagates in the TM (transverse magnetic) mode, i.e. the field components in the discharge tube 

(cylindrical coordinates) are Ez, 

plasma is the axial component 

and H,p; the wave main electrÎC field component within the 

[1]. This field component, required to excite the wave, is 

present at the launching gap due to fringe-field effects there. In contrast, as already mentioned, 

the stripline being a TEM structure, its electric field lines are truly perpendicular to the discharge 
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tube axis, in particular, there is no Ez component. However, when the discharge tubes are longer 

than the stripline structure, SWD can be excited at the two extremities of the stripline because of 

fringe-field effects occurring where the conducting strip ends (figure 22). This is supported by 

the following facts: i) at a sufficiently high HF power level, the discharge starts to ex tend 

outwardly from the conducting strip end in a region where the E-field cannot be that ofthe TEM 

mode; ii) the intensity of the emitted light in the outward segment (and in the corresponding 

inward segment with respect to the. conducting-strip end) is higher than that measured along the 

stripline discharge itself, indicating a higher electron density there; this is consistent with a 

higher coefficient of wave power absorption whenever the plasma is sustained by a surface wave, 

as already discussed in relation with figures 19 and 20; iii) the length of the higher-density 

discharge segment located on both sides of the surface-wave launching region (i.e. the 

conducting-strip end) increases with increasing HF power, an intrinsic property of surface-wave 

discharges (the existence of a front and a back surface wave has already been mentioned in 

relation with figure 20). 

Figure 22. The brighter segment of the discharge is sustained by surface waves excited (in both 

directions) at the end of the stripline field applicator due to fringe-field effects resulting from the 

abrupt ending of the conducting strip. The arrows represent approxirriately the direction of the 

electric field in that region, suggesting the possibility of an Ez component there. Operating 

conditions: argon gas at 1 torr, 6 mm Ld. discharge tube, field frequency of 600 MHz. 



53 

Figure 23. Discharge close-up view near an extremity of the stripline applicator. A surface wave 

discharge is excited outwardly pa st the end of the conducting strip in a 26 mm i.d. discharge tube 

(argon gas at 20 torr, field frequency of 600 MHz). 

The launching of surface waves at the extremity of the conducting strip of the stripline field 

applicator is also observed along a larger diameter tube (26 mm i.d. compared to 6 mm i.d. in 

figure 22) as microwave power is increased above the power level required to make the discharge 

occupy the fulliength of the field applicator (see section 2.3.4.2). Figure 23 shows that the SWD 

actually excited at the end of the stripline structure is radially contracted at 20 torr in contrast to 

the stripline dis charge that fills the entire radial cross-section of the tube. The fact that the 

stripline discharge is not contracted is consistent with a flatter lateral profile of the emitted light 

intensity than with Ji SWD, as already discussed in relation with figure 21. 

In closing, let us mention that Schermer et al., in presenting a new compact open-ended 

microstrip field applicator to generate plasma [8], noticed that the discharge extended outside the 

applicator as microwave power was increased sufficiently. They, however, did not identify this 

additional plasma segment as resulting from a SWD. 

2.3.6 The stripline field applicator as part of the family of planar transmissionlines used 

for generating plasma 

The stripline field applicator described in the present article is a new concept within the 

family of planar transmission lines used to sustain plasma columns. A distinguishing feature of 

our system is its use to achieve plasma columns that are long compared to the HF wavelength in 

contrast to the plasma length of the other members of the family of planar transmission lines 

(meter range compared to cm range). Situating our field applicator within the family of planar 

transmission lines sustaining plasma is helpful in extending the understanding of the present 

stripline system. 

Most HF field applicators used to sustain plasma are essentially based on two types of 

transmission lines, namely waveguide and coaxial lines. Planar transmission lines were utilized 

to sustain microwave discharges starting only at the end of the 1990's [9]. This fact is quite 

surprising for many reasons: 
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• Plasma processing of planar surfaces is of importance for industrial applications that 

could be efficiently dealt with planar HF field applicators. 

• Microwave engineering R&D has been developing planar transmission lines for more 

than three decades, essentially for communication purposes, and aiming at their 

miniaturization and circuit integration. As a result, the modelling of these lines is well­

advanced, which should facilitate their design and modelling as EM-field applicators for 

plasma generation. 

• Planar transmission lines are TEM (Transverse Electric Magnetic) or quasi-TEM 

structures [17]. This property leads to two beneficial characteristics when designing HF 

sustained plasma sources: 1) these transmission lines can be operated over a broad 

frequency range, as shown in this paper; 2) they can satisfy industrial requirements as to 

compactness and miniaturization of microwave plasma sources. In that respect, note that 

rectangular waveguides are really cumbersome at low microwave frequencies (~915 

MHz). In contrast, as shown by Broekaert [11], planar transmission lines are well-suited 

for the miniaturization of plasma sources (more easily achieved when high-permittivity 

dielectrics are used within them). 

• Due to their intrinsic properties, microwave-field applicators using planar transmission 

lines can be readily arranged in arrays (eventually fed from a unique HF source) to 

provide large plasma volumes. 

Such a limited use of planar transmission lines to sus tain microwave discharges can probably be 

attributed to a widespread misconception that considers microstrip lines and striplines only 

suitable for low power applications. In fact, their microwave-power handling capacity is simply 

limited,' as in the case of other transmission lines, by Joule losses in conductors and dielectrics 

and by electrical breakdown [18]. By applying the usual microwave design rules for high power 

operation (large enough thickness of the current carrier, water cooling, minimum distance 

between conductors to avoid arcing), one could most probably ex tend their power range to a few 

kWs. 

We distinguish three categories of HF field applicators based on planar transmission lines, as 

shown in figure 24: a) the EM-field applicator is supplied by the planar transmission line, 

possible field applicators being microstrip split-ring resonators (see figure 24 (a)) [6, 7], plasma-
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torch systems [10], etc. In this case, the planar transmission line merely serves as an impedance 

matching unit; b) the field applicator is provided by a portion of the planar transmission line, 

which terrninates on two open-circuits [5, 8, 9]. Impedance matching is achieved with at least one 

tuning means (e.g. an open-circuit of a given length) and it is located at an appropriate position 

along the transmission line (e.g. close to the power input); c) the whole length of the transmission 

line can serve as the field applicator. Impedance matching is realized by terrninating the planar 

transmission line with a matched load. The impedance matching means of structures (a) and (b) 

critically depend on the frequency of operation in contrast to systems terrninated with a matched 

load (case (c) as described in this paper). In fact, system (a) is resonant owing to the split-ring 

circumference that must be an integer number of half-wavelengths (the feeding conducting-strip 

is generally a quarter of wavelength long); as for system (b), the frequency dependence cornes 

from the length of the open-circuit segments at the transmission line extremities and from the use 

of an impedance matching length (open-circuit). 
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Figure 24. Suggested classification of planar transmission lines when utilized as field applicators 

to sustain plasma. Case a): the EM-field applicator is supplied by the planar transmission line, 

where the split-ring resonator is an example of a possible field applicator [6, 7]. Impedance 

matching is achieved at a fixed frequency only; b) the field applicator is provided by a portion of 

the planar transmission line, which terminates on two open-circuits [5, 8,9]. Impedance matching 

is also dependent on frequency; c) the whole length of the transmission line can serve as the field 

applicator. Since impedance matching is realized by terminating the planar transmission line with 

a matched load, the system is frequency independent in absence of plasma. Because the plasma 

produced is of sufficiently low density, the power reflection coefficient at the power input is 

frequency independent. 

The use of a stripline (triplate line) instead of a microstrip line as a field applicator to sustain 

plasma offers two main advantages; 1) the stripline is radiation-free whereas the microstrip line 

looses a fraction of its energy to the outside (the higher the frequency, the more important is this 

loss). This a remarkable feature of the stripline, both in terms of efficiency and hazard protection, 

when used as a long linear field applicator at high HF power levels; 2) the possibility of 

sustaining many discharge tubes at the same time and in a compact system is of possible interest 

for indus trial applications. 
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2.3.7 Conclusion 

We have designed and tested a new type of plasma source, where the discharge is generated by 

a linear HF field applicator based on the stripline technology. The obtained discharges have been 

analyzed by comparison with surface-wave discharges sustained under similar operating 

conditions. For instance, for a given HF power, the stripline plasma colurnns are observed to be 

five times longer than SWDs at 915 MHz. This implies a lower density of absorbed power in 

such a discharge, hence a lower discharge gas-temperature. The following features were found to 

be characteristic of our stripline discharges: 

• The stripline field applicator presented can, in fact, bedesigned in the absence of plasma 

and, nonetheless, requires no tuning system to obtain, in the presence of plasma, a perfect 

impedance match at the applicator input from 27 MHz to 2450 MHz. This is related to the 

fact that the HF power expended to the discharge per unit axial length (dP/dz) by the 

TEM-mode wave is small compared to the power flow. The field applicator behaves, to 

sorne extent, like an antenna [2], meaning that it is essentially the stripline structure that 

deterrnines the wave-field characteristics, and not the discharge. 

• The main disadvantage of all traveling-wave discharges is, by essence, the axial decrease 

of the electron density since the wave power decreases as it is expended in the discharge 

as it propagates. This non uniforrnity effect is, however, much less important in the case 

of a stripline plasma source because of a lower coefficient of power absorption by the 

plasma. It, therefore, leads to a plasma colurnn that is much more uniforrn axially than 

witha SWD. 

• The gas temperature being lower than in SWDs, the onset of plasma contraction occurs at 

higher gas pressure than for SWDs. 

The stripline discharge appears complementary to the SWD as far as achieving long plasma 

colurnns is concerned. Its specific features could help widening the applications of long HF­

sustained plasma colurnns. For instance, its lower gas temperature allows to subject 

therrnosensitive polymers directly to plasma to sterilize polymer-based tubes, eventually such 

parts ofmedical devices (e.g. endoscopes, catheters) [3]. 
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Appendix. Design details 

Al. Transitions from coaxial lin es to stripline applicators 

The junctions between the coaxial (input and output) ports and the stripline need to be carefully 

designed to avoid possible reflections. Typically, the input and output junctions to a stripline are 

implemented at its extremities, either along the axis of the stripline or perpendicularly to it [29]. 

As we already mentioned, the fact that the discharge tubes are set parallel to the stripline axis and 

extend past the conducting strip (together with their input and output gas connections) requires 

the connectors to be implemented sideways, as shown in figure Al. 
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Figure Al. Percentage of a (low-power) input signal transmitted across the stripline and 

observed at its output port in absence of plasma, in cases where the input and output ports are 

either right-angle bends or circular bends. 
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The transmission response with frequency reported in figure Al has been obtained with a 

network analyzer in the transmission mode. Figure Al shows that using a circular bend instead of 

a right-angle bend significantly improves signal transmission as a function of frequency across 

the stripline. 

A2. Perturbations introduced by the dielectric supports designed to hold the discharge 

tubes and the central conducting strip 

Dielectric holders were designed to mechanically support both the discharge tubes and the 

conducting strip. These spacers are particularly necessary when flexible polymers are employed 

as discharge tubes. Because the holders have a higher permittivity than that of air, they introduce 

impedance changes along the stripline, which amounts to considering them as obstacles as far as 

the propagation of the electromagnetic waves along the stripline is concemed. 

To reduce the influence of these supports, one can use very low permittivity material such as 

low-density polystyrene (Er =1.1), which however is not mechanically strong. To ensure a better 

mechanical behaviour, an interesting compromise is to use Teflon since the relative permittivity 

(2.1) of this material is not too high while it is much more sturdy. Still, the influence of these 

Teflon supports can be reduced provided their axiallength T remains small with respect to the 

wavelength, actually theshortest wavelength used (122 mm for 2.45 GHz). This is illustrated in 

figure A2 which clearly shows that the smaller the axial extent of the support, the better the 

signal transmission across the field applicator. It also indicates that the transmission tends to 

degrade as the wave frequency becomes high enough, say above 1.5 GHz for T = 12.7 mm. 
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Figure A2. Percentage of a low-power input signal transmitted across the stripline and observed 

at its output port in absence of plasma, when utilizing Teflon dielectric supports (see figure 10(a) 

for their shape and figure 10(b) for their axial positioning) ofaxiallength T = 12.7 mm and T = 

6.4 mm. 
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2.4 Inactivation de spores empilées dans des tubes diélectriques 

Stériliser un objet signifie en termes pratiques la réduction d'au moins 6 log d'une population de 

spores bactériennes initialement déposées à sa surface. Tel que mentionné dans la section 1.3.2 

portant sur le NAS, cette définition à ceci d'ambigu qu'elle ne précise pas la manière de déposer 

les bactéries et la forme des types de dépôt qui en découle. Or, il est connu que la répartition des 

micro-organismes, notamment leur agrégation et empilement, a un impact critique sur les 

résultats d'inactivation obtenus: dans le cas d'une inactivation par photons UV, plus 

l'empilement est important, plus il faudra de photons pour arriver à traverser les spores du dessus 

et atteindre la spore la plus cachée. Dans l'article qui suit, nous avons tout d'abord effectué une 

revue bibliographique des méthodes permettant de tester l'efficacité d'un procédé de stérilisation 

dans un tube. Nous avons ensuite proposé une nouvelle méthode qui permet, entre autres, 

d'obtenir des dépôts de spores bactériennes empilées. Notre méthode de stérilisation par plasma a 

alors été mise à l'épreuve pour inactiver ces spores empilées. La figure 2.4, qui a fait la 

couverture du numéro de janvier 2008 de la revue Plasma Pro cesses and Polymers, illustre le 

type d'empilement important que notre procédé plasma a permis d'inactiver. 

Cover: The caver presents two SEM mîcrographs showîng 
stacks of bacterîal spores on the inner surface of a Teflon 
tube (i.d/o.d. 4/6 mm). Low-damage sterilizatîon îs 
achîeved using a glow·dîscharge in Homng argon at 
reduced pressure, dîrectly within the thermally·sensitive 
dielectric tube. Further details can he founel in the article 
by J. pollak, M. Moisan: D. Kéroack, J. Séguin, and 
J. Barbeau on page 14. 

Figure 2.4 Page de couverture du numéro de janvier 2008 de la revue Plasma Pro cesses and 

Polymers. Ces micrographies illustrent le type d'empilement que notre procédé 

plasma a permis d'inactiver. 
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Catheters, which comprise small diameter (::; 4 mm), long (typically more than a meter), 

thermosensitive polymer tubings, are generally used only once. This is because conventional 

low temperature sterilisation techniques are considered inadequate for used catheters. The 

plasma sterilisation method proposed in the CUITent paper should allow for the achievement of 

re-sterilisation of catheters according to accepted regulations. The plasma process described 

enables one to sterilise, in less than 10 min, the inner part of a long 4 mm i.d. Teflon tube 

contaminated initially with 106 Bacil/us atrophaeus spores. This result was obtained by 

achieving an argon discharge at reduced pressure (750 mToIT) within the hollow (dielectric) 

tube itself. The discharge was sustained using a microwave field-applicator called a stripline, 

fully enc10sing the tube to be treated. This linear field-applicator yields a uniform plasma aIl 

along the tube, hence the uniform biocide action. The biocide agents are the vacuum ultra­

violet (VUV) photons, which include oxygen and nitrogen atomic lines, the N2 Lyman-Birge­

Hopfield (LBH) bands, the UV photons emitted by the NOp and NOy molecular systems 

resulting from the contamination, even though at a very low-Ievel, of the argon gas (high 

purity argon is used) by air. Scanning electron microscopy (SEM) revealed no apparent 

damage to the external structure of the spores and to polystyrene microspheres exposed to 

plasma during the time required for reaching sterility. 

To check for sterility in such narrow bore tubes without having to cut them into two pie ces, 

a procedure was developed to introduce and afterwards collect the bacterial spores used as 

bio-indicators. This diagnostic procedure allowed, at the same time, the imaging of the 

microorganisms relatively efficiently with SEM, showing the eventual stacking of bacterial 

spores, a possible source of sterilisation failure. 
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2.4.1 Introduction 

For practical and economical reasons, re-sterilisation of cosdy medical devices (MDs) is 

c1early desirable. However, this is not always possible. For instance, MDs comprising one or 

many hollow parts, such as catheters and flexible endoscopes, are hard to sterilise, essentially 

for the following reasons: (i) since these MDs inc1ude thermosensitive components, they 

cannot be processed by dry or moist heat, implying that chemical sterilants need to be used. 

Contact time with these chemicals can be as long as 10 h and, because of their toxicity, they 

further require a long venting time (typically 10 h), besides being generally harmful to the 

environment (this approach is far from satisfactory); (ii) the devices (also called lumens) are 

characterised by a small inner diameter (typically 1.5-6 mm) and a comparatively long length 

(0.5-2 m). Such a high aspect ratio makes it more difficult for biocide species to reach all 

parts of the MD, preventing the process from being fully safe. As a matter of fact, treated re­

used endoscopes are, to date, deemed highly disinfected, but not sterilised, while catheters are 

simply disposed of after one use. 

Among the various medical devices comprising hollow parts, the single lumen catheter is 

the one with the simplest configuration. This paper deals with the plasma sterilisation of an 

idealised catheter, i.e., one having the following characteristics: (i) a constant inner and outer 

diameter (i.d./o.d.: 4/6 mm) along its full length (62 cm) with no bypass or derÏ\:ation; (ii) 

made from a low loss dielectric material (mostly Teflon), exc1uding any conducting part. 

The sterilisation of catheters requires treating both their external and internaI surfaces. In 

2005, Pollak et a1.[1] filed a patent for a two step process ensuring the sterilisation of small 

diameter long length tubes: sterilisation of the outer part of the tube was performed by me ans 

of a plasma flowing afterglow, while its inner part was processed with a plasma achieved 

within it by a so-called stripline discharge. [2] The CUITent paper focuses on the sterilisation of 

the inner part of a lumen using such a dis charge. 

There have been previously many attempts at sterilising long, small diameter tubes by 

plasma. When it is necessary to achieve sterilisation of thermosensitive polymers, one 

possible attractive way is to use a spatial flowing afterglow (post-discharge), as it is generally 

of a lower gas temperature than the discharge from which it originatesP] Such an afterglow, 

wh en dealing with bacterial spores deposited on planar surfaces (e.g., polystyrene Petri 

dishes), leads to sterilisation within less than 45 min.[4] However, this method was found not 

to be applicable to lumens because of their too low hydrodynamic conductance, which 

prevents circulating agas within them at high speed (high flow rate), an essential condition 
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when relying on the biocide action of the short-lived species associated with the discharge 

afterglow. In addition, because of the low hydrodynamic conductance, the gas pressure rises 

at the tube entrance with respect to its exit value, the ensuing axial density gradient of species 

leading to non-uniform inactivation kinetics along the tube; eventually for a long enough tube, 

inactivation eeases past a certain distance from the entrance because of the limited lifetime of 

the transiting active species. Under these conditions, one has to contemplate achieving a 

discharge within the lumen itself. 

A first arrangement in that direction was suggested by Bousquet et al. in a patent 

application[5] where, throughout the lumen, a central conducting wire was introduced, 

coaxially enclosed within a me shed cylinder resting on the lumen inner wall. A high voltage 

(HV) was applied between these two dielectric coated conductors to achieve a discharge in a 

N2/02 gas mixture. Note that, after completion of plasma proeessing this method implies 

removing, under sterile conditions, the HV line from the inside of the lumen. Another method 

is that proposed by Helhel et al. [6] where the hollow tube tested was located within an electron 

cyclotron resonant discharge: the authors employed only 2 cm long tubes (inner diameter not 

specified), which is not really convincing. A further method of achieving a discharge within 

the lumen was considered in our laboratory, which involved making use of a plasma sustained 

by an electromagnetic surface wave, where there is no limitation as far as the tube length and 

diameter are concemed. However, this technique yields too high agas temperature for 

polymer tubesa and, because the wave power is expended as it propagates along the tube, it is 

also associated with an important (decreasing) axial gradient of electron density (henee of 

active species, implying a non-uniform inactivation rate).b Finally, we recently designed a 

new kind of high frequency (HF) field-applicator of the linear type that provides an axially 

uniform and low temperature discharge, as we will show. A linear field-applicator has one of 

its structure dimensions much larger than the others; it is therefore particularly suited for 

processing long tubes. It is the purpose of the present article to evaluate the biocide efficiency 

of this new plasma source on the inner part of lumens. 

The paper is organised as follows. We first describe the plasma source that we have used to 

sterilise dielectric lumens. Then we review the available methods for testing the biocide 

efficiency when dealing with lumens and afterwards introduee our new diagnostic technique. 

Next, the inactivation of reference bacterial spores, as obtained with our stripline plasma 

. a It could possibly be used at frequencies lower than 100 MHz sinee the electron density is much lower then 
(henee gas temperature), but impedanee matching then depends on Le matching systems, which are less reliable 
than microwave ones. 
b Modulating the high frequency field does not lessen the axial gradient of electron density. 
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source, is examined. The leve1 of damage induced by the plasma on the spore and polymer 

surfaces is then considered, before a discussion on further work, a summary of the paper and a 

general conclusion in the final section. 

2.4.2 The stripline, a linear HF field-applicator for sustaining a low-temperature axially 

uniform plasma within long dielectric tubes 

The electrodynamic characteristics and peculiar features of the present field applicator are 

described in detail in Pollak et al. [2] In what follows, we limit ourse Ives to recalling its design 

and sorne operating results. Figure l(a) is a schematic representation of this HF fie1d­

applicator. It is essentially a transmission line, actually an open planar variant of the classical 

coaxial line since the wave propagates on a transverse electric magnetic (TEM) mode. HF 

power is applied at one extremity of the conducting strip [Figure l(b)]; the terminating 

matched load on the other extremity of the strip prevents residual HF power from being 

reflected at this end of the stripline, which would inhibit the uniformity of the HF field 

intensity along the field applicator. This 50 Q load is the only matching means of the HF 

plasma source, and impedance matching of this system is frequency independent 

(200-2450 MHz range tested). Figure l(c) is a photograph of an HF argon discharge sustained 

with the field applicator within Teflon tubes, one being located above and the other below the 

conducting strip as schematised in Figure l(b). Provided the ratios w/L and hlL are small, this 

structure does not radiate to the outside. 
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Figure 1. (a) Schematic representation of the bare stripline HF field-applicator, a waveguiding 

structure operating on the TEM mode. (b) Cross-sectional schematic representation of the 

field applicator, with a discharge tube positioned above and another one below the conducting 

strip, showing that. HF power was supplied to the conducting strip from an extremity of the 

line while the other side was terminated with a matchedload. (c) Actual photograph of two 

dis charge tubes (uniformly) illuminated by an HF argon discharge sustained within them (the 

sterilisation experiments were performed in such tubes). The 4/6 mm i.d./o.d. tubes were 

made from Teflon. The field applicator was 62 cm long with the following characteristic 

dimensions: w = 26.4 mm, t 3.2 mm, h 24 mm, L = 90 mm. This plasma source can also 

be operated with up to four discharge tubes (i.d./o.d. 4/6 mm tested) per conducting strip, and 

with eventually many conducting strips, but in the current paper we considered the simpler 

case of a single discharge tube. 

Figure 2(a) shows the emitted light intensity recorded with a photodiode (330-800 nm 

range) along the stripline discharge, at three field frequencies: 200, 700 and 2450 MHz. A 

1 mm inner diameter light collimator, 30 mm long, directed transversally to the tube axis with 

its tip at 50 mm from it, and linked to an optical fibre, was used to provide axial resolution of 

the light intensity along il. The corresponding profile of this intensity, as can be seen from 
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Figure 2(a), is relatively uniform, for at least two reasonsyJ (i) only a small fraction of the HF 

power flow is diverted, as a function of axial position z, to sustain plasma, in contrast to most 

other types of travelling wave sustained discharges such as, for example, the surface-wave 

discharge (SWD); wave power expenditure of SWDs at a given z position is a significant 

portion of the power flow at z, hence the decreasing value of the cross-sectional average value 

of electron density (and therefore of emitted light intensity)YJ Phrased differently, this is 

because the axial wave attenuation coefficient of the stripline is much smaller than that of a 

surface wave discharge at the same frequency; (ii) the terminating matched load implemented 

at the stripline end minimises possible reflections due to the residual (unabsorbed) power flow 

of the travelling wave at that point. Figure 2(b) shows that the emitted light intensity is more 

uniform axially in the 2 and 4 mm i.d. tubes than in the 7 mm i.d. tube, which suits our needs 

best since the i.d. of most catheters ranges from 1.5 to 4 mm. 
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Figure 2. Axial profile of the emitted light intensity as recorded with a photodiode (330-800 

mu range) along the plasma column sustained by a stripline field applicator. The conducting 

strip extended from z = 36 mm to z = 664 mm. The light collimator (1 mm i.d., 30 mm long) 

was directed at the diameter chord of the discharge tube. Experimental conditions: 100 sccm 

. of argon at 750 mTorr. (a) The discharge was sustained in a 7 mm i.d. fused silica tube at 

three operating frequenciesj (b) The discharge was sustained atf= 2450 MHz within four 

different i.d. tubes. 

In c10sing this section, let us mention that the stripline field applicator used in this paper 

for the sterilisation of Teflon tubing is 62 cm long while cardiac catheters are more than twice 

that length. Further studies are therefore necessary to develop a field applicator that could deal 

with such extended lengths, in particular to ensure an axially uniform electron density. A 
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possible way of achieving this would be to compensate for the significant decrease of power 

flow from the power input side to the matched load side that shows up with increased 

applicator lengths by gradually reducing the cross-sectional dimensions of the applicator 

structure, as already proposed by Zakrzewski and Moisan[8] in the general case of a long 

linear fieldapplicator. In the specific case of a plasma column lying longitudinally within a 

rectangtilar waveguide, Slinko et al. [9] suggested gradually reducing the waveguide height in 

the power flow direction. A second possible solution would be to switch the HF power 

feeding port with that of the matched load at half process time. A third possibility would be to 

remove the matched load and use its port to simultaneously feed the stripline from a second 

microwave generator (not phase related to the first one to avoid standing waves along the 

stripline), therefore compensating for the power flow decrease as power is expended to 

sustain the discharge. For compactness reasons, instead of a straight linear field-applicator, it 

could be more interesting to consider circular field applicators, with a sufficiently large angle 

of curvature of the conducting strip not to overbend the catheters and affect their physical 

characteristics. [10] 

2.4.3 Currently used methods for testing the biocide efficiency of various sterilization 

techniques on lumens and a proposed new method 

A standard reprocessing protocol for lumens comprises 3 sequential steps: decontamination, 

c1eaning and sterilisationY 1] In this section, we focus on the testing methods for assessing the 

efficiency of the sterilisation process itself, and more specifically its action on the inner part 

of lumens. 

2.4.3.1 A review of the published methods for appraising the efficiency of a 

sterilization process on the inner wall of lumens 

Such testing methods essentially involve a two step procedure: the insertion of the 

microorganisms in the long small bore tubes and their subsequent removal for enumeration. 

Ethylene Oxide Sterilisation 

The German company gke has developed the Steri-Record® systemp2
] an indicator made of a 

long (1.5 m) small diameter Teflon tube (2 mm i.d.) open at one end and c10sed at the other 

end by a metallic holder containing a (renewable) chemical or biological indicator [see Figure 
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3(a)], the tube laying freely among MDs of various kinds within the steriliser vessel. This 

system is, in fact, not designed specifically for testing lumen sterilisation. The company 

daims that its system simulates the toughest penetration case for the sterilant as encountered 

in bulk processing. 

Ozone Sterilisation ofStainless Steel Tubes 

For validating its technique on lumens, TS03®[13] inserts pape! strips containing 106 spores of 

Geobacillus stearothermophilus at the mid-axial position in the case of a 4 mm i.d. tube 

(indicated length of 0.6 m) [see Figure 3(b)]. For tubes with smaller inner diameters (e.g., 2 

mm), paper strips are inserted by cutting the tube at a mid-axial position and afterwards 

dosing it using hermetic junctions. 

Steam-in-Place Sterilisation 

In this case steam is forced into the tubes. Y oung[14] used biological indicators consisting of 

filter paper disks contaminated with 1.3 x 106 spores of G. stearothermophilus that can be 

inserted at different axial positions within (stainless steel) dead ended tubes [see Figure 3(c)]. 

Tubes ofvarious inner diameters are mentioned (4, 10 and 17 mm). 

Hydrogen Peroxide Plasma Sterilisation 

Penna et a1.[15] introduce a 28 mL suspension of Bacillus subtilis spores (bacteria recently 

reclassified as Bacillus atrophaeus[161) that deposit along the whole length of stainless steel 

needles (100xO.6 mm) [see Figure 3(d)]. Then, the items are kept horizontal at 45 oC for 72 h 

in a mechanical aerator oyen to dry residual water, causing the spores to adhere along the 

edge of the inner wall. Spore recovery is achieved by rinsing 10 times the inner wall of each 

needle with 5 mL ofTrypticase Soy Broth (TSB) culture medium. 

A Method Applicàble to Different Sterilisation Techniques 

Alfa et al.[171 deve10ped a lumen carrier assembly, which is made of a central 2 cm piece of 

tubing inoculated with bacteria and dried, connected afterwards on each side to two 61.5 cm 

long tubings ofthe same diameter, using a 2 cm long "linker" section ensuring a gas-:tight fit 

[see Figure 3(e)]. 
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Figure 3. Schematic representation of the techniques used to check sterility within long 

narrow-bore tubes. (a) Ethylene oxide sterilisation (gke-Steri-Record® [12l): the tube is open at 

one end and closed at the other end by a metallic holder containing an indicator (chemical or 

biological). (b) Ozone sterilisation (TS03® [13l): a paper strip containing 106 spores of 

Geobacillus stearothermophilus is introduced at a mid-axial position within a stainless steel 

tube. (c) Steam-in-place sterilisation (Young[14l): biological indicators each containing 

1.3 x 106 spores of G. stearothermophilus are displayed at different axial positions within a 

stainless steel dead-ended tube. (d) Hydrogen peroxide plasma sterilisation of stainless steel 

needles: Penna et al.[15l introduce a 28 mL suspension of Bacillus atrophaeus spores that 

deposit along the whole length of stainless steel needlesY 6l (e) No specifie sterilisation 

method (Alfa et al.[17l): A lumen testing assembly is made of a central 2 cm piece of tubing 

inoculated with bacteria and dried, and is afterwards connected to two 61.5 cm long outer 

pieces of tubing, using 2 cm"linker" lengths of tubing on each side to ensure a gas-tight fit. 

(f) Our plasma sterilisation method: a short segment (typically 10 mm long) of a Teflon tube, 

seeded wîth 106 B. atrophaeus spores, and having the same i.d. as that of the small bore lumen 

to be tested, is introduced into a larger diameter (fused silica) supporting tube, the length of 

which is considered representative ofthat of the small bore lumen under investigation. 
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2.4.3.2 Introducing a new method for checking the biocide efficiency of 

sterilization techniques within lumens 

Before dwelling on the interest and features of our own method for assessing sterilisation in 

long, small bore tubes, we describe here the practical procedure that it involves. 

We used 10 mm long segments of Teflon tubings (i.d./o.d. 4/6 mm), open at both ends, 

within which spores of Bacillus atrophaeus ATCC® 9372 were deposited and dried (see 

Figure 3(!)). The inoculated Teflon segment was then pushed, for example, into a mid-axial 

position within a fused silica tube of a slightly larger diameter (i.d./o.d. 7/9 mm), thereby 

assuming that if sterility was obtained at the mid-position, we can imply that it was also 

achieved everywhere along the tube. Our reasoning is supported by the fact that the axial 

distribution of the emitted light intensity was relatively uniform along the plasma column 

(Figure 2). Fused silica was employed as a support for the Teflon tubing because of its 

relatively low cut-off optical wave1ength value (180 mm), which enabled us to record UV 

emission above 180 nm (see above section) during plasma exposure. 

We developed a method of our own for testing lumens in order to deal with the following 

problems: (i) a planar surface biological indicator introduced within a cylindrical low bore 

duct could lead to gas flow modifications affecting the inactivation process; as a mIe, bio­

indicators for lumens should preferably follow their inner shape as much as possible; (ii) 

connecting together 2 (or 3) tube sections, even using hermetic junctions, can lead to small 

gas leaks at these locations, eventually modifying the sterilisation capabilities of the system; 

(iii) another point, very se1dom considered when comparing the efficiency of sterilising 

methods, is the surface density of the deposited test spores. In fact, when microorganisms are 

stacked onto many layers, the biocide species (in the gaseous state for most sterilisation 

techniques) have to diffuse through the stack, layer after layer, to reach the last one 

undemeath. This situation, which could occur with ev en thoroughly decontaminated and 

c1eaned lumens, is not c1early accounted for in the pre-existing testing methods. We will 

exp and on this stacking issue a little further below. 

We now consider in more detail our experimental procedure for assessing the inactivation 

of bacterial spores within the tube segments already described. A spore suspension was first 

prepared in a c1assical way [schematically summarised in Figure 4(a)]. Then, 106 spores 

diluted in 50 mL of sterilised water were deposited within 10 mm Teflon tube segments; these 

deposits were allowed to dry out over 48 h, in the dark at ambient temperature, while the 
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tubes were resting steadily on a rack [Figure 4(b )]. Due to gravit y, the sedimented 

microorganisms were located on the lower half of the tubing segments. This is c1eady 

illustrated with photographs in Figure 4(b), where India ink particulates (of approximately the 

same size as the spores) have been used to mimic the sedimentation mechanism. Spore 

collection was achieved as follows [Figure 4(c)]. The tube segment, containing plasma­

exposed spores of Bacillus atrophaeus, was transferred into a culture test tube containing 

10 mL of recovery solution (0.5% Tween 80 in saline). The tube was then vigorously 

vortexed for 2 min, 10-fold dilutions were preparedwith recovery solution and 50 to 200 mL 

volumes were plated, in triplicate, onto Trypticase Soy Agar (TSA). After a 24 h incubation at 

37 oC, Colony-forming units (CFU) were enumerated, and values were corrected for dilution 

and volume, thus allowing estimation of survival spore numbers. Recovery of aU spores by 

membrane filtration was carried when low numbers of CFU were expected. 

In case sterility was observed by the above method, to make sure that no microorganisms 

were left sticking to the original Teflon segment, the latter was incubated in a test tube with 

Trypticase Soy Broth (TSB) at 37 oC. The incubation of such, a priori, negative cultures was 

actually prolonged for 7 d. Spore counting on non-exposed samples demonstrated that our 

recoverymethodwas really efficient and reproducible. For example, an expected 1 x 106 spore 

deposit yielded a mean recovery (triplicate) of 1.28 x 106 ± 7.2 x 105 spores. 
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Figure 4. (a) Schematic representation of the various steps involved in the preparation of 

Bacillus atrophaeus spore suspensions. (b) Photographs taken after deposition and drying of 

India ink particulates on the Teflon tube segments (i.d.lo.d. 4/6 mm, 10 mm long). (c) 

Recovery and counting procedure of the viable spores after exposure to the stripline plasma. 

For scanning electron microscope (SEM) viewing purposes, the tube segments were cut 

into two halves along their length. The spores were found on the lower half of the inner 

surface of the ,Teflon tube segment (i.d.lo.d. 4/6 mm, 10 mm long). Figure 5 shows SEM 

micrographs, with successively increasing magnification, of dried suspensions of 106 Bacillus 

atrophaeus spores where the lower half of the Teflon segment was aligned to face the SEM 

beam, as shown in the inset. As can be observed in Figure 5(b), the deposit was not uniforrn 

and continuous. In addition, multi-Iayered structures of spores can c1early be seen in Figure 

5( c). Estimation of the number of stacked layers of bacterial spores using Figure 5( c) was 

hard. Therefore, the Teflon tube segment was cut, this time along a cross-section, the electron 

beam directed as shown in the inset of Figure 6. Figure 6 shows that the Teflon segment inner 

wall was coated with approximately 8 layers of stacked spores. 
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Figure 5. Increasingly enlarged [from (a) to (c)] SEM micrographs of 106 dried B. atrophaeus 

spores deposited on the inner surface of a Teflon tube segment (i.d./o.d. 4/6 mm). To ob tain 

these micrographs, the Teflon tube segment was cut into two halves along its axis. The spores 

were found on the lower half of the segment [see Figure 4(b)]. This lower halfwas aligned to 

face the SEM beam, as shown in the inset. 

Figure 6. SEM micrograph of dried B. atrophaeus spores deposited on the inner surface of a 

Teflon tube segment (i.d./o.d. 4/6 mm). The tube segment was cut along a cross section (at 

approximately the mid length of the segment) and the SEM beam directed as shown in the 

inset. 
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In summary, in this section we have described a general procedure that enables one to 

achieve, in a reproducible way, the stacking of many layers of spores within narrow bore 

tubes. The method proposed has the further advantage of lending itself easily to making SEM 

micrographs of the spore deposit (before and after exposure to biocide species). This testing 

method is of interest to determine the ability of any given sterilisation process to deal with 

microorganism stacking. Stacking of microorganisms is a possible situation that needs to be 

considered when re-sterilising NIDs, even though these have been thoroughly cleaned 

(brushed out) and disinfected before being subjected to the sterilisation process itself. The 

present sterilisation testing method is used in the coming section to assess the sporicide 

efficiency of our strip1ine plasma source. 

2.4.4. Plasma inactivation of B. atrophaeus spores using the stripline discharge: an 

experimental study 

Figure 7 shows the surviva1 curves obtained when subjecting the contaminated Teflon tube 

segments (see above section) to an argon stripline dis charge at two operating frequencies, 

name1y 700 and 2450 MHz. In both cases, the argon pressure was fixed at 750 mTorr 

(100 Pa), with agas flow of 100 standard cubic cm.min-1 (sccm). At 700 MHz, th.e incident 

power was set to 20 W to fill the who le tube length, the HF power absorbed by the plasma 

being 14 W. A 1 log reduction in the number of viable spores was observed after 10 min of 

exposure to plasma. In contrast, at 2450 MHz, the corresponding incident power was 51 W 

and it was fully absorbed by the discharge. Sterility of the Teflon segment, as attested from 3 

independent experiments, was reached in 9 min (and confirmed at 10 min). By convention 

(related to statistical considerations), no count on 3 independent experiments is plotted as 1/3 

on the log scale. 
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Figure 7. Survival curves of B. atrophaeus spores, deposited in Teflon tubings and subjected 

to a stripline argon plasma operated at field frequencies of 700 and 2 450 MHz. Argon gas 

flow was 100 sccm at 750 mTorr (100 Pa). The total UV emission intensity in the 180-300 

nm range (recorded with a photomultiplier located perpendicularly to the discharge tube) was 

4 times larger at 2450 MHz than at 700 MHz, as indicated in the inset. 

The emission intensity from the stripline argon plasma was recorded between 112 and 300 

nm using a 1 m focallength VUV spectrometer (McPherson 225). UV photons at wavelengths 

larger than 300 nm are known not to have significant sporicide effects on B. atrophaeus 

spores.[IS] This recording was made with the extremity of the discharge tube (pumping outlet 

side, past the stripline applicator) introduced into the monochromator entrance port and 

directed along its optical axis. The monochromator was isolated from the discharge tube by a 

MgF2 window (cutoffwavelength at 112 nm) and it was pumped down independently of the 

discharge tube to less than 100 mTorr. Figure 8 shows the observed emission spectra (from 

112 nm to 200 nm in Figure 8(a) and from 200 to 300 nm in Figure 8(b» with identification 

of the characteristic atomic lines and molecular band heads. The fact that oxygen and nitrogen 

atomic lines, the N2 Lyman-Birge-Hopfield (LBH) bands as weIl as the NO~ and NOy 

systems are present in this supposedly pure argon dis-charge is indicative of impurities 

coming from air.c The 112-300 nm spectrum is dominated by the nitrogen atomic lines and by 

C Although the air impurity level is extremely low in the argon gas boUle used, argon discharges are known to be 
very efficient in exciting air impurities, as shown by Masoud et al.[19] These authors "used research grade 
argon and nitrogen gas with a stated purity of 99.999% in conjunction with stainless-steel gas lines. However, 
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the LBH bands. The wavelength extension of the LBH system, according to Massoud et al.[19l , 

is indicated by the arrow in Figure 8. 
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Figure 8. UV emission spectrum from the stripline argon plasma with identification of the 

main atomic lines and characteristic molecular band heads (a) between 112 and 200 nm and 

(b) between 200 and 300 nm. The oxygen and nitrogen atomic lines, the N2 Lyman-Birge­

Hopfield (LBH) bands as well as the NOp and NOy systems, are indicative of the presence of 

impurities in the argon gas. The intensity of the NI 149.5 and 174.5 nm atomic lines are off­

scale with peak values of 23.5 and 40.4, respectively. Operating conditions: 2450 MHz, 100 

sccm of argon at 750 mTorr. Note that this UV emission spectrum is not corrected for 

intensity variations with wavelength. 

The total UV emission intensity in the l80-300nm range (recorded with a photomultiplier 

located perpendicularly to the discharge tube) was 4 times larger at 2450 MHz than at 700 

MHz, as indicated in the inset in Figure 7. Recording the UV intensity in this way was also 

used to ensure that the discharge was operating in a reproducible mode, i.e., for a given set of 

experimental conditions, the UV intensity obtained remained the same. In fact, increasing the 

field frequency of the stripline naturally provides a higher electron density,[2l hence a higher 

electron excitation rate, which in the present case is actually close to the ratio of absorbed 

microwave power at these two frequencies. 

measurements of the emissions from pure argon, after evacuating the discharge chamber to a base pressure in the 
10-7 Torr range for at least 24 h before backfilling the source, revealed that even in this case emissions from 
impurities were found in the wavelength range from 115 to 180 nm". Also, one cannot exclude the possibility of 
very small air leaks into the gas circuit. 
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To make sure that the inactivation rate observed on the survival curves in Figure 7 does not 

result from eventual effluents released by the Teflon tubing under argon plasma exposure, we 

subjected inoculated tubing segments of fused silica to the argon discharge in the same way as 

for the Teflon ones. Then, instead of working out a full survival curve to solve this matter, we 

decided to check simply whether sterility was achieved or not within the same time interval as 

with Teflon tubings by performing +/- tests. These tests were conducted immediately after 

plasma exposure, by incubating at 37 oC each fused silica segment in a test tube containing 

nutrients [Trypticase Soy Broth (TSB)] with phenol red as pH indicator. Provided not even a 

single spore is still alive, the TSB remains the same colour (a colour change being indicative 

of growth). The incubation of such tubes is actually prolonged for 7 d before looking for a 

colour change. The results obtained using the +/- tests with the fused silica tubing finally 

showed that the Teflon tubing has no significant influence on the processing time, sterility 

also being artained in less than 10 min.d 

As mentioned previously, the inoculated Teflon tubing segments were placed at a mid­

axial position (z = 31 cm) within the fused silica tube. To ensure that the observed 

inactivation rate was approximately the same at other axial positions, we subjected inoculated 

Teflon segments at both extremities of the plasma column (z = 5 and 57 cm). In both'cases, 

sterility was achieved within 10 min of plasma exposure (in each case, 3 independent 

experiments), as would be expected, since the axial distribution of the emitted light intensity 

was relatively uniform along the plasma column (Figure 2). 

To look for an eventual influence of the temperature of the discharge gas on the spore 

inactivation process, we first needed to measure, as a function of exposure time to the 

discharge, the temperature of the Teflon tube (outer surface) segments (see above section). 

This was done sorne lOs after tuming off the discharge (Figure 9). The temperature increased 

initially with time and saturates after approximate1y 3 min, going from 23 (ambient 

temperature) to 31°C at 700 MHz, reaching 48 oC at 2450 MHz; the substrate tempe rature 

was therefore higher at 2450 MHz.c As shown, for instance by Petin et a1.pO] heating the 

microorganisms can synergistically enhance their inactivation by UV photons. In the present 

case, we are nonetheless unable to sort out the respective influence, on the survival curve, of 

d Although the nature of the dielectric tubing presurnably influences the configuration of the spore deposit 
,through its hydrophobicity degree. 
e Since the temperature measurements are achieved using a surface thermocouple applied to the outer surface of 
the tube, the temperature of the spores (located on the inner surface of the tube and in direct contact with the 
argon discharge) should be higher, at least for the first few minutes of plasma exposure. 



81 

an increased VUV /UV emission intensity and of a larger gas temperature at 2450 MHz. 

Further studies are needed to resolve this. 
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Figure 9. Recorded temperature of the Teflon segment surface, as measured with a 

thermocouple, as a function of plasma exposure time at three different field frequencies f 
Operating conditions: 100 sccm of argon at 750 mTorr. 

2.4.5 Damage to spores and polymer surfaces exposed to the stripline argon discharge 

This section focuses on eventual erosion and, more generally, damage of any kind caused by 

the stripline argon plasma to the microorganisms and to their polymer substrates during 

processing time. This is an important issue since: (i) a sterilisation process, to be acceptable, 

must not affect the physicochemical and mechanical properties of MDs, including those 

comprising polymeric parts; (ii) examining eventual damage to spores and to their polymer 

substrate can provide information on the species responsible for it and it can also help in 

identifying (or confirming the identification of) the biocide species produced by our stripline 

plasma. Recall that UV photons generally induce very little damage compared to radicals as 

shown by Crevier et alpl] 

2.4.5.1 Damage to spores 

Figure 10 shows SEM micrographs of B. atrophaeus spores which have been (a) unexposed 

or (b) exposed for 10 min to the argon plasma at 2450MHz. Recall, from Figure 7, that 10 min 

are more than enough to inactivate the totality of the 106 exposed spores under our standard 
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conditions. Nonetheless, no significant erosion of the exposed spores was observed, as can be 

seen by comparing Figure lO(a) and lO(b), and there is absolutely no sign oflysis. This fact is 

an additional argument supporting our basic assumption that, in the frame of our work on 

plasma sterilisation, spore inactivation results from lesions to the deoxyribonuc1eic acid 

(DNA) through UV radiation alone. The fact that the B. atrophaeus spores exhibit no visible 

morphological damage (as observed with SEM micrographs) on exposure to the plasma rules 

out any electrostatic disruption or even damage, such as that described by Laroussi et al.(22] on 

vegetative cells like E. coli. 

Figure 10. SEM micrographs of B. atrophaeus spores deposited within Teflon tube segments: 

(a) unexposed spores; (b) spores subjected to an argon plasma for 10 min at mid-axial position 

of the stripline system (and aH inactivated [see Figure 7)]. Argon gas pressure was 750 mTorr 

at a flow rate of 100 sccm. 

2.4.5.2 Damage to polymers 

No damage was observed with SEM on the Teflon segments used throughout the sterilisation 

experiments, but uniform erosion could not be a priori ruled out. To look more c1ose1y in that 

direction, we tumed to polystyrene, a less sturdy polymer than Teflon, and subjected 

microspheres of this material (approximate1y 1 mm in diameter, i.e., similar in size to the 

tested spores) to the stripline argon plasma. Such microspheres have already been employed 

(Boudam et aly3l) to compare damage induced by the early and the late N2/02 afterglows (in 

the context of plasma sterilisation). On that occasion, these polystyrene microspheresf were 

shown to be quite responsive to the various plasma species present in the N2/02 afterglows. 

For instance, the observed off-axis erosion rate was corre1ated with the increase of the density 

f In the elaboration process of microspheres, to avoid their coagulation and aggregation a tensoactive solution is 
added to the polymer: when exposed to plasma, the properties of these spheres could be different from those of 
the conventional polystyrene (F. Poncin-E'paillard, private communication). 
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of 0 atom density as the O2 percentage in the N2/02 mixture was increased, whereas the on­

axis erosion observed at 0% O2• 

A suspension of 106 polystyrene microspheres diluted within 50 mL of water was therefore 

prepared. The microspheres were then deposited within Teflon segments using the same 

procedure as that used for spores. Because the polystyrene microspheres were approximately 

the same size as the spores, the configuration and distribution of the deposited microspheres 

were similar to those of the spores. The totality of the polystyrene microspheres was located 

on the lower half of the Teflon tube segment, and multi-Iayered structures could also be seen. 

Figure 11 shows SEM micrographs of the polystyrene microspheres: (a) unexposed; (b) 

subjected for 10 min to the stripline discharge using the same operating conditions that 

ensured sterility in 10 min (field frequency was 2450 MHz, argon gas pressurewas 750 mToIT 

with agas flow rate of 100 sccm). No noticeable differences between the exposed and 

unexposed microspheres were observed using SEM micrographs. Statistics on 100 

microspheres showed that the average diameter of the unexposed microspheres was 0.99 +/-

0.04 mm, while that for the exposed microspheres was 0.99 +/- 0.03 mm. 

Figure Il. SEM micrographs of polystyrene microspheres deposited within a Teflon tube 

segment (section 2.3.3.2): (a) unexposed microspheres, (b) microspheres subjected for 10 

minutes to the stripline argon discharge using the same operating conditions that led to spore 

sterility in 10 minutes (field frequency is 2450 MHz, argon gas pressure is 750 mToIT with a 

gas flow rate of 100 sccm). 

In conclusion, damage to Teflon tubings and even to polystyrene microspheres cannot be 

detected with SEM, tending to prove that the stripline argon discharge, when operated under 

conditions that yield sterility in 10 min, induces relatively little damage to these polymers. In 
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contrast, erosion damage on polystyrene microspheres, although mild, is nevertheless 

observable in the flowing afterglow of a N2/02 discharge under conditions for maximum UV 

radiation (short est sterilisation time)P3] 

2.4.6 Discussion 

Since narrow borè tubes are difficult to clean, there is always sorne possibility, even after a 

thorough cleaning procedure, that bio-burdens, originating mostly from blood products in the 

case of catheters, be present as the tube is subjected to plasma sterilisation. This could lead to 

sterilisation failure depending on the thickness of the remaining (unclean) deposit since the 

action of UV photons is limited by the thickness of the material that they have to go through. 

We know from experiments that a 10 mm deposit (as is the case for Figure 7) can readily be 

taken care of, while we have observed that this is not so with a sedimented who le blood staing 

of 300 mm thickness containing 106 B. atrophaeus spores. More work in this area is needed, a 

major difficulty being control of the thickness of the sedimented blood stain. It is worth 

noting that this problem (that is to say a reduction of the inactivation efficiency due to bio­

burden) was reported by Alfa et al.[I7] to occur with other sterilisation processes (ion plasma, 

vaporised hydrogen peroxide and ethylene oxide sterilisers) when bacteria were inoculated 

within lumens with salt or serum. ActuaUy, as stressed by Penna et al.[l5], "to achieve an 

acceptable sterility assurance level through a terminal sterilisation process, the cri tic al 

medical device must be freed from aU adherent materials that interfere with the sterilising 

agent". 

In summary, we have presented a plasma system aUowing sterilisation (in less than 10 

min) of the inner part of long, narrow bore dielectric tubes contaminated with 106 B. 

atrophaeus spores by exposing them directly to a low temperature argon discharge. Such an 

arrangement appears to be adequate for re-sterilising thermosensitive catheters, at least the 

simplest ones, while preserving their integrity. Damage to polystyrene, a "fragile" polymer, 

was not detected by SEM after it had been exposed to plasma for the period of time needed 

for sterilisation. The required low temperature and axially uniform discharge was obtained 

with a linear field-applicator of our own design, called a stripline. [2] 

. g Ethylenediaminetetraacetic acid (EDTA) was added to the human blood prior to the inoculation of the Teflon 
pieces to prevent coagulation. The deposit was then dried up in the same way as that of spores diluted in a water 
suspension. 
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The sterilisation process was achieved by the VVV /UV photons that were provided by the 

oxygen and nitrogen atomic lines, the N2 Lyman-Birge-Hopfie1d (LBH) bands, the NO~ and 

NOy molecular systems. The presence of oxygen and nitrogen in the discharge was attributed 

to residual air impurities present in the argon gas of the discharge. The level of these 

impurities, although high enough to provide a fast UV inactivation, was still sufficiently low 

not to create apparent damage to the spores and to polymers such as Teflon and polystyrene. 

Finally, to check that sterility was effectively achieved within narrow bore tubes, we 

developed a procedure to introduce and remove bacterial spores used as bioindicators, which 

also allows imaging of these microorganisms re1atively efficiently with an SEM. This 

approach further provides a way of controlling, in a reproducible way, the influence of (and 

the eventual limit imposed by) the stacking of bacterial spores forming multilayered 

structures, a problem that could be encountered on sorne occasions even after the standard 

decontaminating and c1eaning procedure previous to the sterilisation step. 

2.4.7 Conclusion 

In conclusion, the sterilisation method that we have deve10ped for catheters is of much 

interest but further investigations are needed to take into account the eventual presence of bio­

burdens or to make sure that they are absent. In the first case, this implies considering the 

cases where (i) the microorganisms are partially embedded in human blood and (ii) the 

microorganisms are partially embedded "in an amorphous extracellular material composed of 

exopolysaccharides of bacterial origin that cement the cells firmly to the surface and to each 

other" p41 better known as a biofilm. 
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2.5 Inactivation de biofilms dans des tubes diélectriques 

La conformation la plus naturellement répandue de micro-organismes sur une surface est leur 

réunion en colonie "ordonnée" par elles-mêmes pour former ce que l'on appelle un biofilm. Il 

s'agit d'une configuration de microbes qui a développé, à partir de nutriments fournis par 

l'environnement, une matrice de sucre leur permettant, en plus des fonctions métaboliques 

essentielles, un très solide ancrage à la surface. De plus, lorsque cette matrice est suffisamment 

épaisse (plusieurs microns), elle les aide à parer les attaques extérieures par des espèces 

chimiquement actives et les uv. Pour illustrer notre propos, nous avons rassemblé sur la figure 

2.5 quelques exemples de biofilms répertoriés après l'usage d'instruments médicaux contenant 

des parties creuses: un tube (a) endotrachéal [47], (b) d'endoscope souple [48], (c) de dialyse [49] 

et (d) d'une unité de médecine dentaire (prélevé à l'Université de Montréal par J. Barbeau). 

Figure 2.5 Exemples de biofilms rencontrés dans des tubes à usage médicale: surface d'un tube 

(a) endotrachéal Costerton [47], (b) d'endoscope souple [48], (c) de dialyse [49] et 

(d) de médecine dentaire (prélevé dans l'unité étudiante de médecine dentaire de 

l'Université de Montréal par J. Barbeau). 

Dans chaque cas, les biofilms présentent un danger pour les patients, ce qui explique l'intérêt 

du monde médical envers ces communautés de micro-organismes extrêmement répandues, 
( 

tenaces et particulièrement résistantes aux antibiotiques. Dans l'article suivant, nous avons tout 
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d'abord mis au point une méthode in vitro permettant d'obtenir des biofilms dans des tubes, puis 

nous l'avons utilisé pour évaluer les performances de notre stérilisateur pour tubes diélectriques 

creux. 
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There is a growing interest in the development of sterilizers for processing long and narrow­

bore tubes such as cardiac catheters and flexible endoscopes. These medical devices are hard 

to sterilize due to their thennosensitive nature and geometrical configuration. Various 

pathogens can be found within the lumens of these devices, mostly as biofilms which are 

resistant to disinfectants and conventional sterilization techniques. The CUITent paper deals 

with the use of gaseous plasmas (ionized gases) to inactivate bacterial ceUs in thin biofilms 

(few /-lm). Staphylococcus aureus biofilms were grown for that purpose in long narrow-bore 

Teflon tubes that mimic catheters. A novel low-temperature and spatially unifonn plasma 

source was used to inactivate such biofilms. Cells were recovered on a time course after 

plasma exposure. Full inactivation was achieved within 5 minutes in argon gas ionised by a 

high-frequency (HF) electric field (700-2450 MHz) under reduced pressure conditions (100 

Pa). 

2.5.1 Introduction 

At present time, most flexible endoscopes are not sterilized but highly disinfected, while 

cardiac catheters are disposed of after single use. Among the various reasons associated with 

sterilization failure of these devices, is the presence of biofilms. Biofilms are complex 

structures that grow at a solid-liquid or solid-air interface and are composed of bacteria 

organized in an extracellular niatrix. Biofilm communities can easily develop within medical 

devices (MDs) comprising long and narrow-bore tubes such as catheters (Macleod et al., 

2007) and endoscopes (Pajkos et al., 2004): biofilms are known to be more resistant to 

disinfectants and sterilization agents than free-living bacteria (Kim et al., 2007). Nonetheless, 

for practical, economical and ecological concems, it is worth developing a sterilization 
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method that could allow reutilization of these devices according to validated and controlled 

regulations. 

The introduction into various organs and tissues of artificial devices, often made of 

synthetic material such as implants and prostheses, is somehow hindered by the ability of 

microorganisms to adhere to these devices and develop thereon biofilms, which prote ct them 

from the activity of antimicrobial agents and from host defence mechanisms (Khardori et al., 

1995): bacterial ce Ils are embedded in exopolysaccharides and soil, which permit strong 

adherence to surfaces (Ahimou et. al., 2007; Sutherland, 2001) and shield them from the 

damaging effect of disinfectants. In that respect, unequivocal direct observations have 

established that bacteria causing device-related and other chronic infections often grow in 

matrix-enc1osed biofilms. Actually, while mechanical brushing generally removes a great deal 

of biofilm on MDs, it is hardly applicable to narrow-bore channels while c1eaning them by 

detergent alone appears ineffective (Kim et al., 2007). Obviously there is a need for methods 

that cou Id, at best, prevent biofilm formation or, at least, inactivate them when present on 

MDs, in particular on those presenting complex geometrical configurations. For instance, in 

vivo aggregates can form on the lumenal surface of endotracheal tubes (Costerton et al., 

2003). These aggregates routinely break off of the se surfaces and can then be aspirated into 

patients' lungs. Biofilms can also be present in endoscope channels after a routine c1eaning 

procedure conducted according to infection control guidelines (Pajkos et al., 2004). As far as 

dialysis apparatus are concemed (Man et al., 1998), scanning electron microscopy (SEM) of 

the inner surface of fresh silicon tubings and of tubing samples drawn from the various fluid 

paths demonstrated the significance of biofilm development on the various surfaces of the 

hydraulic circuits. Bacteria are not expected to cross the dialysis membrane, but it is possible 

for endotoxins to do so and this is why pyrogenic reactions have been associated with the 

practice of dialyser re-use (Roth et al., 2000). Evacuation systems used in dentistry can also 

be a source of contamination between patients through the backflow of bacteria dislodged 

from the saliva ejector tubings (Barbeau et al., 1998). Clearly, there is a need for sterilization 

techniques that could deal with biofilms formed on the inner wall of long narrow-bore tubes. 

Applying gaseous plasmas to the f!eld of sterilization offers tremendous opportunities in 

solving various problems reIated to MD sterilization. The main features of this sterilization 

technique are its rapidity, efficiency and the absence of vent time. Various stable and efficient 

plasma sources have been developed and characterized for that application in recent years. 

For instance, atmospheric pressure cold plasma jets/plumes (mini plasma-torches) (Laroussi et 

al., 2007) are useful for localised inactivation treatments. Low-temperature plasmas operated 
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in c10sed chambers at reduced pressure (i.e. below atmospheric pressure) can be the basis of 

efficient sterilization systems ensuring low damage to MDs, either when these are exposed to 

the plasma itself (Pollak et al., 2008b) or located in the flowing effluents from the plasma 

source (flowing afterglow scheme) (Moisan et al., 2001). However, only few trials to 

inactivate biofilms by plasma have been attempted. For one, it was shown that inactivation, 

although partial, of bacterial biofilms developed in polystyrene microplates, can be obtained 

by using an atmospheric-pressure He-Nz plasma jet (Becker et al., 2005): the number of cells 

was reduced by more than two orders of magnitude after a 5 min plasma exposure and by 3.5 

orders of magnitude after 60 min. In 2006, re-using the same experimental design, partial 

biofilm inactivation by an atmospheric-pressure cold plasma jet was confirmed (Abramzon et 

al., 2006). The results, reported in the form of survival curves (logarithm of the number of 

viable micro-organisms as a function of exposure time to the biocide agent), show an initial 

rapid linear decrease (so-called first inactivation phase), followed by a much slower 

subsequent decrease (second phase), a usual form of survival curves when inactivating 

microorganisms with plasma (Moisan et al., 2001). More recently, it was shown that 

atmospheric-pressure low-temperature He-Oz plasmas can inactivate, but again:only partially, 

Pantoea agglomerans biofilms (Vleugels et al, 2007). Also using an atmospheric-pressure 

low-temperature plasma, this time in the form of a needle plasma-torch, growth inhibition of 

Streptococcus mutans biofilms (Sladek et al, 2007) was observed after a single 1 min plasma 

exposure when the biofilms were cultured without sucrose (post-incubation observation 

periods up to 12 h). However, on biofilms cultured with up to 15% sucrose, growth was only 

reduced, not inhibited, by even repeated plasma treatments of 1 min. 

We recently presented a new plasma source designed to sustain a low gas-temperature 

plasma within thermally-sensitive dielectric tubings (Pollak et al., 2005). Its design, 

electrodynamic characteristics and axial uniformity are discussed elsewhere (Pollak et al., 

2007). This plasma source was subsequently used to completely inactivate stacked bacterial 

spores (up to 8 layers of them) within long and narrow-bore dielectric tubings (Pollak et al., 

2008a). It is the purpose of the present paper to evaluate its efficiency when dealing with thin 

biofilms grown within these tubings. 
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2.5.2 Materials and methods 

2.5.2.1 In vitro biofilmformation method 

A clinical strain of Staphylococcus aureus (Laboratoire de Santé Publique du Québec 

(LSPQ 2520)), reported capable of biofilm formation (Bendouah et al., 2006), was grown 

overnight in Trypticase Soy Broth (TSB) medium at 37 oC. The bacterial suspension was 

washed with sterile water and the pellet was re-suspended to obtain an optical density of 

0.100 at 620 nm. This suspension was diluted and plated on Trypticase Soy Agar (TSA)· 

medium to evaluate the number of colony forming units (CFUs). A 10-6 dilution in TSB was 

used as inoculum. Results based on 6 independent similar cultures showed that the inoculum 

was equivalent to 5.5.103 ± 1.6.103 bacteria Iml. 

Strict sterile conditions were observed throughout the protocol procedure. A 90 mm Teflon 

tube (i.d./o.d 4 mml6 mm, Johnston Industrial Plastics) and two tight-fitting closures of this 

tube (custom-made Teflon caps) were washed and autoclaved. The Teflon tube was capped at 

one end and inserted into a 15 ml sterile centrifuge tube (of slightly larger diameter and length 

allowing ease of manipulation). The bacterial suspension (1.0 ml) was introduced into the 

Teflon tube using a 3 ml syringe and a hypodermic needle and the other end of the tubing was 

capped. The centrifuge tube was closed and positioned onto a turn table rotating at 10 turns 1 

minute. This assembly was kept at 37°C in an incubator destined to biofilm formation. 

2.5.2.2 Biofilm recovery method 

After 24 h of incubation, the Teflon tube was uncapped and the broth containing the non­

adherent cells and spent medium was drained. Subsequently, the tubing was rinsed twice with 

10 ml of Tween saline (0.5 % Tween 80™ in 0.85 % NaCI). Care was taken not to 

contaminate the external surface of the Teflon tube during the procedure. This tube was 

placed in a sterile Petri dish where it was cut in 8 segments of approximately Il mm length 

each, using a sterile blade. These segments were individually placed in wells culture plate and 

kept at 4 oC until plasma exposure. The biofilm from the various segments was dislodged 

using a pre-wetted cotton swab and transferred to a 5.0 ml Tween saline solution for 

evaluation of the number of CFUs. This suspension was diluted and aliquots were incubated 

on TSA plates. Counts were evaluated after 24 h at 37 oc. Efficiency of our recuperation 

method was verified by examination of the Teflon tubings with an SEM, which shows that 
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most of the biofilm incorporating the microorganisms has been removed (SEM micrographs 

not shown). Recovery of all bacteria from the biofilm by filtration of the whole 5 ml on 

0.22!lm membrane (Millipore) was carried out when low numbers of CFUs were expected. 

Membranes were then placed on TSA plates. The original Teflon segment and the swab used 

for recovery were also incubated in a test tube with TSB at 37 oC for 7 days. 

2.5.2.3 Plasma source and experimental arrangement 

The electrodynamic characteristics and features of the present high-frequency (HF) field 

applicator are described in detail elsewhere (Pollak et al., 2007). A schematic representation 

of this field applicator is shown in Fig. l(a). It is essentially a transmission line, actually an 

open planar variant of the c1assical coaxial line since the wave propagates on a transverse 

electric magnetic (TEM) mode. HF power is applied at one extremity of the conducting strip 

(Fig. 1 (b)); the terminating matched load at the other extremity of the strip prevents any 

residual HF power from being reflected at its end, which would hinder uniformity of the HF 

field intensity, hence of the plasma, along the field applicator. This 50 Q load is the only 

impedance matching means of the HF plasma source to the HF power generator, this 

matching being frequency independent (200-2450 MHz range tested). Figure l(c) is a 

photograph of an HF argon gas-dis charge sustained with this field applicator within Teflon 

tubes, one being located above and the other below the conducting strip as schematised in Fig. 

l(b). Provided the ratios w/L and h/L are small, this structure does not radiate to the outside, 

which ensures security to the operator. The main biocide agents in the present argon discharge 

are believed to be ultraviolet (UV) and vacuum UV (VUV: ::;; 180 nm) photons (Pollak et al., 

2008a). 

2.5.2.4 Checking the efficiency of the sterilization technique within lumens 

Plasma was created here within a single discharge tube made of fused silica. The 

inoculated Teflon segment was push~d at mid-axial position within the fused silica tube (of a 

slightly larger diameter: i.d./o.d. 7/9 mm), thereby assuming that if sterility was obtained at 

mid-position, it would also be achieved everywhere along the tube. Such a reasoning is 

supported by the fact that the axial distribution of the emitted light intensity is relatively 

uniform along the plasma column. Fused silica was employed as a support for the Teflon 
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tubing because it enabled us to record UV emission at optical wavelength as low as 180 nm 

during plasma exposure. 
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Fig. 1. (a) Schematic representation of the bare HF field-applicator, a stripline structure 

operating on the transverse electric magnetic (TEM) mode of wave propagation; (b) 

Schematic representation of the field applicator, with a discharge tube positioned above the 

conducting strip and a second one below it; (c) Photograph oftwo Teflon tubes fed with argon 

gas and uniformly illuminated by the HF discharge sustained within them. Sterilization 

experiments were conducted in such tubes made of Teflon with 4/6 mm i.d./o.d. The field 

applicator was 62 cm long with the following characteristic dimensions: w = 26.4, t = 3.2, h = 

24 and L = 90 mm. An interesting feature of this plasma source, economically speaking, is 

that it can also be operated with up to four discharge tubes (i.d./o.d. 4/6 mm tested) per 

conducting strip, and with eventually more conducting strips, but in the CUITent paper we 

considered the simpler case of a single discharge tube. 
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2.5.3 Results 

2.5.3.1. Characterization of the biofilms using an SEM 

Figure 2 presents SEM micrographs of a Staphylococcus aureus biofilm formed with our 

scheme onto the inner surface of the Teflon tubing. Figure 2 shows that S. aureus bacteria are 

embedded in an extracellular matrix, that the biofilm is not uniform and that its thickness is 

approximately 2 JlIll. We checked that immersing the Teflon tube into a detergent and 

vortexing it for 2 minutes does not dislodge the biofilm from its surface, in contrast to the 

situation observed with sedimented bacteria (this was done by measuring CFUs and 

comparing SEM micrographs pre- and post-vortexing in both cases on 8 replicas). 

Fig. 2. Scanning electron microscope (SEM) micrographs of a 24 hour growth-time S. aureus 

biofilm formed onto the inner surface of a Teflon tube (i.d.lo.d. 4/6 mm). 

2.5.3.2. Number ofCFUs recoveredfrom the biofilm 

Figure 3 shows the recovery of viable S. aureus bacteria from biofilms formed over a 24 h 

period in the eight Il mm long Teflon segments as a function of their positio'n in the original 

90 mm tube under different drying time and storage conditions before recovery. The 

distribution of CFUs along the 90 mm Teflon tube is fairly uniform when the biofilm is still 

fresh (- 108 bacteria are recovered within each of the 8 segments), as it varies by 

approximately only one log. However, after a drying period of 7 days at 22 oC, there is an 

important quantitative decrease in the number of viable bacteria with, in this case, important 

variations (up to 3 log) between the different segments. We observed that this decline was 

steady over the 7 day period (data not shown). In contrast, keeping the segments during 7 

days at a lower temperature (4 OC) increases by far the survival rate and also decreases the 

differences in the number of viable bacteria recovered from the different segments. In view of 
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those results, the inactivation experiments by plasma were all conducted using segments 

containing biofilms kept at 4 oC for less than 7 days. 
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Fig. 3. Recovered CFUs of S. aureus 24 h biofilm, formed onto the inner surface of a 

90 mm long Teflon tube (i.dJo.d. 4/6 mm). The CFU number is plotted as a function of axial 

position along the original Teflon tube, considering various drying periods and storage 

conditions: .Â, fresh biofilm (recovered immediately after rinsing the tube); 0, segment kept 

for 7 days at 4 oC; _, segment kept for 7 days at room temperature (22 OC). 

2.5.3.3. Survival curves ofS. aureus biofilm obtained under difJerent operating conditions 

We have previously reported that the uv photons are the dominant biocide agents of the 

present argon plasma source (Pollak et al., 2008a). Figure 5 shows survival curves from 24 h 

biofilms of S. aureus when exposed to the plasma source. Two different sets of operating 

conditions were examined: an applied field frequency of 700 MHz with a plasma absorbed 

power of 14 W or at 2450 MHz with 51 W of absorbed power. Four times more UV photons 

are obtained with the higher density of absorbed power. Two independent experiments were 

made at each exposure time. During the first minutes of plasma exposure, a rapid decline of 

viability is observed, followed by a much slower decrease between 2 and 10 minutes (two­

phase survival curves). 
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Fig. 4. Survival curves of 24 h biofilms of S. aureus as a function of plasma exposure time 

under two different operating conditions: field frequencies set at 700 MHz with a plasma 

absorbed power of 14 W (0) and at 2450 MHz with 51 W (.); a11 operating conditions but 

plasma not ignited ("). 

2.5.3.4. Validation of our sterilization method 

As shown in" Fig. 4, complete inactivation of the biofilm is obtained after 5 minutes of 

exposure at 2450 MHz, which is not the case at 700 MHz. To strive recuperating aIl the 

bacteria from the biofilm, we not only used both plate and filtration recovery methods for an 

samples, but we also incubated, in TSB culture medium over a week the membranes, the used 

swabs and the swab-treated segments. The corresponding results are shown in Table 1. 
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Table 1 

Sterility check after filtration of recovery fluid and incubation of swabs and tubing segments 

in culture medium. 

700 MHz Exposure Filtration Swab used for Post-recovery 

time membrane recovery Teflon segment 

Exp. 1 Exp. 2 Exp. 1 Exp. 2 Exp. 1 Exp. 2 

lOs C* C + + + + 

20 s C C + + + + 

40 s C C + + + + 

1 min >1000 >1000 + + + -

2 min 176 7 + - - -
5 min 6 5 + + - -

10 min 19 0 - - - -

2450 MHz Exposure Filtration Swab used for Post -recovery 

time membrane recovery Teflon segment 

Exp. 1 Exp. 2 Exp. 1 Exp. 2 Exp. 1 Exp. 2 

10 s C C + + + + 

20 s >500 C + + + + 

40 s 31 58 - - - -

1 min 55 10 + - - -

2 min 5 0 - - - -

5 min 0 0 - - - -

10 min 2 0 - - - -
*C = confluent growth, + : growth, - : no growth 

Table 1 shows and confirms that operating at 2450 MHz rather than 700 MHz is more 

efficient to inactivate the biofilms, and to reach sterility. To further check for sterility at both 

operating frequencies (700 and 2450 MHz), we exposed additional Teflon segments for 

10 minutes to plasma. These segments were then immediately and individually incubated, 

directly, in TSB at 37 oC. After a one week incubation period, +/- tests showed that at 

700 MHz, only 1/3 segment was sterile, while at 2450 MHz, 3/3 segments were sterile. These 
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results are consistent with those presented in Fig. 4 and Table 1: operating at 2450 MHz rather 

than 700 MHz is more efficient to inactivate the biofilms due to the fact that four times more 

UV photons are obtained with the higher frequency. 

2.5.4. Discussion 

It can be argued that sorne of the different steps involved in the plasma exposure protocol 

itself could have a priori biocidal properties: 1) The Teflon segments with their biofilms are 

still hydrated when introduced into the fused silica tube for plasma exposure. As a result, this 

residual water could absorb the applied microwave power and thus inactivate the bacteria 

through heating. 2) Vacuum-induced dehydration could reduce the viability of the biofilm. 3) 

Pressure variations inflicted to the biofilm can cause stresses (e.g. osmotic) to the bacteria. 4) 

The argon flow, although it is an inert gas, could affect the biofilm. To check these 

hypotheses, we subjected the Teflon segments to the inactivation process, respecting all the 

protocol steps but one: the plasma was not ignited. The unexposed biofilms and the biofilms 

subjected to all the conditions of the plasma exposure protocol but without igniting plasma 

showed the same number of viable bacteria (see Fig. 4). We can therefore conclude that the 

different steps involved in the plasma exposure protocol listed above do not have biocidal 

effects on S. aureus biofilm, unless the plasma is ignited.-

When operating at 2450 MHz, complete inactivation of the S. aureus biofilm (7 log) was 

achieved in 5 minutes and was confirmed by membrane filtration and +/- tests. As shown 

elsewhere (Pollak et al., 2008a), the biocide agents of the present plasma source are the 

vacuum ultra-violet (VUV) photons, which include oxygen and nitrogen atomic lines, the N2 

Lyman-Birge-Hopfield (LBH) bands, the UV photons emitted by the NO~ and NOy molecular 

systems resulting from the contamination, ev en though at a very low-Ievel, of the argon gas 

(high purity argon is used) by air. The biocidal wavelength range of the present plasma source 

extends from 105 up to 300 nm due to the emission of these various atomic and molecular 

lines. 

Two-phase survival curves were obtained when the biofilms are subjected to the present 

plasma source: during the first minutes of plasma exposure, a rapid decline of viability was 

observed, followed by a much slower decrease. Survival curves of bacterial spores subjected 

to plasma inactivation usually show two kinetic phases (Moisan et al., 2001), a quick first 

reduction in viability followed by a slow reduction phase generally lOto 20 times longer, 

which is attributed to the stacking of microorganisms, resulting in a shielding effect affecting 
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the underlying spores. This is supported by the- fact that when the initial (deposit) density is 

reduced, the second phase involves fewer spores (Pollak et al, 2008b). In the present case, the 

assumed shielding effect might not only be due to the stacking of the bacteria, but also to 

variations in the presence of the biofilm matrix. This assumption is supported by observations 

made with UV lamps (Ela sri et al., 1999) showing that the UV intensity is significantly 

reduced by the presence of the biofilm matrix. This suggests that the thicker the matrix the 

longer is the UV irradiation time required to inactivate the embedded bacteria. 

Care must be taken, at this stage, not to conclude to the capacity of the glow plasma to 

inactivate any kind of biofilm. Since a major limitation of the plasma-sterilization techniques, 

especially when relying on UV irradiation, is the maximum thickness of the bioburden that 

can be inactivated, one has to assess the efficiency of our plasma process when dealing with 

various types and thicknesses of microorganisms eventually recovered with soil (e.g. blood 

and food products). Using flow cell systems (Khaled et al., 2001; Marion-Ferey et al., 2003) 

or our in vitro method to grow biofilm, this could be studied by i) varying the composition of 

the culture medium and the incubation time to increase the biofilm thickness; ii) varying the 

initial number of bacteria in the inoculum of a given strain; iii) using of pure vs. mixed 

biofilms (Rickard et al., 2003). These studies are presently under investigation in our 

laboratories. 

In summary, we have developed an efficient protocol for growing reproducible bioflms 

within tubes and for testing the inactivation effect of plasma on them. Sterility of biofilms of 

approximately 2 !lm subjected to our low temperature glow plasma operated at 2450 MHz 

was achieved in less than 5 minutes. To our knowledge, this is the first report of complete 

inactivation of biofilm in tubes by plasma. Besides being of much interest for the 

development of sterilization methods of medical devices comprising long narrow-bore tubes 

such as cardiac catheters, we believe that our plasma sterilization process could be extended 

to inactivate biofilm present on dielectric pipeworks used in the food industry. For instance, it 

could be scaled down as a movable table-top apparatus to sterilize the inner surface of 

polymer tubings without disassembling or removing the pipe installation. 
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2.6 Discussion et problématique de la stérilisation des endoscopes souples par plasma 

En somme,. nous avons mis au point et caractérisé une nouvelle source de plasma pour créer un 

plasma uniforme et de faible température du gaz à l'intérieur de tubes diélectriques. Avec un 

unique applicateur de champ électromagnétique, ce résultat a été obtenu dans des tubes 

diélectriques d'un diamètre interne compris entre 1.5 et 8 mm. Par la suite, nous avons 

successivement utilisé cette source de plasma pour stériliser 1'intérieur de tubes de Téflon de 

4 mm de diamètre interne contaminés par des spores bactériennes ou des biofilms. À ce stade, on 

pourrait être amené à penser qu'il ne reste que peu d'étapes à franchir avant de pouvoir stériliser 

des endoscopes souples. Cette perspective étant un sujet d'actualité focalisant un fort engouement 

industriel, nous avons jugé pertinent de discuter dans cette section les raisons pour lesquels, selon 

nous, les techniques de stérilisation par plasma, incluant celles présentées dans cette thèse, ne 

sont actuellement pas capables de stériliser ce type d'instruments. 

2.6.1 Complexité des dispositifs à stériliser et présence de longs canaux de faible diamètre 

Le désir d'observer les cavités situées à l'intérieur du corps humain n'est pas nouveau: les 

premières descriptions d'endoscopie ont été effectuées par Hippocrate (460-375 avant notre ère). 

Les origines de l'endoscopie et les étapes historiques qui ont marqué le développement de cette 

technique ont été rapportées par Shah [50]. De nos jours, cette méthode est très utilisée à visée 

diagnostique. De plus, l'endoscopie a grandement amélioré certaines techniques chirurgicales au 

cours des 50 dernières années [51, 52]. En effet, il est aujourd'hui possible d'effectuer de 

nombreuses interventions chirurgicales par endoscopie de manière performante et peu invasive, 

réduisant du même coup les séquelles et le temps d'hospitalisation des patients ou des animaux. 

Jusqu'à présent, les endoscopes ne sont toujours pas stérilisés, mais hautement désinfectés, du 

fait de leur complexité et de leur fragilité. Leur coût (5,000-20,000 $ US) ne permet pas un usage 

unique et des contaminations pathogènes par endoscopie sont donc enregistrées [53]. Celles-ci 

sont de trois types [54]: 

• contamination croisée de patient à patient, 
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• micro-organismes diffusés pendant l'endoscopie d'une région à l'autre du corps du 

patient, 

• contamination du patient infligée au personnel médical et vice-versa. 

Ce constat a donc motivé la communauté scientifique à développer de nouveaux appareils et 

procédés permettant de stériliser les endoscopes souples. L'objectif de cette section est de 

montrer les obstacles rencontrés en stérilisation par plasma pour traiter spécifiquement ces 

instruments médicaux. Préalablement, il est nécessaire de connaître la structure des endoscopes 

souples et les problèmes actuellement présents lors des procédures de désinfection: la première 

section dévoile les caractéristiques essentielles de ces appareils médicaux, tandis que la deuxième 

est consacrée à une revue des techniques traditionnelles de désinfection des endoscopes souples. 

La problématique de la stérilisation par plasma des endoscopes souples occupe la troisième 

section. 

La conception d'une source de plasma adaptée à la stérilisation d'un endoscope souple 

requiert nécessairement la connaissance de la structure et du fonctionnement de cet appareil. Il 

faut donc déterminer: 

• le diamètre, la longueur et la configuration des longs tubes diélectriques de faibles 

diamètres qu'il faut stériliser, 

• les emplacements des parties conductrices (métalliques). Dans le cas où l'endoscope 

serait stérilisé directement en décharge, ces parties conductrices pourraient 

affecterl'uniformité du traitement, car elles perturberaient la configuration des lignes de 

champ électrique entretenant la décharge, 

• les emplacements des parties électroniques (e.g. caméra CCD) qui pourraient être 

endommagées par la présence d'un champ électrique servant à créer le plasma, 

• la nature des parties diélectriques (polymères Téflon et polyuréthane) constituant 

majoritairement l'endoscope. 

Dans un premier temps, nous allons décrire la configuration d'un endoscope. La figure 2.6 

montre la structure d'un gastroscope servant à visualiser l'œsophage, l'estomac et le duodénum 

[55]. 
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Figure 2.6 Structure d'un endoscope souple (gastroscope), d'après [55]. 

Tous les endoscopes souples sont composés de quatre parties [56]: 

1. La connexion avec la source de lumière: portion de l'endoscope qui est liée à la source de 

lumière servant à éclairer l'intérieur du corps du patient. 

2. Le cordon ombilical: tube qui relie la source de lumière à la section de contrôle. 

3. La section de contrôle: partie manipulée par l'opérateur pour manœuvrer de haut en bas ou de 

gauche à droite la partie distale (c'est-à-dire la plus éloignée) du tube d'insertion. La section de 

contrôle permet également de commander les valves (air-eau et succion) de l'endoscope. L'entrée 

du canal de biopsie servant à l'insertion d'instruments (e.g. pour effectuer un prélèvement dans le 

corps du patient) est située à l'extrémité de la section de contrôle, du côté du tube d'insertion. 

4.I;e tube d'insertion: c'est la partie qui pénètre à l'intérieur du corps du patient et qui est la plus 

contaminée durant la procédure. 

2.6.2 Revue des techniques traditionnelles de désinfection des endoscopes souples 

La procédure de désinfection d'un endoscope est toujours effectuée après un lavage de ce dernier. 

Nous allons brièvement exposer quelques aspects essentiels de cette procédure qui est cruciale, 

car cette phase va de pair avec la procédure de désinfection: plus le lavage de l'endoscope est 

poussé, plus la désinfection sera efficace {American society for gastrointestinal endoscopie, 1998 

#165}. 



107 

Lavage des endoscopes souples 

La phase de lavage, utilisant des détergents enzymatiques, a pour but de retirer la majorité des 

matériaux organiques présents sur l'endoscope immédiatement après la fin de l'endoscopie [56]. 

Il est important de respecter un délai le plus court possible entre l'endoscopie et ce lavage. Dans 

le cas contraire, des micro-organismes pourraient adhérer et éventuellement croître sur les parois 

de l'endoscope (de là notre étude sur l'inactivation de biofilms présentée à la section 2.5), en 

particulier à l'intérieur des tubes creux étroits « 4 mm de diamètre). Intéressés par cette question, 

nous avons laissé sécher une suspension de 106 spores bactériennes de B. atrophaeus dans 50 III 

d'eau à l'intérieur d'une tubulure de Téflon (1 cm de longueur et 4/6 mm de diamètre 

interne/externe). Par la suite, nous avons coupé cette tubulure en deux suivant sa longueur et 

avons photographié (au microscope électronique à balayage) les spores séchées sur la partie 

inférieure de chaque tubulure où la configuration du dépôt présente de nombreux empilements 

(p. 76). Ceci démontre la nécessité d'un intervalle de temps très bref entre la fin de l'endoscopie 

et la phase de lavage, car de tels empilements sont très difficiles à stériliser, quelle que soit la 

méthode utilisée, alors que les micro-organismes auraient été facilement entraînés à l'extérieur 

par le lavage tandis qu'elles étaient encore en suspension humide. 

Nous allons maintenant décrire brièvement les procédures de lavages des endoscopes 

souples. La figure 2.7 montre la procédure standard de lavage de l'extérieur du tube d'insertion 

[57]. 

Figure 2.7 Illustration de la procédure standard de lavage de l'extérieur du tube d'insertion 

avec un linge stérile préalablement trempé dans une solution enzymatique [57]. Le 

linge est à usage unique. 
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Quant aux canaux air/eau (figure 2.8.a) et succion/biopsie (figure 2.8.b), ils sont lavés tout 

d'abord en les purgeant avec une solution enzymatique, puis avec des brosses (écouvillons) de 

diamètre adapté à celui de chaque canal [57]. Finalement, l'intérieur de chaque canal est rincé à 

l'eau, puis séché avec de l'air sous haute pression. Il a été montré très récemment que cette phase 

de séchage est cruciale [58] pour éliminer les résidus organiques et inorganiques. 

a) 

b) 

Aiir 
WATER .. 

Figure 2.8 Illustration de la procédure standard de lavage successivement a) des canaux air-eau 

et b) des canaux succion/biopsie [57] en les purgeant avec une solution 

enzymatique. 

Cette phase de lavage prévient donc le séchage de débris sur les surfaces des canaux, tout en 

permettant l'évacuation d'un grand nombre de micro-organismes. Durant cette phase, l'étanchéité 

de l'endoscope est également testée [57]. 

Techniques traditionnelles de désinfection des endoscopes souples 



109 

Du fait de leur complexité et de leur fragilité, nous le répétons, les endoscopes souples ne sont 

toujours pas stérilisés, mais désinfectés. Trois niveaux de désinfection sont définis: haut, 

intermédiaire et faible, en fonction du type et du nombre de microorganismes éliminés 

{American society for gastrointestinal endoscopie, 1998 #165}. Les techniques traditionnelles de 

désinfection des endoscopes souples impliquent un agent chimique ayant des propriétés 

bactéricides. Nous allons maintenant présenter une brève revue des désinfectants utilisés pour 

traiter les endoscopes souples (tirée essentiellement de [56]). 

Le glutaraldéhyde : un bain de 20 minutes dans une solution contenant 2% de ce produit permet 

d'obtenir un haut niveau de désinfection. Ce produit est non corrosif pour les métaux, les 

plastiques et les caoutchoucs, mais est dangereux pour les humains et les animaux. Il peut 

notamment causer une irritation des yeux, de la gorge et des poumons. 

Le peroxyde d'hydrogène: un bain de 30 minutes dans une solution contenant 7.5% de ce produit 

permet un haut niveau de désinfection. Ce produit est corrosif et peut endommager les plastiques. 

L'acide peracétique: un système automatisé de 30 minutes (commercialisé par la marque 

Steris®) et contenant ce produit permet un haut niveau de désinfection. En fait, le temps 

d'exposition de l'endoscope à ce désinfectant est de 12 minutes. Ce produit est irritant pour les 

yeux, la peau et les voies respiratoires. 

D'autres désinfectants sont également utilisés pour traiter les endoscopes souples: l'ortho­

phthalaldéhyde et le mélange acide peracétique/peroxyde d'hydrogène [56]. Quel que soit le 

désinfectant utilisé, l'endoscope est plongé entièrement dans un bassin de désinfection, et le 

désinfectant est introduit à l'intérieur des conduits creux au moyen d'une seringue dans un 

procédé manuel ou de pieuvres dans un procédé automatique. 
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plasma 
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La stérilisation par plasma est une alternative possible aux méthodes de stérilisation 

conventionnelles, car elle offre de nombreux avantages. Ce type de stérilisation est efficace, non 

toxique et dégrade peu les objets à stériliser. Toutefois, la complexité des endoscopes souples 

. soulève de nombreuses interrogations techniques. Il existe deux types de surfaces à stériliser: 

• surfaces externes: il s'agit essentiellement de la portion de l'endoscope qui pénètre à 

l'intérieur du corps du patient (tube d'insertion, figure 2.6). 

• surfaces internes: il s'agit des canaux air/eau et succion/biopsie, c'est-à-dire de longs 

tubes diélectriques de quelques millimètres de diamètre sur une distance supérieure à un 

mètre de longueur. 

La surface externe de l'endoscope pourrait être stérilisée en moins d'une heure par un 

système de post-décharge d'ondes de surface. En revanche, stériliser l'intérieur des longs tubes 

creux, quel que soit le système utilisé (décharge ou post-décharge), demeure une tâche 

particulièrement ardue. Nous allons en énumérer les raisons: 

Systèmes de post-décharge: bien qu'efficaces sur des objets de forme simple, ces procédés sont 

mal adaptés à la stérilisation de la surface interne de tubes de petit diamètre « 10 mm) [59]. En 

effet, il est nécessaire en post-décharge d'utiliser les espèces actives (émetteurs d'UV, radicaux) 

créées en décharge, espèces qui ont une durée de vie limitée « 500 ms). Les tubes de petit 

diamètre possédant une faible conductance hydrodynamique, conne nous l'avons dit plus haut, il 

est, en effet, impossible d'y faire circuler un gaz à grande vitesse sans engendrer une importante 

élévation de pression, ce qui conduit à la destruction de ces espèces actives avant qu'elles aient 

pu jouer leur rôle sur toute la longueur du tube. 

Systèmes de décharge: la température du gaz à l'intérieur du plasma est généralement trop élevée 

par rapport à la température que peuvent supporter les polymères thermosensibles de 

l'endoscope!. De plus, la présence des pièces conductrices de l'endoscope dans le champ de 

1 Il s'agit du Téflon et du polyuréthane. 
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rayonnement d'un applicateur HF entretenant le plasma à l'intérieur des tubes creux, soulève 

deux problèmes à considérer. Ces pièces conductrices pourraient: 

• affecter la propagation du champ EM ce qui provoquera 

o une diminution de l'uniformité du plasma et donc du traitement, 

o une modification de l'impédance du système, ce qui se manifestera par un retour 

de puissance vers le générateur, ce qui rend quasiment impossible l'utilisation de 

notre source de plasma pour traiter ces dispositifs2 

o une réduction de l'intensité des lignes de champ électrique à l'intérieur des tubes 

creux, ce qui pourra éventuellement empêcher la création du plasma dans les 

tubes, si les pièces conductrices font ombrage au tube diélectrique; 

• chauffer, ce qui pourra altérer les constituants thermosensibles de l'endoscope qui sont en 

contact avec elles. 

Étant donné ces obstacles (à la fois en décharge et en post-décharge), aucune publication ne 

mentionne, à notre connaissance, la moindre tentative de simple désinfection par plasma d'un 

endoscope souple. En fait, nos recherches actuelles portent sur la stérilisation de l'intérieur d'un 

long tube diélectrique de faible diamètre, sans nous préoccuper, pour l'instant, des dispositifs 

auxiliaires contenant certaines parties conductrices et/ou électroniques. Bien qu'il s'agisse d'une 

réduction de la complexité de la problématique, la réalisation de cet objectif constitue un pas 

crucial dans l'avancement des technologies de stérilisation par plasma et ouvre le marché du 

retraitement des cathéters. 

2.7 Résumé et conclusion 

Nous avons inventé [60], caractérisé [61] et évalué les performances d'un stérilisateur plasma sur 

des tubes diélectriques contenant des empilements particulièrement conséquents de spores 

bactériennes de B. atrophaeus [62] ou des biofilms de Staphylococcus aureus [63], ceux-ci de 

2 Én pratique, nous avons inséré le tube d'insertion d'un ,endoscope (gastroscope de marque Olympus) à l'intérieur 
de notre applicateur de champ électromagnétique. Puis, nous avons testé la réponse en transmission d'ondes HF le 
long de l'applicateur à l'aide d'un analyseur de réseaux. Nous avons alors obtenu une détérioration majeure de la 
propagation des ondes HF due à la présence de l'endoscope (20 dB soit 1 % de puissance transmise) comparée à plus 
de 90 % de puissance transmise en présence d'un tube purement diélectrique. Ceci résulte de la modification de 
l'impédance du système en présence des pièces conductrices. 
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croissance contrôlée. par une technique que nous avons mise au point. Notre méthode de 

stérilisation présente de nombreux avantages incluant son efficacité, sa non-toxicité (pas de phase 

de ventilation nécessaire) et sa capacité à s'adapter et à obtenir l'uniformité axiale du plasma 

dans des tubes de différents diamètres internes (de 2 à 8 mm testés). Toutefois, de nombreux 

points nécessitent de plus amples études afin d'évaluer les capacités de ce système à traiter des 

tubes médicaux. Par exemple, l'ensemble du travail présenté dans ce chapitre a concerné des 

tubes formés de Téflon possédant une paroi d'un mm d'épaisseur. Or la plupart des cathéters 

cardiaques possèdent une paroi de tube beaucoup plus mince, en général de l'ordre de 0.3 mm et 

sont parfois formés d'autres polymères moins résistants que le Téflon (e.g. le silicone). De plus, 

notre traitement a montré son efficacité sur seulement 70 cm de longueur (et sur 4 mm de 

diamètre interne), une longueur inférieure à celle de nombreux cathéters. Il faudra donc 

désormais évaluer l'efficacité de notre procédé et les dommages induits sur des tubes médicaux 

possédant les matériaux, les épaisseurs et les longueurs réelles. 
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Chapitre 3 

Stérilisation d'objets par leur immersion dans le plasma 

Comme nous l'avons vu au deuxième chapitre, un applicateur de champ électromagnétique de 

type linéaire offre de nombreux avantages pour réaliser la stérilisation d'objets médicaux, 

notamment une faible température du gaz de sa décharge « 50 OC) et l'uniformité axiale de celle­

ci. Cependant, la source que nous avons développée et décrite au chapitre précédent présente une 

forte limitation pratique quant aux types de surfaces qu'elle peut traiter, s'agissant exclusivement 

de la paroi interne de tubes diélectriques. À la vue des résultats probants que cette source de 

plasma permettait d'obtenir, nous avons alors pensé à exploiter le même concept d'applicateur 

linéaire, mais cette fois-ci en utilisant une enceinte parallélépipédique dans laquelle se forme la 

décharge. La finalité de ce stérilisateur est d'y réaliser la stérilisation de la surface externe 

d'objets médicaux par immersion de ces derniers dans le plasma. Dans ce troisième chapitre, 

nous allons présenter le concept de cette source de plasma, ses performances électrodynamiques 

et la détermination de ses agents biocides. Ce chapitre comporte également, comme le précédent, 

une section de discussion où nous examinons plus particulièrement une défaillance structurale, 

que nous avons mise en évidence peut-être pour la première fois, et qui est liée à l'inactivation 

des spores bactériennes par plasma. Finalement, une brève conclusion clôt ce chapitre. 

3.1 Introduction 

Les procédés de post-décharge, malgré leurs nombreux avantages, présentent néanmoins 

quelques limitations qui font obstacle à une réduction importante du temps de stérilisation. 

Considérons le cas où la source de plasma alimentant la post-décharge est entretenue par une 

onde électromagnétique (EM) de surface excitée par un lanceur d'ondes de surface, tel le 

Surfatron [3]. Le plasma est créé dans un volume de gaz très réduit (moins de 1 cm3 à 2450 MHz) 

et, parce qu'il résulte d'une forte puissance EM injectée par unité de volume, le plasma ainsi 

formé est relativement chaud. Pour les besoins de la stérilisation en post-décharge, ce plasma, 

produit localement, est transporté par un flux de gaz dans une région distante et voit alors 
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certaines de ses propriétés initiales se modifier (recombinaison des particules chargées, 

excitation/dés excitation, etc.) tout au long de cette région transitoire. Il aboutit ensuite dans la 

chambre dite de post-décharge, d'un volume considérablement plus élevé, disons 50 L, que celui 

du plasma initial: il est maintenant plus froid, avec peu de particules chargées et pratiquement 

sans champ électrique, un ensemble d'avantages assurant de préserver l'intégrité des objets à 

stériliser, mais les espèces de la décharge s'en trouvent diluées dans le rapport des volumes 

décharge/post-décharge. En somme, une telle source de plasma présente les inconvénients 

suivants en stérilisation: 

1) Une énergie importante est perdue dans la région de la décharge et dans la zone de transition 

pour alimenter les processus cinétiques de production d'espèces qui ne seront pas utilisées 

pour la stérilisation; par ailleurs, les espèces actives se trouvant dans l'enceinte de post­

décharge subissent une forte dilution en volume par rapport au volume de leur création dans 

la décharge (p. ex. N et 0 engendrant NO excité). 

2) Le plasma d'onde de surface ne permet pas une exposition aisée d'objets tridimensionnels 

dans la décharge même, du fait de sa géométrie cylindrique et de son volume limité. 

Tirant profit de l'expérience de notre Groupe et de celle acquise au cours du développement du 

stérilisateur décrit au deuxième chapitre, nous avons conçu, mis au point et caractérisé une source 

de plasma basé sur un applicateur de champ électromagnétique (EM) s'étendant le long d'une 

enceinte de stérilisation parallélépipédique et entièrement solidaire de celle-ci. La prochaine 

section décrit les caractéristiques électrodynamiques de ce stérilisateur par immersion ainsi que 

l'identification de ses agents biocides. 

3.2 Caractéristiques électrodynamiques du stérilisateur par immersion et détermination de 

ses agents biocides 

Comme nous allons le voir dans l'article contenu dans cette section, ce nouveau dispositif permet 

notamment: 

• de distribuer la puissance EM sans point chaud le long de l'enceinte de stérilisation (une 

faible quantité du flux de puissance est prélevée par unité de longueur). 
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• de créer, du fait même d'un faible transfert de puissance HF par unité de longueur à la 

décharge, un plasma de faible température de gaz, ce qui permet de traiter des objets de 

nature thermosensible placés à l'intérieur même du plasma. 

Avec ce dispositif d'immersion des objets à traiter dans le plasma, les espèces actives sont 

utilisées directement (localement) sans avoir besoin de les transporter, contrairement au procédé 

de post-décharge. Le rendement énergétique du système est donc meilleur, car l'énergie incidente 

est utilisée principalement à des fms bactéricides et non pour chauffer le gaz. Dans l'article qui 

suit, nous allons à la fois présenter ses caractéristiques électrodynamiques (e.g. pourcentage de 

puissance réfléchie), déterminer ses agents biocides lorsque l'argon est le gaz plasmagène et 

évaluer les dommages causés par ce plasma à certains polymères. Le lecteur intéressé par le 

concept de cette source de plasma pourra trouver des informations supplémentaires dans la 

demande de brevet reproduite à l'annexe 3. 
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(article publié dans Journal of physics D: Applied physics 2008 41 135212, 14 pp) 

J. Pollak, M Moisan, D Kéroack and M K Boudam 

Abstract 

This paper introduces a new type of high-frequency (HF) sustained discharge where the HF 

field applicator is a planar transmission line that allows us to fill with plasma a long chamber 

of rectangular cross-section (typically lm x 15 cm x 5 cm). Peculiar interesting features of 

this plasma source are a low gas temperature (typically below 40 oC in the 1 Torr range in 

argon), broadband impedance matching with no need for retuning, stability and 

reproducibility of the discharge (non-resonant behaviour). This type of plasma source could 

be useful for web processing; nonethe1ess, it is applied here to plasma sterilization, taking 

advantage of its low gas temperature to inactivate microorganisms on polymer-made medical 

devices to avoid damaging them. The predominant biocide species are the uv photons 

emitted by the discharge whereas most plasma sterilization techniques caU for reactive species 

such as 0 atoms and OH molecules, which induce significant erosion damage on polymers. 

Polystyrene microspheres are actuaUy observed to be erosion-free under the current plasma 

sterilization conditions (scanning electron micrographs have been examined). Moreover, 

inactivation is quite fast: 106 B. atrophaeus spores deposited on a Petri dish are inactivated in 

less than 1 min. Correlation of the UV radiation with the spore inactivation rate is examined 

by (i) considering the emitted light intensity integrated over the 112-180 nm vacuum UV 

(VUV) range with a photomultiplier; (ii) looking with an optical spectrometer at the emission 

spectrum over the 200--400 nm UV range; (iii) using absorption spectroscopy to determine the 

role of the VUV argon resonant lines (105 and 107 nm) on spore inactivation. It is found that 

the test-reference spores are mainly inactivated by VUV photons (112-180 nm) that are 

primarily emitted by impurities present in the argon plasma. 
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3.2.1 Introduction 

Plasma sterilization is emerging as a novel alternative to conventional sterilization techniques, 

which are essentially based on thermal treatments (dry or moist heat) or chemical treatments 

(e.g. EtO, H202). Plasma sterilization offers promising features in terms of efficiency and 

reliability for inactivating microorganisms. In addition, this technique can be made to operate 

at low temperatures «50 oC), does not require venting time and is safe for the operators, 

patients and materials. The understanding of plasma sterilization is advancing rapidly, raising 

high scientific and commercial interests in the develo"pment of various types of plasma 

sterilizers. Nevertheless, no sterilizer making use of the plasma biocide species has yet been 

brought to the market place. Various reasons can be put forward to explain such a delay: 

(i)The level of damage induced on the various types of surfaces exposed to a plasma 

treatment is an essential issue that has not yet been thoroughly assessed. In particular, as 

many medical devices (MDs) comprise polymers, the etching of polymers by such a process 

must be very small, allowing for many re-sterilization cycles. In our opinion, this is a 

paradoxical mission for those choosing to inactivate microorganisms through etching of their 

membranes rather than re1ying on lethal lesions to their DNA by UV photons, as we do. 

Moreover, variations in the hydrophobicity and biocompatibility of the processed surfaces 

(intended for limited or extended time of contact with tissues or body fluids) must be 

scrutinized. 

(ii) Plasma sterilization of MDs must meet the requirements of hospital standards. In that 

respect, it is customary to sterilize MDs already enclosed in wrapping materials that prote ct 

them afterwards from external contamination during transportation and through storage 

conditions. However, the various wrapping materials presently used for that purpose are not a 

priori compatible with a plasma-afterglow sterilization process. This is because they strongly 

absorb UV radiation and also reduce the diffusion towards the MDs of the various plasma 

particles, namely, atoms (e.g. oxygen radicals) and molecules (aIready present or newly 

formed), species that are eventually excited (becoming potential UV photon emitters) or 

ionized. Nonetheless, it is possible, under certain conditions, to achieve a plasma, as we do, 

within the packaging material containing the MD when this material is of the dielectric type. 

For a plasma-afterglow process, post-wrapping (within the sterilizer) could be envisaged. 

(iii) Although the MDs to be sterilized are beforehand washed and disinfected, there is still 

sorne possibility that the remaining microbial load be too thick (more than tens of 
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micrometres) to be successfully inactivated by the plasma species (UV photons in our case): 

this is eventually the case, for example, with stacked bacteria, thick biofilms (bacteria 

embedded in an exopolysaccharide matrix, strongly adhering to the MD surface) and soil (e.g. 

blood products). Such eventualities need to be thoroughly investigated and adequate solutions 

found. 

(iv) AlI parts of a MD should be exposed to the same density or flux of the plasma species, 

which requires uniformity of the plasma biocide species everywhere in the sterilizer. As an 

example, consider the case of a plasma sterilizer filled with a large number of MDs: 

shadowing effects caused by an MD on a nearby other MD are possible, as well as local 

depletion of the active species (loading effect resulting, for instance, from surface 

recombination of the plasma species). 

(v) An ideal sterilizer should be able to de al with a wide range of MDs. However, as it is the 

case with conventional sterilizers, the nature and configuration of the processed MD have a 

strong impact on the efficiency of plasma sterilization. For instance, MDs comprising tubes 

with a small inner diameter (typically 2-6 mm) and a comparatively long length (0.5-2 m) are 

harder to sterilize than planar surfaces, because of a reduced access of the biocide species to 

all parts of the MDs, unless these are provided by achieving a discharge within the tube itse1f. 

It therefore appears that a given plasma sterilizer cannot process all types of MDs: we 

actually do not be1ieve in such a thing as a univers al plasma sterilizer (there is no such thing 

as a conventional sterilizer). As a result, our strategy is to try to come up with plasma 

sterilizers for specific applications. For instance, in order to design a plasma sterilizer dealing 

with the inner part of polymeric (dielectric) catheters, we worked out a new ki~d of HF field 

applicator that allows the plasma to be sustained within such tubes [1]. The electrodynamical 

properties of this field applicator were analysed in detail [2] and the corresponding system 

subsequently employed to sterilize the inner part of long narrow-bore dielectric tubes that 

mimic catheters was reported in [3]. 

We recently filed a patent application for a planar plasma source that can be used for the 

sterilization of thermosensitive tri-dimensional objects and also for web processing of 

dielectric -or conducting plates or films [4]. The purpose of this paper is to de scribe this 

plasma source and provide sorne sterilization results conceming surfaces of planar geometry. 

The plasma biocide species encountered when working with argon as the carrier gas at 

reduced pressure (typically 1 Torr) are also identified. 
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The plasma source described in this paper allows sustaining large planar-area non­

magnetized microwave plasmas. There are already well-known ways of achieving such types 

ofplasma. For instance, Ghanashev et al [5] proposed a plasma source in which the discharge 

is sustained by a standing electromagnetic (EM) surface-wave propagating along the interface 

between the plasma and a dielectric plate located on the top wall of a large-diameter 

. cylindrical metal chamber. An alternative to surface-wave discharge for obtaining long and 

uniform planar discharges is to use field applicators that extend along a straight line and 

accompanying the discharge tube over distances much larger than the free-space wavelength 

(these elongated structures are termed linear field applicators) [6]. The scientific literature 

reports various kinds of such structures that are used as transmission-line field applicators for 

plasma generation, namely, a circular or rectangular waveguide [7], a slow-wave structure [8, 

9], and a troughguide [10]. Surprisingly, field applicators using transverse electromagnetic 

(TEM) or quasi-TEM transmission lines have not been considered so far for web processing 

of large planar surfaces. The field applicator described in this paper and used for sterilization 

purposes is a linear quasi-TEM field applicator. 

The paper is organized as follows. Section 3.2.2 presents the concept and the 

electrodynamic characteristics of this new plasma source and examines its axial uniformity 

when working with argon as the carrier gas at reduced pressure (typically 1 Torr). The 

determination of the biocide species provided by the argon plasma and the imalysis of survival 

curves obtained with bacterial spores deposited on Petri dishes make up section 3.2.3. Section 

3.2.4 is devoted to determining the level of damage induced by the argon plasma to various 

polymers. Finally, section 3.2.5 is a brief conclusion. 

3.2.2 Description of the plasma source 

Our novel plasma source belongs to the category of high-frequency (HF)l sustained 

discharges where the HF field applicator is a planar transmission line. Two main types of such 

planar transmission lines can be found in the literature: the microstrip line and the stripline. 

These are briefly described in the following section. An exhaustive review and a possible 

classification of such existing field applicators [11-17] were recently published by Pollak et 

al [2]. 

1 The term HF designates here jointly radio and microwave frequencies. 
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(a) (h) 

Figure 1 Configuration and characteristic dimensions of the two mam types of planar 

transmission lines used as linear field applicators to sustain plasma: (a) the microstrip line 

(unsymmetricalline); (b) the stripline (symmetricalline). 
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Figure 2 Cross-sectional view of two plasma sources developed in our laboratories using 

planar transmission lines: (a) tubular discharge [1-3]; (b) planar discharge [4], which is used 

in this paper. 

3.2.2.1 The microstrip line and the stripline 

Figure l(a) shows the configuration and the characteristic dimensions of a microstrip line. A 

conducting strip of width w and thickness t is located at a constant distance h above a 

conducting ground plate of width 1. A homogeneous dielectric medium (air in our case) of 

thickness h and relative permittivity Sr fills the entire region comprised between the ground 

plate and the conducting strip. Note that a microstrip line is not necessarily a microstructure 

as implied by its name; it is sometimes also called an 'unsymmetricalline' or a 'singleground­

plane line' [18]. Figure l(b) shows the configuration and characteristic dimensions of a 

stripline. A conducting strip of width w and thickness t is centred between two parallel 

conducting ground plates of width Land separated by a distance h. A homogeneous dielectric 

medium of relative permittivity Sr fills the entirè region comprised between the paralle1 

ground plates and the conducting strip. Striplines are also called 'sandwich Hnes', 'triplate 

lines', 'symmetricallines' or 'double-ground-plane lines' [18]. 
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Using planar transmission line to design HF-sustained plasma sources provides sorne 

use fuI peculiar features: these transmission lines can be operated over a broad range of HF 

frequencies without the need for impedance retuning and, as shown by Broekaert [13], can be 

made compact for miniaturization purposes. Due to their intrinsic properties, microwave-field 

applicators using planar transmission lines can also be arranged in arrays (eventually fed from 

a unique HF source [19]) to provide large plasma volumes. We have been working initially on 

the stripline field applicator as a plasma source [1, 2] but we recently tumed to the microstrip 

technology, looking at two different plasma vessel configurations for our plasma sterilization 

studies. Figure 2(a) shows schematically how to accommodate a tubular discharge in a 

micros trip configuration: the dielectric tube is positioned centrally between the strip 

conductor and the ground plate of the planar transmission line in an air-dielectric 

environment. This configuration has been utilized in its stripline counterpart for sterilizing the 

inner wall of long narrow-bore thermosensitive tubes [3]. In this paper, we rather focus on 

filling with plasma a chamber of rectangular crosssection: three of the chamber walls act as 

ground plates while the fourth one is closed by a dielectric plate on which the conducting strip 

is resting (figure 2(b)). 

3.2.2.2 The design of the microstrip-type planar discharge 

Figure 3 shows photographs of an actual prototype of the plasma source schematized in figure 

2(b). The role of the dielectric plate is twofold: to provide vacuum isolation of the plasma 

cha~ber and to le;t pass microwaves into it with little attenuation2
• Plasma is sustained by the 

electric field of the propagating EM wave guided by the planar transmission line. A Faraday 

cage fully encloses the plasma source because the microstrip line is not radiation-free at 

microwave frequencies, in contrast to the stripline [2]. HF power is suppliéd to the discharge 

through a coaxial cable (with an N-type connector). A matched load, located past the 

applicator on the chamber side opposite to the HF power input, dissipates the residual power 

2 In our first versions of the planar discharge arrangement, the conducting strip (which is the electrically 'hot' 

conductor) was fully immersed in the discharge itself. This configuration has been abandoned because it was 

producing strong plasma non-uniformities and hot spots at the two extremities of the conducting strip (where the 

N-connectors are attached to the strip). Besides, when the conducting strip is located above the dielectric plate as 

in figure 2(b), it can mechanically hold the conducting strip and avoid its bending along the length of the 

applicator. 
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not absorbed in the discharge. A movable light collimator, 30 mm long and 1 mm inner 

diameter, is directed perpendicularly to the chamber in front of a fused silica window with its 

tip located 50 mm away from it and connected to an optical fibre. It provides spatial 

resolution within the chamber for emitted light intensity measurements. 

The characteristic dimensions of this plasma source are labelled in figure 4 and provided in 

its caption. Figure 4 corresponds to a sketched cross-sectional view of the system shown in 

figure 3. The gas flow inlet is located on the HF power side, the pumping orifice being on the 

opposite side. Since hl < h3 (figure 4), the electric field lines are mainly confined between the 

bottom ground plate of the conducting frame and the conducting strip. Because of- this and 

because there is air at atmospheric pressure above the dielectric plate, there is no discharge 

there. An important feature of this system is that its input-power reflection coefficient is very 

little affected by the presence of plasma, as shown in the next section. Operating conditions 

were generally as follows:. applied field frequency 200 MHz, argon gas at reduced pressure 

(10-1500 mTorr) with flow rates in the 5-100 sccm (standard cubic centimetre/min) range. 
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Figure 3 Photographs of the 57 cm long microstrip-type linear field applicator used in this 

paper to generate plasma in a 4.5 L sterilization chamber: (a) the sterilizer in operation with 

an argon discharge; (b) the plasma chamber when open for insertion or removal of MDs and 

Petri dishes. 
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3.2.2.3. HF power characteristics of the planar plasma source 

The power absorbed by the discharge PA· as a function of the incident power PI when 

assuming a lossless field applicator is simply given here by [2] 

PA=P,-PR-PT• (1) 

where PT is the power exiting from the applicator and going into the transmission-line 

terminating matched load. Power measurements were achieved with the argon gas flow set at 

100 sccm at a pressure of 750 mTorr (100 Pa) and with a field frequency of 200 MHz. Figure 

5(a) displays the corresponding reflected and transmitted powers as functions of the incident 

power. The percentage of reflected power at the applicator input remains close to zero over 

the who le range of incident HF power tested (0-210 W). As the HF power is raised from 0 to 

20 W, the plasma length increases as shown in figure 5(b); at 20 W, the full applicator length 
, ' 

(57 cm) is filled with plasma; at higher incident HF powers, part of the incoming power flows 

along the field applicator without being absorbed by the discharge and is, in fact, lost in the 

terminating matched load that prevents reflection at the applicator end. Because of this, above 

20 W, there is a continuous decrease in the percentage of power absorbed by the plasma, as 

shown in figure 5(a). Since absorbed power in the discharge remains low (with 50 W of 

incident power; the density of absorbed power by the plasma is below 10 WL-1
), gas heating 

is also low: in fact, the chamber wall and Petri dishes remain, after a few minutes of plasma 

exposure, at temperatures typically below 40 oC as measured with a thermocouple. 
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Figure 4 Schematic representation in a cross-sectional view of the sterilization system shown 

in figure 3. The discharge is confined within the lower part of the system, there being no 

discharge in the upper part of it filled with air at atmospheric pressure. The field applicator 

characteristic dimensions are: w = 50.8 mm, t = 3.2 mm, a = 146.1 mm, b = 200.5 mm, 

hl = 50.8 mm, h2 = 12.7 mm and h3 = 137.0 mm. 
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3.2.2.4. Axial distribution of emitted Iight intensity along the plasma chamber 

The light intensity emitted by the discharge as a function of axial position, z, along it was 

recorded with a photodiode over the 330-800 nm range. The light collimator was set at mid­

height of the plasma chamber, i.e. at y = h)12 = 25.4 mm (see figure 4). The plasma chamber 

extent (z = 0 and z = 62 cm) is delimited in the following figures by arrows. Figure 6 shows 

typical axial distributions of emitted light intensity as observed along the lateral fused silica 

windows (see figure 3) of the plasma source. In figure 6(a), the applied field frequency is set 

at 200MHz and the incident power is raised to increase the power absorbed by the plasma 

and, consequently, its emitted light intensity. Whatever the value of PA, there is a decrease in 

the emitted light intensity when going from the power input side to the matched load side. We 

aiso observe that the applied field frequency has a significant impact over the density of 

ahsorbed power by the plasma, since 74 W at 433 MHz are required to fill the fulliength of 

the chamber with plasma in contrast to 17 W at 200 MHz. The overall decrease in the emitted 

light intensity is more pronounced at 433MHz than at 200 MHz. This is because the wave 

power absorbed by the discharge per unit length, dP A/dz, is higher at 433 MHz since there is a 

higher electron density in the discharge [20]. At any rate, in both cases, the electron density 

(assumed to a first approximation proportional to light intensity) tends ~o decrease with 

increasing z, as can be seen in figure 6(b), since the HF power flow is expended in sustaining 

the discharge as the wave propagates. 
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Figure 5 (a) Percentage of reflected power, PR, transmitted power, PT, and absorhed power, 

PA, normalized to incident power, Pr, as functions of Pr , at 200 MHz. Argon gas flow is set at 

100 sccm and gas pressure is 100mTorr; (b) Power absorbed by the plasma and length of the 

discharge in the chamber as functions of incident power. 

Plasma axial non-uniformity was barely noticeable when using the present linear field 

applicators to generate plasma within narrow-bore tubes [2, 3]: the plasma volume per unit 

length was then typically 100 times lower. In more general terms, the decrease in electron 

density along a linear field applicator is more pronounced the longer the applicator, the larger 

its cross-sectional dimensions or the higher the field frequency. Axial non-uniformity of the 

plasma could have undesirable effects for sorne applications. As far as batch processing is 

concemed, for instance, a possible solution to compensate for the electron density decrease 

would be to switch the HF power feeding port with that of the matched load at half process 

time. A second solution would be to gradually reduce the cross-:sectional dimensions of the 

applicator structure when going from the power input side to the matched load side, as alteady 
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proposed by Zakrzewski and Moisan [6] in the general case of a long linear field applicator 

and by Slinko et al [7] in the specific case of a plasma column lying longitudinally within a 

rectangular waveguide, the height of which is gradually decreased in the power flow 

direction. A third possibility is to remove the matched load and utilize its port to actually feed 

the field applicator from both sides relying on a second microwave generator to avoid phase 

relation between the propagating waves, which would lead to standing waves along the 

structure. As far as web processing is concemed, a fourth solution is to position parallel to 

each other two similar linear field applicator (eventually fed by the same HF generator 

through a 3 dB divider), but with the HF power feeding side of the first applicator being that 

of the matched load on the second applicator. 
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Figure 6 Recorded axial distribution of emitted light intensity along the lateral fused silica 

windows of the plasma source shown in figure 3. The argon pressure is fixed at 750 mToIT 

(100 Pa), with agas flow at 100 sccm. The axial distribution of emitted light intensity is 

recorded at: (a) a field frequency of 200 MHz and for three values of absorbed power in 

plasma; (b) field frequencies of 200 MHz and 433 MHz at the absorbed power required to fill 

the full chamber length with plasma. The plasma chamber extent (z = 0 and z = 62 cm) is 

delimited in the figures by arrows. 
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The measurements of the emitted light intensity distribution within this plasma source are far 

from being completed. For instance, the emitted light intensity distribution needs to be 

mapped in the direction transverse to the applicator (x and y, see figure 4). Improved 

uniformity can be achieved by adjusting the key design parameters of this plasma source, 

namely, the width w and depth hl of the plasma chamber, for given operating conditions (e.g. 

field frequency, incident HF power, gas pressure). Such experiments are not within the scope 

of this paper. Although this field applicator can be employed in various applications [4] (e.g. 

web coating deposition onto dielectric plates), this paper is dedicated to its use for 

sterilization purposes, as elaborated in the next section. 

3.2.3 Using the reduced-pressure argon planar discharge for microorganism inactivation 

through plasma immersion: determination of the biocide species nature and 

characteristics 

The plasma source described in section 3.2.2 is used III what follows to inactivate 

microorganisms. We seek to identify the biocide species acting on them when they are 

immersed in the argon planar discharge operated at reduced pressure. We show that these are 

essentially UV photons and, more specifically, vacuum UV (VUV) photons. Various methods 

were used to come to such a conclusion, including: (i) evaluation of the spore inactivation rate 

as a function of the UV wavelength range; (ii) close examination of scanning electron 

microscope (SEM) micrographs for structural damage to the spores before and after plasma 

treatment; (iii) recording of the plasma optical emission intensity with photomultipliers 

covering sole1y the 112-180 nm range; (iv) optica1 emission spectroscopy (DES) in the 200-

400 nm range; (v) optica1 absorption spectroscopy for determining the (relative) density 

population of the argon atoms emitting the 105 and 107 nm resonant 1ines. 

The photomultip1ier recordings and inactivation tests were carried out at approximate1y 

ha1f-1ength of the field app1icator (figure 7). This position is intermediate between the HF 

power input side and the pumping-system orifice. Spore deposition is achieved on a Petri 

dish. The suspension (Bacillus atrophaeus ATCC® 9372) isprepared in a classical way (see, 

e.g. [3]). A given number of spores from this suspension is di1uted in 100111 of sterile water 

and then deposited at the centre of the Petri dish and allowed to dry out over 48 h, under 

sterile conditions and in the dark, at ambient temperature. 
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Figure 7. Schematic representation in top and side views of the plasma sterilizer with the 

locations of the Petri dish and VUV-detector assembly. The hole pierced in the bottom 

conducting plate to allow for VVV emission recording is off-scale with respect to the rest of 

the figure: it is only lmm in diameter, which is large enough to obtain a high signal-to-noise 

(SIN) ratio (> 1 00) for VUV measurements and, at the same time, low enough not to affect the 

propagation of the EM wave along the field applicator (hole diameter 1000 times smaller than 

the guided wavelength). The VUV détector is located in an adjacent box isolated from the 

discharge chamber by an MgF2 window and pumped independently for residual air at 

pressures below 100mTorr. 

3.2.3.1 VUV /UV photons: the sole biocide species under the present operating conditions 

3.2.3.1.1 Spectral range of action of the VUV /UV photons 

Inactivation ofbacterial spores immersed in a reduced-pressure plasma can result from at least 

three different mechanisms and, eventually, a combination of them: these are: (i) UVIVUV 

irradiation, which alters their genetic material; (ii) etching of the spore membranes by reactive 

species; (iii) diffusion in the inner core of oxidative species and subsequent damage. To 

demonstrate that the VUV /UV photons are solely responsible for spore inactivation and, at the 

same time, to determine the respective contribution of the VUV and UV photons on the 
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inactivation rate, we have used optical filters (high-pass, in terms of wavelength, flat 

windows) that were successively placed atop the Petri dish, as shown in the inset in figure 8 

[21-24]. Note that these plates prevent the charged and excited particles from reaching the 

microorganisms (no plasma is produced within the Petri dish), therefore reducing the spore 

exposure to potential biocide species: at any rate, such a phenomenon is independent of the 

wavelength of the filter plate! ·We used three different high-pass filters under cut-off for 

wavelengths up to 112 nm (MgF2), 190 nm (fused silica) and 330 nm (pyrex)3. Figure 8 

shows the number of surviving spores after 180 s of exposure to plasma when placing 

successively these three high-pass optical filters over the Petri dish. In aIl these experiments, 

the initial number of viable spores is 106 (see the dashed line in figure 8). We note the 

following: (i) when it is the Pyrex filter that is inserted between the plasma and the spores, the 

full initial number of viable spores is recovered after plasma exposure. This result clearly 

indicates that photons from this argon plasma with wavelengths above 330 nm have no 

biocidal action4
; (ii) the MgF2 window, among the three filters teste d, is the one providing the 

highest mortality; (iii) the Si02 window (> 190 nm) obviously leads to a reduced mortality 

compared with the MgF2 one. We therefore conc1ude that the wavelength domain between 

112 and 190 nm is, under our specific operating conditions, the most biocide one, since 

approximately 4 log of inactivation are then observed, in contrast to roughly 1 log in the 190-

330 nm range. Employing also B. atrophaeus spores, Munakata et al [26] have shown that 

there are two wavelength domains on which the inactivation rate is the highest over the range 

extending from 115 to 300 nm, namely, 125-170 nm and 220-270 nm. The higher 

inactivation rate recorded in the VVV range in our case suggests that the corresponding 

number of photons is larger in the present argon discharge. This statement needs further 

validation. 

The fact that sterility is reached in 3 min with no filter on the Petri dish while sorne 30 spores 

are still living when the MgF2 filter is on could be explained in the following ways: (i) the 

filtering out by the MgF2 window of the resonant lines located at 105 and 107 nm emitted by 

the argon plasma, a possibility to be excluded as shown in section 3.2.3.2; (ii) in the absence 

of windows on top of the Petri dish, sorne plasma is created in the immediate vicinity of the 

3 The optical filters have a thickness of 5mm and their transparency above their eut-off wavelength is higher than 

90%. 

4 As shown, for instance, by Cabaj et al [25], UV photons with wavelength higher than 300 nm seem to have no 

sporicidal effects on B. atrophaeus. 
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spores that participates in the inactivation process; (iii) aiso in the of windows, sorne of the 

atoms and molecules that have diffused between stacked spores (section 3.2.3.4) could 

eventually then emit VVV /UV photons. 
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Figure 8 Number of survivors after 180 s of plasma exposure with no window on the Petri 

dish and with successively 3 high-pass opticai filters Iocated on top of it. Almost full opticai 

transmission of these filters can be assumed above their cut-off wavelength. Operating 

conditions: 100 sccm, 750 mToIT, PA = 30 W, 200 MHz. 

3.2.3.1.2 Searching for apparent structural damage to exposed spores 

To look for etching (erosion) damage on the B. atrophaeus spores subjected to the 

inactivation process, we used an SEM. It turns out that no alteration of the spore outer 

membrane could be observed after the exposure time (3 min) required for reaching sterility 

(micrographs not shown). To evidence eventua1long-run damage, we subjected the spores for 

60 min to the action of the argon plasma, that is, to say to more than 20 times the VVV /UV 

dose required to inactivate a 106 spore deposit (see figure 8). Figure 9 shows the 

cOITesponding SEM micrographs of unexposed spores compared with those subjected for 60 

min to the usuai inactivation conditions. No erosion of the exposed spore structure is apparent 

on these SEM micrographs (see next paragraph), although these spores are all inactivated. 
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Figure 9 SEM micrographs of B. atrophaeus spores deposited on a Petri dish showing: (a) 

unexposed spores; (b) spores subjected for 60 min to the argon plasma (more than 20 times 

the VVV!UV dose required to inactivate a 106 spore deposit, see figure 8). 

To confinn the absence of erosion conc1uded from mere visual inspection, we perfonned a 

statistical analysis of the spore length and width before and after plasma exposure. This 

statistical analysis was based on a 100 spores population. Accurate measurements of the spore 

dimensions were obtained utilizing micrographs with typically the same magnification as in 

figure 9 and analysing them with a technical-drawing software. Figure 10 shows the obtained 

spore average width and length, denoted Il, and their corresponding standard deviation, 

denoted cr, after a 60 min plasma exposure compared with no plasma exposure. The Il and cr 

values of the exposed spores are not significantly different from that of the non-exposed 

spores. We can therefore be sure that, under our specific operating conditions, etching is not 

involved in the inactivation process. In the previous section, using optical filters, we showed 

that spore inactivation is driven by the VVV!UV photons. The absence of apparent structural 

damage to the spores is consistent with the assumption that these bacteria are inactivated by 

VUV /UV photons through lethallesions to their genetic material (DNA). 

Sections 3.2.3.2 and 3.2.3.3 are devoted to optical emission characterization of the argon 

plasma, namely, the experimental arrangement used and the spectra observed, respectively. 
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Figure 10 Statistical histograms of the length and width of B. atrophaeus spores deposited on 

Petri dishes. Figures (a) and (b) are related to non-exposed spores while figures (c) and (d) 

correspond to their plasma exposure for 60 min. 

3.2.3.2 Optical emission and absorption spectroscopy arrangements 

3.2.3.2.1 OES in the 200-400 nm range 

OES measurements were performed, at mid-axial position along the discharge, through a 

fused silica lateral window of the chamber (see figure 3), collecting light with an optical fibre 

directed perpendicularly to this window. An échelle monochromator equipped with a UV­

sensitive charge-coupled device (CCD) was used to scan the 200-400 nm wavelength range. 

3.2.3.2.2 Integrated emission intensity recorded over the 112-180 nm range 

Since UV photons are absorbed by air (actually oxygen) at wave1ength be10w 180 nm, our 

échelle monochromator could not be used to characterize the VUV spectrum. A partial 

solution to this problem was to use, under vacuum conditions, a VUV photomultiplier 

(Hamamatsu R7511, see figure 7 for its location with respect to the discharge chamber) and 
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thus obtain the emission intensity integrated over the wavelength response range of this 

photomultiplier (112-180 nm). 

3.2.3.2.3 Experimental arrangement for optical absorption spectroscopy 

Given that the VVV photomultiplier cornes with a MgF2 window (under cut-off for 

wavelengths below 112 nm), we were not able to record directly the emission intensity of the 

105 and 107 nm argon 'resonant' lines. The upper levels of these transitions belong to the 

3p54s orbital configuration and their lower level is the ground state. The energy difference of 

these two upper levels with the two metastable-atom levels of the same configuration being 

small (figure II(a)), there is a strong pooling interaction between these four levels [27]. As a 

result, their respective population density is of the same order and it varies similarly as 

functions of the operating,J conditions [27]. For convenience and comparison with previous 

works, we have actually probed the upper level population density of the 3P2 metastable level 

instead of that of a resonant level. As a matter of fact, we only needed to know the relative 

variation with operating conditions of this population density, not its absolute value. 

The experimental arrangement used to record the relative population density of the 3P2 

level, based on aline-absorption method, is illustrated in figure Il (b) [27]. Measurements are 

carried out transversally to the discharge chamber, at mid-axial position along it, through the 

fused silica window already mentioned. An argon spectral lamp, located on one side of the 

chamber, illuminates the plasma through lens LI and a diaphragm perpendicularly to the 

plasma chamber. The light coming out on the other side of the dis charge chamber through 

lens L2 is sent to a spectrometer (HR-320, Instruments SA) via an optical fibre and it is 

detected with a photomultiplier (R955, Hamamatsu). A lock-in amplifier is utilized in 

conjunction with a light chopper to make sure that the intensity of the selected line (Ar l 763.5 

nm) collected pa st the discharge tube, the transmitted intensity, ft , originates solely from the 

spectrallamp; the incident line intensity, fa, is simply obtained by tuming the plasma off. The 

fullline-width absorption coefficient is given by 

AL(%)~(l- ~}100 (2) 

The experimental results related to the three techniques that we just described are presented in 

the next section and correlated with our spore inactivation data. 



11.9 

Il.8 

11.7 

~ 
;:: 1,1.6 

i w 11.5 · · · · : , 
11.4 

, , 
· , 

· , 
: , 

, : , 

~ t ~ 

(a) 

45 argon levciii 

IplU 1,83èV)RèllO~aflt 

J Il, (Il. 71 eV) Met1Istnble 

3 P2 III ,55cV) Melastnble 

134 

Spec;!rallamp lell$l1 OI8phragm Argon plasmalens u 

\ 
loc:koln amplifier and recorder Photomu1liplier 

(b) 

\ 
Spedromet8r O!)tJça1 liber 

Figure 11 (a) Energy levels of the 3p54s argon configuration [28]; (b) experimental 

arrangement showing the optical system for detennining the full line-width absorption 

coefficient of the argon plasma. 

3.2.3.3 Respective biocide roI es of the 105 and 107 nm Hnes and of the VUV (112-180 

nm) and UV (200-400 nm) spectral ranges 

Figure 12 shows the emission spectrum recorded between 200 and 400 nm, using the échelle 

spectrometer, from the argon discharge sustained at 200 MHz, at a pressure of 750 mTorr and 

a flow rate of 100 sccm. The spectrum displayed is not corrected for the detector (CCD) and 

spectrometer intensity response with wavelength. No argon emission is observed in this 

spectrum, which is actually dominated by the NOy system, the 306.4 nm OH system and the 

2nd N2 positive system, all these emissions being indicative of the presence of impurities 

(residual air and water vapour) in the argon gas. From the inactivation data resulting from 

figure 8, we know that photons above 330 nm have no sporicidal effect, although their 

presence in the 330-400 nm spectral range of figure 12 is significant. 
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Figure 12 Recorded UV emission spectrum (200-400 nm) from the argon plasma at 

750mToIT, with identification of the main molecular systems. 

Figures 13(a) and (b) show, as functions of the argon gas pressure, respect,ively: (a) the 

number of surviving spores after 15 s of plasma exposure and the VUV intensity recorded 

with the photomultip1ier over the 112-180 nm range; (b) the number of surviving spores after 

15 s of plasma exposure and the full line-width absorption coefficient related to the 

population density of the 3P2 upper level. Each Petri dish initially contains a 2 x 107 spore 

deposit of viable B, atrophaeus spores. The argon flow is set at 14 sccm and incident power at 

30 W. Under these operating conditions, the whole length of the discharge vesse1 is filled with 

plasma. The fact that the higher the pressure, the higher the VUV emission is interpreted as 

resulting from a higher excitation rate of the impurities present in the argon plasma as 

pressure is raised. In contrast, we observe that the optica1 absorption coefficient of the 3P2 

argon metastable atoms (linked to the 105 and 107 nrn line emission) strongly decreases as 

the argon pressure is increased above 30 mToIT to finally reach zero at 1000mToIT. This is 

because, as pressure is raised above 30 mToIT, the metastable state atoms are no longer 10st 

only by diffusion to the walls, but also by collisional quenching. While there is c1early an 

increasing spore mortality with the increasing global VUV emission intensity (figure 13(a)), 

spore mortality is actually the highest when the absorption coefficient has reached zero; that is 

to say, the VUV transmissions at 105 and 107 nrn do not contribute to spore inactivation. 
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Figure 13 As functions of the argon gas pressure, respectively: (a) the number of surviving 

spores after 15 s of plasma exposure and the VUV intensity recorded over the 112-180 nm 

range; (b) the number of surviving spores after 15 s of plasma exposure and the fullline-width 

optical absorption coefficient, which decreases with the decrease in the population density of 

the 3P2 upper level. The argon flow is set at 14 sccm and incident power at 30W. Each Petri 

dish initially contains a 2 x 107 spore deposit of viable B. atrophaeus spores. 

The fact that the VUV/UV photons are the dominant biocide species of the plasma, as 

demonstrated with figure 8, can be further supported by observing that the decrease in the 

number of survivors obeys a fluence law, i.e. to say that a given number of survivors is left 

whatever the VUV/UV intensity <1>, provided <1> times t, the exposure time, makes up a 

constant value: it corresponds to a given VUV /UV photon number or dose. On practical 

grounds, the VUV intensity is increased by raising the pressure (see figure 13(a)). Figure 14 

shows the number of survivors, on a log scale, as a function of the VUV fluence (112-180 

nm). The observed linear decrease in the number of survivors shows that the inactivation 

process, which is of the exponential type (for details, see section 3.2.3.4), actually obeys a 

fluence (or dose) law. A similar behaviour is obtained (not shown) with the UV photons 
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(200-330 nm). This result does not completely role out the action of other biocide agents, but 

then these would necessarily be created or stimulated by the VUV!UV photons. 

0.6 0.8 1.0 
VUV Fluence = VUV intensily x time 

Figure 14 Number ofsurvivors after 15 s of plasma exposure as a function of the VUV (112-

180 nm) fluence (dose). 

3.2.3.4 Analysis of survival curves obtained under stacked spore conditions 

The decrease in the number of surviving microorganisms exposed to a given inactivating 

stress is most generally exponential and, as such, is adequately reported by their survival 

curve [29], namely, a plot of the logarithm of the number of still living microorganisms as a 

function of exposure time to the inactivating agent. Figure 15 shows that the survival curve of 

B. atrophaeus spores exposed to the argon dis charge is actually composed of two linear 

segments. The first segment is related to the inactivation of isolated spores while the second 

one has to do with aggregated and stacked spores5 (as initially suggested by Hury et al [30]). 

In that respect, for a given deposit area, the higher the initial population, the higher the 

number of living spores that should be found at the beginning of the second segment (also 

designated as the second phase) since the occurrence of stacking is then higher (see next 

paragraph). For both curves, the argon flowis fixed at 100 sccm at a pressure of 750 mTorr; 

the discharge is sustained at a field frequency of 200 MHz and the incident power is 42 W 

(power absorbed by the plasma is 39 W, see figure 5(b)). 

5 Clearly, the top spore on a stack could be considered as an 'isolated' spore from the viewpoint of UV radiation 

access. 
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Figure 15 Survival curves of B. atrophaeus spores, deposited on a polystyrene Petri dish (see 

its location in figure 7) and subjected to the planar discharge sustained in argon with a flow 

rate of 100 sccm and a pressure of 750 mTorr at a field frequency of 200 MHz. The deposit 

initially contains 106 or 107 viable spores. Each data point is the averaged result of three 

independent experiments. 

The deposits yielding the survival curves in figure 15 were obtained, in one case, from a 

dried suspension of 106 spores (actually 8.3x 105
) diluted in 1001-1-1 of water and, in the other,. 

~ 

from a dried suspension of 107 spores (1.6 x 107
) diluted in 200 1-1-1 ofwater. The area covered 

by the 107 spore deposit is approximately 2 times larger than that from the 106 spore deposit, 

implying that the number of spores per unit area is, in the end, greater for the 107 spores 

deposit, hence a higher probability of spore stacking. The SEM micrographs of these two 

deposits shown in figure 15 confirm this. The 106 spore deposit (figure 16(a)) essentially 

comprises isolated spores whereas the 107 spore d~posit (figure 16(b)) inc1udes more 

aggregatedand stacked spores6
• This reflects in the second phase of the survival curves in 

figure 15: compare the starting value of the second phase (survivor number extrapolated 

linearly at t = 0) for a 106 and a 107 spore deposit, actually here 90 and 13 000 spores, 

respectively. 

6 Nonetheless, one should not conclude from figure 15 to the absence of stacking in the 106 spore deposit. The 

probability of finding stacked spores is the highest at the periphery of the spore deposit [31]. 
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Figure 16 SEM micrographs of unexposed B. citrophaeus spores as taken approximately at 

the centre of their deposition area in the cases of: (a) a dried 100 !lI water suspension 

containing 106 spores; (b) a dried 200 !lI water suspension containing 107 spores. Spore 

stacking is c1early observed on the 107 spore deposit. 

Having shown in section 3.2.3.3 that the VUV/UV photons are the only biocide agents of the 

plasma source used and that the spore inactivation rate obeys a fluence law, we sought to 

mode1 the inactivation kinetics observed in figure 15. Various mathematical representations of 

the bacterial inactivation kinetics are available [32]. Since our survival curves are made up of 

two phases with no shoulder (lag time), we tumed to the inactivation model proposed by Cerf 

[33]: 

(3) 

where N(t) is the number of sti11living spores at time t ,lis the VUV/UV flux intensity, kIl 

and k21 are the slopes of phases 1 and 2, respective1y. In this model, NO, the total number of 

living microorganisms at time t = 0, can be considered to result from the sum of the initial 

population densities of the first and second phase, respective1y: 

No = N O- 1 + N O- 2 (4) 

as extrapolated from the experimental survival data at time t = 0: No-l comprises not only 

isolated spores, but also top ones in the case of stacked spores, while N0-2 relates to the 

inactivation of spores shielded from UV radiation by other spores (or eventual debris), 

namely, aggregated and stacked spores. In the present case, the extrapolated value of N0-2 is 

estimated from figure 14 to be approximately 90 for the 106 spore deposit and 13 000 for the 

107 spore deposit. For both deposits, we find No ::::: NO-I. The set of values required by the 

model, extracted from the survival data point in figure 14, are listed in table 1 while the solid 

curves in figure 15 has be drawn from expression (3) using the parameters listed in table 1. 
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Table 1 Values of the model parameters needed in relation (3), as extracted from the 

experimental data in figure 14. The data points for both spore deposit numbers have been 

obtained under the same operating conditions (same UV flux intensity). Using the same kil 

values for both deposits amounts to considering that fluence (dose) controls lethality. 

8.3 x lOs 
0.15 
90 
0.015 

1.6 X 107 

0.15 
1.3 x lcrt 
0.015 

The agreement between our experimental data and the analytical curve provided by the 

model is fairly good, except for the second phase of the 106 spore deposit: the model curve 

predicts that sterility should be achieved in approximately 130 s, while experimentally, it is 

obtained in 60 s. This discrepancy could be related to experimental variations in the number 

of stacked spores of our deposits, which affects the parameter N0-2 of the model. It is indeed 

difficult to control in a reproducible way the number of stacked spores. Fluctuations in its 

number value are related to the drying process of the spore suspension, including the 

temperature and degree of humidity in the drying closet, as well as by the wettability of the 

substrate material. 

An interesting practical aspect that can be inferred from this modelling by looking at 

table 1 is that the dose required to inactivate those spores shielded from direct UV radiation 

by other spores is approximately 10 times higher7 than for isolated spores or top ones in the 

case of stacked spores. An obvious conclusion is then that the overall time required to reach 

sterility is definitely controlled by the number of stacked spores. 

To further reduce the sterilization time for a given number. of stacked spores or to 

inactivate a thicker stacks of spores, one has to increase the UV intensity and efficiency. At 

least two ways are open in that direction, which are: (i) to increase the density of power 

absorbed by the plasma (therefore, the electron density, hence atom and molecule excitation 

rates), which can be done by increasing either the input power or/and the EM field frequency), 

as stressed in [3]; (ii) to optimize the gas composition with slight admixtures of, for example, 

N2, O2, CO2 in order to enrich the VUV /UV spectrum, both by increasing its intensity and 

7 This ratio of 10 is relatively close to that obtained by other authors (e.g. Rossi et al [34] found a ratio of 13.3). 
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favouring the most biocidal wavelength range «300 nm), having in mind that the argon gas 

emission by itself is relatively inefficient in that respect (figure 13). 

3.2.4 Damage to polymer exposed to the reduced-pressure argon planar discharge 

As underlined in the introduction, the plasma sterilization process must not only efficiently 

Ïnactivate microorganisms but also it should not induce damage to the exposed surfaces. In 

particular, as many MDs comprise polymers, the etching of polymers should be as limited as 

possible. In order to evaluate the level of damage induced by the present argon plasma to 

polymers, we used polystyrene microspheres (PS, approximately one micrometer in 

diameter). Such PS microspheres have already been employed to compare damage caused by 

the early and the late N2-02 discharge afterglows (Boudam et al [35]). These microspheres 

were then found to be quite responsive to various plasma species: the observed off-axis8 

erosion rate correlated with the increase in the 0 atom density in -the afterglow as the 02 

percentage is increased, while the on-axis erosion observed at 0% 02 appeared related to the 

action of both the N2 metastable molecules and the N2 + ions. Simîlar PS microspheres were 

also employed by Lerouge et al [36] to demonstrate that the high sporicidal efficacy provided 

by their 02/CF4 plasma was related to its high etch rate ofpolymers. Brétagnol et al [37] also 

reported that PS microspheres can strongly be etched by an O2 plasma. 

Figure 17 shows SEM micrographs of PS microspheres deposited on Petri dishes: (a) 

unexposed and (b) located in the planar discharge as shown in figure 7, and subjected for 

1 min to the argon plasma; the gas flow is 100 sccm at a gas pressure of 750 mTorr: under 

these operating conditions, aH the spores of a 106 deposit are inactivated, see figure 15. As we 

can see, the exposed microspheres are not disrupted or eroded, a result that could be expected 

from a pure argon plasma. However in the present case, as we have shown in section 3.2.3.3, 

the argon plasma is contaminated by air and water vapour but only slightly, containing only a 

very little amount of oxygen radicals. The absence of etching damage here contrasts with 

plasma sterilization techniques based on the action of radicals. 

8 In Boudam et al [35], the discharge tube feeds the parallepipedic afterglow chamber perpendicularly to its 

entrance plane and at the centre of it. 
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Figure 17 SEM micrographs of microspheres, deposited on Petri dishes: (a) unexposed and 

(b) located in the planar discharge as shown in figure 7, and subjected for 1 min to the argon 

plasma. Gas pressure is 750mTorr with an argon gas flow of 100 sccm (under these operating 

conditions all deposited spores are inactivated, see figure 15). 

The surface wettability of polymers currently utilized in the biomedical field was 

characterized as a function of exposure time to our argon discharge, using the drop shape 

method (goniometer: VCA Optima®). The three polymers investigated were: Teflon, 

polyurethane (PU) and silicone. These polymers were located successively at the same 

position in the discharge chamber as the Petri dishes (see figure 7). Once plasma processing 

was over, distilled water was dropped onto three different· sites on each sample and the 

measured values of the contact angle were averaged. Figure 18 shows that, for all three 

polymers, the water contact angle strongly decreased during the first 20 s of plasma exposure 

time. Beyond this exposure time, the water contact angle lends to stabilize. 
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Figure 18 Influence of time exposure to plasma sterilizing conditions on the water contact 

angle. Operating conditions and location of the polymer samples within the plasma chamber 

were the same as those used for the sterilization of Petri dishes (see figure 7). The contact 

angle measurements were carried out between 1 and 2 h after plasma exposure. 
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In conclusion, even though no erosion is observed as checked using SEM micrographs, 

there are sorne modifications of the surface energy of polymers, as attested by the contact 

angle variations with exposure time. Such changes in the wettability of the polymers could be 

detrimental when these polymers are in the form of narrow-bore tube, such as catheters. 

However, we note that Teflon is comparatively Httle affected in that respect, which is of 

interest since many MDs are made from that material. Further investigations in that direction 

are required, for example to check for surface relaxation (aging) and to identify changes in the 

surface composition of the exposed polymers, for instance using x-ray photoelectron 

spectroscopy (XPS). 

3.2.5 Conclusion 

From the beginning of our studies on plasma sterilization, our team has been relying on UV 

photons as opposed to reactive species to inactivate bacteria, having in mind that UV photons 

should induce less damage to MDs. In that context, we have worked out operating conditions 

such that sterility, starting with a 106 spore deposit, was reached in less than 40 min, calling 

for the UV photons emitted by the excited NO molecule formed in the flowing afterglow of 

an N2-02 discharge. The approach followed in this paper, in sorne aspects, leads to 

improvements over the Nr02 flowing afterglow treatment: (i) the time required to reach 

sterility is considerably lowered (1 min compared with 40 min) by subjecting the MDs to the 

UV photons from the discharge itself as opposed to those produced in an afterglow; (ii) 

damage to materials are reduced by using argon rather than a mixture containing 02 that 

yields 0 atoms, a chemically reactive species. Actually, we found out that there was always 

sorne air contamination in the 'argon' discharge, implying that 0 atoms are also present, but 

fortunately at a much lower level, namely, approximately 0.01% instead of 0.1-0.3% in the 

optimum Nr 02 afterglow: this is confirmed by the absence of erosion on the treated 

polystyrene microspheres as opposed to their slight erosion observed in the N2-02 afterglow. 

A main concem when subjecting MDs to a discharge is that its gas temperature must be 

low, typically below 55 oC, not to damage MDs made from polymers. We were able to solve 

this problem by tuming to microstrip line field appHcators where the HF power delivered per 

unit volume is very low as opposed to many currently used microwave-sustained plasmas. 

Such a plasma source is presented in this paper: it is perfectly reproducible, requires no 

impedance retuning and the argon gas temperature remains below 40 oC. 
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As far as damage to materials is concemed, we have shown that with the present system 

there was no erosion on polystyrene microspheres for the exposure time required to achieve 

sterility. In contrast, we have observed a slow erosion of these microspheres in the N2-02 

afterglow. In fact, to see such an erosion effect with the present argon dis charge, we have to 

add 0.1 to 0.2% O2 to argon. 

Nonetheless, there might be limitations to the present planar plasma source as far as 

sterilization is concemed. (i) We have checked that metallic (conducting) objects were not 

heated up by the electric field, which is a positive point. However, in the event of crevices in 

such devices, no plasma can be formed therein and then only diffusion could bring the excited 

species (potential UV emitters) inside it. This needs to be examined. (ii) For objects located 

one below the other (referring here to an electric field directed vertically), shadowing effect 

could result in a reduced field intensity above the object doser to the ground plate, hence a 

weaker discharge or no discharge at aIl. The same with a conducting object: we might have to 

tumble it over at mid-process to make sure that both sides are sterilized. This needs to be 

investigated. (iii) We have to bear in mind that the UV biocide approach is limited by. the 

thickness of stacked microorganisms or ofbiofilms (where the microorganisms are embedded 

in extracellular components) that need to be inactivated. This topic is presently under 

investigation in our laboratories. 
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3.3 Discussion et problématique de l'endommagement de la membrane externe des spores 

par plasma 

Nous avons montré que la source de plasma décrite dans l'article précédent offre un intérêt 

pratique dans le domaine de la stérilisation. Toutefois, un sujet de science fondamentale touchant 

à notre compréhension des mécanismes d'inactivation par plasma mériterait un traitement plus 

approfondi: nous allons apporter un éclairage nouveau sur l'inactivation de spores de 

B. atrophaeus par les VUV/UV d'un plasma. 

Il est généralement admis que les rayons VUV et UV inactivent les spores bactériennes par 

altération de leur matériel génétique. En toute rigueur, on peut affirmer que ce sont les VUV/UV 

qui sont les agents biocides (tel que démontré avec l'utilisation de filtres optiques dans l'article 

précédent), mais on ne peut pas assurer avec' certitude que ce sont des lésions à l'ADN qui sont 

responsables de l'inactivation des spores. Il existe deux arguments généralement avancés pour 

soutenir la thèse de l'endommagement de l'ADN par les VUV/UV: (i) le fait que les spores 

inactivées par VUV /UV uniquement ne présentent pas de rupture membranaire ou de signe 

d'érosion de leur membrane externe, même lorsqu'elles sont observées au MEB après exposition 

au plasma, bien qu'elles soient inactivées (voir e.g. la figure 1.2), (ii) par comparaison, les 

mécanismes d'inactivation par les photons d'un plasma dèvraient être similaire avec ceux d'une 

lampe UV où les dommages aux spores ont fait 1'objet de nombreuses études (e.g. [40]). Par 

exemple, il a été démontré que les UV peuvent être directement absorbés par l'ADN des cellules 

et y induire des réactions de dégradation impliquant les bases pyrimidiques, thymine et cytosine. 

Toutefois, il est à noter qu'il existe au moins deux différences majeures sur ce sujet entre un 

plasma et une lampe germicide: la nature polychromatique de l'émission d'un plasma et la 

présence de VUV (la plupart des lampes germicides, généralement de mercure, inactivent les 

spores par l'intermédiaire principalement d'une unique raie située à 254 nm). De ce fait, les 

mécanismes d'inactivation pourraient être différents et dans cette section, nous allons proposer un 

autre mécanisme d'inactivation que les dommages à l'ADN, qui devra dans le futur être confirmé 

ou infirmé par une étude plus poussée. 

Nous avons tout d'abord voulu vérifier à nouveau, mais encore plus précisément, qu'il n'y 

avait pas d'érosion de la membrane externe des spores en observant des micrographies obtenues 

au microscope électronique à transmission (MET). La figure 3.1 présente des micrographies en 
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mode balayage (S-MET) et conventionnel (C-MET) de deux spores différentes: l'une exposée 1 

minute au plasma d'argon et inactivée et l'autre non exposée au plasma. On peut observer sur la 

figure 3.1 que les spores de B. atrophaeus ne sont pas assez érodées pour qu'une différence soit 

visible au MET. Ce résultat confirme à nouveau, qu'il y a très peu d'érosion de la surface des 

spores, du moins en deux dimensions3 et, au vu de ce résultat, on pourrait à nouveau être amené à 

conclure que les dommages aux spores affectent uniquement à l'ADN. 

Non exposé"C, TEM 

Figure 3.1 Micrographies obtenues au microscope électronique à transmission en mode S-TEM 

et C-TEM de spores de B. atropheus après exposition au plasma d'argon. Il est à 

noter qu'il ne s'agit pas de la même spore exposée et non-exposée. Par comparaison 

avec la spore de contrôle, la membrane externe de la spore exposée au plasma' 

n'apparait pas endommagée. 

Voici l'idée que nous avons eue: s'il y avait des dommages structuraux internes, même 

infimes, aux tuniques de protection des spores, ces dernières devraient être moins résistantes à 

des tensions mécaniques. Or on sait que les spores contiennent de l'eau et qu'elles peuvent, par 

conséquent, s 'hydrater et se déshydrater, ce qui modifie leur volume et pourrait ainsi révéler une 

faibl~sse mécanique structurale non détectable par microscopie. Nous avons testé cette hypothèse 

3 En toute rigueur, il faudrait pousser le diagnostic encore un peu plus loin en observant la troisième dimension (i.e. 

l'épaisseur des spores) par microscope à force atomique (MFA). 
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en ajoutant une gouttelette d'eau sur des spores exposées et inactivées (et sur des spores de 

contrôle non exposées). Nous avons ensuite laissé cette gouttelette d'eau hydrater les spores puis 

sécher (24 h) avant d'observer les spores au MEB. La figure 3.2 montre des micrographies de 

spores de B. atrophaeus ainsi obtenues: (a) spores non exposées puis hydratées; spores soumises 

pendant une minute à un plasma d'argon (inactivées) puis hydratées et observées à fort (b) et bas 

(c) grossissement. 

(a) (b) 

(c) 

Figure 3.2 Micrographies obtenues au MEB de spores de B. atrophaeus: (a) spores non exposées 

puis hydratées; (b) spores soumises pendant une minute à un plasma d'argon 

(inactivées) puis hydratées et observées à fort (b) et faible grossissement. Le noyau 

des spores lysées de la figure (h) a été coloré par J. Barbeau par ordinateur. 
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Au vu de ces observations expérimentales, nous proposons une nouvelle hypothèse quant aux 

mécanismes d'inactivation de spores de B. atrophaeus par les VUV/UV d'un plasma: l'inactivation de ces 

spores pourrait être obtenue par affaiblissement de leurs tuniques de protection, qui n'offrent plus de 

résistance mécanique suffisante pour leur permettre de résister à des stress tel l'hydratation et/ou la 

déshydratation. Il est à noter, pour fmir, que la force de tension résultante à la mise sous vide des spores 

dans le stérilisateur (avant l'injection de l'argon et lors de leur observation au MEB) pourrait également 

participer à ce processus de rupture membranaire. 

3.4 Résumé et conclusion 

En somme, nous avons présenté un stérilisateur par immersion-plasma de configuration 

parallélépipédique, d'un nouveau type (voir la demande de brevet située à l'annexe 3). Celui-ci 

apparaît particulièrement adapté pour stériliser des DM de surfaces planes dans le cas de 
, 

conducteurs ou de fonnes plus complexes dans le cas de diélectriques. De plus, une première 

identification des agents biocides de ce plasma a été effectuée: en corrélant une étude 

spectroscopique en émission et des courbes de survie, nous avons montré que les photons UV 

sont les agents biocides principaux de ce plasma, plus spécifiquement, ceux du domaine spectral 

situé entre 112 et 190 nm. Nous avons également démontré que des impuretés (e.g. N2) présentes 

à des niveaux très faibles dans l'argon sont nécessaires pour réaliser un système de stérilisation 

perfonnant dans nos conditions opératoires. 

Le plasma créé par ce nouveau dispositif endommage peu la surface des spores bactériennes 

de B. atropaheus : en effet, aucune érosion des spores n'est constatée, ce qui résulte de la faible 

densité d'espèces oxydantes dans l'enceinte de stérilisation. En ce qui a trait aux polymères non 

organiques, nous avons vérifié, par microscopie électronique à balayage (MEB), que les 

dommages produits par ce système sur du polystyrène sont relativement faibles. Le fait que ce 

système occasionne peu d'érosion peut s'expliquer par: 

• le régime relativement bas de pression utilisé (::; 1 torr, évitant la filamentation de la 

décharge); 

• l'absence de points chauds (poches d'énergie) du à la configuration géométrique de la 

source de plasma et au mode d'onde progressive utilisé 

• les mécanismes d'inactivation: les espèces bactéricides sont essentiellement les photons 

VUV et UV et non des espèces plus agressives pour les surfaces tels les radicaux. 
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Finalement, ce nouveau système est à la fois perfonnant et relativement peu agressif pour les 
, 

polymères thennosensibles. Il pourrait donc être mis à profit pour stériliser des DM, par exemple. 

Toutefois, nous n'avons que peu de recul sur ce nouveau dispositif et nombre de questions 

doivent être encore traitées. Ces dernières concernent, d'une part, les mécanismes de stérilisation 

(l'action biocide des UV sur les spores bactériennes) et, d'autres part, l'usage potentiel 

d'adjuvants gazeux (e. g. CO2) dans l'argon afm d'enrichir le domaine spectral des photons UV 

particulièrement efficaces du point de vue biocide. 
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Conclusion générale 

Nous avons montré qu'il est possible de stériliser au contact direct de la décharge, dans un temps 

raisonnable et sans érosion apparente, des surfaces de polymère. Nous avons atteint des objectifs 

précis en ce qui a trait à la géométrie des objets que nous pouvons avantageusement stériliser 

(e.g. l'intérieur de tubes) et l'amélioration de l'efficacité du procédé (e.g. un temps de 

stérilisation de quelques minutes). 

Nous avons exposé comment ces objectifs ont été réalisés au cours des deuxième et troisième 

chapitre. Ainsi, nous avons développé, testé et optimisé essentiellement deùx types de 

stérilisateur en contact direct avec la décharge reposant sur des lignes de transmission planes. 

L'impédance d'entrée de ces dispositifs est quasi indépendante de la présence du plasma dans 

une large gamme de conditions opératoires (nature et pression du gaz, fréquence du champ HF). 

Cette particularité permet tout d'abord de nous affranchir de l'utilisation d'isolateurs haute­

fréquence protégeant le générateur HF et offre en outre une grande souplesse d'utilisation en 

termes de conditions opératoires suivant les besoins rencontrés. Dans le même temps, nous avons 

pu optimiser différents paramètres (notamment la fréquence d'opération) pour obtenir des 

systèmes de stérilisation efficaces tout en cherchant un compromis entre l'activité biocide des 

stérilisateurs et les dommages infligés aux matériaux traités. Par ailleurs, nous avons mis au point 

deux protocoles microbiologiques d'insertion et de récupération de micro-organismes dans des 

tubes, l'un destiné à l'obtention de spores bactériennes sédimentées sous forme d'empilements, et 

l'autre permettant la croissance de biofilms directement sur la paroi interne de tubes de polymère 

(section 2.5). Ces protocoles sont reproductibles et ont représenté une phase cruciale dans nos 

recherches, car ce sont eux qui ont permis de contrôler les performances de nos prototypes. 

Dès que l'on s'engage fortement dans un sujet de recherche, on est tenté d'en grossir 

l'importance. Ici, le risque est grand de surestimer la place de la stérilisation par plasma parmi 

l'ensemble des méthodes de stérilisation d'objets médicaux et le rôle des photons UV parmi 

l'ensemble des agents biocides des plasmas. Les photons UV ont été identifiés comme les 

espèces biocides prépondérantes de nos dispositifs, car les plasmas que nous créons contiennent, 

par choix, très peu d'espèces chimiquement réactives comme l'oxygène. En fait, nous avons 

utilisé principalement de l'argon tout au long de nos recherches, car c'est un gaz rare, donc non 
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réactif, mais qui est à même d'exciter efficacement les impuretés (e.g. N~) présentes dans le gaz 

de décharge afin que celles-ci émettent du rayonnement UV. 

Par ailleurs, nous devons réaliser qu'il demeure un important fossé à franchir entre la 

stérilisation d'une boîte de Petri ou de l'intérieur d'un tube diélectrique et celle d'un instrument 

médical de nature mixte diélectrique-conducteur et de forme complexe. En effet, il existe, par 
1 

exemple, une multitude de dispositifs médicaux comportant plusieurs lumières (canaux de faible 

diamètre sur une comparativement grande longueur). La plupart d'entre eux en contiennent au 

moins deux et les sources de plasmas développées au cours de ce travail devront être adaptées 

pour prendre en compte ces spécificités. 

En ce qui concerne le stérilisateur par immersion, plusieurs questions devront trouver réponse 

dans le futur avant d'en faire un système d'usage courant. Pour ne citer que deux exemples, si des 

crevasses sont présentes dans des objets conducteurs, aucun plasma ne pourra être créé à 

l'intérieur et il n 'y aura que la diffusion pour y amener les espèces excitées (émetteurs potentiels 

d'UV), d'où l'intérêt a priori de travailler à pression réduite par opposition à la pression 

atmosphérique. 

Par ailleurs, nous devons garder en mémoire que la stérilisation par plasma, qu'elle soit 

obtenue par érosion ou par pénétration de photons UV, est un traitement de surface finalement 

limité par l'épaisseur des micro-organismes à traiter si l'on s'en tient à un temps d'inactivation 

fonctionnellement acceptable. Dans ce sens, il sera donc nécessaire de pousser plus avant 

l'évaluation des limites de cette technique quant à son efficacité à inactiver des micro-organismes 

recouverts de différents biomatériaux, tel par exemple des résidus sanguins. 

En fait, la stérilisation par plasma est un domaine de recherche qui, selon nous, est à un 

tournant de son évolution en ce moment: les principaux mécanismes permettant d'obtenir la 

stérilité ont été analysés et compris, mais aucun dispositif de stérilisation par plasma n'est encore 

commercialisé4 ou a ,prouvé son efficacité à stériliser des dispositifs médicaux, même simples, 

tels des scalpels (en fait, à notre connaissance, aucune tentative dans ce sens n'a même été 

rapportée dans la littérature scientifique). En ce qui. concerne les systèmes de stérilisation 

présentés au ,cours de ce travail de doctorat, au moins trois des sujets traités mériteraient d'être 

approfondis pour se rapprocher de systèmes de stérilisation viables et commercialisables: 

4 Dans le système Sterrad de stérilisation dit par plasma de Johnson and Johnson, le plasma sert uniquement à 

décomposer le peroxyde d'hydrogène, chimiquement agressif, en fin de procédé et n'a aucun effet bactéricide [9]. 
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1) Étude de l'inactivation de micro-organismes déposés sur des objets médicaux présentant, 

dans un premier temps, une forme simple. On pourrait par exemple tester le stérilisateur 

pour tubes diélectriques sur de véritables cathéters cardiaques ne comportant qu'une seule 

lumière. On pourrait aussi procéder à une étude paramétrique de son efficacité biocide en 

fonction du diamètre interne et de la nature polymérique des tubes afm de délimiter le type 

de cathéter commercialisé pouvant être traité par notre stérilisateur. Quant au stérilisateur 

fonctionnant par immersion au plasma, il faudrait le mettre à l'épreuve sur des scalpels ou 

des forceps. 

2) Approfondissement des dommages infligés aux matériaux pendant le traitement: nous 

avons déjà montré que la mouillabilité des polymères est affectée par le plasma, tandis 

qu'aucune érosion n'est observée par microscopie électronique à balayage. Ce travail 

pourrait être prolongé en étudiant (i) plus précisément, par microscopie à force atomique, la 

topographie des polymères traités,(ii) les modifications chimiques des surfaces par 

spectroscopie photo-électronique par rayon X (XPS) et (iii) l'effet, sur la mouillabilité des 

polymères, du temps de vieillissement (relaxation des liaisons). 

3) Recours à des adjuvants gazeux: des conséquences pratiques importantes surviennent 

lorsque l'inactivation par plasma repose sur des photons UV provenant de la désexcitation 

, d'impuretés et non de celle du gaz porteur. Par exemple, étant donné que la quantité 

d'impuretés présentes dans l'enceinte n'est pas toujours la même au départ du procédé de 

stérilisation, il est difficile de comparer les propriétés biocides de différentes sources de 

plasmas utilisant de l'argon «pur» sans compter que cela pourrait mener à la non­

reproductibilité des traitements. Ces impuretés proviennent en différentes proportions de la 

bouteille de gaz, de fuites aux transitions d'admission de gaz, de la désorption des parois de 

l'enceinte et de celles des objets médicaux. Ainsi, il serait avantageux d'injecter un haut 

flux d'argon (e.g. 1 1/min) avec des adjuvants gazeux dont la nature et la quantité sont 

contrôlées par l'opérateur. Ceci permettrait de réguler les impuretés gazeuses présentes 

dans le stérilisateur pour maximiser l'émission UV. 

En somme, nous avons mis au point des stérilisateurs par contact avec le plasma qui, de ce 

fait, offrent des possibilités complémentaires par rapport à celles de la post-décharge en flux. 

Bien qu'ayant peu de recul sur ces nouveaux dispositifs, par comparaison avec la post-décharge 

qui a été davantage étudiée et dont les limites sont mieux défmies, notre travail apparaît comme 
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une contribution partielle, mais qui nous semble essentielle, au développement d'un éventuel 

stérilisateur cette fois en décharge. 
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ANNEXE 1 Étude d'un diviseur de puissance pour sources de 

plasma distribuées 

Compact waveguide-based power divider feeding 

independently any number of coaxiallines 

(article publié dans IEEE Transactions on microwave theo:ry and techniques 2007 55 915-957) 

Abstract 

Jérôme Pollak, Michel Moisan, Zenon Zakrzewski, Jacques Pelletier, 

Y. A.1. Amal, Ana Lacoste, and T. Lagarde 

The device described in this paper has been designed to enable the feeding of many individual 

plasma sources from a single microwave generator, providing a noninterfering and constant 

supply of power to each coaxial line driving these plasma sources. The power coming from the 

generator flows through a waveguide under standing-wave conditions provided by the presence 

of a conducting plane located at the waveguide end opposite that linked to the generator. Power is 

extracted from the waveguide, at the maximum of intensity of the -field standing wave, by a 

waveguide-to-coaxial-line transition designated as a probe. One or two probes can be set at each 

such maximum of field intensity (and this on both sides of the waveguide wide wall), yielding a 

compact power divider. Each coaxialline feeds a microwave field applicator, sustaining plasma, 

through a matching circuit comprising a tuning means and a ferrite isolator (circulator with a 

matched load), the latter ensuring that whatever happensto the plasma source, the other feeding 

lines are not affected. The conditions required for a perfect match of the microwave generator to 

the power divider are elaborated and examples of actual designs are presented. 

Index Terms-Equivalent-circuit representation, plasma sources, power divider, waveguide-to­

coaxial-line transition. 
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A.1.I Introduction 

It is often interesting to supply microwave power to many plasma sources (usually through 

coaxiallines) from a single generator. Such a situation arises, for instance, when trying to achieve 

large dimension and uniform plasmas by assembling elementary (individual) plasma sources. 

Another example is the necessity of feeding different plasma sources for sequential plasma 

processing. The power divider that we are going to describe is usually made to share power 

evenly, but it is not restricted to that specific condition. An important and distinguishing feature 

of our device is that the number of coaxial outputs can be any number, even or odd. With the 

CUITent power divider, each coaxial line feeds a microwave field applicator sustaining plasma 

through a ferrite isolator (circulator with a matched load) and eventually a tuning means, the 

isolator ensuring that, whatever happens to a particular plasma source, the other feeding lines are 

not affected by the power reflected from that plasma source. Finally, this power divider can be 

made compact and can handle the total power required to provide typically up to 200-250 W per 

coaxial output lines. 

There are already well-known ways of dividing mlcrowave power [1], the most 

straightforward one being to use a 3-dB coupler, which, in principle, splits power evenly. A 

cascade of such power dividers can be utilized to provide 2k outputs; where k is the number of 

cascaded 3-dB couplers. Another widely used technique is to draw power from a cavity or a ring 

resonator at its maximums of standing waves. However, microwave cavities, e.g., at 2.45 GHz, 

cannot provide a large number of coaxial outputs because of their intrinsically limited dimensions 

since, for the current purpose, they need to be operated in their fundamental modes. As already 

mentioned, the technique about to be presented can yield any number, odd or even and eventually 

large, of coaxial outputs; e.g., a 24-coaxial-port divider has been built, which at the same time is 

compact. Another negative aspect of most existing power dividers is that their output lines are not 

independent, i.e., a variation in the absorbed power in one branch (e.g., due to changes in plasma 

operating conditions or during the process of impedance matching) can modify the power flowing 

through the surrounding coaxial lines, a situation that is avoided in our design because of the 

presence of an isolator in the matching circuit of each of these output lines. 

Our power divider has already been patented [2]. The purpose of this paper is to elaborate 

upon the analytical expressions yielding the input admittance of the system and also to give 
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construction details with actual examples of such power dividers. Although our initial aim in 

designing such a device was to supply plasma sources, it is clear that this power divider can be 

used in the more general case of loads of any kind, eventually varying with time. 

This paper is organized as follows. In Sections A.1.2 and A.1.3, respectively, the geometrical 

configuration and equivalent circuit for single and multiple probe transitions from rectangular 

waveguide to coaxial line are presented. Section A. 1.4 describes the experimental arrangements 

and procedures for measuring the divider characteristics, while results from such measurements 

are given in Section A.1.5. Finally, Sections A.1.6-A.1.7 are devoted to the designing and , ~ 

practical realization of the power divider, while Section A.1.9 contains a brief summary and 

conclusion. 

A.l.2 Single-probe transition: probe configuration and equivalent circuit 

A classical configuration of a rectangular-waveguide' to coaxial-line transition is shown 

schematically in Fig. 1. The factors affecting the properties of such a type of transition, when the 

probe is located on the centerline of the waveguide wide wall, are discussed in details in the 

literature, e.g., in [3]-[5]. These are the dimensions of the coaxialline and waveguide, the.probe 

penetration depth h into the waveguide and its distance ls to the waveguide short circuit (end 

plane), as shown in Fig. 1. There is also an additional possibility of affecting the transition 

characteristics besides those indicated in [3]-[5]: it is to move the probe to a specifie distance d 

away from the wall centerline [6], [7]. 

a) 

b) 
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Fig. 1. Schematic representation of a c1assical transition from a coaxial line to a rectangular 

waveguide by means of a probe protruding in the waveguide. (a) Side view. (b) Top view. The 

inner width of the waveguide wide wall is a, while that of the narrow wall is b. 

____ -> ___ -+ End-plate 
plane 

Fig. 2. Equivalent-circuit representation of a probe implemented in a short-circuited waveguide 

of characteristic impedance Zoo 

The probe microwave properties can be represented by a single admittance referred to the probe 

axis plane, as shown in Fig. 2. There, Yp Gp + jBp is the probe admittance when the coaxialline 

is terminated with a matched load. With the end-plate in position at a distance ls from the probe, 

the input admittance of the transition, again referred to the probe axis plane, is then l 

Y;n Yp jZ(ï1ctgP1s (1) 

where !l=2rc/Âg (Âg is thewavelength in the waveguide and zo, the characteristic impedance of 

the waveguide). When normalized with respect to the characteristic impedance of the waveguide, 

~n becomes: 

(2) 

The admittance of an on-centerline probe, Ypo , has been investigated as early as the 1940's [3]. 

Analytical-graphical methods for determining its value, solely from the geometry of the 

transition, can be found in the literature (for example [8]). In the present work, we choose to 

determine Ypo experimentally, as it enables us to take into account factors affecting the probe 

admittance that cannot be taken into consideration by the analytical-graphical method mentioned. 

1 In a circuit, admittances in parallel add in contrast to impedances that add when in series. The admittances at 

different planes transverse to the waveguide main axis can be considered to be distributed in parallel and wh en aIl of 

them are "seen" (or expressed) in a given reference plane, they simply add. 
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The admittance of an off-centerline probe, Yp ' of particular interest in the present case, can be 

obtained following the arguments presented in [7]. The electric field of the fundamental mode in 

a rectangular waveguide is parallel to the probe axis and its intensity is uniform along that 

direction. Its distribution across the waveguide axis is Eo cos(1id / a) where Eo is the field intensity 

at the waveguide centerline (d = 0). The power absorbed by a probe displaced from the centreline 

by d, because of the E-field dependence on transverse position, is thus: 

Pp = Ppo cos2 (7rd / a), (3) 

where Ppo is the power absorbed by a probe when located on the centerline of the waveguide 

wide-wall. A similar reasoning applies to the energy stored in the probe region, which is related 

to its susceptance. Therefore, the normalized admittance of an off~centerline probe as seen in its 

plane at the axis can be written in the form: 

(4) 

where gpo and bpo are the conductance and admittance of the corresponding on-centerline probe. 

A.l.3 Transition implying multiple probe transitions and corresponding input admittance 

expression 

We consider arrays ofwaveguide-to-coaxial-line probe transitions that provide equal sharing of 

the waveguide power to numerous coaxial ports. The rectangular (x, z) coordinates used are 

defined in Fig. 3: the x-axis coincides with the wide wall centerline and the the x = 0 origin is 

chosen to be at the divider input plane. 

z 

Waveguide ----.-.--}., /2 }.,12 

wide-wall - --- --~~~====~======~d--
centerline 0 1 x 

~ ______________ ~ s 

--~--------~" 
Probe location 

End plate 

Fig 3. Example of an array of probe transitions, showing the probe locations when gathered by 

pairs at each anti-node of the E-field standing wave to provide an equal share ofpower to each of 

them (same h value). The x-axis coincides with the waveguide wide-wall centerline and x = 0 is 

the divider input plane. 
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From the general princip les of impedance transformation along a lossless transmission line, it 

follows that the admittance y p of a probe located at x = Xp is seen in the reference plane (x = 0) 

as [3] 

_ Yp + jtanf3xp 

Y- 1+ jy
P 

tanf3x
p 

• 

It directly cornes out from (5) and (4) that similar probes located at positions 

Â 
x=x +k-.lL· z=+d p 2' -, 

(5) 

(6) 

with k an integer number, exhibit the same admittance seen in any chosen reference plane. The 

same reasoning and resulting formulas apply to the probe transitions located at the same (x, z) 

positions on the opposite w(lveguide wide-walf. The total admittance seen in the reference plane 

is the sum of admittances of all probes, transformed to that plane. 

The power divider structure can actually be considered lossless. Therefore, the only possible 

mechanism of power loss is the power eventually reflected back toward the generator into the 

circulator matched load. This lowering of the power transmitted to the coaxial outputs can be 

eliminated by assuring a perfect admittance match at the divider input plane, which rèquires that 

Yin = 1 and thus: 

(7) 

The input susceptance bin can be cancelled out by locating the reflecting end-plate in the 

appropriate position. Further on, we shall consider arrays of probes in which the location of each 

probe meets condition (6). A convenient choice for the input (reference) plane is the plane in 

which the first probes of the array are located. The input admittance is then 

2 The electric field intensities at the output ports located in the same x-plane or in different 

x-planes defined by (x + n À g) are in phase, n being an integer number. In contrast, at output 

À 
ports located in consecutive x-planes or in different x-planes defined by (x + (2n + 1)~), the 

electric field intensities are 1r out of phase. 
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(8) 

where N is the total number of probes in the array and - jctg hls / Ag == bs is the admittance se en at 

the input plane due to the short-circuited section of waveguide of length ls' located past the la st 

probe(s) in the array. Then, provided the end plate meets condition (7) as to bin = Nbp +bs = 0, 

relation (8) leads to: 

(9) 

which concretely set the values of gp and bprequired for a perfect admittance match at the 

divider input plane. The N probes can be distributed along the waveguide in various ways, but 

still meeting condition (9), thus providing equal power sharing between the various outputs and, 

at the same time, an admittance match at the waveguide input. However, the minimum length of 

the divider and, therefore, its compactness, are obtained when, at each x-plane defined in 

accordance with condition (6), there are four probes (two on each wide wall). 

A.1.4 Experimental arrangements and measurement procedures for determining the 

characteristics of the power divider 

The tested transitions, single- and multiple-probe arrays, were implemented on a standard 

WR-340 rectangular waveguide (internaI dimensions approximately 86 mm x 43 mm) for 

operation at 2.45 GHz. Fig. 4 shows an actual design of such a probe. The probes used are fitted 

on the external side of the waveguide to N-type coaxial connectors that serve as the power divider 

outputs. Within the waveguide, the probe is terminated by a round-he ad screw, this screw 

allowing to adjust the protruding length h of the probe. Two experimental arrangements were 

employed in the course of the current series of measurements. The first one (Fig. 5), destined to 

the direct measurement of the admittance of a single probe, calls for a network analyzer (HP 

8750C). An auxiliary section of waveguide (see Fig. 5) was used for the analyzer calibration. In 

this way, the analyzer could directly yield the admittance value of the transition referred to the 

probe axis plane. In a second set of experiments (Fig. 6), we then measured, on the one hand, the 

power reflected, at the probe axis plane, by a single on-centerline transition terminated with a 

matched load and, on the other hand, the power transmitted to the coaxial output of a given probe 
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of the array. In the case of the transmission measurements, a power-meter bolometric head 

(matched to 50 Q) was attached to the output actually under test, aIl other coaxial outputs being 

terminated with a matched load. The reflection measurements, as shown in Section V, can be 

related to the value of the admittance Yin. 

Waveguide 
wide rail -Vii 

\ ,/ 

r-
'-
~ 

1 
h 

I 

Standard 
N-lypc 

conneClor 

Fig. 4. Probe ofadjustable length h, fitted to an N-type (female) coaxial connector. 

A.1.5 Measured power divider characteristics 

A.1.5.1. Input Admittance of a Transition at the Probe Axis Plane 

Fig. 7 shows the results of the admittance measurements made with the network analyzer in 

the case of a single-probe transition located on the wide wall centerline of a WR-340 rectangular 

waveguide. The obtained values of the input admittance Yin = gin + jbin are represented in the 

(gin An) plane for various probe lengths h and positions ls of the end plate. As expected, the input 

conductance increases with the probe length while the position of the end plate affects practically 

only the susceptance value. 
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Fig. 5. Experimental arrangement for the direct measurement, at the probe axis plane, of the 

admittance of a single-probe transition (Fig. 4). The network analyzer yields the admittance 

values directly at the probe axis plane once it has been calibrated with standard terminations on 

an auxiliary waveguide section, the length of which ends at the probe axis plane. 

PQ\\'ef Cirçulator Oirectiol'lal 1'0 power meter 
generator coupleTS or mlltched lood 

N""'Coaxialoutputs 

To matched To !KlWer Single Of multiple Mm/able 
load meters transitions under test short..cîrcuit 

Fig. 6. Experimental arrangement for measuring the power reflected from a probe and the power 

transmitted to the output of a single on-centerline transition or to a given transition in an array. 
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Fig. 7. Measured input admittance components of an on-centerline probe transition as seen at the 

probe axis plane, as measured with the network analyzer (Fig. 5). 
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A.1.S.2 Power reflection coefficiènt in the waveguide due to a single probe 

Using the setup shown in Fig. 6, we measured the.power reflection coefficient R=PR/~ at the 

single-probe input plane with the probe located at the wide-wall centerline. For any given probe 

length h, we looked for the minimum value of the reflection coefficient, Rm' by adjusting ls 

(which actually corresponds to cancelling out the susceptance bin). The probe conductance can 

then be readily inferred since under such conditions: 

1+.JR: 
gpo = 1 +R . 

- m 

(10) 

The ambiguity related to the ± sign in equation (10) can, in practice, be readily removed as we 

know that g pO increases monotonously with h (Fig. 8). Fig. 8 compares the functional 

dependence g po(h) , obtained from direct measurements (network analyser) and that inferred 

from the reflection measurements (power meter). An analytical approximation for this 

dependence is also plotted in the figure. Transmission measurements (not shown) were also 

carried out with the network analyser that confirms the present datA. 1. These measurements can 

be considered to be highly reproducible since the power measurements were done in Grenoble, 

France, while the analyser measurements were made in Montréal, Qc, CanadA. 1. 

hJb 
0.3 OA 0.5 0.6 0.7 0.8 0.9 

:J Re:fleclion measu«:rnents 
• Network analyser 

--log /{iJ,J = "1,90 + 0,075 Il 

15 20 2S 30 35 40 
h(mm) 

Fig. 8. On-centerline probe conductance value measured directly with the network analyzer and 

that inferred from power reflection using (10). An analytical approximation to those results is 

plotted. 
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A.I.5.3 Power divider frequency bandwidth 

Considering a voltage standing-wave ratio (VSWR) of 1.5 (PRIP1 = 0.04), the frequency 

bandwidth observed with the network analyzer center frequency set at 2.45 GHz and for a fixed 

short-circuit position amounts to 40 MHz and it depends, however slightly, on the number N of 

probes. A little retuning of the movable short circuit can still reduce the VSWR at a given 

frequency within this bandwidth interval. 

A.I.6 Designing a power divider 

A.I.6.1 Schematic representation of a compact power divider 

Fig. 9 shows a schematized 3-D view of a power divider designed according to the principles 

developed in this paper. As suggested in Fig. 3, the probes are arranged in groups of four (two on 

each wide wall), located in planes that are separated axially by multiple of Àgl2, thereby 

minimizing the actuallength of the power divider for a given number of probes. 

Fig. 9. Simplified 3-D representation of a power divider using the multiprobe waveguide to 

coaxial-line transition technique. The probes are set by groups of four, each separated by Àgl2, 

yielding a compact power divider. 
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A.1.6.2 Design Procedure 

We start by imposing the characteristics of the rectangular waveguide (i.e., its inner widths a and 

b), as well as those of the probe (except its length h) and of its coaxial output connector. 

Choosing the waveguide dimensions sets À/2, the axial distance between the probes in the array: 

the wave1ength Àg in a rectangular waveguide depends on the free-space wavelength Àg, and the 

waveguide wide wall width, a, as 

(11) 

Then, assuming that the gpo(h) plot (as the one in Fig. 8) for the particular configuration that we 

just defined is available, the aim of the design procedure is finally to find h and ci, the probe 

displacement from the centerline. 

Recalling that the individual probe conductance required for a perfect match at the divider input 

when there are N coaxial power outputs imposes: 

g =N-l p , (9) 

the required value of gp is then obtained by adjusting both h and d. Indeed, we have from 

equation (4): 

(12) 

where the value of gpo can be taken from the gpo(h) plot. Clearly, the choice of the value of one 

of the elements of the pair (h, cf) uniquely determines the value of the other one. 

As concems the minimum length of the power divider, as already mentioned, it is obtained by 

arranging the outputs by four in consecutive x-planes defined by condition (6). An estimation of 

this length can be calculated by assuming that ls is approximately equal to Âg /4 and that the 

distance from the input flange to the location of the first four probes is also approximately equal 

to Âg /4. Then, the divider totallength L can be expressed as: 
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Ag [ [N-1J 1 L?:!':.T Int -4- +1 (13) 

where Int (z) denotes the integer part of the fraction z. 

A.l.7 Practical realization 

Any mismatch (permanent or temporiuy) in the 10ad of one (or more) output line of the divider 

causes a reflection of power back into the waveguide that tends to unbalance the power 

distribution in other output 1ines. As a resu1t, the distribution of power between outputs is 

eventually no more even and, furthermore, reflected power appears at the divider input. The 

essence of this effect is illustrated approximately in Fig. 10. Such a perturbation can be avoided 

by putting a circu1ator with a matched 10ad at each coaxial output. Fig. Il shows in situ a WR-

340 power divider with 12 outputs, each equipped with a circu1ator. Other research groups using 

the CUITent power dividers are 1isted in [9]-[15]. 

.a) MatÇhild load 
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Fig. 10. Approximate representation of the power flow in the waveguide part of the divider. (a) In 

the case where all transitions are matched (no reflected power from any of the probes). (b) In the 

case where power is reflected at a given output. The diagram suggests that the nearest neighbor 

probes on both sides of the mismatched one pick up more power than ifmatching was perfect. 
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Fig. 11. Power divider (WR-340 standard waveguide) with 12 coaxial outputs, each equipped 

with an isolator (circulator and matched load). There is a plasma processing chamber in the 

background. (The power divider shown in this photograph was purchased from Metal Process, Le 

Pont de Claix, France, equipped with isolators manufactured by Sodhy, Saint-Ouen l'Aumône, 

France.) 

A.l.8 Discrepancies between the calculated and measured input admittance values due to 

the mutual interaction between probes when given in a plane perpendicular to the 

waveguide axis 

The equivalent-circuit representation used to determine the input admittance of our power divider 

(fonnula 8) does not take into account the eventual mutual interaction between neighboring 

probes. This section estimates the influence of the probe mutual interactions on the input 

conductance gin. 
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Fig. 12. Input conductance of two probes located in the same x-plane (see Fig. 3) and, as a 

reference, that of a single probe, as functions of the probe length h. The set of two probes are at 

the same distance d = 26.0 mm (dia = 0.30) from the centerline, but at alternate possible positions 

with respect to the "top" and "bottom" wide walls. The input conductance gin is measured directly 

with the network analyzer (see setup in Fig. 5). 

In a first step, we consider the mutual interaction between only two probes located in the same 

x-plane (see Fig. 3). The inset in Fig. 12 shows that two such probes can be positioned in three 

different ways: probes 1-2 are located on the same wide wall of the waveguide, probes 1-3 are 

facing each other on opposite wide walls, and probes 1-4 are also on opposite wide walls, but 

they are separated symmetrically with respect to the waveguide centerline. In the following series 

of experiments, the probe displacement from the wide wall centerline is constant and set to 

d= 26.0 mm (dia = 0.30). Fig. 12 displays the measured input conductance of the power divider 

(using the setup described in Fig. 5) for a group of two probes and, as a reference, for a single 

probe, as functions of the probe length h. Fig. 12 shows that these three different possibilities can 

be reduced, on practical ground, to only two distinct cases. This is because configurations 1-2 

and 1-4 can be considered as being approximately similar. In contrast, when the two probes face 

each other (position 1-3), their mutual interaction leads to an increase of the conductance of each 

of them, and then gin is larger than twice gp [recall that neglecting the mutual interaction between 

probes leads to gin = N gp (relation 8)]; actually, as could be expected, the mutual interaction 



177 

between two antennas facing each other increases when raising h, as the distance between their 

tips tends toward zero (h/b = 0.5). 

In a second step, we consider the power divider with up to four probes located in the same x­

plane and measure its input conductance. Fig. 13 shows, this time, the difference between the 

measured value of gin and the calculated or ideal value (gin = N gp) when neglecting mutual 

interaction, as functions of the number of probes located in the same x-plane. The two-probe case 

is, in fact, that of configuration 1-2 already examined in Fig. 12; as for the three-probe case, there 

are two possibilities for their positioning, but because of symmetry, it tums out to be the same 

configuration. Fig. 13 shows that the difference gin - N gp, which reflects the discrepancies 

introduced by neglecting the mutual interaction between probes, is negligible for small enough 

hlb values. In contrast, for large hlb values, mutual interference effects come into play, which 

nonetheless can be compensated to provide a perfect admittance match at the divider input. This 

can be achieved by using, for example, the mechanical solution shown in Fig. 4, reducing by 

screwing in each probe (recall that Àgl2 and d are two possible adjustment parameters, but they 

are already set by construction). Finally, it is worth mentioning that when N is large, say, 16 or 

more, since in principle gp = gin/N, the conductance of each probe needs to be small for a perfect 

admittance match at the divider input, requiring the length h to be reduced, thereby eliminating 

the problem of mutual interference. 
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Fig. 13. Difference between the measured gin value and its calculated value when neglecting 

mutual interaction (gin = N gp) as a function of the number of probes located in the same x-plane 

and for different values of the normalized probe length hlb. Each probe is displaced by 

d = 26.0 mm (d/b = 0.30) from the wall centerline. 
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A.1.9 Conclusion 

We have presented a novel device that can distribute microwave power from a rectangular 

waveguide supplied by a single power generator to any number of output coaxial lines using 

probe transitions. Each coaxial line is equipped with tuning means (e.g., a sliding stub) and an 

isolator. The isolator ensures that the various output lines do not interfere, even when their load 

(e.g., a plasma source) is not well matched to the coaxialline or that their impedance varies with 

time. Vsing the equivalent-circuit method, we have elaborated the analytical expressions yielding 

the input admittance of such a system for the case of even power sharing between the various 

lines and under conditions that yield a perfect match at the waveguide input. We have also given 

design indications, in particular as how to make the device compact. 
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ANNEXE 2 Développement d'une source de plasma linéaire pour 

stériliser l'intérieur de tubes diélectriques médicaux 

Abstract 

Process for the plasma sterilization of dielectric objects 

comprising a hollow part 

(United States Patent Application Publication, US 2005 0269199 Al) 

Inventors: Jerome Pollak, Michel Moisan, Bachir Saoudi, Zenon Zakrzewski 

There is provided a process for sterilizing a dielectric contaminated object having at least one 

hollow part. The process comprises (a) producing a plasma by submitting a gas or a mixture of 

gases to an electromagnetic field; (b) treating the exterior of the object by means of an after-glow 

of the plasma; and (c) treating the at least one hollow part of the object by means of a dis charge 

of the plasma, the discharge being produced inside the at least one hollow part. Step (c) is carried 

out before or after step (b). This process is particularly useful for sterilizing various medical or 

dental instruments. There is also provided a device for carrying such a process. 

A.2.t Cross-reference to related applications 

[0001] The present application is a continuation-in-part of PCT international patent application 

No. PCT/CA2003/001867 filed on Dec. 1, 2003, which c1aims priority on Canadian patent 

application No. 2,412,997 filed on Dec. 2, 2002. These applications are incorporated herein by 

reference in their entirety. 

A.2.2 Field of the invention 

[0002] The present invention relates to a process for the sterilization of dielectric objects. More 

particularly, the invention relates to the plasma sterilization of dielectric objects containing 
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hollow parts. Such objects can be contaminated, as example, with microorganisms and also with 

non conventional contagious agents such as pathogenic prions. 

A.2.3 Background of the invention 

[0003] Traditionally, in hospital quarters, sterilization of surgical instruments is carried out by 

impregnating them with fluids having anti-bacterial and/or antiviral effects, such as 

glutaraldehyde or hydrogen peroxide. 

[0004] Other methods commonly used for the sterilization of contaminated objects are based on a 

high temperature thermal treatment of the objects. These processes however are disadvantageous 

in that they significantly cause damage to a large number of polymers that constitute, in whole or 

in part, medical and dental instruments. 

[0005] Finally, sterilization methods which combine a thermal treatment with a treatment using a 

disinfecting liquid have been proposed. However, in addition to constituting more complex 

operations, these methods have the disadvantage ofbeing associated with operations that are long 

lasting. 

[0006] Recently, new techniques ofplasma sterilization have been proposed. Patent Applications 

EP-OO.930.937.8 and CA-A-2,395,659 de scribe the se processes as weil as devices permitting the 

sterilization of medical objects by resorting to plasma after-glow, for example containing argon 

or a mixture of N2-02. These process and devices have shown themselves to be particularly 

adapted to the sterilization of objects for medical use, such as scalpels or surgical forceps, which 

are deprived of cavities of a diameter smaller than a few millimeters and a length exceeding one 

meter. 

[0007] These processes are indeed of limited application with respect to the disinfection of 

objects having deep cavities such as ducts. The reason is that such objects have low 

hydrodynamic conductance, which makes it difficult to circulate agas therein, at high speed, a 

condition that is nevertheless required for using active species (emitters of UV and radicals), with 

limited life span, which are produced in a plasma source outside the duct (so-called after-glow 

process), in order that the latter manage to inactivate microorganisms on the entire internaI 

surface of such duct. On the other hand, a particular limitation with plasma sterilization (whether 

by exposure in the discharge itself or in its afterglow) resides in the treatment of pre-wrapped 
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objects, which is a common way of dealing with aIl presently known sterilization techniques. As 

a matter of fact, the passage of the active species of a plasma or of its after-glow through the 

wrapping importantly reduces the flux that reaches the surfaces of the object to be sterilized. 

[0008] U.S. Pat. No. 5,393,490 describes a process for the sterilization of the surface of 

contaminated objects by exposing same to the electrically neutral species of an electrical 

discharge, while maintaining the volume without luminescence and substantially free of field by 

interposing a barrier between the contaminated objects and the discharge. The barrier (a metallic 

grid) is transparent to the neutral species and opaque with respect to the charged species that 

emanate from the discharge. In this case, the flux that reaches the contaminated objects is not a 

plasma but rather an afterglow. The temperature is kept low therein by operating cooling systems 

and selecting the gas(es) used to produce the after-glow. The nature of these gases, particularly 

that of fluorinated gases, is often such that an accelerated degradation of the treated objects if to 

be foreseen. 

[0009] V.S. Pat. No. 5,302,343 describes a similar method of sterilization for the 

decontamination of the surface of contaminated objects by exposing them to neutral sterilizing 

species. 

[0010;] U.S. Pat. No. 6,589,481 describes the use of a pump system for the sterilization of lumen 

in the presence of peroxide. 

[0011] V.S. Pat. No. 3,948,601 de scribes an entirely afterglow treatment of the inside and the 

outside of a contaminated object. 

[0012] International Application W002070025 describes a process of plasma sterilization ln 

which the contaminated objects are placed in a chamber under atmospheric pressure. 

[0013] A need therefore existed for a sterilization method that is devoid of at least one of the 

limitations of the methods of the prior art while allowing, for example, a safe, rapid, economical 

and/or highly performing sterilization with respect to its purpose. 

A.2.4 Summary of the invention 

[0014] According to one aspect of the present invention, there is provided a process for sterilizing 

a dielectric contaminated object having at least one hollow part. The process comprises: 
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[0015] a) producing a plasma by submitting a gas or a mixture of gases to an electromagnetic 

field; 

[0016] b) treating the exterior of the object by means of an after-glow of the plasma; and 

[0017] c) treating the at least one hollow part of the obj ect by means of a discharge of the plasma, 

the discharge being produced inside the at least one hollow part, 

[0018] step (c) can be carried out before or after step (b). 

[0019] According to another aspect of the present invention there is provided a process for 

sterilizing a dielectric contaminated object having at least one hollow part. The process 

comprises: 

[0020] a) producing a first plasma by submitting a gas or a mixture of gases to an electromagnetic 

field; 

[0021] b) treating the exterior of the object by means of an after-glow of the first plasma; 

[0022] c) producing a second plasma by submitting a gas or a mixture of gases to an 

electromagnetic field; and 

[0023] d) treating the at least one hollow part of the object by means of a discharge of the second 

plasma, the discharge being produced inside the at least one hollow part. 

[0024] Step (c) can be carried out before or after step (a) and/or step (b), and step (d) is carried 

out after step (c). 

[0025] It has been found that the processes of the present invention permit to sterilize 

contaminated objects having at least one hollow part with very high performance and without 

degradation of the sterilized objects. 

[0026] According to another aspect of the invention, there is provided a device for sterilizing a 

dielectric contaminated object and having at least one hollow part. The device comprises: 

[0027] a sterilization chamber adapted to receive the object; 

[0028] a first plasma source in communication with the chamber, and adapted to produce a 

plasma to be used for treating the exterior ofthe object through an after-glow; 

[0029] a second plasma source in communication with the chamber, and adapted to produce a 

plasma to be used for treating the at least one hollow part of the object by means of a discharge, 

the second source comprising a mouthpiece dimensioned so that when the latter is coupled with 

the hollow part of the object, the discharge is produced inside the hollow part; and 
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[0030] an outlet in communication with the chamber and allowing to exhaust gases produced in 

the chamber. 

[0031] The present invention also provides another process for the sterilization of contaminated 

objects comprising hollow parts. This process inc1udes at least one step in which the presence of 

an electromagnetic field, whether intrinsically generated by surface wave propagation, or applied 

from the 'outside, generates a plasma in the hollow parts of the contaminated object. This 

treatment may be combined with the sterilizing treatment of a plasma after-glow. Sterilization of 

the thus treated contaminated objects has the advantage for example of being carried out with 

very high performance and without degradation of the treated objects. 

[0032] Another aspect of the present invention relates to a process that allows sterilization of a 

contaminated dielectric object, the latter inc1uding at least one hollow part. This process inc1udes 

at least one step in which at least one electromagnetic field, having a sufficient intensity to 

pro duce a plasma inside a gas or a mixture of gases introduced into the hollow partes) of the 

contaminated object, is directly applied from outside the contaminated object to the hollow 

partes) or is intrinsically produced inside the hollow partes) 00.930.937.8, more particularly in the 

corresponding c1aims as weIl as in International Application WO 20041011039, more particularly 

in the corresponding c1aims. These documents are incorporated by reference in the present 

application. The content of Applications CA-A-2,395,659 and CAA-2,273,432 is also 

incorporated by reference. 

[0056] This type of discharge advantageously corresponds to a plasma comprising sterilizing 

species generated in situ by subjecting agas flow comprising between 0.5 and 20% atomic 

oxygen, to an electrical field that is sufficiently intense to generate a plasma. The sterilizing 

species cause destruction of the micro-organisms. It should be noted that the gas has no biocidal 

property before its passage into the electrical field, and that the percentage of atomic oxygen in 

the gas flow is adjusted in a manner to obtain an UV radiation of maximum intensity. Preferably, 

exposure takes place in the after-glow zone or in the excitation zone of the plasma. 

[0057] The electrical field of the discharge is then advantageously generated by a micro-wave 

discharge and the sterilizing species comprise for example photons, radicals, atoms and/or 

molecules. 
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[0058] Advantageously, in addition to atomic oxygen, the gas flow used comprises nitrogen, 

neon, argon, krypton, xenon, helium, oxygen, carbon monoxide, carbon dioxide, nitrogen oxides, 

air, and mixtures thereof. 

[0059] According to another variant, in addition to atomic oxygen, the gas flow comprises 

nitrogen, argon and mixtures thereof, preferably the proportion of oxygen in the gas flow varies 

between 2% and 5%. 

[0060] Temperature in the after-glow is preferably lower than or equal to 500 Celsius. This after­

glow treatment is indifferently carried out in isolated fashion or repetitively in a multi-step 

sequential process. 

[0061] The after-glow steps that can be considered comprise for example a pulsed gas in a direct 

electrical or electromagnetic field, a pulsed field in a gas in continuous flow, a pulsed gas in a 

synchronously pulsed field, a gas change, or a mixture of these steps. 

[0062] A sterilization device that can be used to carry out such sterilization by after-glow is also 

described in Patent Application EP-A-0.0930.937.8 as comprising a plasma source associated 

with a sterilization chamber through a discharge tube in which there is injected a gas or a mixture 

of gases possibly giving the plasma, the chamber comprising an object to be sterilized, and a 

vacuum pump to bring in the gases into the chamber to keep it under reduced pressure. The 

plasma source comprises an EM field applicator such as a surfatron or a surfaguide. The 

sterilization chamber is entirely or partially made of Pyrex ™ or of aluminum, for example. 

[0063] A process for sterilizing contaminated objects by after-glow is described in Application 

WO 20041011039 mentioned above. 

[0064] This process is carried out in a sterilization chamber that is provided with at least one 

discharge duct. The discharge duct(s) open(s) into the sterilization chamber and is (are) supplied 

with a liquid or gas supply flow. The contaminated objects are treated in the sterilization chamber 

with sterilizing species that are present in a zone of after-glow or in a zone of excitation of a 

plasma that is produced, at the level of the discharge duct(s), by subjecting the gas supply flow to 

an electrical field and in which the ratio R=(SCD)/(SCS), in which (SCD) represents the cross­

section of the discharge duct in contact with the sterilization chamber or the sUffi of the cross­

sections of the discharge duct(s) and (SCS) is the cross-section of the sterilization chamber 

(SCS), agrees with the relation 0.05<R<0.70. 
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[0065] Preferably, the structural characteristics of the sterilization chamber are selected so that R 

agrees with the relation 0.09 ::; R ::; 0.60, still more preferably 0.15 ::; R ::; 0.5. According to a 

particularly interesting embodiment 0.2 ::; R::; 0.40, preferably R is about 0.25. 

[0066] The electrical field that generates the plasma is advantageously a high frequency field 

whose frequency is normally between 10 Megahertz and 3 Gigahertz, and which varies from 100 

to 2450 MHz. According to a still more advantageous embodiment the frequency is between 200 

and 915 MHz. 

[0067] The gas supply flow may be adjusted by controlling the flow and/or the gas pressure in the 

chamber, so as to obtain an Ultra Violet (UV) radiation of maximum intensity. It is 

advantageously selected so that it flow is between 50 and 3000 cm3 per minute. 

[0068] The pressure that is generated inside the sterilization chamber is between 0.1 and 10 

Torrs. 

[0069] The gas flow supply advantageously comprises argon and the pressure that is generated 

inside the sterilization chamber is between 0.1 and 4 Torrs. 

[0070] According to another variant, the gas flow comprises nitrogen and molecular oxygen and 

the pressure that is obtained inside the sterilization chamber is between 1 and 8 Torrs. 

[0071] The gas flow supply inc1udes at least one component selected from the group consisting of 

molecular oxygen, nitrogen, neon, argon, krypton, xenon, helium, oxygen, carbon monoxide, 

carbon dioxide, gases of formula NOx, in which x represents a whole number selected from the 

group consisting of 1,2 or 3, air, and mixtures ofat least two or more ofthese gases. 

[0072] According to an advantageous embodiment, the gas flow supply inc1udes molecular 

oxygen. Preferably, the gas flow inc1udes at least 0.10% molecular oxygen, still more 

advantageously at least 0.04% molecular oxygen. 

[0073] According to another interesting embodiment, in addition to molecular oxygen, the gas 

flow supply inc1udes at least two other gases. 

[0074] Thus, in addition to molecular oxygen, at least three other gases that may for example 

inc1ude nitrogen, argon and helium or nitrogen, argon and nitrogen dioxide, or still molecular 

oxygen, xenon or krypton may be present in the gas flow supply. 

[0075] The gas flo~ supply can be between 10 and 5000 cm3 standard per minute, preferably this 

flow is between 50 and 3000 cm3 per minute. 
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[0076] When the gas flow consists ofNOx, nitrogen, or an oxygen-nitrogen mixture, the pressure 

inside the sterilization chamber can be between 2 and 8 Torrs. 

[0077] By way of illustration, the gas flow can have the following composition: 

[0078] from 0.04 to 30% O2, 

[0079] from 0.05 to 99.91 % nitrogen; and 

[0080] from 0.05 to 99.91% argon. 

[0081] Or, the gas flow can have the following composition: 

[0082] from 0.04 to 30% O2; 

[0083] from 0.05 to 99.91 % nitrogen; and 

[0084] from 0.05 to 99.91 % krypton. 

[0085] Or still, the gas flow cap have the following composition: 

[0086] from 0.04 to 30% 02; 

[0087] from 0.05 to 99.91 % nitrogen; and 

[0088] from 0.05 to 99.91 % xenon; or 

[0089] from 0.05 to 99.91 % neon. 

[0090] According to another advantageous embodiment, the gas flow can have the following 

composition: 

[0091] from 0.04 to 98.5% O2; 

[0092] from 0.05 to 99.6% nitrogen; 

[0093] from 0.05 to 99.6% xenon; and 

[0094] from 0.05 to 99.6% neon. 

[0095] Preferably, the gas flow inc1udes from 0.1 to 10% O2, still more preferably it inc1udes 

from 0.2 to 5% O2• 

[0096] Among the sterilizing species thus produced in the after-glow, photons, radicals, atoms 

and/or molecules may be mentioned. The photon and/or radical population are important, and 

may even constitute the most important part. 

[0097] According to another interesting variant of sterilization step by after-glow, the 

contaminated objects are exposed, in a sterilization chamber, to a plasma that is generated in at 

least one disch~ge duct that opens in the chamber, from a N2 gas flow, the plasma comprising 

sterilizing species produced when subj ecting the gas flow to an electrical field that is sufficiently 

intense to produce the plasma. This process comprises exposing contaminated objects to the 
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sterilizing species, this exposure taking place in a zone of after-glow or in a zone of plasma 

excitation and it is characterized in that: 

[0098] the percentage of molecular oxygen in the flow of gas N, is adjusted to a content x, of 

molecular oxygen, such that 0 < x < 0.5 (x preferably varying from 0.1 to 0.4%), preferably by 

controlling the flow and/or by controlling gas pressure in the chamber, so as to obtain an UV 

radiation of maximum intensity; 

[0099] molecular oxygen is at least partly converted into atomic oxygen; and 

[0100] the cross-section of the discharge duct at its inlet into the sterilization chamber (SCD) 

and that of the sterilization chamber (SCS) agree with the relation 0.05 < (SCD)/(SCS) < 0.7, 

[0101] cross-section (SCD) again representing the cross-section of the discharge duct in contact 

with the sterilization chamber and which is perpendicular to the direction of the gas flow that 

feeds the discharge duct and cross-section (SCS) representing the cross-section of the chamber in 

contact with the discharge duct and that is perpendicular to the plasma flow. 

[0102] As a variant for the production of an after-glow that is suitable for the implementation of 

the sterilization processes according to the invention, one may mention the exposure of the 

contaminated objects to a plasma that is generated in at least one discharge duct that opens into a 

sterilization chamber, and this from agas flow inc1uding at least one of the gases of the group 

consisting of oxygen and rare gases such as helium, neon, argon, krypton and xenon, the plasma 

comprising sterilizing species generated when subjecting the gas flow to an electrical field that is 

sufficiently intense to generate the plasma, the process is characterized in that: 

[0103] the gas flow is adjusted, preferably by controlling the flow and/or by controlling the gas 

pressure inside the chamber, so as to obtain an UV radiation of maximum intensity; and 

[0104] the cross-section of the discharge duct at its inlet into the sterilization chamber (SCD) and 

that of the sterilization chamber (SCS) agree with the relation 0.05 < (SCD)/(SCS) < 0.70. 

[0105] The temperature inside the sterilization chamber is advantageously 600 Celsius or less, and 

preferably this temperature is about 30 0 Celsius. Exposure to after-glow lasts between 10 

minutes and 4 hours. 

[0106] This treatment step by after-glow may be carried out in isolated fashion or in a repeated 

manner in a multi-step sequential process, for example by using a pulsed gas in an electrical or 

electromagnetic field that is applied in a continuous manner, a pulsed electrical field in a gas in 
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continuous flow, or in a pulsed gas in a synchronously pulsed electrical field, a gas change; or a 

combination of these steps. 

[0107] Within the framework of the present invention, a mixture of N2-02, is preferably used to 

produce the afterglow, which makes it possible to obtain an excellent uniformity of distribution 

of the active species in the sterilization chamber. 

[0108] Advantageously, in the step where the contaminated object is treated with an after-glow, 

the object is of the hollow duct type including at least two free ends, each end being provided 

with a mouthpiece and being placed in the sterilization chamber so that the fust mouthpiece is in 

contact with a surface wave exciter and the second mouthpiece is connected to a pump system 

that exhausts the discharge effluents and, possibly, micro-organism parts, that are expelled in gas 

form outside the sterilization chamber. 

[0109] The processes of the invention give particularly interesting results when decontaminating 

endoscopes, catheters and generally hollow ducts with parallel axes disposed in a cylindrical or 

oblong wrapping. 

[0110] The parameters of the useful cycle of electromagnetic power (hereinafter called EM) 

produced during sterilization, for example when it operates and when it is stopped, are 

advantageously adjusted to prevent any damage to the wall of the channel duct, resulting from 

heating. 

[0111] The useful power cycle EM (of the surface wave) for its part is adjusted to a value 

between 1 and 100%. 

[0112] Treatment of the hollow partes) with the electromagnetic surface wave preferab1y lasts 

between 45 and 120 minutes, preferably about 60 minutes and/or the temperature in the hollow 

tube is between 30 and 60 degrees Celsius, preferably between 30 and 45 degrees Celsius. 

[0113] The excitation frequency of the plasma produced in the hollow partes) of the contaminated 

object is between 10 kHertz and 10 GigaHertz, preferably this frequency is between 1 MHertz 

and 2500 MHertz. 

[0114] The wrapping, disposed in the chamber as weIl as the duct, is kept opened at one end and 

is subject to sterilization through the after-g10w or the surface wave. The opened side of the 

wrapping is then preferably oriented to face the source of plasma that produces the after-glow. 

[0115] Once sterilization of the contaminated object is over, the object is transferred, while 

keeping it in a sterile environment, in the wrapping that is present in the chamber. 
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[0116] It is then advantageous to proceed to the sealing of the wrapping containing the object 

inside the sterilization chamber, for example by thermo-welding. 

[0117] The contaminated object and/or the wrapping are preferably placed on removable supports 

independently provided in the sterilization chamber. During the process, these supports are 

possibly moved upwardly and laterally, depending on the needs of the sterilization steps and as a 

function of the size and shape of the objects to be decontaminated. 

[0118] By way of illustration, a surface wave generator of the type SURF AGUIDE such as the 

one sold by Liquid Air, under the reference UPAS, may be used. [01191 Under these 

circumstances, the operations of moving objects and/or the support inside the sterilization 

chamber are carried out in a sterile environment, by means of an articulated arm that is controlled 

from the outside. 

[0119] Under these circumstances, the operations of moving objects and/or the support inside the 

sterilization chamber are carried out in a sterile environment, by means of an articulated arm that 

is controlled from the outside. 

[0120] The electromagnetic surface wave exciter is disposed at one end of the duct(s) to be 

sterilized or, coaxially with respect to the duct, at any point along this object. 

[0121] The electromagnetic field applicator may be an applicator of the capacitive type. 

[0122] The EM field applicator of the capacitive type may then consist of conductive plates 

disposed in parallel. The parallel plates may be coated with a dielectric material and are disposed 

on either part of the object to be decontaminated. These plates are advantageously supplied with 

an EM power generator. 

[0123] The electromagnetic field applicator advantageously consists of turns that pro duce an 

electromagnetic field in the dielectric duct, and this field leads to the formation of a plasma in the 

hollow parts of the object to be sterilized. 

[0124] The external faces of the hollow duct(s) to which hollow mouthpieces have been fixed 

(which prevent sterilization) are subject to sterilization while in the absence of the mouthpieces, 

during the same step as the one used to sterilize the outer part of the contaminated object andlor 

its wrapping. 

[0125] Another aspect of the present application consists of a sterilizing device inc1uding a 

sterilization chamber, the chamber being provided with a source of after-glow and a generator of 
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surface waves and/or a linear shaped EM field applicator, the latter two being capable of 

producing a plasma in the hollow part of a dielectric object. 

[0126] The sterilizing chamber of this device is supplied with a plasma after-glow and is 

provided with a surface wave generator. The sterilizing chamber may also inc1ude means adapted 

to handle the objects disposed therein in a sterile manner. 

[0127] The device is provided with a device for exhausting the gases from the plasma that is 

formed in the sterilization chamber, outside the chamber. 

[0128] Another aspect of the present invention consists of a process for sterilizing contaminated 

dielectric objects, inc1uding at least one hollow part, the objects being disposed inside a sealed or 

non sealed wrapping. This process inc1udes at least one step in which at least one electromagnetic 

field is produced inside the hollow partes) of the contaminated objects andlor inside the wrapping. 

[0129] Many objects may also be present simultaneously in the same sterilizing chamber and by 

implementing the process of the invention. 

[0130] There is a definite advantage to proceed in two steps to sterilize contaminated objects, 

especially because it is difficult and even impossible with certain gases, to efficiently produce a 

discharge, simultaneously, inside a tube and on its outside, when the two media are in the same 

gas at the same pressure. 

[0131] The process as described in U.S. Pat. No. 5,302,343 and U.S. Pat. No. 6,589,489 issued to 

Jacob requires the use of a barrier that filters the charged partic1es and only allows neutral 

partic1es to pass therethrough. Under these operating conditions, the neutral species will not 

easily penetrate inside the hollow tube rapidly enough to remain active. Indeed, agas cannot 

circulate at high speed (essential condition for the species to remain active) inside a tube of very 

small diameter without producing a large pressure gradient, i.e. very high pressure at the gas 

admission side and low pressure at the pump side. Thus, the conditions for UV optimization are 

met only along a small1inear section of the interior of the hollow tube. 

[0132] Under these circumstances, the process according to the invention is faster and therefore 

more efficient. 

[0133] The process according to the present invention solves this problem by using a gas stream 

which is nearly stationary (static) and by producing a plasma therein that will be the same all 

along the discharge tube, thereby ensuring the same sterilization efficiency along a hollow tube, 

such as an endoscope. 
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[0134]) The surface wave that is used is of the EM wave category: see in this respect the 

publication of Margot and M. Moisan, Characteristics of surface-wave propagation in dissipative 

cylindrical plasma columns, J. Plasma Physics, vol. 49, pp 357-374 (1993). 

[0135] A linear applicator such as described in Sauvé et al. (1995) IEEE Transactions on Plasma 

Science, vol. 43, pp. 248-256 can also be used to impose an EM field inside the hollow parts, the 

EM field not being produced by a surface wave, but rather with a leaky wave. 

[0136] Another advantage of the present plasma sterilization process resides in the fact that the 

temperature of the discharge gas (Tg) remains in sufficiently weak operation either (case of the 

surface wave) because the EM wave operates in batch (notion of impulsion), or also because the 

frequency ofthis wave is decreased, or still (case of the linear applicator) by operating in such a 

way that the EM power output that is produced by the field applicator is weak (for example, by 

making sufficiently small holes in the wave guide in which the EM wave, that is produced by the 

micro-wave generator, circulates). 

[0137] While the methods described in U.S. Pat. No. 5,302,342 and in. U.S. Pat. No. 5,393,490 

advocate either to cool the outer wrapping of the system to reach this goal, or to modify the 

nature of the gas mixture. Within the framework of the present application, to reach an 

optimization of the intensity of UV emission, one plays around with the composition of the 

mixture or its pressure. Generally, it is not possible to simultaneously reach a UV optimization 

and a reduction of the Tg. 

A.2.5 Brief description of the drawings 

[0138] In the following drawings which represent by way of examples only particular 

embodiments of the invention: 
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[0139] FIGS. lA and lB schematically represents a device for plasma sterilization according to a 

particular embodiment of the present invention. Such a device is used for carrying out a process 

according to a particular embodiment of the invention. Sterilization is carried out in two steps in 

which the order may Vary i.e. the step shown in FIG. lA can be carried out before or after the 

step shown in FIG. lB. FIG. lA corresponds to the sterilization of the outside of a hollow tube 

and its wrapping while FIG. 2A corresponds to the sterilization of the inside of the hollow tube in 

which agas circulates; in this case, a chamber containing the hollow tube is under reduced 

pressure: no gas circulates therein. The parts that are colored in gray are filled with a gas capable 

of producing a plasma and the parts that are not colored are under vacuum. The flow of gases 

used is controlled by means of flow-meters. 
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[0140] FIGS. 2A and 2B schematically represent another device for plasma sterilization 

according to a particular embodiment of the present invention. FIGS. 2A and 2B each represents 

a step carried out during a process according to a particular embodiment of the invention. As 

indicated for FIGS. lA and lB, the step of FIG. 2A can be carried out after or before the step of 

FIG. 2B. In FIG. 2A, sterilization of the outside of a tube and its wrapping is shown, whlle in 

FIG. 2B, sterilization of the inside of the tube is shown. 
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[0141] FIG. 3 represents an assembly, according to a particular embodiment of the invention, for 

using wave surface propagation to produce a plasma inside a hollow tube made of a dielectric 

material without damaging the latter by heat; this is made possible by controlling gas temperature 

and adjusting the time during which the electromagnetic wave is produced in the gas discharge. 

[0142] FIG. 4 represents the serrated pulse that guides the oscillator which feeds the amplifier 

that produces the electromagnetic power that is required to give the electrical discharge in a 

device according to another embodiment of the present invention. 
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[0143] FIG. 5 shows a way to easily verify the sterilizing activity of a device according to 

another embodiment the invention by inserting a thin Teflon™ tube section inside the discharge 

tube. This section was previously contaminated with 50 f.lliter of a suspension containing 106 

spores of B. subtilis. 

[0144] FIG. 6A is a schematic representation of the princip le of using an applicator of linear 

geometry to feed a discharge tube, that, in itself, is co-linear, and such as described in the 

publication, of G. Sauvé, M. Moisan, Z. Zakrzewski, C. B. Bishop. IEEE Transactions on 

Antennas and Propagation, 43, 248-256 (1995). 

[0145] FIG. 6B represents a power distribution associated with using the applicator of FIG. 6A. 
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[0146] FIG. 7 A shows a particular type of linear applicator, according to another embodiment of 

the invention, so-called tri-plate system, in conformity with the schematic diagram of FIG. 6A 

but particularly adapted to the simultaneous sterilization of a plurality of hollow tubes. This 

device operates, in this example, at the frequency of 915 MHz. The figure represents an 

experimental device according to the invention that makes use of a tri-plate applicator. Element 

(1) represents an HF generator, (2) an adapted charge, (3) a circulator, (4) a bi-directional Hne, 

(5) a trigger-circuit (switch), (6) a bolometer, (7) a bottle of gas, (8) a gas flux dividing system, 

(9) a short-circuit piston for impedance tuning, (10) a tri-plate applicator and (11) a pumping 

system. 

[0147] FIG. 7B represents a cross-section view taken along the lines 7B-7B of FIG. 7A. 

[0148] FIG. 7e represents a top view of the device of FIG. 7B, wherein parts have been omitted 

for illustration purposes. 

[0149] FIG. 7D represents a side view of the FIG. 7B, wherein parts have been omitted for 

illustration purposes. 

A.2.6 Detailed description of preferred embodiments of the invention 

[0150] The preferred embodiments described hereinafter are given by way of example only and 

should not be interpreted as constituting any kind of limitation to the scope of the present 

invention. 

[0151] It has been shown that the processes of the invention can achieve with success sterilization 

of hollow cylinders with small diameters (preferably wlth a diameter between 0.5-4 mm) and 

which are very long (preferably between 1.0-2.5 m). Such cylinders are reputed to be interiorly 

very difficult to sterilize with an after-glow flux. 

[0152] The propagation of a surface wave inside the duct generates a plasma (discharge) in the 

hollow part of the dielectric duct to be decontaminated. The operating conditions are optimized in 

such a manner that sterilization takes place without causing damages to the internaI wall of the 

duct. 

[0153] On the other hand, the outer part of this duct may be sterilized with a plasma after-glow, 

using techniques that are the object of European Application number EP-A-00.930.937.8 and 

International Application WO 20041011039. 
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[0154] According to an advantageous embodiment of the present invention, it is proposed to 

sterilize objects outside any wrapping thereof and to proceed to their wrapping only when the 

sterilization cycle is over. 

[0155] After having initially placed the required wrapping in the same chamber as the product to 

be sterilized, it ~s first sterilized by after-glow and this preferably takes place at the same time as 

the object to be wrapped. The object is then transferred, under the sterile environment of the 

chamber, into the wrapping, for example, by means of articulated pliers. The wrapping is then 

closed and sealed, for example, by thermo-welding. 

[0156] A new sterilizer that is adapted for the irriplementation of the process according to the 

invention calls for two sterilization modes, namely plasma after-glow and surface wave plasma 

which are sequentially operated in the same chamber. This device therefore comprises two 

plasma sources (supplied for example by means of micro-waves) with their electrical field 

applicator (a wave launcher in the case of surface wave plasma). This system, which consists of a 

single sterilization chamber, is kept under reduced gas pressure, in the presence of agas flow. 

[0157] The processes of the invention can advantageously be carried out in a device as illustrated 

in FIGS. 1 to 13 of International Application No WO 2004/011039. It includes a plasma source 

coupled to one of the walls of the sterilization chamber by means of at least one discharge tube in 

which there is injected a gas or a mixture of gases possibly generating the plasma, the chamber 

comprising the objects to be sterilized, and a vacuum pump to bring in the gases into the chamber 

and keep it under reduced pressure. The plasma source comprises anelectrical field applicator 

and the ratio Ragrees with the relation 0.05 < R < 0.7. By way of example, the electrical field 

applicator is of the surfatron or surfaguide type. 

[0158] Use of a Surface Wave Plasma 

[0159] When the material of the duct is based on polymers, therefore generally a good dielectric, 

it is possible to use the dielectric nature of its structure to make it a propagation medium for an 

electromagnetic (EM) surface wave which, at the same time, will produce and maintain a plasma 

inside the duct. There is thus produce a plasma inside the channel without having to introduce a 

conductor therein (an electrode), as this would be required if a direct CUITent discharge would be 

intended (electrical field of constant intensity), for example. 

[0160] Maintenance of a plasma column, inside a dielectric (glass, molten silica, for example) 

duct (tube), with an EM surface wave guided by this tube is described in the publication of M. 
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Moisan and Z. Zakrzewski, entitled "Plasma Sources Based on the Propagation of 

Electromagnetic Surface Waves", J. Phys. D: Appl. Phys. 24,1025-1048 (1991). 

[0161] Other types of plasma may be used for the same purposes. Thus, those produced by a 

capacitive type discharge could be used. In this case, the hollow duct is placed between the two 

plane electrodes disposed in parallel relationship and supplied with an EM field. It is also 

possible to use a plasma that is produced by an inductive type of excitation, such as one which is 

advantageously produced inside the hollow tube when the latter is placed inside turns, that extend 

coaxially to the tube, and are supplied with an EM field. 

[0162] Implementation 

[0163] In order 'not to overly heat the duct, which could damage it, a wave excitation frequency 

that is preferably equal to or lower than 200 MHz is used. 

[0164] Thus, the density of the plasma produced is limited. The temperature of the gas (heated by 

electronic collisions) is therefore reduced. 

[0165] A lower temperature may be obtained or a higher frequency may however be used while 

the temperature of the gas is not too high, provided however that there is used a type of supply, 

by impulsion, of the EM output applied, that is characterized by sufficiently long idle periods. 

[0166] This result is obtained by resorting, for example, to a modulation in gaps (FIG. 4) or still, 

to a sinusoidal modulation, of the output of the generator. The length of the idle period of the gap 

is selected so as to avoid exceeding a maximum temperature. A decrease of the EM wave 

frequency and the duration of the operation and idle periods of the EM output impulsion may also 

be combined so as not to exceed a desired optimum temperature. 

[0167] In the examples that are presented herein, the process for sterilizing the duct is carried out 

following a plurality of steps, in a device such as illustrated in FIGS. lA and lB. A hollow tube 

(110): for example an endoscope and its wrapping (120), are placed on dielectric supports (130) 

in a sterilization chamber (100). A source of plasma (140) for producing an after-glow is 

connected to the upper part of the sterilization chamber (100) and the surface wave exciter (150) 

is connected to the lower part of the sterilization chamber (100): A microwave generator (160) is 

connected to the source of plasma (140) and a dielectric channel(170) is connected to the exciter 

(150). Arrow orientations indicate if the valve that controls gas circulation is opened (tube 

direction) or c10sed (orientation perpendicular to tube axis). In the first step of the process 

illustrated in FIG. lA (note that the order of the steps shown in FIGS. lA and lB may be 
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reversed), the inside as weIl as the outside of the wrapping (120) as weIl as the hollow tube (110) 

are sterilized. 

[0168] The outside of the tube (110) is carefully sterilized in an efficient manner. However, in 

view of the difficulty to rapidly circulate agas flow inside a hollow tube (110) of small diameter, 

the inside of the tube is imperfectly sterilized. In the second step shown in FIG. lB, the inside of 

the endoscope is directly sterilized by propagating a surface wave that produces a plasma inside 

the hollow tube (110). When sterilizing the inside of the hollow tube (110) as shown in FIG. lB, 

the tube (110) is connected at each end to a mouthpiece (180). 

[0169] The processes schematically represented in FIGS. (1A and l~) and (2A and 2B) are 

similar. They differ only in the way the inside of the tube (110) is sterilized (see FIGS. lB and 

2B). In fact, the device used in FIG. lB is slightly different than the one used in FIG. 2B. In FIG. 

2B, as opposed to FIG. lB, one of the end of the hollow tube (11 0) to be sterilized is free i.e. no 

mouthpiece (180). Exhaust of gases from the plasma is carried out through the same orifice as the 

one used when operating in after-glow. Parts colored in gray are filled with agas that is capable 

of producing a plasma and the parts that are not colored are under vacuum. The flow of gases 

used is controlled by me ans of a mass flow-meter. The main steps for implementing the processes 

are commented hereinafter. 

[0170] In a first step, as shown in FIGS. lA and 2A, the exterior of the tube (110) as well as its 

wrapping (120) are subject to sterilization by after-glow, preferably according to one of the 

processes already described in the publication of M. Moisan, S. Moreau, M. Tabrizian, J. 

Pelletier, J. Barbeau and L'H. Yahia entitled "Process for Sterilizing Objects with Plasma" or in 
1 

the Canadian Patent Application filed on May 28, 1999 and identified under number CA-A-

2,273,432, in the name of Université de Montreal. To do this, the active species are from a source 

of plasma with a diameter typically of 25-30 mm. During this step, the mouthpieces that are 

intended to be inserted on the outer faces of the duct ends, are also sterilized. 

[0171] In a second step (FIGS. lB and lA), it is the interior of the duct (110) that is subject to 

sterilization, this time by means of a surface wave plasma that extends along its entire length. To 

do this, first, an articulated arm provided with pliers (not illustrated in FIG. 1) is preferably used 

in order to insert the end of the duct on the (dielectric) mouthpiece (180) of the tube (110) 

(dielectric) that carries the surface wave exciter (150); the mouthpiece (180) ofthis tube connects 

up to the outer face of the duct (110); another mouthpiecè (180) of the same type connects the 
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duct outlet to the pump group. Once the "interior" sterilization is terminated, the articulated arm 

(not shown) (always under sterile condition) is used to remove the two mouthpieces (180) from 

the duct (110). 

[0172] In a third step, the articulated arm is used to insert the duct in a wrapping bag that is 

sealed, for example, under heat (thermo-welding). 

[0173] In a fourth step, the sterilization chamber (100) may then be opened and the wrapped duct 

is recovered and transferred into the room where it may either be used immediately, or stored. 

[01741 The process described above is given by way of example, and other variants that use a 

surface wave plasma, may be used to sterilize the interior of the tube. 

[0175] Thus, among the many possible variants, in the second step already described, the end of 

the duct opposed to the gas inlet, may remain free. Pumping and exhausting of the effluents is 

then carried out as in the first step (FIG. 2B). 

[0176] According to another variant, the wave launcher is positioned inside the chamber and is 

placed halfway in the duct, thereby providing a better axial uniformity of the plasma in the duct. 

[0177] Finally, according to another embodiment, it is possible to reverse the order of the two 

previously described steps, and this as long as it appears to be easier, even faster, to slide the duct 

in the launcher as weIl as to insert the mouthpieces on the duct even before starting the sterilizing 

operations, while the sterilization chamber is opened to free air. 

[0178] Sterilization Gas 

[0179] A sterilization gas is used for the production of the plasma after-glow and for the 

production ofthe surface wave inside the essentially dielectric object to be decontaminated. 

[0180] The two Patent Applications EP-A-00.930.937.8 and PCT/CA03/01116 describe 

particularly advantageous embodiments of sterilization by plasma after-glow, with a N202 

mixture (see also M. Moisan, S. Marceau, M. Tabrizian, 1. Pelletier, J. Barbeau. L'H. Yahia, 

"Process for Sterilizing Objects with Plasma" and Canadian Patent Application, filed under seriaI 

number (May 28, 1999), 2,273,432 in the name of the Université de Montreal), or with pure 

argon, or otherrare gases or gas mixtures as described in the publication ofM. Moisan, N. Philip, 

B. Saoudi entitled "High Performing Process for Low Temperature Plasma Gas Sterilization" and 

Canadian Application number 2,395,659 filed on Jui. 26, 2002, in the two cases thanks to UV 

photons. 
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[0181] A good unifonnity of the active sterilizing species is obtained in the after-glow chamber 

preferably with a mixture of N2-02. It should be noted however that the N2-02 mixture is more 

abrading on materials than argon, and this, because of the presence of atomic oxygen that is 

provided with a high chemical reactivity. Thus, argon may be used for sterilizing the interior of 

the hollow tube. The problem of spatial non unifonnity of the active species does not exist, while 

the exterior of the duct may advantageously be sterilized by after-glow with a suitable mixture of 

N2-02. Thus, abrasion of the duct, which is the most delicate part ofthis device, is minimized. 

[0182] In the step of sterilizing the interior of the duct with a surface wave, the gas flow of the 

discharge is adjusted to a level: 

[0183] that is sufficiently low not to produce an important pressure gradient in the duct; and 

[0184] that is sufficiently high to ensure a good renewal of the gas and exhaust of the 

sterilization effluents. 

l0185] Indeed, sterilization conditions for rare gases such as argon depend in a critical manner on 

the local pressure of the gas, because the latter acts on the intensity of emission of the UV 

photons as described in the publication of M. Moisan and of A. Ricard published in Cano J. 

Physics 55, 1010-1012 (1977). It should be noted that when there is an important pressure 

gradient, the pressure or the gas flow must be adjusted again during sterilization so that each duct 

section is successively at an optimal pressure and receives a maximum flow of photons. 

[0186] Surface Wave Launcher 

[0187] There are an important number of surface wave launchers that can be used for the 

purposed indicated. In the device described, an exciter called Ro-box, mentioned in U.S. Pat. No. 

4,810,933, was preferably adopted. 

[0188] Examples of Hollow Ducts 

[0189] In a particularly advantageous manner, endoscopes for example those described in the 

V.S. Pat. No. 6,471,639 whose content is incorporated by reference into the present Application, 

catheters or hollow ducts assemblies with parallel axes disposed in a cylindrical or oblong 

wrapping, were sterilized. 

[0190] Other Device 

[0191] The FIGS. 7 A, 7B, 7C and 7D represent an experimental device according to the 

invention that makes use of a tri-plate applicator. Element (1) represents an HF generator, (2) an 

adapted charge, (3) a circulator, (4) a bi-directional line, (5) a trigger-circuit (switch), (6) a 
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bolometer, (7) a bottle of gas, (8) a gas flux dividing system, (9) a short-circuit piston for 

impedance tuning, (10) a tri-plate applicator and (11) a pumping system. FIG. 7B represents a 

transverse cross-section of the tri-plate applicator illustrated by referenée lOin FIG. 7 A with 

Teflon™ spacers holding tubes not illustrated. With (21) that represents a metallic plate, (22) a 

central conductive band, (23) a connector N, (24) a metal spacer, (25) a Teflon™ spacer, (26) a 

power input, (27) a possible service line for matched charges and (28) a possible service line of a 

short-circuit piston for impedance tuning. FIG. 7C represents a view from above of the device of 

FIG. 7A and FIG. 7B, with the upper plate removed from the tri-plate system. FIG. 7D represents 

a side view without tubes and spacers. 

A.2.7 Examples 

[0192] The following examples reported hereinafter are given purely by way of illustration and 

should not be interpreted as constituting any kind oflimitation to the c1aimed object. 

Example 1 

Experimental Assembling and Corresponding 

Results Conceming the Use of Surface Wave 

Discharge for the Inactivation of B. subtilis Spores 

Introduced into a Hollow Tube-FIG. 3. 

[0193] This assembling shows how to use the propagation of a surface wave to produce a plasma 

inside a hollow tube of dielectric material without damaging the latter with heat and how to 

control the value of the gas temperature of the gas discharge to ob tain this result. The temperature 

of the exterior of the hollow tube is advantageously measured with a thermocouple. 

(0194] This embodiment of the process of the invention makes it possible to sterilize the interior 

of a hollow tube. In FIG. 5, element (1) represents the discharge tube, (2) the cross-section of 

tube 1 cm long and made ofTeflon™, whose interior is contaminated, (3) a robox surface wave 

exciter and (4) the plasma. 

[0195] The high frequency (HF) power input consists of an amplifier controlled by an oscillator, 

whose frequency is fixed at 100 MHz in the example. Emission of the oscillator is interrupted at a 
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given tixed interval as determined by a computer. One of the selected modes of operations is a 

gap impulse lasting 10 milliseconds followed by an idle period of 90 miiliseconds, giving rise to 

a rhythmical pace for the impulsion, of 10Hz (FIG. 4). 

[0196] The fact of not continuously feeding the discharge permits to adjust the temperature of the 

gas that is in the hollow tube of which the interior is intended to be sterilized without damaging 

the material of which it is made. The longer the duration of the idle period, the cooler is the 

discharge in the hollow tube. On FIG. 4, it will be noted that the control signal of the oscillator 

does not go exactly to zero during the so-called idle period, which makes it possible to maintain a 

minimum discharge (very short length), thus avoiding to have to restart the setting up of a 

minimum discharge by means of an outside impulse. 

[0197] The frequency of operation was lowered to the lowest value that is compatible with the 

impedance coupler used (circuits L (inductance) and C (capacitance) in air), such as 100 MHz, 

was also used for decreasing gas heating. 

[0198] It appeared of interest to modify the assembling in order to be able to operate at a still 

lower frequency, for example a few hundreds of kHz, however in this case a coupler impedance 

system of a different, heavier type, must be used. 

[0199] The main part of endoscopes is made of Teflon™, which is an excellent dielectric 

material but which does not put up with temperatures that are too high. It is considered that the 

maximum temperature to be used to make sure that the integrity of Teflon ™ is maintained, is in 

theory 260 degrees Celsius. However, in practice, to prevent any deformation of Teflon™ as well 

as of the polymer that coats Teflon ™ (often polyurethane), the temperature must be kept below 

60 degrees Celsius. 

Example 2 

Use ofTwo Different Gases to Carry Out Sterilization 

[0200] A) In a tirst case, pure argon was used to produce, inside the hollow tube, agas discharge 

with a power HF of 100 MHz, by propagating a surface wave. The discharge takes place in a 

quartz tube (molten silica) with 3 mm internaI diameter (tube in which sections 1 cm long of a 

Teflon ™ tube, contaminated with B. subtilis, see FIG. 5, were slid). To make sure that the 

discharge is uniform along the hollow tube, a very small dis charge of gas (~ 0.3 cm3/min.) was 
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used. Pressure was fixed at 0.3 Torr, a value that was detennined from results obtained in 26 mm 

tubes described in the publication ofM. Moisan, N. Philip, B. Saoudi, entitled "High Perfonning 

System and Pro cess for Sterilizing with Gas Plasma at Low Temperature" and in Canadian 

Application number 2,395,659 filed on JuI. 26, 2002, supposing that the intensity of UV emission 

directly depends on electronic temperature, which depends on a law of similars in pR (product of 

pressure P times radius R of the tube). Heating of the tube is then low, less than 40 to 50 degrees 

Celsius for operating conditions with impulse in unifonn gap (active time=dead time) of 10 Hz of 

rhythmical pace. 

[0201] In corresponding FIG. 3, element (1) represents the oscillator, (2) the amplifier, (3) the 

bidirectionalline of power measurement, (4) the bolometer, (5) the impedance coupling box, (6) 

the robox surface wave exciter, (7) the gas pressure gauge, (8) the discharge tube, (9) the function 

generator (computer). 

[0202] It was also noted that it was possible to sterilize the contaminated Teflon ™ section in 

about 15 minutes. The maximum level of UV intensity at the pressure that was used could be 

optimally adjusted by proceeding to a measurement of the absorption that gives the density of 

population of the state of higher energy of the transition that emits UV photons. 

[0203] B) A mixture of N2-0, was used in which the percentage was fixed, by means of an 
, 

optical spectrometer, so as to maximize the UV intensity that is emitted at 305 nm by direct 

observation of the discharge light by means of an optical spectrometer. The discharge took place 

at 100 MHz in a tube with a diameter of 3 mm and the pressure was fixed at about 0.3 Torr, the 

flow being very weak as in the case of argon. Under continuous operation of HF supply, the 

discharge was too hot, and it is therefore necessary to use a system of operation with idle period 

as described in example 1 (FIG. 4). This system of operation gives rise to a temperature that does 

not exceed 40 Celsius. 

Example 3 

Linear Shaped Applicator of Micro-Wave Field 

Disposed Along the Hollow Tube to be Sterilized 

and on the Exterior Side Thereof 
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[0204] Ficst, there is described the block diagram of thé princip le based on lresorting to a linear 
1 

sterilizing applicator. With reference to FIG. 6, the micro-wave power flux that is transmitted by 
. 1 

the generator to the feeding tine flows through openings in the structure of the applicator giving 
1 

rise to an electrical field that allows to provide a discharge in the tube facing it, in parallel 

fashion. Power that is not used at the end of the applicator is dissipated in a so-called matched 

charge (in order to avoid a reflection of the EM wave at the end of the applicJtor). It is possible to 
1 

imagine such a system wherein the density of the plasma produced is unifor.m along the tube to 
1 

be sterilized. The advantage of this system is that it produces a plasma of ~uch lower density 
. 1 

than that of the surface wave. Thus, we can use a HF supply operating at 915 MHz and in 
1 

continuous manner (no dead time) without unduly heating the discharge tube. The main 

disadvantage seems to be a loss of power in final instance (price to pay to ~nsure uniformitY of 

discharge along the tube). The use described here of a linear applicator concerns only the 

sterilization of the interior of the hollow tube. To sterilize its exterior, this system must be 

implanted in the after-glow chamber described in FIGS. 1 and 2. 
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[0212] Although the present invention has been described by means of specific implementations, 

it is understood that many variations and modifications may be grafted to the implementations, 

and the present invention aims at covering such modifications, uses or adaptations of the present 

invention following in general, the princip les of the invention and including any variation of the 

present description which will become known or conventional in the field of activity in which the 

present invention is found, and that may apply to the essential elements mentioned above, in 

accordance with the scope of the following claims. 

A.2.8 Claims 

What is claimed is: 

1. A process for sterilizing a dielectric contaminated object having at least one hollow part, 

said process comprising: 

a) producing a plasma by submitting a gas or a mixture of gases to an electromagnetic field; 

b) treating the exterior of said object by ineans of an after-glow of said plasma; and 

c) treating said at least one hollow part of said object by means of a discharge of said plasma, 

said discharge being produced inside said at least one hollow part, wherein step (c) is 

carried out before or after step (b). 

2. The process of claim 1, wherein said gas comprises molecular oxygen, nitrogen, neon, 

argon, krypton, xenon, helium, oxygen, carbon monoxide, carbon dioxide, gases of formula NOx, 

in which x represents a whole number selected from the group consisting of 1,2 or 3, or air. 

3. The process of claim 1, wherein said mixture of gases comprises at least two gases selected 

from the group consisting of molecular oxygen, nitrogen, neon, argon, krypton, xenon, helium, 

oxygen, carbon monoxide, carbon dioxide, gases of formula NO" in which x represents a who le 

number selected from the group consisting of 1, 2 or 3, and air. 

4. The process of claim 1, wherein said mixture of gases is a mixture of N, and Ox. 

5. The process of claim 1, wherein the electromagnetic field is one produced by a surface 

wave. 

6. The process of claim 1, wherein the contaminated object is a cylindrical hollow duct. 

7. The process of claim 6, wherein the ratio obtained by dividing the length of the cylinder that 

constitutes the contaminated object by the diameter of the cylinder is between 5.103 and 0.3.103
• 
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8. The process of c1aim 6, wherein said hollow duct inc1udes at least two free ends, each'end 

being provided with a die1ectric mouthpiece and positioned in a sterilization chamber so that a 

first mouthpiece is in contact with a surface wave exciter and that a second mouthpiece is 

connected to a pump system that exhausts effluents from the discharge. 

9. The process ofc1aim 1, wherein the contaminated object is a hollow tube. 

10. The process of c1aim 1, wherein treatment of the hollow partes) with the electromagnetic 

surface wave lasts between 45 and 120 minutes andlor the temperature in the hollow tube, during 

the trèatment, is between 30 and 60 degrees Celsius. 

11. The process of c1aim 1, wherein the frequency of excitation of the plasma during the 

discharge is between 10kHz and 10 GHz. 

12. The process of c1aim 1, wherein the frequency of excitation of the plasma during the 

discharge is between 1 MHz and 2500 MHz. 

13. The process of c1aim 1, wherein a wrapping adapted to receive said object is treated during 

said after-glow. 

14. The process of c1aim 13, wherein the interior part of the wrapping is oriented to face a 

source where said afterglow plasma is produced. 

15. The process of c1aim 13, wherein, once sterilization is over, the sterilized object is 

transferred, while keeping a sterile environment, into said wrapping thatis present in.a chamber 

where said pro cess is carried out. 

16. The pro cess of c1aim 15, further comprising the step of sealing said wrapping containing 

the sterilized object by a thermo-welding process. 

17. The process of c1aim 1, wherein said object is se1ected from the group consisting of 

endoscopes, catheters and hollow ducts assemblies with parallel axes disposed in a cylindrical or 

oblong envelope. 

18. The process of c1aim 1, wherein the hollow part of said object is frrst treated, and the 

exterior of said object is thereafter treated. 

19. A process for sterilizing a dielectric contaminated object having at least one hollow part, 

said process comprising: 

a) producing a first plasma by submirting a gas or a mixture of gases to an electromagnetic 

field; 

b) treating the exterior of said object by means of an 
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after-glow of said first plasma; 

c) producing a second plasma by submitting a gas or a mixture of gases to an electromagnetic 

field; and 

d) treating said at least one hollow part of said object by means of a dis charge of said second 

plasma, said dis charge being produced inside said at least one hollow part, wherein step (c) 

is carried out before or after step (a) and/or step (b), and step (d) is carried out after step (c). 

20. The process of c1aim 19, wherein said gas instep (a) comprises mo1ecular oxygen, 

nitrogen, neon, argon, krypton, xenon, helium, oxygen, carbon monoxide, carbon dioxide, gases 

of formula NOx, where x represents a whole number selected from the group consisting of 1,2 or 

3, or air. 

21. The process of c1aim 19, wherein said mixture in step (a) comprises at least two gases 

selected from the group consisting of molecular oxygen, nitrogen, neon, argon, krypton, xenon, 

helium, oxygen, carbon monoxide, carbon dioxide, gases of formula NOx, where x represents a 

whole number selected from the group consisting of 1, 2 or 3, and air. 

22. The pro cess of c1aim 19, wherein said gas in step (c) comprises molecular oxygen, 

nitrogen, neon, argon, krypton, xenon, helium, oxygen, carbon monoxide, carbon dioxide,· gases 

of formula NOx, where x represents a whole number selected from the group consisting of 1, 2 or 

3, or air. 

23. The process of c1aim 19, wherein said mixture in step (c) comprises at least two gases 

selected from the group consisting of molecular oxygen, nitrogen, neon, argon, krypton, xenon, 

helium, oxygen, carbon monoxide, carbon dioxide, gases of formula NOx, where x represents a 

whole number selected from the group consisting of 1,2 or 3, and air. 

24. The process of c1aim 19, wherein the first plasma is produced from a mixture of N, and 0,. 

25. The process of c1aim 19, wherein the second plasma is produced from argon. 

26. A device for sterilizing a dielectric contaminated object and having at least one hollow 

part, said device comprising: 

a sterilization chamber adapted to receive said object; 

a first plasma source in communication with said chamber, and adapted to produce a plasma to 

be used for treating the exterior of said object through an afterglow; 

a second plasma source in communication with said chamber, and adapted to produce a 
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plasma to be used for treating said at least one hollow part of said object by means of a 

discharge, said second source comprising a mouthpiece dimensioned so that when the latter 

is coupled with the hollow part of said object, said discharge is produced inside the hollow 

part; and an outlet in communication with said chamber and allowing to exhaust gases 

produced in said chamber. 

27. The device of c1aim 26, further comprising another outlet in communication with said 

chamber, said another outlet comprising a mouthpiece dimensioned so that when the latter is 

coupled with the hollow part of said object, gases produced inside the hollow part, during the 

discharge, are exhausted through the latter so as to avoid contact of the gases with said object. 

28. The device of c1aim 26, characterized in that said object is a hollow tube, and in that one of 

the ends of the tube is adapted to be coupled with the mouthpiece of the second plasma source, 

and that the other end of the hollow tube is adapted to be coupled with the mouthpiece of the 

other outlet, so that the discharge is carried out inside the tube thereby avoiding contact between 

the exterior of the tube and the second plasma, its discharge and the gases produced during the 

latter. 

29. The device of c1aim 28, wherein the sterilization chamber inc1udes one or more supports. 

30. The device of c1aim 29, wherein the supportes) are adjustable with respect to their position 

in said chamber. 

31. The device of c1aim 26, wherein said sterilization chamber inc1udes means for handling 

said object placed therein in a sterile manner. 
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ANNEXE 3 Développement d'une source de plasma linéaire pour 

stériliser des objets médicaux par immersion 

Abstract 

Deviee and method for inactivation and/or 

sterilisation using plasma 

(US patent application 60/884,344) 

Inventors: J. Pollak and M. Moisan 

The invention concems a method of sterilization and/or inactivation of at least one surface of 

at least one contaminated object. The method being characterized in that one subjects the 

surface to the discharge plasma generated from an applicator of electromagnetic field of linear 

type, the plasma having a temperature and an absorbed power per unit of volume 

predetermined by the operating conditions, so as to sterilize the surface without significantly 

degrading it. The invention also concems a.device enabling the sterilization and/or inactivation 

of at least one surface of at least one contaminated object by means of a plasma. This method 

and this device can be used to sterilize or inactivate several types of objects, such as packages, 

films, metal plates, dielectric plates, prosthesis used in the medical field, etc. 

A.3.1 Field of the invention 

The present invention concems the sterilization and/or inactivation by plasma of contaminated 

objects, such as those contaminated with micro- organisms. In particular, the invention 

concems a method of plasma sterilization of various objects, such as three-dimensional 

objects. 

A.3.2 Background of the invention 

The field of sterilization of heat-sensitive three-dimensional objects continues to be the subject 

of much research. Traditionally, this sterilization is done by impregnating the objects being 



213 

treated with fluids such as peracetic acid, glutaraldehyde, or hydrogen peroxide or by thermal 

tteatments (dry or moist heat). 

Plasma sterilization is emerging as a novel alternative to conventional sterilization 

techniques. Plasma sterilization offers promising features in termsof efficiency and reliability 

for inactivating micro-organisms. In addition, this technique can be made to operate at low 

temperatures « 50 OC), does not require venting time and is safe for the operators, patients and 

materials. The understanding of plasma sterilization is advancing rapidly, raising high 

scientific and commercial interests in the development of various types of plasma sterilizers. 

Nevertheless, no sterilizer making use of the plasma biocide species has yet been brought to 

the market place. Various reasons can be put forward to explain such a delay:'l) The level of 

damage induced on the various types of surfaces exposed to such a plasma treatment is an 

essential issue that has not yet been thoroughly assessed. In particular, as many medical 

devices (MDs) comprise polymers, the etching of polymers by such a process must be very 

smalI,allowing for many re-sterilization cycles. An alternative solution which would permit to 

avoid substantially degrading or damaging the MDs would be highly desirable. Moreover, 

variations in the hydrophobicity and biocompatibility of the processed surfaces (intended for 

limited or extended time of contact with tissues or body fluids) must be scrutinized. 2) Plasma 

sterilization of MDs must me et the requirements of hospital standards. In that respect, it is 

customary to sterilize MDs already enc10sed in wrapping materials that protect them 

afterwards from external contamination during transportation and through storage time. 

However, the various wrapping materials presently used for that purpose are not compatible 

with a plasma afterglow sterilization process. This is because they strongly absorb UV 

radiation and also reduce the diffusion toward the MDs of the various plasma particles~ namely 

atoms (e.g. oxygen radicals) and molecules (already present or newly formed), species that are 

eventually excited (becoming potential UV photon emitters) or ionised. An alternative solution 

which would permit the inactivation or sterilization of an object located inside a dielectric 

package would be highly desirable. 3) AlI parts of a MD should be exposed to substantially the 

same density or flux of the plasma species, which requires uniformity of the plasma biocide 

species everywhere in the sterilizer. As an example, consider the case of a plasma sterilizer 

filled with a large number ofMDs: shadowing effects caused by an MD on a nearby other MD 

are possible, as well as local depletion of the active species (loading effect resulting, for 

instance, from surface recombination of the plasma speCies). 

. Several systems makiIig use of the post-discharge of a plasma have recently been proposed. 

International application W02004/050128 describes a method of plasma sterilization of objects 
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of basically dielectric nature and containing a hollow part. In this document, the contaminated 

objects, and possibly also their packaging, are subjected altemately to the post-discharge of a 

plasma and to an electromagnetic field of sufficient intensity to create a plasma inside the 

hollow parts. 

A.3.3 Summary of the invention 

One aspect of the present invention relates to a method of sterilization and/or inactivation of 

at least one surface of at least one contaminated object. The method comprises submitting the 

at least one surface to a plasma discharge generated from an applicator of electromagnetic field 

of linear type. The plasma can have a temperature below 80 oC, and an absorbed power per 

unit of volume of plasma of less than 20 W / LI so as to sterilize and/or inactivate the at least 

one surface without substantially degrading it. 

Another aspect of the present invention concems a device enabling the sterilization and/or 

inactivation of at least one surface of at least one contaminated object using a plasma. The 

device comprises: 

a chamber adapted to receive the object to be treated and a discharge of the plasma; and 

an applicator of electromagnetic field of linear type, adapted to generate the plasma 

discharge in the chamber so as to sterilize the at leasf one surface without damaging it in 

substantial manner. 

It has been shown that this method and this device for sterilization and/or inactivation of 

objects can handle various objects, such as three- dimensional objects including but not limited 

to packaging films, dielectric or metallic plates, medical prosthesis and/or their packaging, etc. 

These objects are immersed in a plasma containing, for example, species (UV, radicals, ions) 

having bactericidal properties. The sterilization of the se contaminated objects, such as objects 

contaI?inated by 106 reference spores, is done quickly (for example, in less than 10 minutes or 

less than 1 minute) and at low temperature (e.g., temperature below 40 OC). Moreover, this 

method and device do not substantially degrade the objects being sterilized, it is nontoxic, and 

do es not require any venting step after exposure to the plasma. 

It was also observed that peculiar interesting features of the device and method of the 

present invention comprise a low gas temperature and a broadband impedance matching of the 

plasma source with no need for retuning, as weIl as stability and reproducibility of the 

discharge (non resonant behavior). 
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One or more three-dimensional object can be subjected directly to the bactericidal species 

of a plasma created in a chamber. This plasma can be engendered by an EM wave, propagating 

along the linear applicator. The plasma can occupy nearly ail of the volume of the chamber, 

except for that taken up by the objects being sterilized. This plasma can be cold (e.g., a 

temperature below 40 OC) and thus it only slightly heats the objects being sterilized. This is a 

result of the low power absorbed per unit of volume of the plasma created (for example, less 

than 20 W/L). 

When using the method and device of the present invention inactivation and/or sterilization 

cau be carried out, for example, by subjecting the contaminated object to the discharge of the 

plasma for a period of less than 60 minutes, less than 30 minutes, less than 15 minutes, less 

than 10 minutes, less than 5 minutes, or less than 1 minute. The temperature of the plasma can 

be, for example, less than 70 oC, less than 60 oC, less than 50 oC, less than 40 oC, less than 

35 oC, less than 30 oC, or less than 20 oC. For example, the power absorbed per unit of volume 

of plasma can be less than 15 W/L, less than 10 W/L, or less than 5 W/L. The at least one 

object can be subjected to at least two treatments by the action of the discharge of the plasma: 

the object can be repositioned inside the chamber of the applicator of electromagnetic field of 

linear type between each treatment so as to treat aU the surfaces of the object. 

After a predetermined period of time, the power input and output of the applicator of 

electromagnetic field of linear type can be reversed so as to achieve a uniform trea~ment. The 

at least one surface can be treated in succession as it is introduced into the applicator. In such a 

case the object is in movement into the device and a portion is treated and when the portion is 

sterilized and/or inactivated, this portion exits the device and the successive portion is then 

treated. 

The plasma can be generated by means of at least one high-frequency generator able to 

operate at a frequency of about 13.56 MHz to about 2.45 GHz or about 200 MHz to about 

5.8 GHz. The plasma can comprise at least one rare gas for example argon. The plasma can 

also comprise N2, CO2, and/or O2• 

At least two objects can also be treated simultaneously by the plasma in the method and 

device of the invention. For example, the at least two objects can be treated simultaneously by 

the applicator, each of the objects being arranged, in the applicator, in a different chamber. The 

chambers can be insulated from each other. The same or different conditions of plasma 

generation can be applied in the chambers. 

The at least one object being sterilized can be arranged in the sterilization chamber of the 

applicator so as to simultaneously sterilize aU the outer surfaces of the object. Such an object 
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can be, for example, a medical device, a dielectric film, such as agri-food industry packaging 

film or medical packaging film. For example, a film can be sterilized as it is rolled off. The 

film can be entering the chamber of the applicator at a predetermined height of the chamber, 

then leaving the chamber without interrupting the sterilization process or the electromagnetic 

power serving to maintain the plasma, the two sUrfaces of the dielectric film being then 

inactivated or sterilized simultaneously under the action of the bactericidal species of the 

plasma. For example, two dielectric films can be simultaneously inactivated or sterilized, then 

sealed in succession by thermal welding at certain spots. 

The lower or upper surface of a dielectric plate, in contact with the plasma, can be 

disinfected or sterilized in succession. For example, a dielectric plate, such as one made of 

glass or fused silica, can move past inside the applicator, so that the lower surface and the 

upper surface of this dielectric plate can be inactivated or sterilized at the same time. The 

object to be treated can be a metal plate, moving past inside the applicator, so that the lower 

surface and the upper surface of this plate are inactivated or sterilized at the same time. 

The at least one object can be sterilized directly inside its package (for example a film). The 

plasma can be created outside the object, as weIl as in a sufficient volume included between . 

the package and the object. 

Sterilization and/or inactivation of the at least one surface of the at least one object can be 

done without causing erosion to the surface. Determination of such an erosion-free treatment 

can be made by observing and comparing polystyrene micro-spheres by means of Scanning 

Electron Microscopy before and after sterilization and/or inactivation. 

Sterilization and/or inactivation can be carried out in a chamber, and wherein at least one 

wall defining the chamber comprises at least one aperture so as to simultaneously permit 

treatment of at least one other object disposed outside of the chamber by means of a flowing 

afterglow of the plasma. The at least one wall can comprise a plurality of apertures, the 

apertures being adapted so as to prevent affecting propagation of an electromagnetic field 

along a transmission line. For example, the apertures can have a size which is at least three 

times inferior to the width of a conducting strip. 

The applicator of electromagnetic field of linear type can comprise at least one conducting 

strip such as a metal strip extending from one end of the chamber to its opposite end. 

Altematively, the applicator of e1ectromagnetic field of linear type can comprise at least one 

metal strip having two opposite ends, the ends being in contact with a single one of the ends of 

the chamber. The strip can have an essentially constant width. Altemative1y, the strip can have 

a width varying between the two ends. For example, the width of the strip can vary in an 
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essentially increasing manner from an HF input to an output (load). The strip can include at 

least one curved portion. The applicator can further comprise a power divider. The field 

applicator can be an applicator ofhigh-frequency field having a planar configuration. A planar 

transmission line can be used. For example a strip line, such as a three-plate line or a 

microstrip line can be used. 

The geometry of the conducting strip and/or the ground plate of the applicator of 

electromagnetic field can be linear, circular, or of sorne other shape. 

The sterilization chamber can comprise one or more dielectric supports to hold the objects 

being sterilized. The chamber can also comprise one conducting strip and at least one 

dielectric plate so as to insulate the strip from the plasma discharge. 

The electromagnetic field applicator can be of distributed type. The latter can be formed by 

at least two planar transmission lines, each one extending for the entire length of the 

applicator. For example, there can be a network of linear applicators. The applicators can be 

compartmentalized so as to prevent risks of cross contamination between the various objects 

being sterilized and enabling treatments by different plasmas in each compartment. 

The method and device of the present invention can comprise me ans for introducing the at 

least one object to be treated into the chamber for a predetermined period of time, and for 

removing it when sterility and/or inactivation is achieved. 

The device and method of the present invention can be adapted to treat a moving object in 

continuous manner. They can comprise means for introducing at least one part of the at least 

one object to be treated into the chamber for a predetermined period of time, and for removing 

it when sterility and/or inactivation is achieved for this part. The means thus making it possible 

to treat the object in succession and in continuous manner. 

At least one wall defining the chamber can be provided with at least one aperture adapted to 

permit a flowing afterglow of the plasma to diffuse outside the chamber. Such a configuration 

enables treatment of at least another object disposed outside the chamber. The at least one wall 

can comprise a plurality of apertures. The apertures are adapted so as to prevent affecting 

propagation of an electromagnetic field along the transmission line. 

The apertures can have a size which is at least three times inferior to the width of the 

conducting strip. 

The distance between the conducting strip and an upper end and/or a bottom end of the 

chamber can be constant. 

The distance between the conducting strip and an upper end and/or a bottom end of the 

chamber can be decreasing from an inlet to an outlet of the chamber. 
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The distance between the conducting strip and an upper end and/or a bottom end of the 

chamber can be variable from an inlet to an outlet of the chamber. 

Various sterilized and/or inactivated objects can be obtained by implementing the method 

of the present invention and by using the device of the invention. 

The present invention also involves a device comprising: 

- a generator or a set of generators of high frequency (HF), able to operate at a frequency 

between 13.56 MHz and 2.45 GHz or 200 MHz and 5.8 GHz; 

- a transmission line (e.g. a coaxial cable) able to transmit the power of the generator to the 

HF field applicator; 

- a HF field applicator, of linear type, able to create a plasma from a gas (or gas mixture) 

subjected to its action; 

- an adapted load, placed at the end of the line and serving to dissipate the power not used 

to maintain the plasma. In another mode of operation, this adapted load can be replaced by a 

short circuit or by a second power supply, coming from either the same generator or from 

another generator; and 

- a detector of ultraviolet (UV) radiation. 

The term HF can designate jointly radio and microwave frequencies. 

The present invention can find application, for example, in the sterilization ofheat-sensitive 

medical prosthesis. However, the invention is not limited to the field of sterilization of medical 

prosthesis. For example, it can also be applied to the disinfection or sterilization oÎ plane 

surfaces in a moving process, for example, the surfaces being used in the food industry. 

A.3.4 Brief description of the figures 

The present invention can be illustrated without being limited to the following examples, in 

which: 
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Figure 1 shows a perspective view of a schematical representation of two devices according to 

particular examples· of the present invention, in which the device comprises a micros trip line 

(la) and a three-plate line (lb); 

FtS-211 

Figure 2 shows a schematical cross section view of four different examples of devices of 

sterilization according to different embodiments of the present invention, the applicators in 

Figure 2a and Figure 2b having a micros trip line as defined in Figure la, while the applicators 

in Figure 2c and Figure 2d have a three-plate line as defined in Figure lb; 
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Figure 3 shows a schematical cross section view of the linear applicator shown in Figure 2a in 

which a dielectric support meant to hold one or more objects to be sterilized has been inserted 

in the sterilization chamber; 
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Figure 4 shows a schematical cross section view of three sterilization devices according to 

different examples of the present invention, the three systems having different axial 

configurations of the ground conductor: 4a "classical" configuration with h constant; 4b 

"ramp" configuration where h varies as a linear function of the axial position, and 4c 

configuration where h varies axially in sorne way; 
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Figure 5 shows a schematical top view of four different .sterilization systems according to 

particular examples of the present invention, the systems having four different configurations 

of the central conducting strip: 5a constant width, 5b variable width, 5c any configuration, of 

constant width or not, and 5d circular geometry; 
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Figures 6a and 6b schematically represent top views of various networks of linear applicators 

according to particular exarriples of the present invention, in which Figure 6a represents a 

structure not containing a power divider system; Figure 6b a structure containing a power 

di vider system located inside the applicator; while Figures 6c and 6d represent, respectively, 

cross section views of devices of Figures 6a and 6b taken along Hnes 6c-6c and 6d-6d, wherein 

Figure 6c shows a device with a single chamber, and Figure 6d a device with partitioned 

compartments; 
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Figure 7a and 7b represent schematical cross section views of a system of sterilization of a 

three-dimensional object according to a particular example of the present invention, in 7b the 

object as weIl as its package have been turned over and shifted laterally and/or axially with 

respect to 7a; 

Figure 8 represents a schematical side view of the device allowing for sterilization of the 

external surfaces of a catheter or flexible endoscope, according to one particular example of 

the present invention; 
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Figure 9 is a schematic representation of a system of sterilization according to a particular 

example of the present invention, in a) a top view is presented, and in b) a cross section is 

presented; 
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Figure 10 shows a survival curve of spores of Bacillus atrophaeus obtained as a function of 

treatment time of a Petri dish with a device such as shown in Figures 9a and 9b; 
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Inbmsity 11~-195 nm (arbUrary units) 

Figure Il shows a line expressing the number of surviving spores as a function of the incident 

UV flux (115-195 nm), after 10 seconds of treatment by a method of a particular example of 

the present invention, in which a plasma of argon is used, as weIl as the device shown in 

Figures 9a and 9b; 
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Figure 12 shows schematically the embodiment of a method of a particular example of the 

present invention, this figure showing a top view of a linear applicator formed by four 

conducting strips, energized by a power divider system integrated into the applicator and used 

to treat a dielectric or conducting plate as it moves past; 
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Figure 13 is a schematical representation of a device for inactivation or sterilization of the two 

surfaces of a dielectric plate as they move past, according to one particular example of the 

present invention; 
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Figure 14 is a schematical representation of a device for inactivation or sterilization of the two 

surfaces of a metal plate as they move past, according to one particular example of the present 

invention; 
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Figure 15 is a schematical representation of a device for inactivation or sterilization of the 

two surfaces of a dielectric film for packaging of agri-food products or medical products as 

they move past, according to one particular example of the present invention; 

Figure 16 is a schematical representation of a device for inactivation or sterilization of an 

object located inside a dielectric package according to one particular example of the present 

invention; 
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Figure 17 is a perspective view of a device for inactivation or sterilization according to one 

particular example of the present invention; 
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Figure 18 is another perspective view of the device of Figure 17, in which the upper pivoting 

part has been deployed; 



228 

F},=1- 1fJ 

Figure 19 is a schematical cross section view of the injection and evacuation planes of the 

plasmagenic gases of a sterilization device according to one particular example of the present 

invention in which the injection and the evacuation of the plasmagenic gases are realized by 

means of a network of circular holes situated paraUe1 to the axis of the linear applicator; 

Figure 20 shows a schematical cross section view of a device according to another example of 

the present invention, wherein a bottom part of the frame comprises a plurality, of apertures so 

as to permit treatment of an object disposed outside the chamber by a flowing afterglow 

plasma passing therethrough; 
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Figure 2Ia is a curve showing the percentage of reflected power, PR, transmitted power, PT, 

and absorbed power, PA, normalized to the incident power, Pr" as functions of PI, at 200 MHz, 

during an experiment carried out with a device according to an embodiment of the present 

invention and according to an embodiment of a method of the present invention; 
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Figure 21b is a curve showing the power absorbed by the plasma and length of the discharge in 

the chamber as functions of incident power during an experiment carried out with a device 

according to an embodiment of the present invention and according to an embodiment of a 

method of the present invention; and 
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Figures 22a and 22b represent Scanned Electron Microscope (SEM) micrographs of 

polystyrene microspheres treated according to an embodiment of a method of the present 

invention using a device according to an embodiment of the present invention, wherein 

Figure 22a shows the microspheres before treatment and Figure 22b show the microspheres 

after treatment. 

A.3.5 Detailed description of the invention 

The following examples are given to better define the present invention and should not be 

interpreted as limiting the present invention. 

Planar linear applicators 

The term linear applicator designates a particular c1ass of electromagnetic field applicator. 

These are structures which extend for the entire length of the chamber comprising the plasma, 

as is described in the publication of Z. Zakrzewski and M. Moisa~ appearing in Plasma 

Sources Sci. Technol. 4, 379-397 (1995). There are many different linear applicators, in 

particular those using waveguide technology, ,.and they make it possible to obtain plasmas 

having a good axial uniformity. Even so, this type of microwave transmission line only 

operates in a narro~ band of operating frequencies, generally centered about 2.45 GHz or 

915 MHz. 

To take advantage of the axial uniformity offered by the linear applicators while making it 

possible to work in an extended band of operating frequencies, linear applicators based on 

planar transmission lines using the TEM mode (electric field and magnetic field perpendicular 

to the direction of propagation of the waves) have been developed. 
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Among the different planar transmission lines, tw6 types of strip lines have been developed. 

Figure la shows a microstrip line 10 and Figure lb shows a three-plate line 12. The structures 

implemented are based on these two types of transmission line, the micros trip line 

(unsymmetricalline) and the stripline (symmetricalline). Striplines are also called "sandwich 

lines", "triplate lines", "symmetricallines" or "double-ground-plane lines" Pollak J, Moisan M, 

Kéroack D and Boudam article to be published). 

Figure 1 a shows the configuration and the characteristic dimensions of a microstrip line. A 

conducting strip 14 of width W and thickness t is located at a constant distance h above a 

conducting ground plate 16 of width L. A homogeneous dielectric medium 18 (for example 

air) of thickness h and relative permittivity Er fills the entire region (or chamber) comprised 

between the ground plate and the conducting strip. Note that a microstrip line is not necessarily 

a microstructure as implied by its name; it is sometimes also called an "unsymmetricalline" or 

a "single-ground-plane line". Figure lb shows the configuration and characteristic dimensions 

of a stripline. A conducting strip 14 of width W and thickness t is centred between two parallel 

conducting ground plates 16 of width Land separated by a distance h. A homogeneous 

dielectric medium of relative permittivity E, fills the entire region comprised between the 

parallel ground plates and the conducting strip. 

These new devices are represented in Figures 2a-d. The plasma sources based on the 

microstrip line (Figures 2a and 2b) are able tocreate a plasma in a single chamber 18 defined 

by a conducting frame 19, whereas it is possible to create plasmas in two different chambers 

with the plasma sources based on the three-plate line (Figures 2c and 2d). In this second 

configuration, the sterilization chambers are located on either side of the central conducting 

strip 14. Figures 2b and 2d represent variants of structures 2a and 2c, respectively. They use a 

second dielectric 20 plate between the plasma and the conducting ground plate or plates 16. 

The dielectric plate 20 of Figure 2a, transparent to the electromagnetic field (low loss 

factor), has the role of isolating the plasma from the surrounding air, which prevents 

contamination of the plasmagenic gas. lt also makes it possible to avoid contact between the 

plasma and the central conducting strip. This plate can have a minimum thickness, depending 

on its length and its width, and letting it withstand exposure to vacuum without breaking. For 

example, the material used can be borosilicate glass (Pyrex®) due to its low cost price, its 

relative low loss factor, and its good physical and chemical behavior. 

For powers less than about 300 W, the connections between the generator and the applicator 

and between the applicator and the matched load can make use of standard N connectors and 

coaxial cables with a low loss factor (for example, RG3931 U). For higher powers and at high 
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frequency (915 MHz or 2450 MHz), waveguide transitions to the linear applicator can be 

realized. 

Figure 3 shows the device lOin which a dielectric support 22 has been inserted so as to 

hold objects 24 at a given height while other objects 24 remain on the conducting ground plate 

16. It is possible to insert one or more dielectric supports inside the chamber 18. 

Geometry and configurations 

For example, it is possible to use a linear applicator whose geometry and/or configuration 

varies along its length (Figures 4 and 5). 

Figure 4a shows a cross section view of a linear microstrip applicator of constant height h 

which has a conducting strip 14, a conducting ground plate 16, a champer 18, a conducting 

frame 19, a dielectric plate 20, a HF power input 26, and a power output 28 (toward matched 

load). Figures 4b-4d have the same components with the exception of the geometry of the plate 

16. Figures 4b and 4c are examples oflinear applicators of variable height h. In Figure 4b, the 

height of the conducting ground plate 116 decreases linearly along the length of the applicator, 

while in Figure 4c the height h of the conducting ground plate 216 is sorne function of the 

axial position. It can thus be that the distance (or height h) between the conducting strip and a 

bottom part of the chamber is constant (Figure 4a), decreasing (Figure 4b), or variable (Figure 

4c). The height or distance H in Figure 9b (distance between the conducting strip 14 and an 

upper part of the device or frame) can also vary similarly to the various embodiments shown in 

Figures 4a-c. It was observed that by varying h or H it was possible to obtain a better axial 

uniformity of the plasma. It can also permit to adjust impedance of the plasma source in 

accordance with the transmission line impedance. 

The central conducting strip 14 can also have several different geometries and/or 

configurations. Figure 5a presents a top view of the applicator 10 whose central conducting 

strip 14 has a constant width W. The device 310 in Figure 5b has a conducting strip 314 which 

has an increasing width. The width of conducting strip 414 in device 410 (Figure 5c) varies 

along the structure. In another variant, a device 510 has a conducting strip 514 of circular 

geometry, as weIl as a metal frame 519 ofcircular geometry (Figure 5d). 

In fact, the geometry and configuration of the applicator depend basically on the application 

in question. In particular, when the three-dimensional object being sterilized has a complex 

structure, it can be useful to take advantage of the geometrical flexibility of microstrip or 
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three-plate lines in order to adapt the shape of the applicator to that of the object being 

sterilized. 

Modes of utilization 

Several different modes of utilization of the invention can be considered. For example, in 

the case when the residual power at the exit of the applicator is much lower than the incident 

power at the entry of the applicator, it is possible to reverse the input and output of power at 

the end of a particular time, so as to achieve a more uniform treatment along the length of the 

sterilization chamber. This reversaI of the direction of power flow can be achieved with HF 

flip flops (switches). 

In order to avoid any power losses, the matched load located at the end of the microwave 

line can be replaced by a short circuit (standing wave mode in the chamber). This method can 

prove useful, e.g., when a very high (or very low) intensity of electromagnetic field and/or 

concentration of sterilizing species is required at certain coordinates along the chamber. 

In another example, the matched load located at the end of the applicator can be replaced by 

another HF power supply coming from either a second generator (with operating frequency 

equal to the first one, or not), or from the same generator. In the latter case, the power is 

previously divided (equally or not) at the output of the single generator. 

It is also possible to use the HF power in pulsed mode in ail the previously described modes 

of utilization, for example, in order to lower the temperature of the plasmagenic gas. 

Length of the structures 

The length of the applicators can vary, for example, from a dozen centimeters up to several 

dozen meters. In fact, there is in theory no limit on the length of the plasma created by a linear 

applicator, except for the length of the linear structure and the power put out by the generator. 

This is an intrinsic feature of a linear applicator of HF field. 

Width of the structures 

The width of the device can vary, for example, from several centimeters up to sever al meters. 

For ex ample, in a device 710 a sterilization chamber oflarge width can be filled with a plasma 

in its entirety by using several metal strips 714 spaced out along the structure (Figure 6b) and 
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arranged in para]lel. For example, a' single generator can feed power to aIl these linear 

applicators 610 by using a serpentine strip system 614 (Figure 6a) or a power divider located 

inside or outside the applicator (not shown). When the linear applicator is based on a planar 

type transmission line, such as a microstrip line (Figure la) or three-plate line (Figure lb), the 

power dividing system can be integrated in the linear applicator and be realized by the same 

transmission line technology (example with a micros trip line, Fig. 6b). Thus, this method 

makes it possible to optimize the invention in terms of packing density. Thus, several linear 

applicators based on a planar transmission line can easily be arranged in the form of a network, 

energized by a power divider system, which makes it possible to fill up a large lateral volume. 

The power divider system can be placed, for example, right inside the applicator, and it can 

div ide the power by 2k, where k is an integer. Figures 6b and 6d illustrate this possibility with 

the example of a linear applicator formed by 4 conducting strips (k = 2), which allows one to 

ob tain a plasma source of larger lateral volume than with a linear applicator using a single 

metal strip. It should be noted that the total incident power needs to increase in proportion to 

the number of conducting strips'used. 

The distance between each strip cannot be less than a certain value, in order to avoid any 

interaction in the propagation of the EM waves between each of the strips. This distance also 

must not exceed a certain value in order to obtain a good lateral uniformity of the plasma so 

created. In fact, the optimal distance between each of the conducting strips basically depends 

on the height h between the conducting strips and the ground plane or planes, the width w of 

the strips, and the pressure of the gas. 

Figure 6d shows the use of a network of linear applicators with a compartmentalized 

sterilization chamber, that is, one divided into severallateral sections by tight walls extending 

over the entire length of the structure. The use of su ch a system can prove beneficial, for 

example, when one wishes to treat several objects at the same time, yet avoid any risk of a 

cross contamination between these different objects arranged separately in each compartment. 

This last configuration can also be of interest when one wishes to perform different treatments 

in each compartment. In particular, it is thus possible to in je ct mixtures of different 

plasmagenic gases in each of the compartments (both for the pressure and flow rate of the 

gases, and for the configuration of each linear applicator (see Figures 4 and 5)). 

Depth of the structures 
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Unlike for the length and the width of the linear applicators described in the present invention, 

there is a practical limit on the depth (height) of these structures. This limit results from the 

existence of modes ofhigher orders that can be excited above a maximum frequency, resulting 

in loss of certain of the properties of the applicator that requir~ the presence of a TEM mode. 

For example, for the three-plate line, this value is given in the publication of 1. J. Bahl and R. 

Garg appearing in Microwaves, pp. 90-96 (January 1978) : 

( ) 
15 1 

f max GHz ç ( J h"Er W + 1t 
h 4 

(5) 

where w and h are in cm, w being the width of the central strip and h the distance between the 

conductihg ground plates (Figure 1 b). It corresponds to the cutoff frequency of the first TE 

mode of higher order able to be excited. 

Injection of gases 

The injection and evacuation of the plasmagenic gases in the sterilization chamber can be 

accomplished, for example, by means of openings located in the axis of the structure, through 

the lateral plates of the applicator, through the conducting ground plate or plates. It should be 

noted that once the openings intended for the injection and evacllation of the plasmagenic 

gases have been determined, it is still possible to reverse the direction of circulation of the 

plasmagenic gases for a more uniform treatment. 

Positions of the openings for injection and evacuation of plasmagenic gases 

The injection and evacuation of the plasmagenic gases in the sterilization chamber can be 

achieved in various ways, by an appropriate modification of the geometry and/or the 

configuration (respective positions) of the gas inlet and outlet openings. 

According to one particular example of the invention, the gas flow is injected and evacuated 

by a network of openings 30 in the device (Figure 19), in order to get a better lateral 

homogeneity of the plasma and, thus a more uniform treatment in the entire volume of the 

sterilization chamber. It can also be profitable to adjust separately the flow rate of plasmagenic 

gases circulating through each opening by using several flow meters or by modifying the 

geometry (and thus the hydrodynamic conductance) of the openings. For example, the 
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evacuation rate of the plasmagenic gases is the lowest through openings of small diameter 

(Figure 19). 

Altematively, the gas flow is evacuated by openings located beneath the objects being 

sterilized, so as to direct the flow of bactericidal species preferably ontO them. This method 

can be of interest when one wishes to obtain a better inactivation rate or when the object being 

sterilized is made up of may layers of fibers (such as a mask or a bandage), forming a mesh 

impermeable to UV and too dense to enable the creation of the plasma between each of its 

meshes. It should be noted that in the case of a very dense mesh it may be of interest to stretch 

the object in one or more directions in the course of the sterilization procedure. This temporary 

modification of the structure of the object being sterilized should be reversible so that it do es 

not lose certain of its intrinsic properties (such as its water- tightness). 

Sterilization of different objects by different treatments 

As shown in Figure 20, there is provided a device 1210 similar to device 10 shown in Figure 

2a, with the exception that the device 1210 is provided with a plurality of apertures 64. In fact, 

the conducting ground plate 16 is provided with such apertures so as to permit to 

simultaneously treat at least one other object 66 disposed outside of the chamber 18 by me ans 

of a flowing afterglow of the plasma. The apertures being adapted so as to prevent affecting 

propagation of the electromagnetic field along the transmission line. For example, the 

apertures can have a size which is at least three times inferior to the width of a conducting 

strip. 

Procedure for the sterilization of three-dimensional objects 

There is provided an example of general method that can be used so as to treat objects with the 

method and device of the present invention. In a first stage, the sterilization chamber does not 

contain any contaminated object. The chamber is then placed under vacuum, and the 

plasmagenic gas or gases are injected inside the chamber. Under the action of an EM field, a 

plasma is then created and aU the interior surfaces of the chamber (especially the lower metal 

plate on which certain objects being sterilized may rest), which are thus in contact with the 

bactericidal species of the plasma, will be sterilized. 

In a second stage, the object 34 to be treated are removed from their packaging 32 inside 

the chamber in a sterile environment. The obj ect and also its packaging are arranged on the 
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lower plate 16 of the sterilization device 10 (Figure.7a). AU the surfaces of the object 34 and 

the package 32 are in direct contact with the plasma are then sterilized, except for the surfaces 

of the objects in contact with the lower plate. 

ln a third stage (see Figure 7b), the object 34 and its package 32 undergo a rotation, so as to 

sterilize the surfaces not so treated in the first stage, that is, those being in contact with the 

lower plate. The manipulation of the objects can be done inside the chamber by an operator 

provided with sterile gloves or an automated system (e.g., manipulator arms), whose ends 

designed to be in contact with the objects (to hold them) are sterile. It should be noted that at 

the end of the second stage certain surfaces of the chamber having been in contact with the 

objectes) (and/or the package(s» being sterilized are not necessarily still sterile. This is why, 

after having been rotated, the objects, and possibly also their package, do not stay during the 

third stage in the same place in the chamber as during the second stage (compare Figures 7a 

and 7b): they are shifted axially and/or transversely inside the sterilization chamber. This 

process can be carried out, for example, by means of a rotary drum (rocker arm), made of a 

dielectric material (and thus transparent to the EM field) of low 10ss factor. 

Altematively, as shown in Figure.8, the three-dimensional objects (for example object 36) 

to be sterilized, and possibly also their packaging (not shown), can be held by their ends at a 

certain height in the chamber 18 (e.g., at mid height), by means of sterile dielectric hooks 38 

(su ch as Teflon), so as to simuItaneously sterilize aIl the outer surfaces of the objects being 

treated, except for the surfaces in contact with the hooks. Figure 8 illustrates one such 

possibility: this is a side view of a linear applicator where a medical prosthesis (such as a 

catheter or an endoscope) is held by its ends inside the sterilization chamber. 

Sterilization gas 

The air initially present in the chamber can be evacuated down to a reduced pressure between 

1.33 mPa and 133 Pa. A rare gas (e.g. argon) or a gas mixture (e.g. Nz/02) is then introduced 

into the sterilization chamber by means of one or more mass flow meters. The gas flow rate 

can be between 5 and 10,000 standard milliliters per minute (mLsm). At ldw pressure, for 

example, « 133 Pa), the HF power applied is enough to ignite the discharge, while at high 

pressure it is necessary to use a Tesla coil or a piezoelectric device to initiate it. 

At the end of the cycle, after the time necessary to achieve sterility of the surfaces exposed 

to the bactericidal species of the plasma has expired, the retum to atmospheric pressure is done 
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, 
in a few seconds by opening a valve with filter (sterile) having pores, for example, of about 

0.22 !lm. 

HF power characteristics of the planar plasma source 

The power absorbed by the discharge PA as a function of the incident power PI when assuming 

a lossless field applicator is simply given here by: PA = PI - P R - PT . 

PT is the power exiting from the applicator and going into thé transmission-line terminating 

matched load. According to an example, carried out with a device of the present invention, 

power measurements were achieved with the argon gas flow set at 100 sccm at a pressure of 

750 mtorr (100 Pa) and with a field frequency of 200 MHz. Figure 21a displays the 

corresponding reflected and transmitted powers as functions of the incident power. The 

percentage of reflected power at the applicator input remained at zero over the whole range of 

incident HF power tested (0-210 W). As the HF power is raised from 0 to 20 W, the plasma 

length increases as shown in Figure 21b; at 20 W, the full applicator length (57 cm) is filled 

with plasma; at higher incident HF powers, part of the incoming power flows along the field 

applicator without being absorbed by the dis charge and is, in fact, lost in the terminating 

matched load that prevents reflection at the applicator end. Because of this, above 20 W, there 

was a continuous decrease of the percentage of power àbsorbed by the plasma, as shown in 

Figure 21a. 

Since absorbed power in the discharge remained low (with 50 W of incident power, the 

density of absorbed power by the plasma is below 10 W IL), gas heating is also low: in fact, the 

chamber wall and Petri dishes remained, after a few minutes of plasma exposure, at 

temperatures typically below 40 oC as measured with a thermocouple. 

Examples 

The following examples are given merely as an illustration and should not be interprete~ as 

limiting the present invention. 

The linear applicator used III the following experiments IS similar to the device 

schematically represented in Figure 2a. It is a structure of microstrip type, containing a 

conductive frame of aluminium serving as the ground, a copper or brass strip and a plate of 

borosilicate glass (Pyrex®). Schematical top and cross section views of this applicator are 

shown, respectively, in Figures 9a and 9b. An N connector 26, placed at the entry of the 
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device, receives the electromagnetic power of a HF generator, operating at 200 MHz. Another 

N connector 28, placed at the exit of the device, allows for transferring the unused HF power 

to maintain the plasma to a matched load, thus preventing the power from being reflected at· 

the end of the applicator 910. It should be noted that a Faraday cage 19 (Figure 9b) makes it 

possible to avoid any risk of leakage of EM energy to the outside of the microstrip applicator. 

Hs height H (notation defined in Figure 9b) is much higher than h, so that the electric field 

which creates and maintains the plasma is almost totally confined to the inside of the chamber 

where the sterilization takes place. The conducting plate 16 is provided with an aperture 44 for 

allowing UV measurements by the detector 40 which comprises a window 46 (for example 

made of MgFz). The device 910 (see Figures 9a, 9b, 17 and 18) is a1so provided with agas 

inlet 48 connected to a gas tank (not shown) and agas outlet 50 connected to a pumping 

system and an optical collimator 53. The dimensions of the device 910 were as follows (see 

Figures la and 9b for reference letters): width (W) of the conducting strip 14 = 50.8 mm; 

thickness (t) of the conducting strip 14 3.2 mm; width (L) of the frame 19 = 146.1 mm; total 

height of the frame 19 200.5 mm; height h (see Figure 9b) = 50.8 mm; height H (see Figure 

9b) = 137.0 mm; thickness ofthe dielectric plate 20 12.7 mm. 

The plasmagenic gas used was highly pure argon at a pressure of 93 Pa and a flow rate of 

100 mLsm. The HF power was set at 43 W at the entry of the device. Under the se operating 

conditions, the reflected power was equal to 3 W and the power lost at the end o( the line is 

equal to 10 W. Thus, the power absorbed by the plasma is equal to 30 W. 

One makes sure that the intensity of the UV radiation is constant between each experiment 

by making use of the UV detector 40 (Figure 9b) in the form of a photomultiplier tube, for 

example. 

A Petri dish of polystyrene 42 was placed inside the chamber, at the place specified in 

Figure 9b. This Petri dish contains 1 million spores of B. subtilis (recently renamed 

B. atrophaeus) deposited from a suspension of 100 /lI. The corresponding survival curve so 

obtained is shown in Figure 10. Three independent experiments were repeated, making it 

possible to obtain a mean and a standard deviation (error bar) for each of the points. As it can 

be c1early seen, the 3 Petri dishes were sterilized in 1 minute. 

It was observed that the overall time required to reach sterility is function of the amount of 

stacked spores and their degree of stacking. 

Mechanisms of sterilization 
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In order to detennine which bactericidal species of the argon plasma are responsible for the 

sterility (see preceding section), the number of spores of B. subtilis surviving after 10 seconds 

of exposure as a function of the incident UV flux (115-195 nm) was plotted (Figure 10). The 

UV flux incident on the Petri dish is checked by varying the argon pressure in the chamber 

between 20 mtorr and 1 torr. In this pressure interval, the UV flux increases as the pressure 

rises. The other operating conditions (argon flow rate, incident power, location of the Petri 

dish in the chamber, nature of the deposit of spores) are identical to those described in the 

preceding section. The UV detector can be placed, for example, beneath the lower metal plate; 

in this case, the UV rays are collected through an opening 44 (about 1 mm in diameter) pierced 

through this plate (Figures 9a and 9b). 

It was mentioned for Figure 10 that the number of spores surviving (on logarithmic scale) 

diminishes as a linear function with increasing UV flux (115-195 nm), which shows that the 

UV rays might be the preponderant bactericidal species when an argon plasma is created in the 

method of the present invention and under the experimental conditions described in the 

preceding section. Given that a pure argon plasma at low pressure cannot emit any ray between 

115 and 195 nm, it can be envisioned, through without being bound to this hypothesis, that this 

UV emission results from the presence of impurities (of nitrogen and/or oxygen) inside the 

sterilization chamber. 

Disinfection or sterilization of plates in succession 

Due to their planar geometry, the linear applicators described in the present invention 

naturally lend themselves to the treatment of plane surfaces. As it can be seen in Figure 12, a 

device such as schematically represented in Figure 6b can be used to perfonn such a task. The 

length "L" of the linear applicator 710 is usually larger than the width "W" of the surfaces 

treated (Figure 12). Granted that a minimal time is needed for the bactericidal species of the 

plasma to play their role (about 1 minute, see Figure 10), the configuration of the applicator 

should be adapted to the speed of movement of the surfaces being treated. In particular, the 

incident HF power, the width of the applicator, and the number of conducting strips fonning 

the network (as described in Figure 12) need to increase when the speed of movement 

increases, in order to keep a constant time of action for the bactericidal species. More 

precisely, when the sterilizing agents of the plasma are the UV rays, it is necessary to provide 

the surfaces being treated with a minimum UV flux to achieve sterility. If the speed of 
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movement is too fast, sterility of the surfaces will not be achieved, and thus one only gets a 

degree of inactivation of these surfaces (disinfection of more or less high level). 

When the object being treated is a dielectric or metal plate such as the plate 52 in Figure 12, 

its treatment can be done in the following way. 

In the case of a dielectric plate being treated, this will replace the one in Figure 2a. Thus, a 

single one of its two surfaces (its lower surface in contact with the plasma) is inactivated or 

sterilized as it moves past. It should be noted that an interlayer of air may exist between the 

conducting strip and the dielectric plate to allow for a possible variable thickness of the plate 

being treated. 

In the case of a conductive plate being treated, this will then replace the conducting ground 

plate of Figure 2a. A single one of its surfaces (its upper surface in contact with the plasma) is 

then sterilized as it moves past. In the case when several dielectric and/or conductive plates 

need to be inactivated or sterilized at the same time, it is advisable to use one of the 

configurations 2b, 2c or 2d for the treatment: 

configuration 2b : 2 dielectric plates and 0 conductive plate; 

configuration 2c : 2 dielectric plates and 2 conductive plates; 

configuration 2d : 4 dielèctric plc~.tes and 0 conductive plate; 

It is also possible to treat simultaneously the lower surface and the upper surface of a single 

dielectric plate 52 (Figure 13) or conducing plate 54 (Figure 14) such as a metal plate. 52a and 

54a represent an untreated portion of the plate, 52b and 54b represent a portion of the plate 

during treatment, and 52c and 54c represent a portion of the plate after treatment. In Figure 14 

a device 1010 permits to treat the upper surface and then lower surface of a conducting plate 

54. 

Disinfection or sterilization of dielectric fIlms in succession 

Figure 15 shows a device 1010 useful for disinfection or sterilization of two surfaces of a 

dielectric film (such as an agri-food product or a medical packaging film) in succession. The 

device Il 10 comprises a conducting strip 14, a conducting plate 16, a chamber 18 for 

receiving the film and treating it with a plasma discharge, a dielectric plate 20, a roll 56 

comprising the untreated film, and a roll 58 for receiving the sterile or inactivated film. 

Furthermore, a 1inear applicator can a1so be used for the disinfection or sterilization of two 

dielectric films in succession, being afterwards joined by thermal welding (not shown). 
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It should be noted that the treatment of packaging films can also be accompanied by the 

sterilization of three-dimensional objects. In this operating mode, the objects are sterilized 

outside of their package (Figures 7-8). Once the sterilization cycle is over, the objects are 

packaged in a sterile environment, inside the sterilization chamber or not, as already 

mentioned in the international application W02004/050 128 page 21. 

Direct sterilization inside a dielectric package 

The sterilization of a three-dimensional object by the present invention can also be realized 

directly inside a dielectric package. As was previously stipulated (Figure Il), the method of 

sterilization described in the present method might result from the bactericidal action of the 

uv photons. Now, the majority of packages let only a slight proportion of photons pass 

through their wall. This section describes a method for sterilizing an object situated inside a 

package and in a reasonable length of time. The niethod consists in creating the plasma 

directly inside the package, the latter being formed of a dielectric material transparent to the 

applied EM field. To do this, the air initially present in the package should first be evacuated 

and replaced by the plasmagenic gas or gases. The time for this operation depends directly on 

the porosity of the package, as weIl as the quality of its seal: the more hermetic the package, 

the longer it will take. 

Furthermore, to create the plasma inside the package, a minimum distance between the 

object being sterilized and its package needs to be observed. This is due to the existence of a 

so-called sheath around any object immersed in a plasma. If the package perfectly adheres to 

the shape of the object with a distance less than one millimeter between the object and its 

package, the plasma can only be generated with difficulty inside the package. On the other 

hand, if the package is designed so that a distance of several millimeters is observed between 

the object and its package, it is possible to create the plasma inside the package (Figure 16). As 

shown in Figure 16, an object 60 disposed in its package 62 can be sterilized or inactivated in 

the device 10. It can be seen that there is a significant volume between 63 the package 62 and 

the object 60 in order to create a plasma therebetween. 

For example, a package made up of two parts: one made of semirigid dielectric material 

(such as Teflon), possibly recyc1able, and the other of a flexible material, such as a disposable 

packaging paper (e.g. Kimguard®), can be used. 

Erosion-free treatment of surfaces 
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As previously indicated, the plasma steriIization process must not only efficiently inactivate 

micro-organisms, but also it should not induce damage to the exposed surfaces. In particular, 

as many medical devices (MDs) comprise polymers, the etching of polymers should be as 

limited as possible. Polystyrene microspheres (PS, approximate1y one micrometer in diameter) 

were used in order to evaluate the level of damage induced by the method and device of the 

present invention to contaminated objects. Such PS microspheres have aIready been employed 

to compare damage caused by the early and the late N2-0z discharge afterglows (Boudam et 

al. J. Phys. D: Appl. Phys. 40 1694-1711). These microspheres were then found to be quite 

responsive to various plasma species: the observed off-axis erosion rate cOITelated with the 

increase of the 0 atom density in the afterglow as the 02 percentage is increased, white the on­

axis erosion observed at 0 % Oz appeared related to the action of both the N2 metastable 

molecules and the Pi2-ions. Similar PS microspheres were also employed by Lerouge et al. in 

Journal of Biomedical and Material Research 51 128-135 so as to demonstrate that the high 

sporicidal efficaey provided by their 02/CF4 plasma was related to its high eteh rate of 

polymers. Brétagnol et al. in Plasma processes and polymers 3 443-445 also reported that PS 

microspheres can strongly be etched by an O2 plasma. 

Figure 22a shows SEM micrographs of PS microspheres before treatment. These 
1 

microspheres were then deposited on Petri dishes, locatèd in the planar discharge as shown in 

Figures 9a and 9b, and subjeeted for 1 minute to an argon plasma. The gas flow was 100 seem 

at a gas pressure of 750 mtOIT. Under these operating conditions, aIl the spores of a 106 

deposit were inactivated, as shown in Figure 10. As it ean be seen in Figure 22b, the exposed 

microspheres were not disrupted or eroded. The absence of etehing damage here eontrasts with 

plasma sterilization techniques based on the action of radicals. It was thus demonstrated that 

the method and device of the present invention permit inactivation andlor sterilization without 

however substantially damaging or degrading the treated surfacees). 

Although the present invention has been described with the help of specifie examples, it is 

understood that many variations and modifications can be grafted onto these examples, and the 

present invention aims to coyer such modifications, usages or adaptations of the present 

invention generally following the princip les of the invention and including every variation of 

the present specification that will beeome known or conventional in the field of activity where 

the present invention lies, in aeeordance with the scope of the following c1aims. 
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A.3.6 Claims 

1. A method of sterilization and/or inactivation of at least one surface of at least one 

contaminated object, said method comprising submitting said at least one surface to a plasma 

discharge generated from an applicator of electromagnetic field of linear type, the plasma 

having a temperature below 80 oC, and having an absorbed power per unit of volume of 

plasma of less than 20 W 1 L, so as to sterilize and/or inactivate said at least one surface 

without substantially degrading it. 

2. The method of claim 1, wherein said surface is sterilized after having been subjected to 

the discharge of said plasma for a period of less than 60 minutes. 

3. The method of c1aim 1, wherein said surface is sterilized after having been subjected to 

the discharge of said plasma for a period of less than 10 minutes. 

4. The method of claim 1, wherein said surface is sterilized after having been subjected to 

the discharge of said plasma for a period ofless than 5 minutes. 

5. The method of claim 1, wherein said surface is sterilized after having been subjected to 

the discharge of said plasma for a period of less than, 1 minute. 

6. The method of any one of claims 1 to 5, wherein the temperature of said plasma is less 

than 40 oC. 

7. The method of any one of claims 1 to 5, wherein the temperature of said plasma is less 

than 35 oC. 

8. The method of any one of claims 1 to 5, wherein the temperature of said plasma is less 

than 30 oC. 

9. The method of any one of claims 1 to 8, wherein the power absorbed per unit volume 

of plasma is less than 15 W / L. 

10. The method of any one of claims 1 to 8, wberein the power absorbed per unit volume 

of plasma is less than 10 W / L. 

Il. The method of any one of claims 1 to 8, wherein the power absorbed per unit volume 

of plasma is less than 5 W 1 L. 

12. The method of any one of claims 1 to 11, wherein said at least one object is subjected 

to at least two treatments by the action of the discharge of said plasma, said object being 

repositioned inside the chamberof the applicator of e1ectromagnetic field of linear type 

between each treatment so as to treat aIl the surfaces of the object. 
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13. The method of any one daims 1 to Il, wherein, after a predetermined period of time, 

the power input and output of the applicator of electromagnetic field of linear type are reversed 

so as to achieve a uniform treatment of said surface. 

14. The method of any one of daims 1 to Il, wherein said surface is treated in succession 

as it is introduced into said applicator. 

15. The method of any one of daims 1 to 14, wherein said plasma is generated by means of 

at least one high-frequency generator able to operate at a frequency of about 13.56 MHz to 

about 2.45 GHz or about 200 MHz to about 5.8 GHz. 

16. The method of any one of daims 1 to 15, wherein said plasma comprises at least one 

raregas. 

17. The method of any one of daims 1 to 15, wherein said plasma comprises argon. 

18. The method of any one of daims 1 to 17, wherein said plasma comprises N2, CO2 

and/or 02. 

19. The method of any one of c1aims 1 to 18, wherein at least two objects are treated by 

said plasma simultaneously. 

20. The method of any one of daims 1 to 18, wherein at least two objects are treated 

simultaneously by said applicator, each of said objects being arranged, in the applicator, in a 

different chamber, said chambers being insulated from each other. 

21. The method of daim 20, wherein the same conditions of plasma generation are applied 

in aIl the chambers. 

22. The method of daim 20, wherein different conditions for plasma generation are appiied 

in each of the chambers. 

23. The method of any one of daims 1 to 22, wherein said at least one object being 

sterilized is arranged in the sterilization chamber of said applicator so as to simultaneously 

sterilize and/or inactivate all the outer surfaces of said object. 

24. The method of any one of daims 1 to 23, wherein said at least one object being 

sterilizèd is a dielectric film, such as agri-food industry packaging film or medical packaging 

film. 

25. The method of daim 24, wherein said film is sterilized as it is rolled off, said film 

entering the chamber of the applicator at a predetermined height, then leaving said chamber 

without interrupting the sterilization process or the electromagnetic power serving to maintain 

said plasma, the two surfaces of said dielectric film being then inactivated or sterilized 

simultaneously under the action of the bactericidal species of the plasma. 
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26. The method of daim 25, wherein two dielectric films are simultaneously inactivated or 

sterilized, then sealed in succession by thermal welding at certain spots. 

27. The method of any one of daims 1 to 23, wherein the lower or upper surface of a 

dielectric plate, in contact with the plasma, is disinfected or sterilized in succession. 

28. The method of any one of daims 1 to 23, wherein a dielectric plate, su ch as one made 

of glass or fused silica, moves past inside said applicator, so that the lower surface and the 

upper surface of this dielectric plate are inactivated or sterilized at the same time. 

29. The method of any one of daims 1 to 23, wherein the object being treated is a metal 

plate, moving past inside said applicator, so that the lower surface and the upper surface of this 

plate are inactivated or sterilized at the same time. 

30. The method of any one of daims 1 to 23, wherein said object is sterilized directly 

inside its package, said plasma being created outside the object, as well as in a sufficient 

volume induded between the package and the object. 

31. The method of any one of daims 1 to 30, wherein said method permits sterilization ' 

andlor inactivation of said at least one surface of said at least one object without causing 

erosion to said surface. 

32. The method of daim 31, wherein said method permits an erosion-free sterilization 

andlor inactivation of polystyrene micro-spheres, as determined by observing said sterilized 

and/or inactivated polystyrene micro-spheres by means of Scanning Electron Microscopy as 

compared to said polystyrene micro-spheres before sterilization and/or inactivation. 

33. The method of any one of daims 1 to 32, wherein said sterilization and/or inactivation 

is carried out in a chamber, and wherein at least one wall defining said chamber comprises at 

least one aperture so as to simultaneously permit treatment of at least one other object disposed 

outside of said chamber by means of a flowing afterglow of said plasma. 

34. The method of daim 33, wherein said at least one wall comprises a plurality of 

apertures, said apertures being adapted so as to prevent affecting propagation of an 

electromagnetic field along a transmission line. 

35. The method of daim 34, wherein said apertures have a size which is at least three times 

inferior to the width of a conducting strip. 

36. A device for enabling sterilization and/or inactivation of at least one surface of at least 

one contaminated object, using a plasma, said device comprising: 

- a chamber adapted to receive said object to be treated and a discharge of said 

plasma; 

and 
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- an applicator of electromagnetic field of linear type, adapted to generate said 

plasma discharge in the chamber so as to sterilize said at least one surface without damaging it 

in substantial manner. 

37. The device of daim 36, wherein said applicator of electromagnetic field of linear type 

comprises at least one conducting strip such as a metal strip extending from one end of said 

chamber to its opposite end, said strip having an essentially constant width. 

38. The device of daim 36, wherein said applicator of electromagnetic field of linear type 

comprises at least one metal strip extending from one end of said chamber to its opposite end, 

said strip having a width varying between the two ends. 

39. The device per daim 38, wherein the width of the strip varies in essentially increasing 

manner from the HF input to the output (load). 

40. The device of any one of daims 37 to 39, further induding a power divider system 

intrinsic to the applicator. 

41. The device of any one of daims 37 to 39, wherein said strip indudes at least one 

curved portion. 

42. The device of daim 36, wherein said applicator of electromagnetic field of linear type 
\ 

comprises at least one metal strip having two opposite ends, said ends being in contact with a 

single one of the ends of said chamber. 

43. The device of daim 42, wherein said strip indudes at least one curved portion. 

44. The device of any one of daims 36 to 43, wherein the field applicator used is an 

applicator ofhigh-frequency field having a planar configuration. 

45. The device of daim 44, characterized in that a planar transmission line is used, said 

line being a strip line, such as a three-plate line or a microstrip line. 

46. The device of any one of daims 36 to 45, wherein the geometry of the conducting strip 

and/or the ground plate of the applicator of electromagnetic field is linear, circular, or of sorne 

other shape. 

47. The device of any one of daims 36 to 46, wherein the sterilization chamber comprises 

one or more dielectric supports to hold the objects being sterilized. 

48. The device of any one of daims 36 to 47, comprising at least one conducting strip and 

at least one dielectric plate so as to insulate said strip from the discharge plasma. 

49. The device of daim 36, wherein the electromagnetic field applicator is of distributed 

type, the latter being formed by at least two planar transmission lines, each one extending for 

the entire length of the applicator. 

( 
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50. The device of c1aim 36, comprising a network of linear applicators, said applicators 

being compartmentalized, thus preventing risks of cross contamination between the various 

objects being sterilized and enabling treatments by different plasmas in each compartment. 

51. The device of any one of c1aims 36 to 50, characterized in that it is adapted to treat a 

moving object in continuous manner. 

52. The' device of any one of c1aims 36 to 50, characterized in that it comprises a means for 

introducing said at least one object to be treated into the chamber for a predetermined period of 

time, and for removing it when sterility andlor inactivation is achieved. 

53. The device of any one of c1aims 36 to 50, characterized in that it comprises a me ans for 

introducing at least one part of said at least one object to be treated into the chamber for a 

predetermined period of time, and for removing it when sterility andlor inactivation is 

achieved for this part, said me ans thus making it possible to treat said object in succession and 

in continuous manner. 

54. The device of c1aim 45, wherein said chamber is provided with at least one aperture 

adapted to permit a flowing afterglow of said plasma to diffuse outside said chamber, thereby 

enabling treatment of at least another object disposed outside said chamber. 

55. The device of c1aim 54, wherein said chamber comprises a plurality of apertures, said 

apertures being adapted so as to prevent affecting propagation of an electromagnetic field 

along said transmission line. 

56. The device of c1aim 55, wherein said apertures have a size which is at ieast three times 

inferior to the width of said conducting strip. 

57. The device of c1aim 37, wherein the distance between said conducting strip and an 

upper end of said chamber is constant. 

58. The device of c1aim 37, wherein the distance between said conducting strip and a 

bottom end of said chamber is constant. 

59. The device of c1aim 37, wherein the distance between said conducting strip and an 

upper end and/or a bottom end of said chamber is decreasing from an inlet to an outlet of said 

chamber. 

60. The device of c1aim 37, wherein the distance between said conducting strip and an 

upper end and/or a bottom end of said chamber is variable from an inlet to an outlet of said 

chamber. 

61. Object sterilized or inactivated, obtained by a method as defined in any one of c1aims 1 

to 32. 
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Annexe 4 

Contribution de l'auteur, localisation des publications 

insérées dans la thèse de doctorat et acceptation des 

coauteurs 

Tel que mentionné dans l'introduction générale, cette thèse rassemble les brevets et les articles 

scientifiques pour lesquels notre contribution est majeure, tel qu'attestée par le fait d'en être 

premier auteur. Il s'agit de 2 demandes de brevets (la version américaine de chacune y est 

reportée pour l'essentiel) et de 5 articles (dont 4 déjà publiés). La faculté des études supérieures 

de l'Université de Montréal demande que l'étudiant fasse état explicitement de son apport 

original, indépendant et spécifique à chacun des articles cos ignés et demande de commenter de 

façon approprié le rôle joué par tous les coauteurs. Ces renseignements sont fournis ci-dessous. 

Article 1 

J Pollak, M Moisan et Z Zakrzewski 2007 Long and uniform plasma columns generated by linear 

field-applicators based on stripline technology Plasma Sources Sei. Technol. 16310-323 

Ma contribution se situe principalement au niveau de la conception des expériences et de leur 

réalisation, de la mise en forme des résultats ainsi que de l'écriture du premier jet du manuscrit. 

M. Moisan a également participé à la conception des expériences, à l'analyse des résultats en plus 

de récrire des paragraphes entiers de l'article. Z. Zakrzewski a proposé certaines des solutions 

techniques qui ont permis le développement de la source de plasma dévoilée dans l'article. 

Article 2 
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J Pollak, M Moisan, Z Zakrzewski, J Pelletier, Y A Amal, A Lacoste et T Lagarde 2007 Compact 

waveguide-based power divider feeding independently any number of coaxial lines, IEEE 

Transactions on microwave theory and techniques 55 951-957 

Ma contribution se situe au niveau de la prise des mesure~ expérimentales, de la mise en forme 

des résultats ainsi que de l'écriture d'une partie du manuscrit. Zenon Zakrzrzewski a proposé le 

concept du diviseur de puissance et a imaginé une grande partie des expériences que j'ai réalisées 

au laboratoire en plus d'écrire le premier jet de plusieurs sections de l'article. Par ailleurs, M. 

Moisan a également contribué au développement du diviseur de puissance en proposant 

d'adjoindre un circulateur sur chaque prise de puissance pour les rendre indépendantes les unes 

des autres. Il a par ailleurs largement contribué à améliorer la qualité du manuscrit soumis à 

publication. Les autres co-auteurs ont participé aux expériences réalisées à Grenoble. 

Article 3 

J Pollak, M Moisan, D Kéroack et M K Boudam 2008 Low-temperature low-damage sterilization 

based on UV radiation through plasma immersion J. Phys. D: App!. Phys. 411-14 

Ma contribution se situe principalement au niveau de la conception des expériences et de leur 

réalisation, de la mise en forme des résultats ainsi que de l'écriture du premier jet du manuscrit. 

M. Moisan a également participé à la conception des expériences, à l'analyse des résultats en plus 

de récrire des paragraphes entiers de l'article. D. Kéroack a contribué à certaines expériences de 

spectroscopie d'émission optique et a commenté le manuscrit, tandis que M K Boudam a conçu 

l'expérience de spectroscopie d'absorption optique et a co-écrit une section de l'article. 

Article 4 

J Pollak, M Moisan, D Kéroack, J. Séguin et Jean Barbeau 2008 Plasma sterilisation within long 

and narrow bore dielectric tubes contaminated with stacked bacterial spores Plasma Process. 

Polym.514-25. 

Ma contribution se situe principalement au niveau de la conception des expériences et de leur 

réalisation, de la mise en forme des résultats ainsi que de l'écriture du premier jet du manuscrit. 
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M. Moisan a également participé à la conception des expériences, à l'analyse des résultats en plus 

de récrire des paragraphes entiers de l'article. D. Kéroack a commenté le manuscrit et a participé 

à la mise en place des expériences de spectroscopie sous vide. J. Séguin a effectué les travaux 

microbiologiques et a participé à l'écriture du premier jet de l'article. 1. Barbeau a contribué à la 

conception et à l'analyse des expériences microbiologiques en plus de commenter le manuscrit 

soumis à publication. 

Article 5 

J. Pollak, J. Séguin, J. Barbeau, M. Moisan 2008 Biofilm sterilization within polymer tubings by 

a low temperature gaseous plasma (ionized gas) Article soumis à publication dans la revue 

International J oumal of Pharmaceutics. 

Ma contribution se situe principalement au niveau de la conception des expériences et de leur 

réalisation, de la mise en forme des résultats ainsi que de l'écriture du premier jet du manuscrit. 

M. Moisan a également participé à la conception des expériences, à l'analyse des résultats en plus 

de récrire des paragraphes entiers de l'article. 1. Séguin a effectué les travaux microbiologiques et 

à participé à l'écriture du premier jet de l'article. J. Barbeau a contribué à la conception et à 

l'analyse des résultats microbiologiques en plus de commenter le manuscrit soumis à publication. 

Brevet 1 

J Pollak, M. Moisan, B. Saoudi et Z Zakrzewski Process for the plasma sterilization of dielectric 

objects comprising a hollow part 2005 US 0269199 

Ma contribution se situe principalement dans la conception et la description des modes de 

fonctionnement de l'un des stérilisateurs décris dans la demande de brevet. Z. Zakrzewski a 

également contribué à cette invention. B. Saoudi et M. Moisan ont conçu les étapes du procédé de 

stérilisation et ont écrit la majeure partie de la demande de brevet. 

Brevet 2 

J Pollak et M. Moisan 2008 Device and method for inactivation and/or sterilisation using plasma 

2007 US 60/884,344 
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Ma contribution se situe dans l'invention de la source de plasma et du procédé de stérilisation 

ainsi que dans l'écriture du premier jet de la demande de brevet. M. Moisan a également participé 

à ces inventions ainsi qu'à la réécriture de la demande de brevet. La localisation de ces 7 

documents dans la présente thèse de doctorat est représentée sous forme imagée ci-dessous. 

Annexe 1 Pollak et aflEEE Trans. 
Mîcrow. Theoly Tech. 55 2007 

Annexe 2 Pollak et al US 0269199 2005 

19 

Annexe 3 Pollak et al US 601884,344 2007 
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Figure A4 Localisation des publications insérées dans la thèse de doctorat. 


