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Nederlandse samenvatting

Niet-thermische atmosferische plasma’s spelen een vooraanstaande rol binnen
het nieuwe onderzoeksgebied ”plasma medicine”waarin specifiek geneeskundige
toepassingen van plasma’s worden ontwikkeld. Een belangrijk voordeel van plasma
’s die bij atmosfeerdruk bedreven worden, is dat dure en omvangrijke vacumap-
paratuur overbodig wordt. In tegenstelling tot thermische plasma’s, zijn niet-
thermische plasma’s ver verwijderd van lokaal thermisch evenwicht (LTE) en ver-
schilt de elektronentemperatuur grootte-ordes van de temperatuur van de moleculen
en de atomen in het plasma. Ondanks de lage gastemperatuur zijn niet-thermische
plasma’s zeer reactief. De processen worden immers geı̈nitieerd door de hoo-
genergetische elektronen. Anderzijds zorgt de lage gastemperatuur er voor dat
er geen thermische schade wordt toegebracht aan de oppervlakken die aan het
plasma worden blootgesteld. Het is deze eigenschap die de mogelijkheid opent
om niet-thermische plasma’s in te zetten voor de behandeling van hittegevoelige
materialen, zoals biomaterialen en levend weefsel.

Plasma’s kunnen opgewekt worden door gasontladingen in lucht, in edelgassen
of in eender welk gasmengsel met als doel een chemische cocktail van geëxciteerde
moleculen en atomen, van ionen en reactieve deeltjes te maken die dan kan in-
gezet worden voor diverse biomedische toepassingen. Voorwerp van onderzoek
is de manier waarop deze deeltjes interageren met een biologisch systeem. In de
praktijk is de benodigde tijdsduur van blootstelling aan het plasma afhankelijk van
de samenstelling van het plasma en van de beoogde toepassing. Het toedienen van
bacteriedodende reactieve deeltjes bijvoorbeeld moet nauwkeurig afgemeten wor-
den, zodat bacteriële inactivatie optreedt met geringe toxicologische gevolgen. Dit
toont de kritische nood aan om de belangrijkste plasmadeeltjes te identificeren en
de concentratie ervan te bepalen. Sterker nog, het kwantificeren van de reactieve
deeltjes die in het plasma gevormd worden, is een eerste vereiste bij elke medische
toepassing. Er zijn evenwel slechts een beperkt aantal diagnostieken geschikt voor
de kwantitatieve bepaling van reactieve deeltjes in niet-thermische atmosferische
plasma’s, en dit verklaart voor een stuk het beperkte huidige inzicht in de fysica
van de interactie tussen deze plasma’s en biologische oppervlakken. De meest
courante plasmadiagnostiek is optische emissiespectroscopie (OES). OES is een
niet-invasieve meetmethode die relatief eenvoudig te implementeren is. Echter, het
merendeel van de reactieve deeltjes bevindt zich in de niet-stralende grondtoestand
of in een metastabiele toestand met dichtheden die vijf of zes grootte-ordes hoger
liggen dan de dichtheden in de stralende geëxciteerde toestanden. Een klassiek
optisch emissiespectrum levert enkel informatie over geëxciteerde deeltjes en om
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daaruit besluiten te trekken omtrent de grond- of metastabiele toestand zijn com-
plexe modellen nodig waarin diverse benaderingen worden gemaakt. Verder is
het ook moeilijk om in de cocktail van reactieve deeltjes die in het plasma gepro-
duceerd worden, het productieproces van één welbepaald deeltje als studie-object
af te zonderen. In dit geval is het nodig om geavanceerde laserspectroscopische
technieken te gebruiken om de productiemechanismen te ontrafelen. In een poging
om een antwoord te geven op de vraag welke plasmadeeltjes belangrijk zijn, wordt
in dit werk absorptiespectroscopie (AS) en lasergeı̈nduceerde fluorescentiespec-
troscopie (LIF) toegepast. Beide technieken leveren rechtstreekse informatie over
deeltjesdichtheden in de grond- en metastabiele toestanden. De plaatsafhankeli-
jke bepaling van de absolute dichtheden van radicalen is een krachtig hulpmiddel
in de verdere ontwikkeling van toepassingen van niet-thermische atmosferische
plasma’s. Als plasmabronnen werden voor dit werk drie types geselecteerd die met
behulp van verschillende niet-invasieve diagnostieken werden gekarakteriseerd.
De plasmabronnen hebben met elkaar gemeen dat ze enerzijds relevant zijn voor
biomedische toepassingen en anderzijds fysica omvatten die nog onvoldoende be-
grepen is.

DC-plasma met vloeibare elektrode

De veelheid aan mogelijke chemische reacties, de processen van energietrans-
fer en de intense verdamping aan een plasma-vloeistof-grensvlak zorgen er voor
dat de fysica van plasma’s in of in contact met vloeistoffen, kortweg ”vloeistof-
plasma’s”genoemd, complex is. Aan de andere kant is het mogelijk om in een
dergelijk systeem een brede waaier aan reactieve deeltjes te genereren: OH- rad-
icalen, singlet-zuurstof, waterstofperoxide, ozon, Als gevolg hiervan zijn deze
plasma’s zeer effectief bij de behandeling van, onder andere, biologische me-
dia. De bepaling van de deeltjesdichtheden in een dergelijk plasma is echter geen
sinecure. In het bijzonder bij atmosfeerdruk moeten bij LIF-metingen verschil-
lende quenching-processen in rekening gebracht worden. OH-dichtheidsmetingen
in vloeistof plasma ’s zijn dan ook zeldzaam. In dit werk wordt via LIF de ab-
solute dichtheid van OH in de grondtoestand bepaald in een micro-flow-plasma
met vloeibare elektrode in verschillende gassen (He, Ar en N2). De dichtheid van
de voornaamste quencher van OH-radicalen wordt geschat aan de hand van het
tijdsverloop van het LIF-signaal. Er is vastgesteld dat in de kern van het plasma
tot 10% waterdamp aanwezig is. In een argonplasma wordt bij een stroomsterkte
van 30 mA een OH-dichtheid van 1.8×1020m−3 gemeten. In een heliumplasma
is de OH-dichtheid hoger, 2.2×1021m−3, wat wordt toegeschreven aan de hogere
elektronentemperatuur en de daaruit voortvloeiende hogere H2O-dissociatiegraad.
De hoogste OH-dichtheden, tot 2.3×1021m−3 bij 30 mA en een wateroppervlak
als kathode, werden gemeten in een diffuse glimontlading in N2 waar de hogere
gastemperatuur bijdraagt tot de thermische dissociatie van H2O.

Atmosferische plasmastraal

Mede door intensief onderzoek gedurende de laatste jaren, is de atmosferische
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plasmastraal (APPJ) op dit ogenblik de meest perspectieve plasmabron voor bio
medische toepassingen. In een APPJ wordt het plasma typisch gegenereerd in een
edelgas met een kleine toevoeging van een toepassingsafhankelijke moleculaire
component om sterk oxiderende deeltjes aan te maken (OH, NO, NH, CH, O, H,).
Bij veel medische toepassingen spelen het OH-radicaal en atomaire zuurstof een
belangrijke rol. Om de procesefficiëntie te beoordelen, is niet alleen de opbrengst
aan reactieve deeltjes van belang, want de deeltjes moeten ook nog lang genoeg
leven om chemisch actief te zijn op de plaats waar ze in contact komen met het te
behandelen oppervlak. Daarom is het belangrijk de ruimtelijke verdeling van de
reactieve deeltjes te kennen. Gelet op het feit dat biomedische toepassingen vaak
in omgevingslucht doorgaan, moet ook het bijmengen van waterdamp en lucht in
de plasmastraal bestudeerd worden omdat dit de vorming en quenching van de ox-
iderende deeltjes sterk kan beı̈nvloeden. Er is nog weinig gekend over de invloed
van de relatieve luchtvochtigheid en van de diffusie van lucht op de ruimtelijke
verdeling van OH-radicalen en O-atomen in het uitstroomgebied van een APPJ.

In dit werk wordt via ruimtelijk geresolveerde LIF de invloed van de toevoeg-
ing (tot 1%) van waterdamp op de OH-productie in een RF-geëxciteerde APPJ
in argon bestudeerd. De waargenomen verdeling van OH-radicalen komt overeen
met de geometrie van de plasmastraal, wat impliceert dat de productie van OH-
radicalen voornamelijk in de plasmastraal plaatsvindt. De hoogste dichtheid, 1.15
×1020m−3 dicht bij het centrum van het plasma, wordt gemeten voor een to-
evoeging van 0.3% H2O. Door de toevoeging van waterdamp kan niet alleen het
OH-productietempo gewijzigd worden, maar ook de plaats waar de OH-radicalen
worden gevormd. Zo worden bij een laag toevoegingspercentage van water (tot
0.3%) OH-radicalen gevormd binnen een vrij brede straal, terwijl bij hogere per-
centages de productie van OH zich beperkt tot een relatief nauwe centrale zone.
Dit kan interessant zijn voor medische toepassingen zoals tandbehandeling waar
een heel lokale behandeling vereist is.

De invloed van de diffusie van lucht werd bestudeerd door experimenten in
omgevingslucht te vergelijken met experimenten in een beschermde argonatmos-
feer. LIF en TALIF werden toegepast voor de bepaling van de ruimtelijke verde-
ling van respectievelijk OH en O. Uit de metingen blijkt dat, als gevolg van de
diffusie van lucht in de plasmastraal, de reactieve deeltjes geconcentreerd zijn in
een zone met een diameter van 1.5 mm rond de centrale stroomlijn van de plas-
mastraal. De diffusie van lucht leidt tot een verdubbeling tot verdrievoudiging van
de OH-productie, in het bijzonder in de verre uitstroomzone die start op een afs-
tand van 4 mm van de uitstroomopening van de plasmastraal. De vermoedelijke
oorzaken hiervoor zijn de hogere elektronendichtheid en de verhoogde dissociatie
van H2O en O2 voor de plasmastraal in omgevingslucht.

DBD-plasma

Atmosferische plasmastralen hebben onmiskenbare voordelen waardoor ze vaak
ingezet worden bij de ontwikkeling van biomedische toepassingen. Een intrinsiek
nadeel zijn evenwel de kleine afmetingen (mm), waardoor voor de behandeling van
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grotere voorwerpen de plasmabron mechanisch over het te behandelen oppervlak
moet gescand worden, of een multi-straal-ontwerp moet overwogen worden. Een
alternatieve oplossing ligt in het gebruik van een diëlektrische barrière-ontlading
(DBD) die in principe eenvoudig kan opgeschaald worden door het elektrode-
oppervlak te vergroten. In dit werk wordt een RF-ontlading met een lengte van
50 mm in argon bestudeerd, als alternatief voor de klassieke RF-plasmastraal met
afmetingen van de orde 0.1-2 mm. Een belangrijke factor in de kinetiek van
hogedrukargonplasma’s zijn de dichtheden van de geëxciteerde deeltjes ArR and
Arm. Hun lange levensduur resulteert in ontladingen met een lage ionisatiegraad
tot relatieve hoge dichtheden. Arm is met zijn hoge excitatie-energie en hoge
dichtheid dan ook een effectieve intermediaire toestand voor de productie van rad-
icalen zoals OH en O via dissociatie door botsingen. Langlevende geëxciteerde
deeltjes fungeren in sommige toepassingen ook als energiedragers naar het te be-
handelen oppervlak. In dit werk wordt de absolute dichtheid van Ar 1s gemeten in
een RF-ontlading in het drukgebied 300-1100 mbar. De aangewende plasmadiag-
nostiek is absorptiespectroscopie waarbij een lagedrukspectraallamp als lichtbron
wordt gebruikt. Er wordt aangetoond dat wanneer drukverbreding een belangrijk
lijnverbredingsmechanisme is, d.i. bij hoge druk, de aangepaste absorptietheorie
van Mitchell en Zemanski kan gebruikt worden om de verdelingsfunctie van de ab-
sorptiecoëfficiënt te berekenen. De experimenteel bepaalde dichtheid van de 1s5

toestand bedraagt 0.3×1012m−3. Deze dichtheid is van dezelfde grootte-orde als
dichtheden gemeten in plasmastralen bij vergelijkbaar vermogen per eenheid op-
pervlakte van de dwarse doorsnede van de uitstroomzone. Dit leidt tot de conclusie
dat de in dit werk ontwikkelde uitgestrekte RF-plasmabron een alternatief kan zijn
voor microplasmabronnen, voor wat de productie van resonante en metastabiele
argontoestanden en de resulterende vorming van een uitstroomzone betreft.



English summary

Atmospheric pressure non-thermal plasmas play a major role in the novel and
emerging field of, more generally, plasma health care, not least because they make
expensive and size limited vacuum equipment dispensable. In contrast to plasmas
in equilibrium, low temperature atmospheric pressure plasmas operate far away
from LTE (local thermal equilibrium), with the ion temperature and the electron
temperature differing by orders of magnitude. The processes are driven by elec-
trons, while the heavy particles remain at low temperature. Despite their low gas
temperature, non-equilibrium plasmas show the same effective plasma chemistry
as plasmas in equilibrium. Because the neutrals remain relatively cold, these plas-
mas do not cause thermal damage to surfaces they may come in contact with. This
characteristic provides the possibility of using these plasmas for low-temperature
plasma chemistry and for treatment of heat-sensitive materials including biological
surfaces and living tissues.

Plasmas can be produced by discharges in air, in noble gases or in any desired
mixture in order to produce a ‘chemical cocktail’ of atoms, ions and molecules
for biomedical applications. Under certain conditions, heat, charged particles and
metastable molecules and atoms produced by plasmas may play important roles
in the interaction between plasma and biological systems. In practical, the ‘dose’,
or the amount of time over which the plasma is applied, depends on the plasma
composition and the purpose. The delivery of bactericidal plasma species for ex-
ample must be appropriately weighed and timed, highlighting the critical need to
understand the identities of key plasma species and their critical concentrations
that induce bacterial inactivation with little toxicology consequence. The quan-
titative measure of plasma generated reactive species is the precondition for its
bio-medical applications. One of the main causes for the currently limited fun-
damental insight in the physics of these plasmas is that only few diagnostics are
applicable. The most popular diagnostic tool for investigating low temperature
atmospheric plasma properties is without question optical emission spectroscopy
(OES) as it is a noninvasive and rather straightforward diagnostic tool. However,
most of the produced reactive species occupy the respective metastable and ground
states, whose density lies five to six orders of magnitudes higher than the density
of excited states, and does not give optical emission. The traditional optical emis-
sion spectrum gives direct access only to excited particles, and conclusions on the
ground state (or metastable) density require rather complex models of approximate
character. Another difficulty is to single out one particular plasma species in APPs
(in fact any low-temperature plasma). Such plasmas tend to produce a cocktail of
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several reactive species with little opportunity to enable their individual production
alone. In this case, advanced laser spectroscopy diagnostic techniques are desir-
able. The laser spectroscopy methods provide another important and attractive
way to study the fundamental mechanisms of low-temperature plasmas.

In an attempt to shed light on which species of APPs are definitely important
and which are definitely minor players, absorption spectroscopy (AS) and laser-
induced fluorescence spectroscopy (LIF) are employed in this dissertation, which
give direct access to the ground state (and metastable) populations. In order to con-
trol APPs efficiently and further improve its applications, It is mandatory to have
the accurate knowledge of the radical densities, its spatial distribution, produc-
tion mechanism and plasma features like electron temperature, gas temperature,
etc. On topic of this, three plasma sources with potential application have been
selected as the target. Several advanced non-intrusive diagnostics are utilized to
characterize the plasma sources

DC plasma with liquid electrode

Intensive chemical reactions, energy transfer at the plasma-liquid interface and
intensive evaporation make physics of non-thermal plasmas in or in contact with
liquids very challenging but also allow one to generate a large number of active
species: OH radicals, singlet oxygen, H2O2, O3, etc. As a result, these plasmas
are very effective for the treatment of many biological and chemical objects. How-
ever, it is safe to say that measurements of species densities (except electron den-
sities) in liquid plasmas are largely an unexplored area. Especially at atmospheric
pressure, several processes such as quenching have to be taken into account for
LIF measurements. OH density measurements in the field of liquid discharges are
rare. Absolute density of ground state OH(X) is measured in a micro-flow plasma
with liquid electrode in different gases (He, Ar and N2) by LIF spectroscopy. The
density of the main quencher of OH radical in the core of the discharge is esti-
mated based on the time decay of the LIF signal. It is revealed that the plasma
core consists of a high amount of 8-10% of water vapor. The lowest value of OH
density, 1.8×1020 m−3 (30 mA), is obtained in the Ar discharge whereas a higher
OH density of about 2.2×1021 m−3 in the He plasma is probably because of the
higher electron temperature which leads to a higher degree of H2O dissociation. It
was found that the most effective for OH radical production is a diffuse glow dis-
charge in N2 with a density of 2.3×1021 m3 (30 mA, water as the cathode) mainly
because of the fact that the higher temperature of gas phase leads to effective ther-
mal dissociation of H2O.

Atmospheric plasma jet

As a result of intensive research efforts in recent years, the low-temperature APPJ
now represents the most promising discharge candidate for biomedical applica-
tions. In many APPJ, the plasma is generated in a noble gas with a small molecular
component in order to produce strongly oxidizing species (OH, NO, NH, CH, O,
H radicals, etc) - depending on the application under consideration. For medical
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applications, the highly reactive hydroxyl radical and atomic oxygen, play a key
role. For the process efficiency, not only the yield of reactive species is important,
since they also need to survive long enough to be chemically active in the location
required by the application. Therefore, the determination of active species con-
centration and its spatial distribution are of great interest. Moreover, treatment of
samples in solutions with plasma in biomedical applications often occurs in am-
bient air. Water vapor and admixing air into the discharge region may severely
affect the formation and destruction of the generated oxidative species. Little is
known about the effects of both relative humidity in the gas phase plasma and air
diffusion on the spatial distribution of OH radicals and O atoms in the afterglow
of atmospheric pressure plasma jets.

First, the effect of water vapor addition (varying from 0% to 1%) on OH gen-
eration is investigated in an Ar-H2O admixture atmospheric RF plasma jet by spa-
tially resolved laser-induced fluorescence (LIF) measurements of OH radicals. The
found distribution of OH radicals is consistent with the geometry of the plasma jet,
which indicates that the generation of OH radicals takes place inside the plume re-
gion. The highest density of 1.15×1020m−3 is measured in closest distance to the
plasma core for the case of 0.3% H2O. The variation of water content not only al-
lows changing OH production rate but also the place where radicals are generated.
It could be interesting for the application of the plasma jet in, e.g., medicine or
dental care: at low water content > 0.15%, OH radicals are produced in a spatially
broad jet, whereas at water content of > 0.3% the generation of radicals is much
higher and also limited to the central part of the jet so focused local treatment can
be achieved.

Then, air diffusion effects are investigated by performing and comparing mea-
surements in ambient air with measurements in a controlled argon atmosphere
without the admixture of air, for the same argon plasma jet. The spatial distribu-
tion of OH is detected by means of laser induced fluorescence diagnostics (LIF)
whereas two-photon laser induced fluorescence (TALIF) is used for the detection
of atomic O. The spatially resolved OH LIF and O TALIF show that due to the air
admixture effects, the reactive species are only concentrated in the vicinity of the
central streamline of the afterglow of the jet, with a characteristic discharge diame-
ter of 1.5 mm. It is shown that air diffusion has a key role in the recombination loss
mechanisms of OH radicals and atomic O especially in the far afterglow region,
starting up to 4 mm from the nozzle outlet at low water/oxygen concentration.
Furthermore, air diffusion results in two to three times more OH and O production
in the core of the plasma. The higher density of active species in the discharge in
ambient air is likely due to a higher electron density and a more effective electron
impact dissociation of H2O and O2 caused by the increasing electrical field, when
the discharge is operated in ambient air.

DBD plasma

Atmospheric pressure plasma jets, in particular, are of great interest because of
their potential use in bio-medical application as well as in fundamental investiga-
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tions. However, the disadvantage of plasma jet is the limited size of the it (mm),
which requires mechanical translation or multiple jet designs. An alternative de-
sign is based on the idea to increase the plasma jet size by using a dielectric barrier
discharge (DBD). DBD sources have the advantage that they can be produced (in
principle) to cover much larger areas. In this work, an RF discharge in a long gap
of 50 mm as an alternative to the classical type of RF plasma jets characterized
by the size of 0.1-2 mm to provide a way to treat large size objects like polymer
films. The kinetics of Ar plasmas sustained at gas pressure higher than 10 mbar are
strongly correlated with population of long living excited species ArR and Arm.
Long radiative lifetime of them ensures the relative high density in a weakly ion-
ized discharge. In medical application, the plasma output such as atomic oxygen
and the hydroxyl radical, which is highly reactive, play a key role. Arm, with
their high excitation-energy levels and population density, provide an efficient in-
termediate state for reactive radical production through collisional dissociation re-
actions. Moreover, in specific applications, long-lived excited particles are crucial
as the energy carriers to the targets.

The absolute number density of non-radiative Ar 1s states in RF discharge
with long gap working at pressure from 300 to 1100 mbar is determined by means
of absorption spectroscopy using a low pressure spectral-lamp. It is shown that,
the modified absorption theory of Mitchell and Zemanski can be used in order to
calculate the absorption coefficient distribution function kv at high pressure where
pressure broadening of the lines start to be important. The density of 1s5 state in
the present work is measured to be about 0.3×1012 cm−3 which is the same order
of magnitude as one measured for plasma jets with similar input power per mm2

(power/afterglow cross-section area). It is shown that the developed RF source
with 50 mm long gap can be a possible alternative to micro-plasma working in Ar
at atmospheric pressure in terms of production of resonance and metastable states
of Ar and the resulting formation of the afterglow.



1
Introduction

1.1 Introduction

This chapter gives a general introduction on the atmospheric pressure non-
thermal plasmas (APPs) which have been developed to provide the possibility
to extend plasma treatment to living tissues. Identification and quantification of
plasma agents (such as plasma generated reactive species) that induce the cellular
responses in most potential bio-medical applications is crucial for understanding
the mechanisms of plasma-cell interactions. This information would provide a
basis for designing task-specific plasmas for bio-medical applications and higher
treatment efficiency.

1.2 Atmospheric non-thermal plasma

Plasma is frequently referred as the fourth state of matter, which has a long
history dating back to as early as the creation of the Universe itself. Plasma is the
most abundant form of matter in the Universe, because most stars are in a plasma
state. The most familiar image of plasma is the sun, which brings light and life
to our planet every day. A precise definition goes beyond the mere statement that
plasma consists of charged particles: plasma is a quasi neutral gas of charged and
neutral particles which exhibit collective behavior [3].

Because of their controllable temperature and density ranges, man-made plas-
mas have been used for a long time for sterilization of medical equipment, packag-
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ing in the food industry, implants, blood coagulation, etc [4–9]. This is partly due
to their high bactericidal effectiveness and partly due to their easy access into nar-
row and confined spaces [7, 10–13]. Those industrial plasmas are used at various
operating pressures ranging from close to vacuum to several atmospheres. More-
over, depending on the way they are activated and their working power, they can
generate low or very high “temperatures” and are referred correspondingly as cold
or hot plasmas. Atmospheric pressure non-thermal plasmas play a major role in
the growing field of plasma applications, not least because they make expensive
and size limited vacuum equipment dispensable. In contrast to plasmas in equi-
librium, low temperature atmospheric pressure plasma operate far away from LTE
(local thermal equilibrium), with the ion temperature and the electron temperature
differing by orders of magnitude. The processes are driven by electrons, while
the heavy particles remain at low temperature. Despite their low gas temperature,
non-equilibrium plasmas show the high effective plasma chemistry as plasmas in
equilibrium. Because the neutrals remain relatively cold, these plasmas do not
cause thermal damage to surfaces they may come in contact with. This character-
istic provides the possibility of using these plasmas for low-temperature plasma
chemistry and for treatment of heat-sensitive materials including biological sur-
faces and living tissues.

The novel and emerging field of, more generally, plasma health care is contin-
uously growing. In the aspect of microbiology, atmospheric non-thermal plasmas
are employed e.g. to destroy bacteria (gram-positive and gram-negative, which
are common types with different cell wall structures), fungi, spores and viruses
with varying degrees of effectiveness. Although ionized gases have been known
to be biocidal for centuries, the first report of inactivation data using atmospheric
non-thermal plasma was published only 19 years ago in 1996 [14]. Since then,
the main interest in atmospheric non-thermal plasma-cell interaction has been the
provision of a hitherto unavailable low-temperature solution to medical decontam-
ination, particularly sterilization of surgical instruments and medical devices [9].
In addition to decontamination of inanimate surfaces, the generic bactericidal ca-
pability of atmospheric non-thermal plasmas have led to their use for decontami-
nating biological surfaces such as plant, animal and human tissues [4, 6, 8]. More-
over, many microorganisms that have been shown to be vulnerable to atmospheric
non-thermal plasma treatment are directly relevant to some of the most important
health care challenges. One example is hospital acquired infections, also known
as nosocomial infection, caused by mainly Methicillin-resistant Staphylococcus
aureus (MRSA) among others [15, 16]. An argon microwave atmospheric plasma
torch, jointly developed by the Max-Planck Institute for extraterrestrial Physics
and Adtec Plasma Technology Co. Ltd., was used to treat MRSA for 2 min.
Where the plasma was applied, practically no surviving bacteria (identifiable as
single colony forming units) are detected, indicating a bacterial load reduction of
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99.9999%. These results suggest that atmospheric non-thermal plasma is certainly
capable of deactivating key microbial contaminants for hospital acquired infec-
tions. In the emerging field of plasma medicine, low temperature atmospheric-
pressure plasmas have a broad range of applications, including the disinfection of
living tissues [17], blood coagulation [18], induction of apoptosis in malignant tis-
sues [19], a localized modulation of cell adhesion and proliferation [20–24] and
tissue modification of interest in electrosurgery [25]. There is an early report [26]
on the use of Ar plasma in skin surgery. For chronic wound treatment with Ar
plasma, so far clinical studies have been started [27] and the Phase II is near com-
pletion with over 1000 treatments carried out already. Air plasma devices have
also been used in medical practice as a source of gaseous nitric oxide. The results
of animal studies and clinical trials showed that NO-containing gas generated by
plasma is effective in tissue disinfection and regulating inflammatory processes as-
sociated with acute and chronic wounds [28,29] and respiratory problems. In addi-
tion, atmospheric non-thermal plasma find their potential applications in the fields,
ranging from blood cleansing, pharmaceutical processes to cancer treatment, but
these are not developed sufficiently far at present to go into details, nevertheless,
they remain fascinating research topics.

Plasmas can be produced by discharges in air, in noble gases or in any desired
mixture in order to produce a ‘chemical cocktail’ of atoms, ions and molecules
for biomedical applications. Broadly speaking and in the context of plasma inac-
tivation, one of the mechanisms by which low-temperature atmospheric pressure
plasmas affect viruses, bacteria and eukaryotic cells is the bactericidal species de-
livered by plasma to the cells. The most important of them are plasma-generated
UV radiation and reactive species including free radicals and some ground state
molecules such as peroxides and ozone. Under certain conditions, heat, charged
particles and metastable molecules and atoms produced by plasmas may also play
important roles in the interaction between plasma and biological systems. One of
the key species in this chemistry is atomic oxygen (O), which is involved in the
production of reactive species, such as O3, NO, NO2, OH and many others. O
is short-lived and believed to be important for surface or tissue treatment, either
directly or as a precursor to long-lived species like O3. The hydroxyl radical (OH)
is another major oxidizing agent in the atmosphere and is also the building block
of the formed H2O2 which is considered to be an important agent in the chemical
reactivity of plasmas in and in contact with water. In general, it is of great interest
to pursue oxygen-based reaction chemistry (or OH-based reaction chemistry for
plasma in touch with liquid or wet objects) for two reasons, firstly the ability of
gaseous oxygen species to diffuse into small crevices in the context of surgical
instrument sterilization and secondly the ability to substitute UV sterilization and
thus control UV damage to healthy tissues in the context of wound healing. Since
exposure to high doses of UV radiation can cause mutagenesis and cell death, the
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best approach is to design plasmas with as little UV radiation as possible. In order
to control APPs efficiently and further improve its applications for health care, it is
thus important to have accurate knowledge of the radical densities, its spatial dis-
tribution and production mechanisms, which is currently lacking for a large range
of atmospheric pressure plasmas.

In practical, the ‘dose’, or the amount of time over which the plasma is applied,
depends on the plasma composition and the purpose. For bacterial sterilization, in-
teresting recent researches show that in vitro experiments, the required treatment
time of plasma can vary from a few seconds to a few minutes. Particularly, plasma
interaction with plant or human tissues is inevitable posing toxicology questions,
for example possible plasma damages of healthy tissues [6] and possible compro-
mised inactivation efficacy when bacteria migrate away from tissue surface into the
bulk of the tissue [30]. Therefore, the delivery of bactericidal plasma species must
be appropriately weighed and timed, highlighting the critical need to understand
the identities of key plasma species and their critical concentrations that induce
bacterial inactivation with little toxicology consequence. The quantitative measure
of plasma generated reactive species is the precondition for its bio-medical appli-
cations. However, most of the produced reactive species occupy the respective
metastable and ground states, whose density lies five to six orders of magnitudes
higher than the density of excited states, and does not give optical emission. The
traditional optical emission spectrum gives direct access only to excited particles,
and conclusions on the ground state (or metastable) density require rather complex
models of approximate character. Another difficulty is to single out one particu-
lar plasma species in APPs (in fact any low-temperature plasma). Such plasmas
tend to produce a cocktail of several reactive species with little opportunity to
enable their individual production alone. In an attempt to shed light on which
species of APPs are definitely important and which are definitely minor players,
absorption spectroscopy (AS) and laser-induced fluorescence spectroscopy (LIF)
are employed in this dissertation, which give direct access to the ground state (and
metastable) populations. The former is again restricted to line-of-sight integra-
tion, whereas the latter can provide spatial resolution due to the small geometry
of laser beam. However, LIF has the disadvantage that usually only one transition
is excited and several transitions needs to be measured to know e.g. the rota-
tional population distribution to calculate the total density of the radical. Another
disadvantage of this method is the effect of collisional quenching (collisional de-
excitation of the excited state) which reduces the fluorescence signal significantly
and also makes the absolute calibration more difficult. To solve this problem, the
temporal evolution of laser excited species is experimentally recorded, based on
which the proper model to deduce the absolute density of studied species from
fluorescence signal is also developed here. In the context of laser spectroscopy
diagnostics of atomic oxygen and OH radicals, modeling calculations with exper-
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imental measurements are performed for a precise concentration determination.

As mentioned above, since plasma generated reactive species play a significant
role in most bio-medical applications, the efficient plasma output design must be
oriented by the basic production mechanisms of radicals. At atmospheric pressure,
reactive species can be produced by a large number of reactions. The dominant
production processes sensitively depend on the plasma properties. They are char-
acterized by the gas temperature Tg , the electron temperature Te, the ionization
degree (or the electron density ne) and the gas composition. Meanwhile, a large
amount of different plasma sources investigated in the field of plasma health care
span a large parameter range of ne, Te and Tg . Moreover, in order to have an effi-
cient production of the stable end products like H2O2 or O3, not only the efficient
production of short lived radicals like OH and O is of importance, but also the sub-
sequent chain and termination reactions which are fully determined by the plasma
conditions. Therefore, apart from the radical density measurements, the accurate
knowledge of ne, Te and Tg is necessary to obtain a complete view on the chem-
ical kinetics in these challenging complex atmospheric pressure plasmas. Optical
emission spectroscopy, one of the widest used and traditonal diagnostic method,
offers a non-invasive and effective way to characterize the APPs. In present work,
OES serves to identify species present in the plasma and, more importantly, to de-
rive information about the plasmas properties. For all the plasma sources studied
here, the typical strong emission of OH(A−X) provide a means for obtaining gas
temperatures (the critical parameter for most bio-medical applications) and elec-
tron densities (ne). Moreover, in biomedical applications, plasma is commonly
used to treat samples in solutions or in ambient air, where gaseous phase may
contain a high amount of water or nitrogen and oxygen molecules from the sur-
rounding environment. To clarify the effects of working gas composition in real
working conditions, the effect of water vapor addition and air mixture on OH and
atomic O generation is investigated in this dissertation.

In summary, this work focuses on monitoring of reactive species in low tem-
perature APPs by advanced spectroscopic methods. One of the attractive features
of non-thermal atmospheric pressure plasmas is the ability to achieve enhanced gas
phase chemistry without the need for elevated gas temperatures. This characteristic
opens up the possibility to use these plasma in medical applications such as elec-
trosurgery, tissue engineering, surface modification of bio-compatible materials,
and the sterilization of heat-sensitive materials and instruments. It is mandatory
to have accurate knowledge of the radical densities, its spatial distribution, pro-
duction mechanism and plasma features, in order to control APPs efficiently and
further improve its applications. On topic of this, three plasma sources with poten-
tial application have been selected as the target. Several advanced non-intrusive
diagnostics are utilized to characterize the plasma sources. The organization of the
thesis will be described in the following section.
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1.3 Outline

• In chapter 2, a brief description of the low temperature atmospheric pres-
sure plasma sources, investigated in this work, will be given. The oper-
ational characteristics of each plasma source and their applications is re-
viewed. This is followed by introducing the advanced optical diagnostic
methods utilized in the thesis.

• Atmospheric pressure plasmas with liquid electrode attract considerable at-
tention because of their potential use in biomedical applications and in fun-
damental investigations of plasma. In chapter 3, the density of OH radicals
in ground state is measured by LIF spectroscopy in the core of a micro-flow
discharge in He, Ar and N2 with a water electrode. The discharge in He and
Ar is a constricted low current arc whereas the discharge in N2 is diffuse
similar to the glow discharge above water in air. Based on the developed
LIF model, we estimated the density of H2O in the core of the plasma as
8-10% from the decay time of the LIF signal. The density of OH radicals
is estimated from the calibrated LIF signal and is linearly dependent on the
applied current. The lowest value of OH density, 1.8×1020 m−3 (30 mA), is
obtained in the Ar discharge whereas a higher OH density of about 2.2×1021

m−3 in the He plasma is probably because of the higher electron temperature
which leads to a higher degree of H2O dissociation. It is found that the most
effective for OH radical production is a diffuse glow discharge in N2 with
a density of 2.3×1021 m−3(30 mA, water as the cathode) mainly because
of the fact that the higher temperature of the gas phase leads to effective
thermal dissociation of H2O.

• Recently plasma jet systems found numerous applications in the field of bio-
medicine and treatment of temperature-sensitive materials. OH radicals is
one of the main active species produced by these plasmas. Chapter 4 deals
with the investigation of an RF atmospheric pressure jet in terms of OH rad-
icals production by admixture of H2O into argon used as a feed gas. Gener-
ation of OH radicals are studied by laser induced fluorescence spectroscopy.
Special attention is paid to the excitation dynamics of laser excited OH rad-
icals. It is shown that vibrational and rotational energy transfer processes,
which are sensitive to the surrounding species, can lead to the complication
in the OH radicals diagnostics at high pressure and have to be considered
during experiments. The axial and radial 2D maps of absolute densities of
hydroxyl radicals are also obtained at different water contents . The high-
est density of 1.1×1020 m−3 is measured in the plasma core for the case
of 0.3% H2O. In the x-y-plane, the OH density steeply decreases within a
range of ± 2 mm from its maximum value down to 1018 m−3. The effect of
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H2O addition on the generation of OH radicals is investigated and clarified
in chapter 4.

• Treatment of samples with plasma in biomedical applications often occurs
in ambient air. Admixing air into the discharge region may severely affect
the formation and destruction of the generated oxidative species. Little is
known about the effects of air diffusion on the spatial distribution of OH
radicals and O atoms in the afterglow of atmospheric pressure plasma jets.
In chapter 5, these effects are investigated by performing and comparing
measurements in ambient air with measurements in a controlled argon at-
mosphere without the admixture of air, for an argon plasma jet. The spatial
distribution of OH is detected by means of LIF diagnostics whereas TALIF
is used for the detection of atomic O. The spatially resolved OH LIF and O
TALIF show that due to the air admixture effects, the reactive species are
only concentrated in the vicinity of the central streamline of the afterglow of
the jet, with a characteristic discharge diameter of∼1.5 mm. It is shown that
air diffusion has a key role in the recombination loss mechanisms of OH rad-
icals and atomic O especially in the far afterglow region, starting up to ∼4
mm from the nozzle outlet at low water/oxygen concentration. Furthermore,
air diffusion results in two to three times more OH and O production in the
core of the plasma. The higher density of active species in the discharge
in ambient air is likely due to a higher electron density and a more effec-
tive electron impact dissociation of H2O and O2 caused by the increasing
electrical field, when the discharge is operated in ambient air.

• The kinetics of Ar plasma sustained at gas pressure higher than 10 mbar
is considerably dependent upon the presence of long lived excited species
such as Arm and ArR. Argon metastable atoms in 1s5 and 1s3 states play
an important role in the number of secondary processes occurring in the
plasma in pure argon or mixtures of argon with other gases. The plasma
kinetics can substantially depend on the population of 1s5 and 1s3 states be-
cause various step processes proceed via these states. Thus, their thorough
characterization is necessary for fully understanding the plasma kinetics.
In chapter 6, the densities of metastable and resonant atoms are measured
in sub-atmospheric pressure Ar radio frequency DBD plasma. Measure-
ment is implemented using absorption spectroscopy with consideration of
the Voigt profile of the plasma absorption lines. The absolute density of
Ar Paschen 1s levels at different input RF power and operating pressure are
deduced from the measured absorption rate around the order of 1011 cm−3,
which are in good agreement with those reported in the literature. Moreover,
the population distribution of Ar 2p levels, revealed from optical emission
spectroscopy, accurately indicate the non-equilibrium characteristics of 2p
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excited levels for the low temperature high pressure argon discharge.

• The general conclusions are draw in chapter 7 and an outlook is given to-
wards a continuation of the current work.
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2
Diagnostics of atmospheric pressure

plasmas

2.1 Introduction

This chapter aims to provide a short survey of the field of atmospheric non-
thermal plasma and to show how the subject of this thesis is embedded in that
field. A brief description of the three typical atmospheric non-thermal plasma
sources with potential application will be presented. The characteristics of each
plasma source and their applications are reviewed. This is followed by introducing
the advanced optical diagnostic methods utilized in the thesis.

2.2 Plasma sources studied in this work

The different applications mentioned above (which for general health care may
be extended to include air and water purification, pollution control, micro-filtering
of aerosols, de-odorizing, etc) require different geometries, shapes and sizes for
plasma devices. Consequently, a large number of atmospheric non-thermal plasma
has already been developed and tested since the first DBD reactor was built in
the 19th century by W. von Siemens for the production of ozone [31]. In ad-
dition to the wide variety of DBD plasma sources described in the literature, a
few novel atmospheric pressure discharge sources have been developed. These
sources show promise to potentially replace low pressure plasma devices for some
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existing applications and to create new applications. These sources include the
APPJ [32–36], the cold plasma torch [37], the one atmosphere uniform glow dis-
charge plasma [38], the microhollow cathode discharge [39] and the surface-wave
discharge. Though different in dimensions, electrode materials, and frequencies
of the electric fields (DC to a few GHz), these sources share some common as-
pects: low temperature (from room temperature to several ∼ 102 ◦C); electron
temperature capable of dissociating molecules (1-5 eV); high radical densities re-
sulting in efficient plasma chemistry; homogeneous glow discharge; low break
down voltage. The physics of atmospheric non-thermal plasmas were recently re-
viewed [40, 41]. Numerous applications of atmospheric non-thermal plasmas can
be found in [7, 42, 43]. The three typical atmospheric non-thermal plasma sources
with potential bio-medical application will be discussed in the following.

2.2.1 Discharge in gas phase with liquid electrode

Plasma processes involving liquid phases are widely used in a variety of appli-
cations such as biomedical processes, material processes and sterilization in water
treatment. Atmospheric (or high) pressure non-thermal plasma in contact with
liquids is one of the plasmas that have the potential for these applications. The
simultaneous generation of intense UV radiation, shock waves and active radicals
makes these discharges particularly suitable for decontamination, sterilization and
purification purposes.

The idea of using liquid as a discharge electrode is relatively old. Gubkin
demonstrated the possibility and usefulness of electrolyte electrodes in glow dis-
charge electrolysis (GDE) for the first time in the 19th century [44]. These early
plasma-electrochemical experiments have long been forgotten, because few appli-
cations existed in the fields of plasma electronics. In 1952, Hickling and cowork-
ers used a ferrous sulfuric acid as a cathode in their glow discharge electrolysis
experiments [45, 46]. Oxidation of ferrous salt was investigated by varying the
concentrations of ferrous sulphate. In 1993, Cserfalvi et al. used electrolyte cath-
ode atmospheric glow discharges (ELCADs) for analytical spectroscopy. They
found that atomic emission of an element dissolved in an electrolyte was enhanced
in solutions of low pH [47]. After that, many works using electrolyte cathode have
been reported. Yagov et al. introduced a drop spark discharge, in which the metal
anode was replaced with a dripping electrolyte anode [48], and an electrolyte jet
cathode glow discharge [49], which was operated similarly to ELCADs. Maximov
reported AC diaphragm discharges and related discharges with electrolyte solu-
tions [50]. A miniaturized ELCAD has been examined by Jenkins et al [51]. Ionic
liquids, which have very low vapor pressure and wide electrochemical windows,
have been used recently for electrolyte cathode glow discharge powered by DC or
RF voltages under low gas pressures. These discharges can generate compounds
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Figure 2.1: Schematic of reactor and electrode configurations: (A) point-to-plane liquid-
phase corona reactor; (B) point-to-plane with air gap liquid phase corona re-
actor; (C) single point-to-plane glow discharge reactor; (D) plane-to-plane
glow discharge reactor; (E) multiple point-to-plane glow discharge reactor; (F)
pinhole reactor; (G) ring electrode reactor; (H) point-to-point arc reactor; (I)
wire-cylinder reactor; (J) gas-phase gliding arc over water surface; (K) gliding
arc with water film; and (L) gliding arc to water surface.

that cannot be obtained in aqueous solutions [52, 53]. Most of these discharges
are generated between a metal and a liquid electrode. The typical setups in which
plasmas are generated in and in contact with liquids are illustrated in figure 2.1.

Discharges in the gas phase above the water (nonthermal plasma) have been
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demonstrated to produce hydrogen peroxide [45, 54–58], molecular oxygen and
hydrogen [59, 60], and hydroxyl, hydroperoxyl, hydrogen, oxygen, and other rad-
icals [56, 57, 61–63] and, with the addition of air or oxygen at the high voltage
electrode, ozone [61, 64–68]. In addition, depending upon the solution conduc-
tivity and the magnitude of the discharge energy, shock waves and UV light may
also be formed [69–71]. These reactive species and physical conditions, in turn,
have been shown to rapidly and efficiently degrade many organic compounds, in-
cluding phenols [56,72–75], trichloroethylene, polychlorinated biphenyl [76], per-
chloroethylene and pentachlorophenol [77, 78], acetophenone [79], organic dyes
(such as methylene blue), aniline [80], anthraquinone [61, 81], monochlorophe-
nols [82], methyl tert-butyl ether (MTBE) [83], benzene, toluene, ethyl benzene
(BTEX) [84], trinitrotoluene [46, 69, 85], chlorophenol [85], and dichloroaniline
[85, 86].

Discharges in contact with liquids provide emerging technological opportuni-
ties for the plasma medicine. Already several applications have been developed,
close to widespread practical use, including a plasma scalpel for surgery [87], and
lithotripsy [69]. To apply discharges in contact with liquid to alleviate Bio-medical
problems, it is necessary to consider the types of chemical reactions initiated by
the discharge and the effects of the physical processes (e.g., shock waves, cavita-
tions, light emissions) on the promotion of desirable chemical reactions. However,
the operating mechanisms of these discharges are not yet known completely. The
presence of the liquid electrode makes the occurring processes more complicated.
In particular species and charge transfer mechanisms at the plasma-liquid interface
make these discharges much more complex. Additionally, as the liquid is in most
cases acting as one of the electrodes, the electrodes are evaporating. Thus, the
plasma are mostly generated in both gas and liquid vapor. This adds significant
complexity compared with the relative inert metal electrodes for gas phase non-
thermal plasmas. One of the main causes for the currently limited fundamental
insight in the physics of these plasmas is that only few diagnostics are applicable.
This is due to the complex discharge geometry and the surrounding liquid.

2.2.2 Plasma jet

As a result of intensive research efforts in recent years, the low-temperature
APPJ now represents the most promising discharge candidate for biomedical ap-
plications. APPJs are not confined by electrodes and can be adjusted from a few
cm down to the sub-mm region. Different designs have been investigated for their
ability to treat heat sensitive surfaces and for prospective use in medical applica-
tions. Stoffels et al. [88] developed a device generating a plasma which extends to
about 1 mm around a needle electrode. A plasma plume of about 1-2 cm length
can be obtained in a design by Foest et al. [89] Another arrangement, generating a



CHAPTER 2 2-5

6.5 cm long plume and notably operated in nitrogen, was presented by Hong and
Uhm [90].

Figure 2.2: (left) Schematic of the plasma pencil,and (right) Photograph of the plasma pen-
cil in operation.

Atmospheric plasma jets can be generated in many different gases and using
different electrical excitations. These include DC jets employing air and nitro-
gen [91, 92], kHz frequency pulsed and sinusoidal jets [93–96], RF [97–101] and
microwave excited jets [102–106]. Depending on jet configuration and electrical
excitation, plasma characteristics may differ significantly. Typically DC and mi-
crowave jets produce hot dense plasmas and are ideal for treating heat resistive
materials. For heat sensitive materials, their gas temperature needs to be reduced
drastically. Since the reactive species produced from the plasma jets are blown
out to a separate region for surface modification, this can be achieved by plac-
ing the sample far away from the jet nozzle, employing fast gas flow. Generating
small plasma volumes and/or using different excitation frequencies could be an-
other choice. Laroussi and Lu [107] developed a hand-held plasma jet device that
they called a ‘plasma pencil’. It consists of two electrodes, each made of a thin
copper ring attached to the surface of a centrally perforated alumina (Al2O3) disk.
The hole in the center of the alumina disk is 3 mm in diameter, while the diam-
eter of the disk is about 2.5 cm. The diameter of the copper ring is greater than
that of the hole but smaller than that of the disk. The two electrodes are inserted
in a dielectric cylindrical tube of about the same diameter as the disks and are
separated by a gap of which the distance can be varied of which can be varied in
the 0.3-1 cm range. When a gas such as helium or argon is injected at the op-
posite end of the dielectric tube and the sub microsecond high voltage pulses are
applied to the disk electrodes, a discharge is ignited in the gap between the elec-
trodes and a plasma plume/jet is launched through the hole of the outer electrode
and into the surrounding room air with length up to 5 cm and gas temperature
of 290 K. Figure 2.2 is a schematic and a photograph of the ‘plasma pencil’ in
operation. RF plasma sources have lower gas temperature and good plasma sta-
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EEFigure 2.3: (a) Image of the RF plasma jet operated with an RF power of 25 W at 2 SLM
of Ar + 0.1% H2O mixture. (b) ICCD image of broadband emission (c) image
of emission at 750 nm corresponding to Ar I (d) emission of excited OH at 309
nm and (e) nanosecond images of emission of RF jet of the same plasma jet

bility benefited partly from electron trapping and efficient electron heating at the
sheath edges [108, 109]. However for treating heat-sensitive materials, it is still
desirable to reduce their gas temperature particularly at high RF power. This may
be addressed by using pulse-modulated RF excitation [110, 111]. At frequencies
below 100 kHz, sub-microsecond pulsed excitation is found to effectively reduce
gas temperature [96,112–115]. In principle, it is possible to use nanosecond pulses
and produce room-temperature atmospheric air plasma even at the core of the dis-
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charge [115].

Moreover, fast ICCD (intensified charge coupled device) camera observations
with 100 ns exposure time and 1000 shots accumulated to form one picture reveal
an interesting feature in APPJs operated in He and Ar. The homogeneous-looking
plasma is actually not homogeneous. It operates like a “plasma gun”, blowing
fast small “plasma bullets” out of a nozzle [116, 117]. As shown in figure 2.3 the
fast image of the plasma jet propagation dynamics indicate that so-called plasma
bullet phenomenon exists operating even at megahertz frequency with continuous
energy input [118]. While this feature may not limit the surface processing abilities
of plasma jets, it is certainly important for the selection of gas inlet positions and
gas type.

However, the dimensions of micro- discharges and their operation at atmo-
spheric pressure are a challenge for diagnostics. For example, the traditional Lang-
muir probe technique is not applicable to this micro- discharges due to the frequent
collisions occurring in the discharge at atmospheric pressure.

Figure 2.4: Fused hollow cathode (FHC) plasma source. (a) Schematic arrangement of
an integrated RF hollow cathode system. (b) Rectangular 120-mm-long FHC
source, with Ne plasma in open air, generated at 40 W.
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Figure 2.5: Discharge images taken by a digital camera with the gas gap from 1.1 to 5.5
mm (Ar=2 slm, Pinput=200 W).

2.2.3 Novel plasma source for large-area surface treatments

Many atmospheric plasma sources are based on micro-discharges. Small at-
mospheric plasma units are multiplexed to form arrays, integrated in-line systems,
or area-distributed systems. An example is an array of RF-powered DBD jets.
Very special systems for generation of large area plasmas are based on multiple
hollow cathodes integrated to form a fused hollow cathode (FHC) system. Figure
2.4 (a) schematically shows a FHC with integrated open structure and flowing gas.
Many hollow cathodes, powered by a same RF, or a pulsed-DC, generator, are po-
sitioned close to each other so that individual plasmas can interact [119]. Such
an arrangement enables the use of very low RF power densities (≥0.2W/cm2 for
Ne) and low RF breakdown voltages while maintaining the plasma over the entire
electrode surface. The fused hollow cathodes can be of different shapes. Figure
2.4 (b) shows an example of a rectangular FHC system operated at an RF power of
40 W with Ne plasma in open air over an electrode area of 115 mm× 18 mm. Em-
ploying the methods used in microelectronics and micromechanics, it is possible to
construct special plasma systems using multiple small “on-chip” plasma sources
distributed over printed circuit-board plates [120]. Examples of such small-size
sources are an RF powered inductively-coupled plasma (ICP) chip [121] and a
small resonator-based microwave source.

Another plasma source design is based on the idea to increase the plasma jet
size by enlargement of the electrodes. In order to achieve a stable and large at-
mospheric pressure glow discharge (APGD), many plasma sources were investi-
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gated [122–124]. Among them, radio frequency (13.56 MHz) discharge has been
the most frequently used one [125, 126]. M. Kong et al. [127] investigated the
possibility to generate RF plasma of Ar with 20 mm round electrodes covered by
dielectric and found that a stable and uniform discharge with low gas temperature
of 460-560 K can be sustained at pressure of 1013.2472 mbar. In [128], a large gap
RF discharge with one of the electrodes covered by dielectric has been generated
in γ mode at atmospheric pressure in Ar as well as in N2. Figure2.5 shows typi-
cal discharge images of such an RF-APGD operating in the α mode Ar (99.99%)
plasma with two parallel square copper electrodes, whose areas are both 10 × 10
cm2, whose gap distance varying from 1.1 to 5.5 mm. The results show that the
facile adjustability of this RF-DBD provides a potentially useful tool for actual
applications

Extensive diagnostics studies of various atmospheric pressure plasma have
been carried out using a variety of established techniques ranging from electri-
cal characterization to various optical diagnostics methods and plasma mass spec-
trometry. As a result, there is a fairly broad database on the basic parameters
that characterize APPs, including I-V characteristics, electron density and temper-
ature as well as electron energy distribution, gas temperature, radiative properties,
etc. Furthermore, characterization of non-radiative particles then requires other
advanced diagnostic methods, such as laser active spectroscopy techniques. How-
ever, diagnostics of most APPs are relative difficult due to their small dimensions
and high operation pressures. The vast majority of these studies yielded results
averaged over the size of the plasma. Clearly, further time- and space-resolved
diagnostics studies will be needed to gain insight into the intricate properties of
APPs.

2.3 Optical diagnostics applied in this work

To gain control over plasma, an insight into its composition and its immanent
processes is mandatory. Optical plasma diagnostic techniques have the advantage
over other common plasma diagnostic methods that the discharge remains undis-
turbed. In this subsection, the optical plasma diagnostic methods applied in the
present work are introduced and their underlying principles are briefly depicted,
taking into account the circumstances of low temperature atmospheric pressure
plasma. In general, plasma spectroscopic diagnostics can be divided in passive
and active spectroscopy. The first case considers the spectroscopic features of the
radiation of the plasmas“as they are”. OES is one of the most popular passive di-
agnostic methods. In present work, OES serves to identify species present in the
plasma and, more importantly, to derive information about the plasmas properties
(i.e. gas temperature, electron density, electron temperature and fluid kinetics). In
the second case, the response of the plasma to the irradiation of an external source,
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for instance a laser, is studied. For a thorough analysis of the interaction of cold
atmospheric pressure plasmas with treated targets, a detailed quantitative analysis
of the plasma non-radiative particles is required. Characterization of those parti-
cles then requires active spectroscopy such as absorption spectroscopy and laser
spectroscopy.

2.3.1 optical emission spectroscopy (OES)

One of the amazing features of plasmas is that they emit light. Excited atoms
and molecules in plasma emit line radiation when an electronic transition from a
higher state to a lower state of the energy levels of the atomic or molecular system
occurs. First, the spectral line intensity depends on the excited state density and
on their transition probabilities. Therefore, Optical Emission spectroscopy yields
information about excited species present in the plasma. The optical emission
spectra can also be connected to atomic (or molecular) structures with the atom
(or molecule) energy level diagram. The central wavelength of a emission line can
be correlated to the energy difference of a transition from a higher energy state to
a lower energy state. Figure 2.6 presents Ar I 4s-4p energy levels with all radiative
transitions, the main feed gas of plasma diagnosed in this work. Moreover, spectral
line radiation can be used as information sources from which important plasma
properties can be deduced.

The typical strong emission of OH(A-X) and N2(C-B) provide a means for
obtaining average gas temperatures in atmospheric pressure plasmas. The tem-
peratures obtained are normally accurate and in good agreement with thermocou-
ple [93, 129–131]. Most of the investigators use simulation software such as Lif-
base [132] or Specair [133] to obtain the rotational temperature of OH(A-X) or
N2(C-B). A best correspondence of the synthetic spectrum with the experimental
spectrum provides a value for the rotational temperature. Both programs assume
that the rotational states are Boltzmann distributed i.e. the intensity distribution of
the rotational population distribution is given by [134]

IJJ ′ ∝ hυJJ ′(2J + 1)AJJ ′ exp(−BυhcJ(J + 1)

kBTrot
) (2.1)

with υJJ ′ the frequency of the transition from rotational level J to level J’, AJJ ′

the corresponding transition probability, Bυ the rotational constant, kB the Boltz-
mann constant and h the Planck constant. The rotational energy E(cm−1) equals
BυJ(J+1). The assumption that the gas temperature is equal to the rotational tem-
perature is only valid when the rotational population distribution is in equilibrium
with the translational temperature of the heavy species and thus thermalization of
the rotational population distribution by collisions with the heavy species has oc-
curred. Due to the highly collisional nature of atmospheric pressure plasmas this
is often a good assumption.
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Figure 2.6: Partial energy level diagram of Argon I excited states with Paschen notations
used to represent levels.

However, several examples show that production processes of excited species
and the plasma kinetics strongly influence the OES. As shown in [135–137], the
rotational population distribution of OH(A) is often non-Boltzmann in nature and
discrepancies between the rotational temperature of N2(C-B) and OH(A-X) are
observed. Estimates in [136] show that the characteristic collisional quenching
time of H2O with OH(A) is of the same order of magnitude as the rotational en-
ergy transfer time (rotational relaxation). This causes the radiation to be strongly
quenched when a significant amount of water vapour is present and the effective
lifetime is reduced to the 1 ns range in water vapour plasmas [136]. Under these
conditions, the OH(A) rotational population distribution does not have time to ther-
malize and a rotational population distribution strongly influenced by the forma-
tion process (which is a non-Boltzmann distribution) is observed in emission. As
a consequence, the determination of the gas temperatures by OH(A-X) emission
as is often used in plasmas with water vapor has to be done cautiously. For the
non-Boltzmann distribution cases, a two temperature fitting routine is suggested to
characterize the plasma gas temperature. For high density plasmas also quenching
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of OH(A) by electrons becomes important [137]. That complicates the interpreta-
tion of the OES data to determine gas temperatures but also provides opportunities
to extract information about the formation processes of radicals.

The Stark broadening of hydrogen lines (Hα, Hβ and Hγ) can be used to es-
timate plasma electron density. the Stark broadening FWHM (full width at half
maximum) of the Hβ line in the plasma jet is often used to estimate the elec-
tron density, while the Hα line is not applied for electron density determination
due to its sensitivity for self-absorption and strong broadening by ion dynam-
ics [138, 139]. The relationship between the The Stark broadening FWHM of
the Hβ line and plasma electron densities can be expressed as [140]:

FWHM = 4.800nm× (
ne

1023m−3
)0.68116 (2.2)

This calculation is only applicable for plasma electron density larger than 1014

cm−3. However, most low temperature plasma are of low ionization degree (less
than 10−6) and estimation of electron density from Stark broadening FWHM of
the Hβ line is not precise anymore.

For atmospheric non-thermal plasma, more insight into the plasma parameters
and the degree of equilibrium departure can be obtained if spectroscopic mea-
surements are performed in the absolute way with standard light source. From
relative calibrated OES, the atomic state distribution function (ASDF) of plasma
can be obtained, and the electron temperature can be derived. In brief, the OES
method is much simpler. By intensity measurements, relative average densities of
light-emitting species can be easily obtained . Nevertheless, the translation from
these densities to basic plasma properties like electron density, electron temper-
ature and radical densities is complicated and strongly depends on the state of
plasma equilibrium. Furthermore, optical emission spectrometry is based on line-
of-sight measurements and as a result average values are obtained.

2.3.2 Absorption spectroscopy

The absorption of light by plasma is a simple and fast method to measure
absolute densities of non-radiative species. If parallel light from a source emitting
a continuous spectrum is sent through an absorption cell like plasma, the intensity
of the transmitted light may show a frequency distribution similar to figure 2.7.
By comparing the initial light emission and the transmitted light, the absorption
coefficient (absorption degree) of plasma can be determined. The integration of
absorption coefficient over frequency is proportional to the absolute non-radiative
species density, according to the method proposed by Mitchell and Zemansky [1].

A wide variety of radiation sources can be employed in absorption spectroscopy
in order to obtain information about number densities of non-radiative species,
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Figure 2.7: Absorption line profile of transitions and (inside picture) the derived absorption
coefficient.

which include self-absorption of plasma emissions [141–143] or absorption mea-
surements using either a tunable laser [144–147] or a white light source [142,148,
149].

Tunable diode laser absorption spectroscopy (TDLAS) nowadays is a widely
used modern technique to investigate the heavy particle dynamics in various en-
vironments. Utilizing lasers to determine the density of metastable and resonant
atoms is advantageous, as it does not depend on the absorption-line spectral pro-
file. This fact simplifies the numerical processing of the experimental data. More-
over, this method has already proven its principle applicability under conditions
of very short absorption lengths (tenths of millimeters) in measurements on sin-
gle filaments of dielectric barrier discharges [150]. TDLAS of metastable argon
atoms has been used to investigate the kinetics of fast electrons in various dis-
charge configurations [151–155] and to monitor the kinetic energy (temperature)
of heavy particles in the plasma, deduced from the Doppler profile of the absorp-
tion line [156–160]. Recently, the density of metastable neon atoms in a complex
neon plasma with immersed dust particles [161] and the density of metastable
atoms in an argon/acetylene plasma with plasma-polymerized dust particles have
been analyzed [162]. The kinetics of argon metastables in the afterglow of a pulsed
complex plasma have also been investigated [163], but with the assumption that the
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gas temperature remains constant during the pulse which is not always justified.
More recently, argon metastable density and temperature measurements during
high-power impulse magnetron sputtering (HiPIMPS) discharges were reported by
Vitelaru et al [164]. However, this technique sometimes is difficult to implement
and rather expensive, e.g. probing of different states of Ar from 750 nm to 811
nm can be done only with a set of two tunable diode lasers because of wide tuning
range. Besides this, TDLAS techniques require a laser diode with the mode-hope
free spectral range larger than the width of the absorption line. To fulfill the latter
requirement can be a problem for high pressure plasmas where line broadening as
high as 200 pm can be observed which is out of the specifications of most of the
available TDLAS systems.

Experimental implementation of the spectral-lamp absorption method is eas-
ier and less expensive than the diode laser technique. At low pressures, the ab-
sorption method employing a spectral lamp is well documented and extensively
used [142,165–169]. However, it depends on the spectral profile of the absorption
line, which turns from Gaussian at low enough gas pressure to the Voigt type at
atmospheric pressure. Therefore, the corresponding change of data processing is
required. More details can be found in chapter 6.

2.3.3 Laser induced fluorescence spectroscopy

The main advantage of Absorption spectroscopy and LIF spectroscopy is that
they have direct access to ground state (and metastable) populations. Discharge
chemistry and physics strongly depend on these states because they are highly
populated, because they are significant reservoirs of energy, and consequently, be-
cause they can induce many reactions. However, these states are long lived, in part,
because they do not radiate intensely at visible wavelengths, and thus they cannot
be measured directly by standard OES. Whereas the former is again restricted to
line-of-sight integration, the latter can provide spatially resolved information in
view of the angle between the exciting laser beam and the optical detection path.
A second advantage is that the fluorescence signal is free from the intense back-
ground of the irradiated laser light unlike the case of absorption measurements.

LIF spectroscopy use narrow-bandwidth tunable radiation to excite particles by
absorption of laser photon into a higher state. The fluorescence radiation emitted
when the particle makes a transition to an energetically lower state, often again
the ground state, is analysed in order to obtain information on the population,
the lifetime of the upper state and the velocity distribution of the particles. The
cross section for this fluorescence process is comparatively high so that together
with the sensitivity and high amplification capabilities of modern photodetectors a
powerful diagnostic technique results. The characteristics of the laser techniques
are related to those of the lasers. The directivity of the laser beam allows high
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Figure 2.8: Schematic diagram of a typical arrangement used in LIF diagnostics.

spatial resolution, the relatively short pulse duration (with pulsed lasers) is useful
for temporal resolution, the narrow spectral linewidth permits the selectivity of the
species and the high flux (possibly with a focused laser beam) allows transitions
with weak absorption cross sections.

A typical LIF detection arrangement is presented in figure 2.8. The fluores-
cence detection is usually made perpendicularly to the laser beam. The selected
part of the region probed is imaged onto the entrance slit of a spectrometer by op-
tical lenses. The spectrometer is adjusted to transmit the fluorescence wavelength
with a bandwidth of typically 2-3 nm. The LIF light is detected with a photomul-
tiplier tube, the resulting electrical signal is integrated, averaged and stored in an
acquisition system triggered with the laser. The detection gate should be as short
as possible in order to limit the quenching effect, which can become important,
depending on the species, for total pressure greater than a few mbar. The spatial
resolution is obtained by moving together the laser beam and the optical detection
system. A direct spatial resolution can be obtained by imaging, through an optical
filter, the interaction volume onto the photo-cathode of a gated, CCD-amplified
camera.

Usual applications of LIF diagnostics concern the identification of ground-
state species and the measurement of the spatial and/or temporal distribution of
the species densities as function of the discharge parameters. It has been applied
to numerous APPs and flames in order to measure absolute densities of active
species: two photon absorption LIF was used by Lukas et al [170] to detect N and
O atoms in a DBD; also in a DBD, Ono et al [171] measured time behaviour of
atomic oxygen density. One of the first published works on detection of hydroxyl
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radicals in high-pressure discharges using LIF was by Ershov and Borysow [172];
Ono and Oda also measured density of OH radicals and the gas temperature in
an incipient spark-ignited hydrogen air flame using predissociation fluorescence
(LIPF) [173]. At atmospheric pressure, for molecular species such as OH radicals,
main disadvantage of the LIF technique is a complicated interpretation of the ex-
perimental results including consideration of rotational/vibrational energy transfer,
quenching, dissociation, etc. However, often both species densities and velocity
distribution of laser probed species are derived from the time integrated fluores-
cence signal. It assumes that the rotational (RET) and vibrational relaxation (VET)
processes are fast enough after the laser excitation due to recombination regime of
plasma at atmospheric pressure. The same approximation is used in a recently sug-
gested [174] LIF ”chemical” model where an absolute density of OH radicals was
estimated from a fit of the LIF signal decay by only taking into account quenching
of excited OH radicals. In chapter 4 time-resolved spectroscopy is used in order to
investigate the temporal population of rotational molecular states of OH laser ex-
cited radicals in atmospheric pressure RF plasma and a more sophisticated model
for the interpretation of the LIF signal is developed.
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3.1 Introduction

In this chapter, we place the emphasis on the experimental determination of
OH number density in an atmospheric DC plasma with liquid electrodes. APPs
are typically generated in noble gases or in ambient air, whereas they can also be
produced in bubbles in liquids or in the gas phase above a liquid surface. In re-
cent years, the interest in non-thermal plasmas in or in contact with liquids has
increased significantly [175]. Unfortunately, there is still a lack of systematic
investigations of the physics of plasma-liquid interface and data on absolute den-
sities of species produced by plasma in contact with liquids. Intensive chemical
reactions, energy transfer at the plasma-liquid interface and intensive evaporation
make physics of these discharges very challenging but also allow one to gener-
ate a large number of active species: OH radicals, singlet oxygen, H2O2, O3, etc.
As a result, plasmas in or in contact with liquids are very effective for the treat-
ment of many biological and chemical objects. Examples of applications include
surgery [87], lithotripsy [69] and chemical analysis [176].

Among different types of plasmas in contact with water, a DC discharge above
a water surface is one having the advantage of easy optical access to the plasma,
which is especially important for active laser diagnostics. A phenomenological
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study of DC excited electrical discharges between a metal pin and a water elec-
trode has been done by many groups, e.g. by Gaisin and Son [177] and recently
by Bruggeman [175, 178]. This type of discharge is most often referred to as a
glow discharge but also sometimes as a low-current arc discharge. A very similar
system, which allows generation of discharges in different gases, is a micro-flow
discharge above a water surface where composition of the gas phase can be con-
trolled by external flow of the feed gas. Several groups have already performed
studies micro-flow atmospheric-pressure glow discharges [179–181].

However, these studies are mainly focused on the optical emission spectra of
the discharges where only excited particles are determined. This is an important
shortcoming, since the populations of the excited states are, as a rule, orders of
magnitude lower than the ground state populations, and theoretical models have
to be applied to provide the necessary link between the excited and ground states
densities. Since the OH-based reaction chemistry plays a dominant role in the bio-
medical application, this chapter deals with the measurement of the absolute den-
sities of OH radicals in an atmospheric DC plasma with liquid electrode by means
of the LIF technique. It is safe to say that measurements of species densities (ex-
cept electron densities) in liquid plasmas are largely an unexplored area. It is well
established that discharges in contact with liquids generate intense active radicals
(OH, atomic oxygen, hydrogen peroxide,etc.) which make these discharges partic-
ularly suitable for decontamination and sterilization purposes. Numerous papers
have presented results on destruction efficiencies of phenols, methylene blue and
production efficiencies of hydrogen peroxide. It is necessary to proceed towards a
complete understanding of these efficiencies. The direct measurements of radical
densities such as OH will provide invaluable information for a better understanding
of plasma chemistry. Nonetheless, due to the uncertainty of water vapor amount
spatial distribution and the complex interface processes between the discharge and
liquid electrode, quantitative measurements of OH radicals are only carried out in
the middle of the discharge column. Moreover, the effect of the used gas on the
generation of hydroxyl radicals in the positive column of the discharge is analyzed
and discussed for He, Ar and N2 micro-flow discharges with liquid electrode.

3.2 Experimental Procedure

3.2.1 Micro-flow discharge above an electrolyte solution

The experimental set-up for LIF diagnostics is presented in figure 3.1. The
used system is similar to that used recently for a glow discharge investigation
[182]. A direct current discharge is generated between a metal electrode and a
liquid surface (distilled water). A cone-shaped stainless steel metal electrode with
a top angle of approximately 40◦ with a rounded and polished tip is attached to
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Figure 3.1: (a) Experimental set-up used for the measurements of OH radicals in a DC
micro-flow discharge with liquid electrode; and (b) laser pathway view.

a micrometre screw above a liquid reservoir. The metal electrode has a narrow
uptake with a diameter of 0.5 mm where the flow of gas (Ar or He purity 99.99%)
with a flow rate of 300 standard cubic centimeter per minute(sccm) is applied.
The distance between the metal electrode and the water surface is adjustable with
a micrometre screw and is fixed to 8 mm. The volume of liquid in the reservoir
is 0.5 l. The reservoir is refilled with distilled water before every experiment. A
DC discharge is generated by applying a positive or negative high voltage (2.0-2.5
kV) to the metal electrode. A Technix HV1200W power supply is used in current
regulated mode and the applied current after breakdown of the gap is readjusted in
order to reach a desirable value in the range 10-30 mA. A ballast resistor of 30 kΩ

in series with the discharge is used for stabilization of the plasma and to limit the
discharge current. A Tektronix P6005 1000 : 1 high-voltage probe is used to mea-
sure the applied voltage. The current is obtained by measuring the voltage across
a shunt resistor in series with the set-up.
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3.2.2 Laser-induced fluorescence arrangement and optical emis-
sion spectroscopy

In this work, we use the LIF technique based on excitation of hydroxyl radicals
by means of the X2Π(υ′′ = 0) to the A2Σ+(υ′ = 1) transition around 285 nm.
A detailed description of the excitation and detection technique for the investiga-
tion of OH radical production in APPs by the LIF technique can be found else-
where [171–173,182–184] and only a brief description of the used system is given
here. As shown in figure 3.1 (a), the Sirah Cobra-Stretch dye laser with a second
harmonic generation (SHG) unit, pumped by a pulsed Nd :YAG laser, operating at
its second harmonics excites the ground-state OH radicals (X2Π, υ′′ = 0) to the
(A2Σ+, υ′ = 1) by three lines P2(6), P1(4) and P2(3). The pathway of the laser
beam is presented in figure 3.1 (b). The linewidth of the dye laser is about 0.09
cm−1 and the pulse width is 8 ns. The maximum energy per pulse is 10 mJ and
the laser beam has a rectangular shape with a cross-sectional area of 5×1.5 mm2

in the vicinity of the discharge. The energy of the beam can be attenuated down to
2 µJ using beam splitters and grey filters to reach conditions where the LIF signal
linearly depends on the laser pulse energy. The fluorescence is collected at 8 cm
from the positive column and led through an ultraviolet-visible optical fibre to a
Hamamatsu R928 photomultiplier tube (PMT) after passing the optical bandpass
filter with a central wavelength of 309 nm and FWHM of 10 nm. The LIF signal
is accumulated by a SR430 photon counter at the frequency of the YAG:Nd laser
during 1000 pulses. Calibration of the LIF signal is carried out by the commonly
used Rayleigh scattering technique at the wavelength 309 nm [185] close to the
maximum transparency of the filter. Collection volume of LIF signal : V Can be
determined by the overlap part between the plasma and laser beam. In our case,
the flat laser beam is utilized, thus, the width of laser beam equals the height of the
collection volume and its radius depends on the size of the discharge.

The size of the positive column of the discharge is measured from the images
of the discharge captured by a Hamamatsu ICCD camera (C8484) with the same
UV filter as that used for the LIF. The overview emission spectra are obtained with
an S2000 Ocean Optics spectrometer with a resolution of 1.2 nm in the range 280-
900 nm. The high resolution spectra (0.05 nm resolution) used for OH radicals′

rotational temperature calculation are measured by means of an Avantes spectrom-
eter. The rotational temperature (Trot) of OH radicals is derived from the emission
of the OH(A-X) (0-0) transition at 306-311 nm. In this case, the method of Boltz-
mann plot is used [178] based on plotting ln(Iλ/(2J + 1)AJJ) against the energy
of the levels and where the slope of the curve allows measuring Trot.
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3.3 LIF model

The interpretation of the LIF results requires an analysis of the number of
processes leading to the generation of the experimentally registered signal. The
model has to take into account not only the excitation of OH radicals by laser and
radiative decay of the excited OH(A) state but also the quenching, dissociation of
the excited state and vibrational (VET) and rotational (RET) energy transfer. The
potential energy diagram of OH radicals [186] together with a number of processes
included in the model of the LIF signal analysis is presented in figure 3.2.

Due to pumping of ‘2’ levels of OH(A) state from ground state ‘1’ of OH
radicals by the laser pulse, overpopulation of the excited ‘2’ level is observed.
Depopulation of ground state density ‘1’ can be expressed as

dN1(t)

dt
= −B12ILN1(t) + (A21 +B21IL)N2(t) (3.1)

where IL is the laser intensity, N i is the density of radicals on the corresponding
level and Aij , Bij are the Einstein coefficients of emission and absorption of the
radiation.
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Population of excited level ‘2’ can be described as

dN2(t)

dt
= B12ILN1(t)− (L2 +B21IL)N2(t) (3.2)

where L2 is the sum of rates of all loss processes leading to a decrease in the LIF
signal-see figure 3.2. In the present model, the following effects are included in
the calculation:

• Predissociation when excited OH(A2Σ+) can directly dissociate into O(1D),
O(3P) and H(2S);

• Electronic quenching when the electronic energy of OH(A2Σ+) is removed
upon collision with heavy particles by the following mechanism: OH(A2Σ+)
+ M→ OH(X1Σ+) + M+→ OH(X2Πi) + M;

• Radiative decay;

• RET excited radicals will transfer energy to the adjacent lower and upper
rotational levels within the same vibrational band;

• VET excited radicals will transfer energy to the adjacent lower vibrational
level.

Figure 3.2 describes these five decay processes. The effect of OH radical
quenching is of key importance in the case of high-pressure plasmas where the
decay time of the LIF signal will drastically decrease because of quenching, 10−9-
10−8 s−1 (depends on the quencher), when compared with the radiative lifetime
of 700-800 ns. The effect of quenching of OH(A) by different colliders has been
extensively studied by many groups [186, 187]. In the present model in order
to carry out quantitative interpretation of the LIF signal the quenching effect is
included in all kinetic equations describing the LIF signal decay based on experi-
mental results of Keinle and others [187]. The laser excitation of certain rotational
transitions from the ground state during a pulse of 8 ns results in the depopula-
tion of the ground state density N1 according to equation 3.5 and, in general, has
to be considered in the model. In APPs this depopulation is compensated by fast
RET processes having a rate constant QRET of 3.5×109 s−1 or higher [173, 182]
which is sufficient to refill all rotational levels of the ground state during excitation
and N1(t) can be considered as constant during the laser pulse. The same approx-
imation has been used by others [171, 183] and gives very good agreement with
experiments. Finally, from the LIF signal intensity I 0

LIF , calibrated in absolute
units, the desired density N1 can be obtained as

dN1 =
GL2

∫
I0
LIF (t)dt

B12ILτpulseV
∑
i t2iA2i

[1 +B12IL(L−1
2 +Q−1

RET )] (3.3)
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where G is the efficiency of the optical system, V is the light-emitting volume and
τ is the duration of the laser pulse. Usually a bandpass filter of 10 nm FWHM
with a photomultiplier is used for registration of the signal and increasing the S/N
(signal-to-noise) ratio especially when the intensity of the LIF signal is not strong
enough. In our experiments, the registered LIF signal is the sum of intensities
from several transitions appearing as LIF spectra because of RET and VET pro-
cesses (see figure 3.2). Therefore, the sum

∑
t2iA2i is used in equation 3.3 to

represent the distribution of all fluorescence transitions from level ‘2’ to ground
state and t2i is the filter transmittance. In general, in the present model the sum∑
t2iA2i can only be calculated if the temperature Trot of OH radicals is known,

e.g. from an independent measurement by OES. The same temperature has to be
used further for the evaluation of absolute ground density of OH radicals from
the estimated value of N1. It can be done if the rotational population distribution
of OH radicals reaches an equilibrium described by the Boltzmann distribution.
Hence, the absolute density of ground state OH(X2Π, υ′′ = 0) can be determined
from the N1 density and rotational temperature Trot of the radicals by [188]

N =
N1

∑
i gi exp[−Ei/kTrot]

g1 exp[−E1/kTrot]
(3.4)

where Ei and gi are the energy and statical weight of the rotational level i.

3.4 Results and discussion

3.4.1 Emission spectroscopy of the discharge

The image of the discharge in all used gases at different applied currents and
size of the positive column in the middle of the discharge gap is presented in figure
3.3. Since the glow discharge is pretty constrained in the gas flow, the emission
profile along the horizontal direction could be very sensitive to the error. The Abel
inversion may introduce big uncertainty of the of the plasma width. So here the
plasma width is just easily determined from the image picture. The dischargein
air (without gas flow) and in N2 is diffuse with distinguishing cathode space and
positive column. The radius of the positive column is almost linearly dependent on
the current and increases from 1.6 to 3.1 mm with an increase in the current from
10 to 30 mA in the case of negative polarity in the glow discharge without gas
flow. For positive polarity, when water is the cathode the radius of the discharge
increases from 1.42 to 1.8 mm for the same current range. On the other hand, in
the N2 plasma, the radius of the positive column in the middle of the gap is much
smaller and increases from 0.4 to 0.6 mm when water is used as the cathode and
from 0.35 to 0.7 mm when water is the anode.

The discharge in noble gases (Ar and He) is constricted when comparing with
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Figure 3.3: Radius of the discharge as a function of the discharge current. Images of the
discharge through the UV 309 nm filter in He, Ar, N2 and air (no gas flow) for
negative applied voltage. The position of the electrode and surface of water are
marked with white triangle and dashed line, respectively.

the case of a glow discharge in molecular gases. Even at the highest current of
30 mA the radius of the plasma which is used further for the calculation of the
absolute density of OH radicals is only 0.45 mm in He and 0.23 mm in Ar when
water is the anode. Based on imaging of the discharge and also on the fact that V
/I characteristic of the discharge in N2 has a positive slope it was considered that
the micro-flow discharge in N2 is a glow-like discharge between pin and water in
air. On the other hand, V/I characteristic of the discharge in He and Ar has a weak
negative slope and no distinguishable separation on the cathode zone and positive
column is observed. Correspondingly, the latter is considered as a low-current arc.

The rotational temperature Trot of OH radicals required for interpretation of
the LIF signal was measured by OES. An overview of the emission spectra of the
discharge in N2 with low resolution and parts of the spectra with a resolution of
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0.05 nm (300-345 nm) in He and Ar are presented in figure 3.4.

All plasmas are characterized by a significant amount of UV radiation in the
range 280-312 nm mainly due to the presence of OH radicals, transitionsA2Σ+(υ =

0, 1)→ X2Π(υ = 0), intensive bands of the N2 molecular system N2(C−B) and
lines belonging to Ar and He. Weak OI lines (777.4,843 nm) are registered in all
gases as well. The emssion band of NO is only detectable for the discharge in N2.
High Te is required to generate NO through N2 dissociation, which only take place
in the core of the discharge in N2 discharge. However, in the case of Ar and He,
the density of N2 in the core is too low for the formation of NO through electron
dissociation. Only distilled water is used in the present experiments, so no traces
of metals from the electrolyte were observed. The OH molecular band is used to
estimate Trot. As has been shown recently [175, 178] an APP in contact with wa-
ter is characterized by a complicated scheme of OH radical production because of
the possibility of H2O excitation by electron impact with dissociation, by positive
and negative ion recombination, etc. It results in non-Boltzmann behaviour of the
OH radical rotational population at rotational numbers J higher than 13. It was
suggested that a possible explanation of rotational population of OH radicals is the
difference in the mechanisms of excited species generation. OH(A) radicals are
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Figure 3.4: Overview of the discharge spectra in N2 at 25 mA current with water as the
cathode and high-resolution spectra in the range 300-350 nm for He and Ar
discharges at 25 mA with water as the cathode.
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produced by electron impact excitation of ground state OH:

OH(X2Π) + ē→ OH(A2Σ)∗ + ē (Ethreshold = 4 eV ) (3.5)

and by direct dissociation of water vapour:

H2O(X1A1)+ē→ H2O(B1A1)+ē
dissoc.−−−−→ OH(A2Σ)∗∗+H+ē(Ethreshold = 10 eV )

(3.6)
where OH(A2Σ)∗∗ are radicals at highly excited levels. These two mechanisms
are independent, which results in the overpopulation of rotational stages of OH(A)
with high rotational numbers, and only Trot with J < 13 can be used as the
rotational temperature of OH radicals. In this work, we used the method suggested
by Bruggeman [175] in order to estimate Trot. For more details and explanations
one can refer to the original work [175] and references therein. Figure 3.5 presents
ln(Iλ(2J+1)AJJ) for transition OH(A2Σ−X2Π) as a function of levels’ energy
at J < 13, describing radical distribution among rotational levels for the discharge
at 20 mA in three different gases.

The error of rotational temperature measurements is determined as ± 150 K
mainly due to deviation of the spectral data from Boltzmann linear dependence
at J < 13. The results of measurements for the case of water anode as well as
water cathode at different currents are presented in table 3.1 where data for glow
discharge without gas flow are presented for comparison as well.

The smallest temperature of about 1600 K is found in the Ar discharge and
the highest temperature of around 3500 K is in the glow discharge without gas
flow when water is the anode. In all gases TOHrot is almost linearly dependent on
the applied current. The presented data are in good agreement with the results of
others [41, 175, 177, 178] where the gas temperature of the plasmas without gas
flow is estimated by means of OES.

3.4.2 LIF measurements of OH radicals in the discharge

Typical time-resolved LIF signal for different currents and gases is presented
in figure 3.6 where the line P2(3) is used for excitation. The background due
to plasma emission is taken into account and all data are reduced to 1 mJ of the
beam energy. Data acquisition start by the photon counter (in figure 3.6 it is the 0
ns time point) corresponds to the TTL signal from the laser appearing before the
laser pulse within 150-175 ns delay time. The latter slightly depends on the used
Nd :YAG laser energy and is about 175 ns in the case of He discharge and only 155
in the case of Ar plasma which explains the small offset for He plasma in figure
3.6. However, for all calculations the presented time-resolved data were shifted
to the point where the first LIF photons were registered by the photon counter
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Figure 3.5: Boltzmann plot of the rotational distribution of OH(A) in the micro-flow glow
discharge with water as the anode at a fixed flow rate of 300 sccm and fixed
current of 20 mA.
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Rotational temperature of OH(A) (K)
Current (mA)

Gas Water polarity 10 18 26 30
He Anode 2020 2148 2243 2325

Cathode 1960 2075 2218 2275
Ar Anode 1650 1810 1964 2040

Cathode 1584 1652 1720 1750
N2 Anode 2800 2893 3135 3115

Cathode 2850 3045 3112 3250
No flow Anode 3230 3355 3420 3480

Cathode 3286 3320 3390 3370

Table 3.1: Rotational temperature of OH(A) as a function of the current for He, Ar, N2 and
glow discharge without gas flow estimated by the Boltzmann plot method. Error
of the measurements is ± 150 K.
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Figure 3.6: Time-resolved energy normalized LIF signals intensity (to laser energy 1 mJ)
for the discharge in N2, Ar and He as a function of the discharge current.

and so the initial 155 (175 ns in the case of He plasma) were excluded from the
analysis. The LIF signal which is proportional to the ground state radical den-
sity increases rapidly during the laser pulse with the maximum within 10-15 ns
and decaying with a characteristic time of 30-50 ns (resolution of the registration
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Figure 3.7: (a) High-resolution laser scans of transitions P1(4), P2(6) and P2(3) for Ar
discharge with water as the cathode at 25 mA discharge current. Bar graphs
(b) at the bottom represent the results of the simulation of LIF spectra obtained
for P1(4) excitation where the transparency of the interference filter is taken
into account.

system is 5 ns). Moreover, a comparative increase in the LIF signal with increas-
ing current is observed. The same tendency is also recorded for the case of water
used as the anode. The high spectral resolution of the laser makes it possible to
discriminate three different transitions of OH radicals by setting the laser wave-
length to the maximum of specific transition. In figure 3.7(a) the laser scanned
spectra of the three lines P1(4), P2(6) and P2(3) for the Ar discharge at 25 mA
are presented. The measured signal is the integral LIF signal obtained with a PMT
through an interference filter, whose transparency is plotted in figure 3.7(b). The
filter is optimized to transmit the OH fluorescence from the A2Σ+ to X2Π band
and to eliminate the laser. As described in section 3 the density of OH radicals
of the ground state is proportional to the measured wavelength integrated fluores-
cence signal which is actually the spectra of laser-excited OH radical emission
because of the RET and VET processes. In order to take into account all processes
forming the LIF spectra, we used LASKIN [187] to simulate the LIF spectra. In
figure 3.7(b), bars present such LIF spectra in the range 306-322 nm, obtained by
multiplying the spectra from simulation by the filter transparency for P1(4) exci-
tation process. The marked lines were used for absolute density calculations with
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Figure 3.8: Comparison of the time evolution of the LIF signal with results of the simulation
with different amounts of water vapour for the case of He discharge at 20 mA,
N2 discharge at 20 mA and Ar discharge at 10 mA, and water as the cathode.

regard to equation 3.3 as will be shown later. The radiative decay time of excited
OH radicals without quenching (e.g. in low-pressure flames or plasmas) can be
estimated as 780-1500 ns depending on the transition, but due to the presence of
different colliders (water vapour, N2, O2, O3, OH) the LIF signal decay is much
faster especially at atmospheric pressure. In the present experiments, no effect of
ozone on OH radical measurement was observed. In order to check ozone pro-
duction by the glow discharge an independent experiment with an ozone meter
(‘Envite’) was carried out and only a very low ozone concentration close to the
detection limit of the ozone meter in the range 1-2 ppm was detected for all used
gases. The main reason for low ozone density is the fast thermal decomposition
of ozone at high temperatures (> 1500 K) and hence ozone interference with the
LIF signal can be neglected. In the micro-flow discharge the main quencher will
be the feed gas in the case of N2 and H2O in Ar/He because of the negligible
low quenching rate of He and Ar. H2O mainly appears in the core of the plasma
because of thermal sputtering of the liquid electrode and ion bombardment of its
surface. Based on the simulation of the LIF signal with variation of H2O content
in the gas phase we can estimate the density of H2O in the plasma when best fitting
of simulation and experimental decay presented in figure 3.6 is obtained. Figure
3.8 presents the typical results of simulation in LASKIN [187] with different con-
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tents of H2O in the positive column. The radiative decay time of OH radicals from
(A2Σ+, υ′ = 1) strongly depends on the amount of water vapour even in the case
of N2 discharge despite the short decay time for pure N2 compared with He and
Ar. The best agreement is achieved with the range of 8% of H2O in the positive
discharge in He and 10% in Ar and also in N2. The polarity of applied voltage
has a negligible influence on the gas phase composition. An increase in current
results in a very weak increase in H2O in gas phase which is close to the statistical
error of the measurements (15%). The measured H2O content is in agreement with
the result for the glow discharge above water obtained by the Rayleigh scattering
technique [189] where the highest limit of H2O density for a short gap of 3 mm, in
contrast to 7 mm in the present work, is estimated as 30% (current 50 mA). Andre
et al [190] estimated the upper limit of water content in the anode and cathode
zones of the glow discharge in between two water layers as 25% and 45%, respec-
tively. Smaller H2O density of 10% measured in the present work can be explained
by the fact that measurements were done in the positive column in contrast to the
work of Andre et al [190] and also a gas flow was used which can decrease the H2O
density in the discharge. Based on the above-presented data, the ground state OH
density in the positive column of the discharge can be calculated when calibration
of the detection system, e.g. by Rayleigh scattering, is carried out [182, 185]. The
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LIF model described in section 3 was used to calculate the ground-state OH abso-
lute density. In order to avoid the calculation of the sum Σit2iA2i in equation 3.3
we rewrite part of it as ηi

∫
I0LIF (t)dt
t2iA2i

where ηi
∫
I0
LIF (t)dt is a fraction of the LIF

signal corresponding to one specific transition from upper state 2 and can be found
from the LIF spectra presented in figure 3.7 (e.g. one of the marked lines of the
spectra at the bottom). The result of our calculation shows that the use of different
radiative decay processes from upper state 2 will lead to exactly the same OH ab-
solute density, so in all our calculations, we just use the decay process from upper
state 2 with the strongest LIF intensity, e.g. for P1(4) excitation process,Q1(3) de-
cay process from upper state A1F1(6) is used for the calculation. All experiments
are repeated for three laser excited transitions. Moreover, the excitation of differ-
ent transitions leads to almost the same absolute density of OH radicals within an
error of 10% which is close to the experimental error of 10-15%. The calculated
ground state OH absolute density in the glow discharge in different gases with a
liquid electrolyte, as anode and cathode, is shown for transition P2(6) as a func-
tion of discharge current in figure 3.9 together with the best polynomial fitting of
the data. It has to be mentioned that the discharge in N2 (both polarities) and in
Ar (only negative polarity) at low currents of up to 18 mA is unstable and has the
tendency of sparking. Correspondingly, for the N2 plasma the first points at 16 and
18 mA are characterized by a large error of around 30-50% and are not presented
for the Ar discharge at all. The density of OH radicals in the ground state almost
monotonically increases with increasing discharge current from 10 to 30 mA for
water as the anode, from 1.37× 1020 to 1.8× 1020 m−3 for the Ar discharge; for
the He discharge from 6.15× 1020 to 2.17× 1021 m−3 and to 2.0× 1021 m−3 for
the N2 discharge, while the density of OH radicals increases from 1.1 × 1020 to
2× 1020 m−3 for the Ar discharge; from 5.7× 1020 to 1.8× 1021 m−3 for the He
discharge and from 2× 1021 to 2.3× 1021 m−3 for the N2 discharge when water
is the cathode. The polarity of the applied voltage does not affect the density of
OH radicals in the Ar plasma and has a weak effect in the case of He plasma and
N2 discharge. The plasma generated in nitrogen is characterized by the highest
OH density which is in agreement with our recent results [182] for a glow dis-
charge in open air. The observed higher OH density at positive polarity for N2

plasma is explained by the fact that the positive column when water is the cathode
is constricted and therefore the current density is higher than in the case of water
anode which leads to a higher ionization degree of the plasma and dissociation of
H2O. Remarkable difference in OH density between discharges in He/Ar and in
molecular gas N2 or in air [182] cannot be explained by electron dissociation of
water or dissociative electron-ion attachment exponentially depending on the elec-
tron temperature. The former mechanism of OH production (e + H2O→ OH + H
+ e) [191] has a constant 2.3× 1012-1.8× 1010 cm3s−1 at Te = 1− 2 eV and for
the latter (e + H2O→ OH + H) the constant is 4.9× 1018-4.7×1017cm3s−1 at the
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same electron temperature [191]. Following Raizer [192], a rough estimation of
Te can be done based on the equivalence of the rate of electron production mech-
anisms to the rate of electron loss processes. The major mechanism of electron
losses is dissociative recombination which is much faster than diffusion losses:

kiNeN exp(−Ei/kTe)−NeN+kd = 0

where ki and kd are the ionization and dissociative recombination rates, and N
and N+ are the density of neutral particles and positive ions, respectively. In the
positive column, as a good approximation, Ne = N+ can be used,ki is around
10−24 m3s−1 andkd is around 10−14 m3s−1 [192]. The electron density of about
(2-6)×1020 m−3 estimated in [175, 178] leads to a Te of around 1 eV in the case
of Ar and N2 and a considerably higher Te of around 2-2.5 eV in the case of
He discharge. At such different Te, the reaction rates of OH production in the
He plasma by the above-mentioned mechanisms should be at least 1.5 orders of
magnitude faster [191] than in Ar or N2 resulting in a higher OH density which is
in disagreement with the experimental results presented in figure 3.9. The reason
for higher content of OH radicals in the N2 discharge can be thermal dissociation
which starts to play an important role if Tg is higher than 2500 K [191, 193]:

H2O+H2O→ OH+H +H2O k = 10−20−4×10−14 cm3s−1, Tg = 2500−5000K

Both plasmas in He and Ar are characterized by Tg less than 2400 K at the highest
current of 30 mA whereas in N2Tg is 2800 K even at a current of 10 mA, (see
table 3.1). Those high temperatures can explain the observed difference in OH
radical density. Secondly, the possibility of OH(X) production in N2 and air plasma
should be noted because of the reaction [178, 194]: N2(A) + H2O→OH(X) + H
+ N2(X). However, it was considered by the same authors that the rate of OH(X)
generation by means of the presented reaction is too small in comparison with
other possible mechanisms. Finally, it is important to note that the discharge in N2

is glow whereas the Ar/He discharge is constricted without clear cathode or anode
zone and is considered a low-current arc. Different modes of the discharge can
change the mechanisms of OH radical production especially at the plasma/liquid
interface. One of the possible reasons for the very low density of OH radicals of
around 2×1020 m−3 in the Ar plasma can be not only low Te and Tg but also
depletion of Ar excited species in the core of the plasma. Recently, it has been
shown [195] that in the core of a non equilibrium atmospheric glow discharge in
Ar generated by MW, the density of Ar excited species is depleted that can result
in a decrease in the OH density produced in the core of the plasma especially
because of the reaction [193] Arm + H2O→OH + H + Ar (K = 4.5×1016 m3s−1).
Unfortunately, experimental proof of the last statement required the knowledge of
space-resolved OH density which is a plan for future work.
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3.5 Conclusions
Absolute density of ground state OH(X) is measured in a micro-flow plasma

with liquid electrode in different gases by LIF spectroscopy. Discharge in He
and Ar is a constricted low current arc whereas the discharge in N2 is diffuse
similar to the glow discharge above water in air. Based on the developed LIF
model the density of H2O in the core of the plasma is estimated as 8-10% from
the decay time of the LIF signal. Polarity of the applied voltage has negligible
effect on the content of H2O in the zone of positive column. The density of OH
radicals is estimated from the calibrated LIF signal and is linearly dependent on
the applied current. The lowest value of OH density, 1.8× 1020 m−3 (30 mA), is
obtained in the Ar discharge whereas a higher OH density of about 2.2×1021 m−3

in the He plasma is probably because of the higher electron temperature which
leads to a higher degree of H2O dissociation. It was found that the most effective
for OH radical production is a diffuse glow discharge in N2 with a density of
2.3× 1021 m−3 (30 mA, water as the cathode) mainly because of the fact that the
higher temperature of gas phase leads to effective thermal dissociation of H2O.
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OH radicals distribution in an Ar-H2O

atmospheric plasma jet

4.1 Introduction

In biomedical applications, plasma is commonly used to treat samples in solu-
tions, where the gaseous phase may contain a high amount of water. In a water-
containing plasma, plasma operation conditions as well as the formation of reactive
species (such as OH radicals) are determined by the relative humidity in the gas
phase plasma. The study of the water addition effect to such a plasma can give an
insight on the possible mechanism of the reactive species production. Although
plasmas in contact with liquids (addressed in Chapter 3) are proved to be very
effective for the bio-medical application, the spatial distribution of water vapor
amount in the gas phase plasma is uncertain and not controllable. Atmospheric
plasma jets obtain the ability to chemically ‘design’ plasmas, when they are oper-
ated in a mixture of a noble gas and a small molecular component(i.e. H2O and
O2) in order to produce strongly oxidizing species depending on the application
envisaged, e.g. in biomedicine. In order to optimize their application efficiency,
water amount can be precisely controlled in the jet source, which supply the pos-
sibility to experimentally explore the water addition effects in real applications.
The influence of water admixture on the plasma conditions has already been stud-
ied in the past [175, 196, 197]. Most of these studies, however, are limited by the
optical emission spectroscopy which only gives information about excited parti-
cles . Since plasmas are composed of species which are mostly not radiative, such
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as metastables, ground states, neutral radicals, etc., information on these particles
is not available directly from optical emission spectroscopy measurements. More-
over, one distinct feature of a plasma jet compared to other discharges, is that it can
transport the plasma to a separate region with reactive species for processing ap-
plications. For the treatment of heat sensitive materials, such as micro-organisms,
cells, living tissues, membranes, etc., with plasma jet, the processing applications
can be achieved by placing the samples far away from the active region of dis-
charge. Therefore, the mechanism and efficiency of plasma treatment not only
depends on the spatial averaged concentration of reactive species but also on the
spatial details of plasma generation. Nevertheless, current spectroscopic studies of
plasma species in APJs using OES, including their emission intensities and other
plasma parameters, are mainly restricted to the region of the plasma column (the
bright part of the plasma).

In this chapter, the effect of water vapor addition (varying from 0% to 1%)
on OH generation is investigated in an H2O-Ar admixture atmospheric RF plasma
jet by spatially resolved LIF of OH radicals. Quantitative detection of the species
of interest by LIF technique involves a proper interpretation of the obtained ex-
perimental results. Of particular complexity are the depopulation processes of the
laser-excited states, including collisional quenching, RET and VET, and sponta-
neous emission from the excited state. In this chapter, plasma jet supplies the
possibility to investigate the influence of water concentration on the kinetics of
the laser excited OH radicals. In addition, a model taking into account both RET
and VET processes is implemented in order to calculate the absolute density and
2D map distribution of OH radicals. It has to be noted that, the absolute density
of OH radicals in plasma jets has already been detected by LIF [198] and cavity
ring-down spectroscopy [199]. However, not enough attention has been paid to
the influence of water content on spatial distribution of OH radicals in the studied
plasmas, as well as on the fluorescence generation processes after laser excitation
of OH radicals. The last two aspects are therefore the main subject of this chapter.

4.2 The experiment and diagnostic methodes

A schematic diagram of the system used in this work is presented in figure
4.1. The typical experimental parameters are listed in Table 4.1. The capacitive-
coupled plasma (CCP) jet with L-matching impedance box was sustained in open
air. The RF electrode was made of a tungsten pin of 1 mm diameter centered inside
a quartz capillary of 2 mm inner diameter. The grounded electrode had a ring shape
and is placed around the capillary. Ar gas flow was equal to 2 slm (standard liter
per minute) and was used as feeding gas. Pure argon was fed into the plasma jet
through two separated lines. One of the two connected lines went through a water
bubbler filled with distilled water. The water vapor concentration in the discharge
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Experimental parameter Value/Description
Discharge RF frequency 13.56 MHz
Averaged RF power 10 W
Used gas, flow rate 2 slm of Ar+H2O
Pumping laser Spectra Physics INDI

YAG:Nd on 532 nm
Dye laser Sirah Cobra Stretch with SHG

unit
Used dye, wavelength Rhodamine 590, 284 nm
Laser energy per pulse 10-20 µJ
Laser spectral line width 0.03 cm−1

Laser frequency 10 Hz
Laser pulse duration (FWHM) ∼5 ns
ICCD camera AndoriStar 740
Spectrometer, entrance slit size Andor Shamrock 750, 50 µm
Gate time (utilized in the time-resolved mea-
surements)

20 ns (LIF spectroscopy), 5 ns
(LIF imaging)

Table 4.1: The experimental parameters used in this work

was determined assuming that the argon flow which passed through the water bub-
bler was saturated with water vapor at room temperature. The water bubbler was
calibrated in independent experiments up to flow of 4 slm with a MiniRAE3000

gas phase analyzer equipped with an H2O detection tube. Calibration has shown
that gas phase is saturated with water vapor in our experimental conditions. The
amount of water added to the plasma jet can be varied from 0% to 1%. The plasma
power was fixed at 10 W through all experiments. The required gas temperature
(Tgas) for interpretation of experimental data was estimated by means of OES. In
order to evaluate Tgas, the high resolution spectrum (resolution of 0.05 nm) of the
OH(A-X) υ′′-υ′ = 0 − 0 emission band in the spectral interval between 306 and
311 nm was measured with an Avantes 3648 spectrometer. The details of the tech-
niques used for Tg determination by the OH(A-X) υ′′-υ′ = 0 − 0 emission and
their drawbacks can be found elsewhere [178, 197].

As shown in figure 4.1, the Sirah Cobra-Stretch dye laser (Rhodamine 590 as
the dye) equipped with a second harmonic generation unit and pumped by a pulsed
Nd:YAG laser was utilized to excite the ground-state OH radicals X2Π , υ′′ = 0 to
the A2

∑+, υ′ = 1 by three excitation transitions, namely, P2(6), P1(4), and P2(3),
all at around 283 nm. The laser pulse has a repetition frequency of 10 Hz and a
pulse duration of about 5 ns. The laser energy per pulse was kept in the range
of 10-20 µJ providing the LIF signal being always linearly proportional to the
laser energy (so called “linear mode”). The energy was real-time monitored by a
laser energy measurement head (Ophir PE-9). The laser beam after beam shaping
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Figure 4.1: (a) Schematic of the experimental set-up used for the measurement of OH rad-
icals in the atmospheric pressure RF plasma jet; (b) Beam path for the LIF
measurements; (c) Drawing of the plasma jet device.

optics had a rectangular shape with the cross-section area in the vicinity of the
discharge of about 7 × 0.5 mm2, as shown in figure 4.1(b). The OH fluorescence
signal was collected at about 15 cm away from the jet location by an Andor iStar
740 ICCD camera perpendicularly to the laser beam direction through the optical
band pass filter with a central wavelength of 309 nm and FWHM of about 10 nm.
The ICCD camera was also used to record the spatially resolved discharge cross
sections in terms of OH density.The resolution of 1024x1024 pixels is used to
record the image of the area 7 mm multiply 7 mm with exposition time of 300
ns and 50 times integrated pulses. Any plasma light that is still recorded during
the measurement of the LIF cross section images is corrected by subtracting the
plasma emission images as the background obtained under the same conditions.
The time-jitter of the whole setup was estimated to be about 1 ns. The wavelength-
resolved fluorescence signal of the OH ro-vibrational bands (308 nm, with 0.03
nm resolution) was detected in the same system by sending the fluorescence signal
through an Andor Shamrock 750 spectrometer. Calibration of the LIF signal was
carried out by the commonly used Rayleigh scattering technique at the wavelength
309 nm [185], i.e, close to maximum transparency of the used optical filter based
on 2D images of the Rayleigh scattering of the laser beam.
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Figure 4.2: Images of RF plasma jet in Ar/H2O mixture. The total gas (Ar+H2O) flow rate
is 2 slm, water concentration is ranged from 0% to 1%.

4.3 Results and discussion

The appearance of the studied plasma jet afterglow at different water concen-
trations is illustrated in figure 4.2. Its length is strongly affected by water content
and decreases from 13 mm in pure Ar to less than 6 mm at 1% H2O. In the mean-
time,indicated in figure 4.3 the emission spectra of the discharge consist mainly of
the OH emission bands, as well as the Ar peaks. Relatively weak emissions from
the nitrogen second positive system N2(C-B) (with a band head at 337 nm), as well
as from Hα line at 656 nm and Hβ line at 486 nm are also observed. Moreover, the
N2 emission remains detectable even inside the jet nozzle at low water contents due
to the air diffusion into the nozzle. As shown in figure 4.4, an increase of the water
content leads to a fast decrease of the N2(C-B) emission in the whole afterglow of
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Figure 4.3: Optical emission spectrum of plasma jet in the range of 300-400 nm with dif-
ferent water variation

the jet which is different from the effect of H2O addition on the OH(A) emission.
The decrease of the N2(C-B) emission can be correlated with probable decrease in
the electron temperature at high water contents. On the other hand, the emission
of OH(A) depends non-linearly on the water content with local minimum at 0.18%
H2O. Since the recorded emission from this state depends on several production
and quenching processes, primarily determined by the following reactions [200]:

• Dissociative electron excitation of water

H2O + ē→ OH(A) + H + e k ≈ 10−11 cm3s−1

• Dissociative recombination of water ions

H2O+(H3O+) + ē→ OH(A) + H k ≈ 10−8 − 10−10 cm3s−1

where ions are formed by Penning ionization with Arm or by electron im-
pact.

• Direct electron excitation of ground state OH(X)
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Figure 4.4: optical emission of OH(308 nm), N2(337 nm) and Hα(656 nm) as a function of
water content collected at z=1 mm outside nozzle. The emission intensities are
normalized to their own maximum with the variation of water content.

OH(X) + ē→ OH(A) k ≈ 2.7× 10−10 cm3s−1

• The pooling reaction of OH(A) excitation by N2(A) [201]

N2(A) + OH(X)→ OH(A) + N2(X) k ≈ (9.5− 10)× 10−11 cm3s−1

The main loss mechanism of OH(A) at high water content is determined by

• quenching with H2O (Ref. [198])
OH(A) + H2O → OH(X) + H2O k ≈ 7.2× 10−10 cm3s−1 [17]
while at low water contents

• the quenching of OH(A) by N2 and O2 (appearing in the discharge zone due
to back diffusion of air) plays an important role [202]
OH(A) + N2(O2 → OH(X) + N∗2(O∗2) kN2 ≈ 3.2 × 10−11, kO2 ≈ 2.2 ×
10−10 cm3s−1

Unfortunately, optical emission spectroscopy cannot provide direct relations
between the intensity of the OH(A)-related emission bands and the OH radicals
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Figure 4.5: Scheme of laser excitation processes of the LIF spectra generation and typi-
cal LIF spectra of OH radicals at 4t=20 ns (exposition time 20 ns, excited
transition P1(4)).

ground density. In order to obtain the distribution of the ground state OH radicals
in the afterglow, and to investigate the influence of the water content on this distri-
bution, the LIF technique has been used. It should be noted, however, that one of
the drawbacks of the LIF technique is that the collisions between the surrounding
heavy particles and the laser-excited radicals may alter the experimentally regis-
tered LIF signal and so the further interpretation of the results. This is a crucial
point for the rigorous interpretation of the LIF results in atmospheric pressure plas-
mas with high frequency of collisions when the colliding particles such as H2O,
N2 and O2 (due to air back diffusion into the jet) have to be considered. The de-
tailed description of the performed LIF measurements of the OH radicals in the
discharge, the obtained LIF results, as well as their analysis and discussion are
presented in the following subsections.

4.3.1 Temporal behavior of the laser-excited OH states: colli-
sional energy transfer

The scheme of the LIF processes along with a typical LIF spectrum and ro-
tational distribution of OH radicals after excitation of P1(4) branch at 20 ns time
after the laser pulse (∆t) are shown in figure 4.5. The value ∆t is referred to the
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time interval after the start of the laser pulse. The transitions P1(4), P2(3), P2(6)
of the X2Π state of OH radicals were laser-excited to the vibrational level υ′ = 1

of A2
∑+ state (see figure 4.5). After the laser pulse, a strong emission in the

spectral range of 312-316 nm appears in the LIF spectra which belongs to the ra-
diative transition between level υ′ = 1 of A2

∑+ and X2Π υ′′ = 1. Because of
the laser pumping, an overpopulation of the vibrational level υ′ = 1 is observed,
having the relative population of 0.56 at t = 20 ns. It has to be noted that the
population of the level A2

∑+, υ′ = 0 seems to be essential even at t = 20 ns
with the population degree of 0.44. The strong radiative emission from the level
A2

∑+, υ′ = 0 at t = 20 ns can be attributed to the fast VET process. Further-
more, at t = 20 − 40 ns the intensity of the band υ′′ − υ′ = 1 − 1 drastically
decreases, whereas a much stronger band υ′′− υ′ = 0− 0 starts to dominate in all
the spectra. The observed decrease of υ′′ − υ′ = 1 − 1 band emission is mainly
due to the VET in between level υ′ = 1 and υ′ = 0 of A2

∑+ due to collisions
with Ar and H2O. The cross-sections of VET processes for A2

∑+ (υ′ = 1 to
υ′ = 0) with H2O [203] is about 8.6±0.6 Å

2
corresponding to the rate coefficient

of 4.04× 10− 11 cm3s−1 (Tg = 500 K). The quenching cross sections have been
converted to the rate coefficients by the relationship

k = συ (4.1)

where the average collision velocity is

〈υ〉 = (8kTg/πµ)
1/2 (4.2)

Here, k is the Boltzmann constant, Tg is the gas temperature, and µ is the re-
duced mass of the collision pair. The small density of water as a collider in our
experiments results to a characteristic time of VET process τV ET = 5.8 µs

due to collisions with H2O only. This value is longer than the experimentally
observed time of 20 ns and the discrepancy can be explained by VET induced
through collisions with Ar. VET cross-section of the OH radicals with Ar is
0.44 ± 0.06Å

2
(Ref. [203]) corresponding to the rate coefficient 1.68 × 10−12

cm3s−1 (Tg = 500K), resulting in shorter τV ET of 15-25 ns. Correspondingly,
after the OH radicals are excited by the laser, the VET transfer is mainly deter-
mined by collisions with Ar rather than with H2O.

due to a rather narrow laser beam (0.5 × 7 mm2) which was utilized in this
study for OH excitation, the space resolved OH distribution at the effluent of the
jet can be investigated. The time-resolved LIF signal cross-sections of the jet give
an insight into the spatial profile of the OH radicals in the discharge and dynamics
of the OH radicals excitation. Typical time-resolved images of OH fluorescence
presented in figure 4.6 (a) are corrected by subtracting the plasma emission. Mean-
time, figure 4.6 (b) represents the time-decay of the wavelength-integrated LIF
signal obtained at a distance equal to 1 mm away from the nozzle. The presented
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time decay corresponds to the integration of the LIF signal over the central zone
of the discharge with a diameter of 1 mm. Dynamics of OH fluorescence after the
laser pumping is characterized by a gradual exponential decay for the entire cross
section with the decay time equal to 59 ns. On the other hand, the decay time
corresponding to radiative depopulation of OH A2

∑+ to ground state is reported
to be about 0.685× 10−6 s [132]. Thus, the observed much shorter value is likely
determined by the collisional quenching of OH with H2O,whereas the quenching
by Ar is much weaker. Paul [202] postulated that quenching occurs via an ion-pair
intermediate
OH(A2

∑+
) + H2O→ OH−(X1

∑+
) + H2O+ → OH(X2Πi) + H2O

with the decay time determined as:

τ−1 = Af + kQ [H2O] (4.3)

where Af is Einstein coefficient of spontaneous emission and kQ is a quenching
rate constant. Nevertheless, quenching of OH by H2O with the rate constant of
68 × 10−11 cm3s−1 (Ref. [204]) at 0.3% H2O results in the decay time equal
to 70-100 ns which is slightly longer than the experimental measured value pre-
sented in Figure 4 (b). We suggest that the experimentally observed shorter decay
time of 59 ns (the case of 0.3% H2O at z = 1 mm) can be associated with addi-
tional quenching of OH (A) by N2 and O2 appearing in the plasma zone due to air
diffusion in the jet that provides a way to calculate a mole fraction of air in the
discharge.

Furthermore, at the beginning, up to the time ∆t = 20 ns, when emission from
the band OH (X-A) υ′′−υ′ = 1−1 is still strong, the LIF intensity radial distribu-
tion in the core of the discharge is very uniform. Later on at ∆t = 45− 180 ns, it
has almost Gaussian distribution along the jet radius. Consequently, the obtained
LIF images took at different times after the laser pulse may not correspond to the
real OH ground state density distribution, being substantially affected by VET and
collisional quenching processes. As a result, the measured OH distribution will
strongly depend on the time of image acquisition. For the accurate quantifica-
tion of the radicals density in the RF jet, it is necessary to analyze the dynamics
of the laser excited OH radicals. To address this issue, the high resolution LIF
υ′′ − υ′ = 0− 0 band rotational spectra of OH (A2

∑+-X2Π) (307-312 nm) were
measured as a function of ∆t. Figure 4.7 represents laser excited spectra of OH
at ∆t = 20 ns, 60 ns, and 120 ns, respectively, along with the corresponding
rotational distribution of OH radicals of A2

∑+, υ′ = 0. The rotational distribu-
tion is compared to the Boltzmann distribution at 500 K where the temperature
of 500 ± 50K in RF plasma jet is estimated by optical emission spectroscopy of
OH (A2

∑+ -X2Π) υ′′ − υ′ = 0 − 0 band. It is obvious that at ∆t = 20 ns, the
rotational population distribution of laser excited OH radicals is non-Boltzmann.
Only the rotational states with the low rotational numbers (J ≤ 3) are in ther-
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Figure 4.6: Temporal variation of OH radicals LIF signal of the jet effluent excited on P2(3)
transition. (a) Time resolved LIF signal of the effluent at different4t. (b) Time
decay of spectrally integrated LIF signal from bands υ′′ − υ′ = 0 − 0 and
υ′′ − υ′ = 1 − 1. LIF signal is corrected by subtraction of plasma emission.
Noise on (b) is mostly due to dark current of the ICCD.

mal equilibrium. Instead, an overpopulation of higher rotational states (J > 7)
appears. Moreover, the population of rotational levels corresponding to the ro-
tational numbers higher than J = 12 is characterized by Boltzmann distribution
with significantly higher temperature (about 1500 K). Nevertheless, 40-60 ns later,
the overpopulation at high rotational states disappears probably due to fast RET
processes and slight overpopulation at J < 3 is observed. The OH rotational pop-
ulation starts to be thermal with temperature of about 500 K only at ∆t = 120
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ns. The observed Boltzmann distribution close to 500 K even at ∆t = 20− 50 ns
is probably explained by the fact that the RET transfer is faster for low rotational
levels. Overpopulation of the higher rotational states may attribute to the A2

∑+,
υ′ = 0 populating process through the specific of VET process dynamics in col-
lisions with Ar as is described in [203, 205]. The present results show that VET,
and RET in the atmospheric pressure plasma jet can contribute to the complica-
tion in the scheme of OH ro-vibrational levels population during laser pumping.
Both VET and RET have to be considered especially if wavelength-integrated LIF
signal is used for the determination of the absolute OH density.

4.3.2 Model of OH radicals laser excitation

Based on results presented in Section 4.3.1, it can be stated that the tempo-
rally integrated broadband fluorescence intensity is determined by the spontaneous
emission as well as the collisional energy transfer processes such as quenching,
predissociation, VET, and RET. Therefore, it is required to clarify the proportion-
ality between the fluorescence intensity from the upper states and the concentration
of the ground state OH radicals. The VET and RET in the upper state act to redis-
tribute the population from the laser excited level to other ro-vibronic states. One
of the well-known approaches for the LIF signal interpretation employed for direct
absolute radicals density calculations is the so called “three level model” [196]. It
assumes that the molecules excited to the upper state remain in the original ex-
cited level until spontaneous emission [196, 198]. Unfortunately, it is not valid for
plasma jet at high pressure due to non-Boltzmann distribution in the upper energy
levels deduced from the time-resolved LIF spectrum of OH A2

∑+ state. In the
present work, we consider that the ground-state OH radicals X2Π, υ′′ = 0 are
excited to the A2

∑+, υ′ = 1 by the laser with the fluorescence appearing from
υ′′ − υ′ = 0 − 0 and υ′′ − υ′ = 1 − 1 bands. The time-dependent population
of the relevant energy levels can be expressed as follows the laser-coupled upper
rotational level i in A2

∑+, υ′ = 1.

dni
dt

= BxiILnx(t)+
∑
j 6=i

Rjinj (t)−

∑
j 6=i

Rji +BixIL + V(1→0),i +Ai +Qi

ni(t)

(4.4)
the upper state levels j in the A2

∑+, υ′ = 1 populated by RET(j 6= i)

dnj
dt

=
∑
j 6=i

Rijni(t)− (
∑
j 6=i

Rji + V(1→0),j +Aj +Qj)nj(t) (4.5)

the upper state levels i in the lower vibrational level A2
∑+

υ′ = 0 populated by
VET
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dn(υ′=0),i

dt
=

∑
j

V(1→0),jnj(t)δi +
∑
i 6=j

R(υ′=0),jin(υ′=0),j(t)− (4.6)

(
∑
i 6=j

R(υ′=0),ij +A(υ′=0),i +Q(υ′=0),i)ni(t)

Figure 4.7: The time-resolved LIF spectrum of OH υ′′−υ′ = 0−0 band (308 nm) at ∆t =
20 ns, 60 ns, and 120 ns, respectively. On the right, rotational populations of
OH(A) (A2 ∑+, υ′ = 0) at the corresponding time are presented.
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the laser-coupled ground level x

dnx
dt

= BixILni(t)−BxiILNOH(t) +QRETNOH′(t) (4.7)

where IL is the laser intensity, Bxi and Bix are the rates for absorption and the
stimulated emission, ni is a density of radicals on corresponding level, Rij is the
state to state rate for RET from rotational level i to level j inside one vibrational
level, V(1→0),i is the rate for VET from level i in A2

∑+, υ′ = 1 to A2
∑+, υ′ = 0,

Ai is Einstein coefficient of emission, Qi is the quenching rate, and δi describes
how the population is spread on the rotational levels of the A2

∑+, υ′ = 0. NOH (t)
can be considered as a constant during the laser pulse due to fast RET with rate
constant of about 3.5×10−9 s−1 or higher [202,206]. The same approximation has
been used by others [196, 207] and gives very good agreement with experiment.
The spectrally and temporally integrated fluorescence can be written as

ILIF = GΩLIFVLIF
∑
l

(
∑
m

Almεlmtlm
4π

∞∫
0

nldt) (4.8)

where G is the efficiency of the optical system, ΩLIF and VLIF are the detection
solid angle and light emitting volume, εlm is the energy gap of the corresponding
transition from rotational level l to level m, and tlm is the filter transmittance for
the OH emission wavelength. It is reasonable to use the summation of upper state
population over all the levels j as following:

∑
l

(Ql +Al)

∞∫
0

nldt = NOHBxl

∞∫
0

ILdt (4.9)

Thus, the calibrated LIF signal intensity ILIF 0 can be expressed in relationship to
NOH as

I0
LIF = ηNOHBxl

∞∫
0

ILdt (4.10)

η is the fluorescence yield, which represents the ratio of the molecules depopulated
to the ground level due to fluorescence to the total number of the laser excited
molecules.

η =

∑
l

(
∑
m
Almεlmtlm)∑

l

Al +Ql
(4.11)

The fluorescence yield can be obtained, e.g., based on the LIF spectrum simulation
by LASKIN [187]. The absolute concentration can be calculated based on the
Boltzmann distribution function as
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n =

nx
∑
i

gi exp[−Ei/kT ]

gx exp[−Ex/kT ]
(4.12)

where Ei and gi are the energy and statistic weight of the rotational level i.

4.3.3 Spatially resolved LIF and absolute OH density

The above described model has been applied for the determination of the ab-
solute density of OH radicals in the RF jet afterglow in the following scheme:

(i) Measurement of spatially and time resolved LIF signal with ICCD camera;
(ii) Axial resolved calculation of air molar fraction from the decay time of LIF
signal;
(iii) Simulation of LIF spectra and calculation of the fluorescence yield η, (see
Eq.4.11);
(iv) Reconstruction of space resolved cross-section of OH radicals density taking
into account VET/RET processes.

The unknown air molar fraction in the jet has been estimated based on the
measured decay time of the LIF signal. The idea behind the method is based on
the fact that the total fluorescence decay time (τ ) is determined mainly by colli-
sions with heavy particles (see Eqs. 4.6, 4.7 and 4.9). The decay time τ can be
experimentally determined at known admixture of H2O into the Ar. On the other
hand, the decay time can also be calculated by LIF spectra simulation, e.g., in
Ref. [187] with variable density of colliders as an input parameter. In the present
study, we considers the colliders with known density are (Ar and H2O) and col-
liders with variable concentration from 0% to 15%: N2, O2, H2O with ratio of
78:20:1.5, respectively. The quenching cross-section for Ar 0.047 Å

2
(Ref. [204])

(k = 0.45 × 10−12 cm3s−1, Tg = 500 K) is much smaller than one for H2O 80
Å

2
, (k = 68× 10−11 cm3s−1) but was still considered in the calculations because

the ground density of Ar is high in the feed gas. The best fit between the mea-
sured and calculated parameter τ gives a desired value of air molar fraction. In
the simulation, besides the effect of Ar and H2O on quenching, VET, RET, energy
transfer and quenching of OH(A) induced by N2 and O2 are also considered. The
quenching cross-section for N2 is 3.2 Å

2
(k = 3.16 × 10−11 cm3s−1, Tg = 500

K) [208] and for O2 17.8Å
2

(k = 3.16 × 10−11 cm3s−1, Tg = 500 K) [204],
respectively. The dependence of quenching rate on rotational number J of OH(A)
is described by an empirical law derived by Kienle [187, 209]

Q(J) = Q0 exp(−J(J + 1)(A+ TgB)) (4.13)

where Q0 is the quenching rate corresponding to the lowest rotation level and
parameters A and B for different colliders can be found in Refs. [204] and [209]
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and references herein. The VET cross-section for O2 is 3.9 Å
2

(k = 3.78× 10−11

cm3s−1, Tg = 500 K) and for N2 24.5 Å
2

(k = 24.3× 10−11 cm3s−1, Tg = 500

K) [203] with linear dependence on the rotational numbers described as following:

V (J) = V0(1− CJ) (4.14)

where V0 is VET rate corresponding to the lowest rotation level and the value of C
is 0.0343 for N2 and 0.052 for O2 [187]. Upward vibrational energy transfer is not
considered in the present study because of low probability in comparison with the
probability of downward process. The air molar fraction has been calculated along
the plasma jet axis as a radial spatial averaged value. The reason for this approach
comes from the fact that the experimental measurement of decay time may have
high uncertainness in the outer sheath of the discharge and is very time consuming.
Figure 4.8 represents the air molar fraction, calculated with measured decay time
of the LIF signal, as a function of distance from the jet nozzle. The systematic error
of the measurements is about 18% and is mostly determined by the experimental
error in measurement of the LIF signal. Though only the result for 0.3% H2O is
presented in figure 4.8, the results are similar for other mixtures. Based on the
known molar fraction of air and LIF signal cross-sections, the absolute 2D density
of OH radicals can thus be calculated in the afterglow. In figure 4.9, the spatial
distribution of the OH radicals is presented in the x-y-plane at z=1 3, and 8 mm for
different water contents. It is found that the distribution of radicals is consistent
with the jet geometric size. Correspondingly, generation of OH radicals takes place
inside the plume region with highest OH density of 1.15×1020m−3 in the plasma
core at the position (x, y)=(0, 0) for the case of 0.3% H2O. In the x-y-plane, the
OH density steeply decreases within a range of 62 mm from its maximum value
down to 1018 m−3.

The radial cross-sections of the OH density from figure 4.9 can be recalculated
into axial maps of OH radicals distribution in the afterglow of the RF jet. Figure
4.10 shows the spatial distribution of OH radicals in the y-z-plane for different
gas mixtures. Comparing the OH density distribution for different gas mixtures,
it can be stated that not only the density of OH radicals but also the region where
they are generated depends on the H2O content. Indeed, at low water content, the
OH density is still high (1 × 1019m−3) at the distance of 13 mm away from the
nozzle. The OH radicals are produced mainly in the place of mixing of feed gas
with surrounding humid air. This is especially visible from the ring-shape of OH
distribution in figure 4.9,at 3 mm distance with 0.1% H2O. In our opinion, this ring
shape is attributed to the generation of the radicals due to ion-neutral reactions and
metastables-neutral reactions [210, 211]

OH+ + H2O→ H2O+ + OH k = 1.5× 10−9 cm3s−1,
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Figure 4.8: Decay of LIF of OH radicals in the core of the RF jet and air content calcula-
tions at different distances from the nozzle.

Arm + H2O→ OH + H + Ar k = 4.5× 10−10 cm3s−1,

The importance of the ion-neutral and metastable-neutral reactions in the OH
radicals formation at low water content has also been confirmed by the simulation
of Bruggeman [200]. The reactions mainly take place in the intensive mixing re-
gion of the feeding gas and diffused air, where H2O density reaches maximum.
Besides the suggested mechanisms, it appears possible that OH(X) can be pro-
duced, in the outer shell of the afterglow, through reactions of water dissociation
with N2 metastables [212]

N2
m + H2O→ OH + N2(X) + H k = 6× 10−14 cm3s−1Tg = 300K,

N2
m + H2O→ OH + N2H k = 2.5× 10−10 cm3s−1Tg = 300K,

N2
m species are produced by non-resonance energy transfer in reactions of N2

with Arm generated in the discharge core. The ring shape of OH distribution is
detectable up to a water content of 0.15% corresponding to 2.25 × 1020 m−3 of
H2O in the Ar gas at 500 K. Conversely, at higher water contents, OH radicals are
concentrated in the core of the discharge with the highest density close to the edge
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Figure 4.9: Radial distribution of the OH density in the jet afterglow with variable admix-
ture of water in different distances from the nozzle.
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Figure 4.10: Spatial distribution of the OH density in the jet afterglow.

of the quartz capillary as shown in figure 4.10. It has to be noted that the saturated
water pressure in the surrounding air at 293 K is about 6 × 1021 m−3. As shown
in figure 4.8, about 2% of this water quantity ∼1.2 × 1020 m−3 can come to the
plasma due to air back diffusion. This value is of the same order as H2O admixture
in the feed gas when OH distribution transfers from the ring shape to cylindrical
shape. Based on the fact that the OH density just varies only by a factor of three,
we can expect that the production mechanism of the OH radicals in the jet core
and outer zone at low water content is probably the same. The expected densities
of OH+ and excited states of nitrogen N2(A) and N2(2D) are much lower than
the density of Arm and correspondingly the main pathway of OH production will
be through argon metastable-neutral reactions. On the other hand, electron impact
dissociation of water starts to be dominant in the OH(X) production at higher water
content [200]. Indeed, at the water content varying from 0.15% to 0.3%, the region
of OH radicals generation switches from the outer part of the plasma jet to the core
of the discharge where electron density is high. At higher H2O admixing, the OH
density slowly decreases to a minimum of 1018 m−3 corresponding to H2O content
of 1%. A further increase of water admixture causes the plasma to extinguish. We
would like to note that the variation of water content not only allows changing OH
production rate but also the place where radicals are generated, (see figure 4.10) It
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could be interesting for the application of the plasma jet in, e.g., medicine or dental
care: at low water content > 0.15%, OH radicals are produced in a spatially broad
jet, whereas at water content of 0.3% the generation of radicals is much higher
and also limited by the central part of the jet so focused local treatment can be
achieved.

4.4 Conclusions
In the present work, the distribution of OH radicals in RF plasma was studied

as a function of water content in gas forming mixture. OH radicals, as one of
the most important species in the plasma jet applications, are studied by means of
laser-induced fluorescence spectroscopy. It is shown that vibrational and rotational
energy transfers after the laser excitation are of primary importance in the LIF
diagnostics at atmospheric pressure. Laser excited OH radicals are not thermalized
and the rotational distribution after laser excitation does not follow the Boltzmann
distribution. Energy transfer processes have been taken into account in the model
of OH radicals excitation though the calculation of the fluorescence yield. The
model has been used in order to obtain axial and radial 2D maps of the absolute
OH densities at different water contents. The effect of H2O addition on the OH
radicals generation is investigated and discussed based on the experimental results.
The found distribution of radicals is consistent with the geometry of the plasma
jet, which indicates that the generation of OH radicals takes place inside the plume
region. The highest density of 1.15 × 1020m−3 is measured close to the plasma
core for the case of 0.3% H2O.



5
Influence of air diffusion on the

distribution of active species in a
plasma jet

5.1 Introduction

A biomedical plasma is not only commonly used to treat samples in solution,
where the effects of relative humidity in the gas phase plasma are discussed in
Chapter 4, but also is in many cases operated in ambient atmosphere, whose effect
on the discharge region and the plasma afterglow is not fully and quantitatively
understood. Bio-medical applications require well characterized devices. Remote
operation of the jet in ambient air implies collisions, recombination and plasma
chemical reactions with the surrounding atmosphere. As a consequence, species
distribution in the discharge region, in the afterglow, and in particular close to the
treatment target, may differ vastly. It is thus important to understand the plasma
generation, its energy flow, its dynamics and stability and the processes involved
from the plasma region all the way to the object to be treated. Many experiments
are, however, performed in a controlled atmosphere of noble gas, whereas possible
applications will be performed in ambient air. For the understanding of the inter-
action of the plasma effluent with substrates, of inactivation of bacteria, or of its
effects on living tissues, it is necessary to analyze the influence of ambient air on
the reactive species densities and to reveal possible reaction pathways leading to
their production. In this Chapter, an argon plasma jet is operated under realistic



5-2 CHAPTER 5

conditions in ambient air and compared to conditions in ambient Ar. The admix-
ture of air into the plasma effluent is quantified by the measured decay time of OH
LIF signal, which is introduced in Chapter 4.

In many APPJs, the plasma is generated in a noble gas with a small molecular
component in order to produce strongly oxidizing species (OH, NO, NH, CH, O,
H radicals, etc.) - depending on the application under consideration [89, 213]. For
medical applications, it is oxygen-based reaction chemistry (or OH-based reaction
chemistry in plasma with liquid or wet objects) which plays dominant role in the
plasma treatment processes. For process efficiency, not only the yield of reactive
species is important, since they also need to survive long enough to be chemically
active in the location required by the application. Therefore, the determination of
active species concentration and its spatial distribution are of great interest. The
validation of using LIF to obtain the absolute density of OH radicals has been
proved in chapter 3 and 4. However, for the quantitative detection of atomic O,
the excitation radiation is in the vacuum ultraviolet (VUV) range. At atmospheric
pressure, VUV radiation faces the difficulty of the absorption by air molecules.
One possible solution is to utilize two-photon excitation in the UV range, i.e. two-
photon absorption LIF. Moreover, a biomedical plasma is commonly used to treat
samples in ambient air. Operating the discharge in direct contact with air makes
the plasma vulnerable to intrusions of nitrogen and oxygen molecules from the
surrounding environment. Thus, the effect of admixing air into the discharge may
severely affect the formation, destruction and spatial distribution of the oxidative
species.

In this chapter, the spatial distribution of OH radicals and atomic O in a RF
plasma jet, operated in a chamber with controlled atmosphere and in ambient air,
respectively, is determined by LIF spectroscopy. The main purpose of this chapter
is to analyze the influence of ambient air on the spatial distribution of active species
generated in the discharge.

5.2 The experimental set-up

A schematic diagram of the system used in this work is presented in figure 5.1,
showing in particular the laser beam direction. The exciting UV laser beam is fo-
cused into a chamber which encloses the plasma jet. Throughout the experiments a
total pressure of 1010 mbar is maintained in the chamber through a pressure relief
valve. The CCP jet is sustained in ambient argon and in ambient air, respectively.
The design of the jet includes a centered RF (13.5 MHz) electrode in a quartz
capillary with 2 mm inner diameter, surrounded by the cylindrical ground elec-
trode. The voltage, current root mean square (RMS) values and operation voltage
are obtained by connecting a Tektronix P5100 HV probe and Pearson-2877 cur-
rent transformer in the L-matching impedance box right before the coil. The RF
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Figure 5.1: Schematic of the experimental apparatus used for the measurement of OH rad-
icals and atomic O in the atmospheric pressure RF plasma jet.

plasma jet is operated at a gas flow of 2 slm of argon with a small admixture of
water or oxygen (varying from 0.1% to 0.5%) at an input power of 15 W. The ad-
dition of H2O is used to enhance the production of OH radicals, whereas mixing a
small addition of O2 into the feed gas allows the generation of atomic oxygen. The
laser spectroscopy system consists of a Nd:YAG laser pumping the Sirah Cobra-
Stretch dye laser with a second harmonic generation unit. UV radiation around
283 nm is used to excite the ground-state OH radicals (X2Π , v′′ = 0) to the
(A2

∑+, v′ = 1). Deep UV light around 225 nm is applied for two-photon laser
spectroscopy of atomic oxygen. The laser energy per pulse is kept in the range of
10 ∼ 20 µJ for OH radicals detection and around 0.4 mJ for the atomic oxygen
detection. The energy is monitored by an Ophir PE-9 energy measurement head.
After passing through a bandpass filter, the fluorescence signal is detected by an
Andor iStar 740 ICCD camera, which is synchronized with the laser pulse. The
filter for OH detection has a maximal transparency around the wavelength of 309
nm, while the filter for oxygen detection has one at 844 nm, corresponding to the
transition: 3p 3P2 → 3s 3S. During all the measurements, the ICCD camera is
operated in accumulation mode, using accumulations of 30 laser pulses. A two-
dimensional axial map of LIF and TALIF is obtained by moving the laser beam in
relation to the plasma jet. The spatial resolution of the system in axial direction
(defined as the z-axes in figure 5.1) is about 1 mm. All images are corrected for
background light and substraction of the discharge emission.

With Ar/H2O or Ar/O2 as inlet gas mixtures, the spatial distribution of OH
radicals and O atoms in the plasma jet is measured by means of LIF and TALIF
spectroscopy, respectively. The principle of the used techniques is shown in fig-
ure 5.2 OH radicals are excited by single photon absorption, whereas absorption
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Figure 5.2: Schematic diagram of used laser excitation and energy transfer processes of the
(a) LIF and (b) TALIF experiments.

of two photons is required for the excitation of atomic oxygen from its ground
state. The measurement configuration is similar to the one used in our recent
works [182, 214–216]. For the excitation process of OH radicals, the electronic
transition A2

∑
−X2Π is conventionally used via the transitions (v′′ = 0, v′ = 0)

at 308 nm, (0, 1) at 283 nm, and (3, 0) at 248 nm [171, 173, 182, 217]. The use of
the resonance transition at 308 nm for LIF measurements is complicated due to the
additional process of radiation reabsorption. Deep UV excitation at the vibrational
level (v′′ = 3, v′ = 0) around 248 nm has a drawback of the strong interfer-
ence of OH excitation by the process of O3 photo-dissociation with the follow-up
generation of OH radicals due to reactions involving atomic oxygen. Hence, the
(v′′ = 0, v′ = 1) transition at 283 nm is utilized in the present work. For the
TALIF experiments, the laser wavelength is fixed at 225.654 nm corresponding to
the two-photon excitation energy gap (i.e. 112.827 nm) between the fine levels
(2p4 3P2→ 3p 3P2) of O.

The LIF mechanism of OH excitation can be described as a two-step process.
First, the OH radical in the ground state < 1 > is excited by a laser photon to
level < 3 >. Then, the excited OH radical relaxes by spontaneous emission,
fluorescence, to a lower state < 2 >. The total emitted fluorescence radiation after
a laser pulse is proportional to the ground state density NOH. The spectrally and
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temporally integrated fluorescence signal intensity can be written as [215]:

ILIF = GΩLIFVLIF
∑
l

(
∑
m

Almεlmtlm
4π

∞∫
0

nldt) (5.1)

where G is the efficiency of the optical system, ΩLIF and VLIF are the detection
solid angle and the light emitting volume, εlm is the energy gap of the correspond-
ing transition from rotational level l of state< 3 > to level m of state< 2 >, nl is a
density of radicals on corresponding rotational level, and tlm is the corresponding
filter transmittance. The Alm is the sum of the radiative emission coefficient over
all involved excited states. It is reasonable to write the summation of the upper
state population over all involved rotational levels l as:

∑
l

(Ql +Al)

∞∫
0

nldt = NOHBxl

∞∫
0

ILdt (5.2)

where Ql is the quenching rate of OH(A) due to collision with Ar, O2, N2, and
H2O. IL is the laser intensity, Bxi is a rate of the absorption. Thus, the calibrated
LIF signal intensity I0

LIF can be expressed as a function of NOH as:

I0
LIF = ηNOHBxl

∞∫
0

ILdt (5.3)

where η is the fluorescence yield, which represents the ratio of the molecules de-
populated to the level< 2 > due to fluorescence to the total number of the laser ex-
cited molecules. At atmospheric pressure, the collisional quenching significantly
reduces the entire fluorescence signal, and non-radiative depopulation due to col-
lisional quenching of the laser excited levels is taken into account through the
fluorescence yield η,

η =

∑
ik

Aik∑
ik

Aik +Qq
(5.4)

Some more details on LIF techniques and description of the used model can be
found elsewhere [215, 218].

The potential of two-photon absorption laser-induced fluorescence spectroscopy
for the spatially resolved determination of atomic oxygen densities at atmospheric
pressure has recently been demonstrated for an APPJ [207, 219], being in good
agreement with theoretical models for the oxygen chemistry of the effluent [220].
In contrast to LIF, the TALIF technique is based on a two-photon absorption pro-
cess in which the ground state < 1 > is excited to an energetically higher state
< 3 > by simultaneous absorption of two photons through a virtual intermediate
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state< i >. The total number of generated fluorescence photons nf can be written
as:

nf = A32

∫
V

∫
t

n3(t)dtdV = n1
A32

A3 +Q3

∫
V

∫
t

R13dtdV (5.5)

where A3 =
∑
i<3

A3ig3i denotes the total transition probability of the excited state

< 3 >, Q3 =
∑
q
k

(3)
q nq is the effective quenching rate induced by various col-

lision partners with densities nq , and R13 is the two-photons excitation rate. For
a more detailed description of the TALIF method see [219, 221]. The following
scheme has been considered in order to determine the fluorescence yield η in dif-
ferent spatial positions of the afterglow.

I. The air fraction at a given distance from the nozzle is estimated based on
the measured decay time of the LIF signal. This approach is based on the fact that
the decay time τ of excited OH(A) radicals can be experimentally determined and
compared with the simulated value, e.g. from LASKIN [187] with the variable
density of colliders as an input parameter. The best fit between the measured and
calculated values of the parameter τ gives the desired value of the air fraction.

II. For a known density and quenching rate [187,203,204,209,222] of the main
colliders, namely H2O, Ar, N2, and O2, η can be calculated. Here, the quenching
rates of the O3p state are considered to be 5.9 × 10−10 cm3s−1 by N2, 9.3 ×
10−10 cm3s−1 by O2, and 0.25× 10−10 cm3s−1 by Ar [222]. Data for collisional
quenching of OH(A) and ro-vibrational dependent cross-sections can be found in
[187, 203, 204, 209].

III. this way, the spatial distribution of the LIF and TALIF signals measured
for ambient air and Ar atmosphere can be recalculated in order to be directly pro-
portional to the ground state species density.

5.3 Results

Figure 5.3 represents the decay of the OH(A) LIF signal after laser excitation
for different distances from the nozzle. The data are obtained by an integration
of the entire cross-section of the LIF image (circle with a diameter of 2.5 mm)
in different positions along the axis of the jet. The overall intensity of the LIF
signal is almost twice as high when the jet is working in ambient air but presented
data are used only for the calculation of the air mole fraction in the jet afterglow
and correspondingly all results in figure 5.3 are normalized. The OH fluorescence
after laser pumping decreases in a gradual exponential way in both ambient air
and argon. An offset observed in figure 5.3 at a time of 200 ns where the LIF
signal is almost negligible in air and also in Ar appears due to the dark current of
the ICCD and is not subtracted in figure 5.3. In argon atmosphere, the decay time
remains constant at about 60-70 ns along the jet axis, as shown in figure 5.3(b). On
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Figure 5.3: The time-resolved OH LIF signal intensity at different distances from the cap-
illary nozzle after the laser pulse for the discharge in (a) air and (b) pure Ar.
The systematic error of the measurements is about 18% and is determined by
the experimental error in the measurements of the LIF signal.

the other hand, the lifetime of OH(A) decreases significantly in ambient air from
59 to 36 ns with distance from the nozzle. This decrease is caused by additional
quenching of OH(A) by N2 and O2. The mole fraction of air calculated from figure
5.3 varies from 0.5% at the distance of 1 mm from the nozzle to 2.3% and 5% at
distances of 5 mm and 9 mm, respectively. The obtained air mole fraction is used
for the calculation of the scaling factors ηair and ηAr for both LIF and TALIF
signals.

5.3.1 Spatially resolved measurements of OH radicals in the jet
afterglow

Figure 5.4: The spatial profile of OH LIF signals along the discharge axis, with (a) air and
(b) pure argon as the ambient gas. The jet was operated at 15W and 2 slm with
a water admixture in argon varying from 0.1% to 0.5%.
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Figure 5.4 shows the spatially integrated OH LIF signal in ambient air and in
argon where the quenching effect of OH(A) according to the procedure mentioned
above is taken into consideration. The signal is obtained by an integration of the
LIF signal over the plasma jet cross-section. The axial distribution of the LIF
signal in open air is very similar to the one in argon. It displays a plateau up to
a distance of 4 mm from the nozzle, depending on the water content. Next, the
signal intensity exponentially decreases from its maximum with the distance. It
is found that OH density directly related to the LIF signal intensity presented in
figure 5.4 is higher in the case of plasma jet working in ambient air for all inves-
tigated mixtures. As shown in figure 5.4, in the case of 0.1% H2O, the LIF signal
declines from its maximum value of 110 counts observed at 4 mm away from the
nozzle to 38% of its maximum at 11 mm distance in air while the LIF signal in
Ar gas decreases only to 67% from a value observed in the active discharge re-
gion at the same distance of 11 mm. Figure 5.4 illustrates that in air higher OH
density is produced in the active discharge region and it diminishes rapidly in the
post-discharge region. In general, the discharge afterglow can be divided into two
zones: the active discharge region, characterized by almost constant LIF intensity,
and the post-discharge region. As revealed by our previous measurements in open
air [215, 218], the OH radical concentration is almost constant in the active zone
with an order of magnitude of 1021 m−3. Furthermore, OH radicals are transported
forward to the post-discharge region where loss processes of OH(X) become dom-
inant. This is supported by the observed exponential decay of the OH LIF signal in
this region. The OH concentration decreases along the axis mainly due to the fast
recombination processes listed in table 5.1. The reactions (R5)-(R9) are caused by
air diffusion in the plasma. They explain why the LIF signal decreases faster in
ambient air than in argon atmosphere.

In order to understand the effect of air diffusion better, a two-dimensional map-
ping of the LIF signal in open air and in the argon chamber is obtained and pre-
sented in figures 5.5 and 5.6. In the case of air as ambient gas, the LIF signal is
concentrated in the vicinity of the central streamline, with a discharge diameter
around 1.5 mm. In contrast to that, the discharge in ambient argon is approxi-
mately twice as broad, with a diameter of 3.0 mm at low water concentration. The
maximum intensity of the OH LIF signal is approximately twice higher in plasma
working in open air than in the chamber filled with Ar.It is observed that the maxi-
mum OH density is located at a distance of about 2 mm from the nozzle in ambient
air. The main mechanisms of OH(X) production in this region in the Ar plasma
with small addition of H2O are listed in Table 5.2 and are electron impact reactions
and reactions with Ar metastables [211,226]. For the region with low electron tem-
perature, the water ion dissociative recombination can also play an important role
in the production of OH radicals [227]. Admixing of O2 into the jet due to air
diffusion results in the quenching of Ar metastables and hence the reaction with
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Reactions Rate constants Ref
R1 OH+OH→ H2O+O 6.2 ×

10−14(298/Tg)
2.6exp(945/Tg) cm3s−1 [191]

R2 OH+OH+Ar→ H2O2+Ar 6.94× 10−31 cm6s−1

[191]
R3 Ar+H+OH→ Ar+H2O 10−31 cm6s−1

[223]
R4 OH+O→O2+H 2.4× 10−11exp(−109/Tg) cm3s−1 [28]
R5 OH+O3→HO2+O2 1.7× 10−12(298/Tg) cm3s−1

[191]
R6 OH+O2→HO2+O 3.7× 10−11exp(-26506/Tg) cm3s−1

[191]
R7 OH+HNO→H2O+NO 8× 10−11exp(-500/Tg) cm3s−1

[224]
R8 OH+NO+Ar→HNO2+Ar 7× 10−31(Tg/298)−2.6 cm6s−1

[191]
R9 OH+NO2 +Ar→HNO3+Ar 2.5× 10−30(Tg/298)−4.4 cm6s−1

[225]

Table 5.1: Most important reactions responsible for the loss of OH(X) in the afterglow of
the plasma jet.

Reactions Rate constants Ref
R10 e−+H2O→ OH+H+e 10−12 − 10−10 cm3s−1(Te=1-2eV) [211]
R11 Arm+H2O→ OH+H+Ar 4.5× 10−10 cm3s−1 [226]
R12 e−+H2O+→ OH+H 2.6× 10−8Te

−0.5 cm3s−1 [227]

Table 5.2: Most important reactions responsible for the loss of OH(X) in the afterglow of
the plasma jet.

metastables (R11) cannot explain the observed higher density of OH(X) radicals
in the core of the jet when the jet works in ambient air. We expect that the main
reason for OH enhancement in air is related to the change in electron density and
electron temperature in the discharge in comparison with the case of the plasma
generated in Ar environment. A more detailed investigation of the observed effect
is presented in section 5.4.

5.3.2 Spatially resolved measurements of O atoms in the jet af-
terglow

The experimentally observed temporal profile of the TALIF signal has the same
shape as the laser pulse under all conditions, in contrast to the OH LIF signal
having a decay time of 30-80 ns. The radiative decay time of the O3p level is 35
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Figure 5.5: The OH LIF signal maps in the plasma jet operated in ambient air with different
water content.

Reactions Rate constants Ref
R13 O+O2+Ar→O3+Ar 5.7× 10−34(Tg/298)−2.6 cm6s−1 [191]
R14 O+O2+O2→O3+O2 7.3× 10−25 cm3s−1 [228]
R15 O+O+Ar→O2+Ar 1.1× 10−34exp(-530/Tg) cm6s−1 [229]
R16 O+O+O2→O2+O2 2.56× 10−34(300/Tg)0.63 cm6s−1 [230]
R17 O+O3→O2+O2 1.5× 10−11exp(-530/Tg) cm6s−1 [220]

Table 5.3: Most important reactions responsible for the loss of OH(X) in the afterglow of
the plasma jet.

ns and it is reduced to 5 ns because of quenching by Ar alone. At atmospheric
pressure, such a fast decay attributed to quenching by O2 and N2 has also been
observed by many other groups, e.g. a coaxial microwave jet with a mixture of He
and a few percentages of air [231]. Correspondingly, the time-resolved profile of
TALIF has to follow the shape of the exciting laser pulse, whereas the intensity
of the TALIF signal still strongly depends on the concentration of the quenchers,
see eq. 5.5. The cross-section integrated TALIF signal of the jet in ambient air
and inside the argon chamber has been measured under same operating conditions
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Figure 5.6: The OH LIF signal maps in the plasma jet operated in ambient argon with
different water content.

as used for OH radicals. Figure 5.7 shows the spatially integrated TALIF signal
for 0.3% and 0.5% addition of O2 to the feed gas. The decrease in atomic O
concentration again follows two modes in the discharge afterglow when it operates
in argon: firstly, the density of O decreases slowly up to 5 mm from the nozzle
(figure 5.7 (b) 0.5% O2) and afterwards it drops exponentially. On the other hand,
in ambient air, the atomic oxygen density just outside the nozzle exponentially
falls off over a distance of a few millimeters. The same phenomenon has also been
observed in a helium/oxygen RF plasma jet operated in open air by others [232].
We suggest that in a pure argon discharge, atomic O is generated in the first region
due to dissociation of O2 by electron impact and that recombination processes start
to be dominant over O generation in the post-discharge region. The most important
recombination reactions of atomic O are presented in table 5.3. In ambient air,
reactions R14 and R16 starts to be dominant in the post discharge region of the
discharge where a high density of O2 due to air diffusion. Additionally, atomic
O recombines through effective three-body reactions with N2 similar to processes
R14 and R16 with almost the same rate constants [233, 234]:
This explains the faster decay of the O signal in the afterglow in air. The 2D
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Figure 5.7: The spatial profile of the integrated O TALIF signals along the discharge axis,
with (a) air and (b) pure argon as ambient gas. The jet was operated at 15 W.

R18 O+O2+N2→O3+N2 k ≈ 2.88× 10−33 cm6s−1 Tg ≈ 300 K
R19 O+O2+N2→O2+N2 k ≈ 2.56× 10−33 cm6s−1 Tg ≈ 300 K

distribution of atomic O is presented in figure 5.8. The zone of O generation in the
argon chamber is prolonged along the discharge axis to almost 12 mm (admixture
of 0.5% O2), in contrast to 7.5 mm in ambient air. However, a higher maximum
intensity of the TALIF signal is observed in ambient air, which is almost thrice as
high as that inside the chamber filled with Ar. The observed effect of air diffusion
on the O distribution is similar to the case of OH radicals presented in figure 5.5.
As a conclusion, air diffusion into the discharge plays an important role in the
production of active species and leads to an increase in their concentration in the
discharge core for both mixtures of Ar/H2O and Ar/O2.

5.4 Discussion

For both gas mixtures, the admixture of electronegative gas (H2O vapour or
O2) higher than 0.3% limits the production of the active species to only the core of
the discharge. The expansion of the OH and O distribution is probably suppressed
by fast reactions of OH radicals in the afterglow through mechanism R2 in case of
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Figure 5.8: Spatially resolved TALIF signal of atomic O in the plasma jet operated in the
ambient air and in the argon chamber at different admixtures of O2 in the feed
gas.

Ar/H2O mixture and by fast recombination of O with formation of O3 through re-
actions R13,14,18 in Ar/O2 plasma. The noted higher densities of OH(X) and O in
the discharge in ambient air is an interesting phenomenon, which can be explained
by changes in the chemical pathway of active species production or by a change of
the plasma properties. In spite of the fast velocity of the feed gas of 10.6 ms−1 at
a gas flow of 2 slm, backward diffusion of air into the nozzle is still possible and
can lead to a change in the gas phase composition and species density. We have
found that the space integrated air mole fraction is about 0.5% at a distance of 1
mm from the nozzle, but a small amount of impurities is also observed inside the
nozzle during jet operation in open air. Figure 5.9 shows the emission spectrum of
the discharge recorded by an Ocean Optics S2000 spectrometer with a 100 µm slit
in front of the optical fibre. The intensity of the N2(C-B) band around 320-380 nm
is strongly dependent on the position in the afterglow and has the highest intensity
at a distance of 5 mm from the nozzle where the air mole fraction reaches ∼2.5%.
The N2(C-B) emission is still detectable at 1 mm from the nozzle and even inside
the quartz capillary. This means that the influence of air impurities on the pro-
duction of active species in the core of the plasma has to be considered. Komuro
et al. [235] found that dissociation of H2O by O(1D) and N2(A) is predominant
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Figure 5.9: Spatially resolved emission spectrum of the plasma jet working at 2 slm and a
power of 15 W. The spatial resolution of the system is 1 mm.

in the production of OH in a streamer discharge in humid air. In that case, the
following mechanisms can lead to additional formation of OH radicals in the af-
terglow [191, 194]:
R20 O(1D)+H2O→OH+OH
R21 ΣN2(A3

u+ )+H2O→N2+OH+OH k ≈ 6× 10−14 cm3s−1, Tg ≈ 300 K
The reaction rate with O(1D) for OH production is much higher than those of elec-
tron or metastables dissociation of H2O [235] and thus enhances OH production
in the afterglow of the plasma jet in ambient air. Similar to reaction R21, a mech-
anism has been proposed in [194] for the generation of O:
R22 ΣN2(A3

u+ )+O2→N2+O+O k ≈ 2× 10−11 cm3s−1

However, because of air diffusion into the jet, the active species map has to fol-
low a “donut”-like distribution,with higher intensity on the edges, due to the profile
of N2, H2O, and O2 densities in the afterglow. In fact, the “donut”-like shape of the
LIF OH distribution in the afterglow of a He pulsed discharge operated in ambient
air has been observed recently in [236]. The appearance of a central dip in the LIF
signal after the discharge is also observed by Ono and Oda for a 133.322 mbar
and a 1013.2472 mbar pulsed discharge [237]. They saw an expansion of the LIF
signal on the time scale of tens of microseconds, and this was solely attributed to
diffusion effects. A similar “donut”-like distribution of OH radicals on time scales
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Figure 5.10: Operational voltages as a function of O2/H2O admixture in the feed gas for
the plasma jet working in open air and inside the argon chamber.
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of 100 ns after a discharge pulse in an atmospheric filament discharge has been ob-
served and explained by a higher temperature in the core and thus high depletion
of OH through ionization [238]. It is contradictory with the present study where
the distribution of the OH and O species has almost a Gaussian profile with a max-
imum in the centre of the plasma and a ”donut”-like shape has not been observed.
Therefore, reactions R20−22 alone cannot explain the higher concentration of OH
and O for the case of the discharge in ambient air. On the other hand, the differ-
ence in 2D distributions of species can be observed because of constriction of the
discharge and higher density of the electrons in the plasma in ambient air. Figure
5.10 displays the value of operation voltage for Ar/H2O and Ar/O2 gas mixtures.
The discharge in Ar/O2 mixtures tends to transfer from α-mode to γ-mode at a
high value of O2 admixture and thus, no data are presented for O2 concentration
higher than 0.5%. A voltage of 470 VRMS is required to sustain the discharge in
argon, while about 510 VRMS is needed when the plasma jet is working in ambi-
ent air. The difference of 40±10 VRMS in discharge voltage is registered for all
used conditions. A similar effect has been observed by W.T. Sun et al. [239] for an
RF discharge between two copper electrodes with He as the feed gas. The higher
breakdown and operation voltage needed for the discharge ignition and sustaining
results in a higher electrical field in the plasma and a higher electron density Ne,
and probably electron temperature. Such an increase of Ne will lead to a higher
yield of OH and O due to electron impact dissociation of H2O and O2, and can
explain the observed enhancement of active species during operation of the jet in
ambient air.

5.5 Conclusion

The effect of air admixture on active species production and distribution in an
atmospheric pressure plasma jet is investigated. Laser induced fluorescence spec-
trometry is used for measurements of the spatial distribution of OH radicals and
atomic O in the plasma jet, both in ambient air and in a chamber with controlled
argon atmosphere. Additionally, the admixture of air into the plasma effluent is
quantified to be 0.5% at a distance of 1 mm from the nozzle to 2.3% and 5% at a
distance of 5 and 9 mm, respectively, based on the measured decay time of the LIF
signal.

The admixture of air into the effluent leads to a shorter propagation distance
of the OH radicals and O atoms out of the jet’s nozzle. This is mainly because
of the fast recombination processes of OH and O with intrusions of nitrogen and
oxygen molecules from the surrounding air environment. A higher yield of OH
and O is observed in the core of the discharge when the discharge is operated
in ambient air. It is explained by a higher operation voltage, with a difference
of 40±10 VRMS for all used conditions, required to sustain the discharge in air.
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Based on the measurement of the discharge voltage in different atmospheres, the
higher detected density of active species in the discharge in ambient air is likely
due to the higher electrons density and more effective electron impact dissociation
of H2O and O2.





6
Emission and absorption spectroscopy

study of Ar 1s and 2p levels population
in RF argon plasma

6.1 Introduction

The kinetics of Ar plasmas sustained at gas pressure higher than 10 mbar
are strongly correlated with population of long living excited species ArR and
Arm [165, 240]. Long radiative lifetime of them ensures the relative high den-
sity in a weakly ionized discharge. Many atmospheric pressure plasmas sources
use Argon as the plasma-forming gas with a small admixture of a molecular gas
in order to produce strongly oxidizing species (OH, NO, NH, CH, O, H radicals
etc)-depending on the application envisaged, e.g. in biomedicine. Nevertheless,
in medical application, the atomic oxygen and the hydroxyl radical (mainly ad-
dressed in previous chapters), which are highly reactive, play a key role. They
gain a great deal of interest in addition to other important radicals in the aspect
of wound healing and sterilization. Arm, with their high excitation-energy levels
and population density, provide an efficient intermediate state for reactive radi-
cal production through collisional dissociation reactions. Moreover, in specific
applications, long-lived excited species are crucial as energy carriers to the tar-
gets [241].Thus, the argon long living excited species (ArR and Arm) density
might be an important parameter that affects the microdischarge properties and
the bio-medical application efficiency, making direct measurements of ArR and
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Arm highly desirable.

Argon, like other rare gases, is chemically inert on the ground state and widely
used as a feed gas in many different kinds of high pressure plasmas. Argon
metastable atoms in 1s5 and 1s3 states play an important role in the number of
secondary processes in pure argon or mixtures of argon with other gases. The
plasma kinetics substantially depend on the population of 1s5 and 1s3 states be-
cause various step processes proceed via these states. In the Ar plasma, since most
energy is transferred to excite Ar from its ground state through collisions with ex-
ternal electric field accelerated electrons, the Ar metastable has strong effects on
the chemical reactions leading to active species such as strong oxidative OH and
O. Thus, their thorough characterization is necessary for fully understanding the
plasma kinetics. Experimentally measured emission originated from 2p levels is
an important probe of plasma properties due to the strong optical transition be-
tween 2p and 1s levels. As proposed in [242], Ar 2p levels population distribution
can indicate the state of the low temperature argon discharge and can be used for
determination of plasma parameters. Although in many works the kinetic behav-
iors of Ar 1s and 2p levels by using collisional radiative models (CRM) [242–244]
have been investigated, measuring the number density and population distribution
of these atoms is a crucial step in developing reliable models and precise simula-
tions.
In this work, the number density of Ar 1s levels and population distribution of
Ar 2p levels are obtained in a 13.56 MHz plasma at sub- to atmospheric pressure
range. Atmospheric pressure plasma jets, focused in chapters 4 and 5, in particular,
are of great interest because of their potential use in bio-medical application as well
as in fundamental investigations. However, the disadvantage of plasma jet is the
limited size of the it (mm), which requires mechanical translation or multiple jet
designs. The plasma source design is based on the idea to increase the plasma jet
size by enlargement of the electrodes. ‘DBD sources have the advantage that they
can be produced (in principle) to cover much larger areas. M. Kong et al. [127]
investigated the possibility to generate RF plasma of Ar with 20 mm round elec-
trodes covered by dielectric and had found that stable and uniform discharge with
low gas temperature of 460-560 K can be sustained at pressure of 1013.2472 mbar
. In [128] a large gap RF discharge with one of the electrodes covered by dielectric
has been generated in γ mode at atmospheric pressure in Ar as well as in N2. In
the present study we focus on investigating the performance of the RF discharge
in a long gap of 50 mm as an alternative to classical type of RF plasma jets char-
acterized by the size of 0.1-2 mm which provides a way to treat large size objects
like polymer films. Moreover, the plasma source with long enough optical path of
50 mm supplies the possibility to investigate the Ar kinetics by absorption spec-
troscopy. Measurements of population density of levels 1s and 2p in the Ar plasma
by emission and absorption spectroscopy are carried out and the results are com-
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pared with a variety of plasma jets. The density of 1s levels is determined through
the absorption of a low pressure spectral source light by the plasma with the help
of the modified theory of Mitchell and Zemansky while the population distribution
of 2p levels is derived from optical emission spectroscopy [110, 245].

Chapter 6 is organized as follows: the theoretical background of the absorption
technique is presented in section 6.2. Section 6.3 is devoted to the experimental
arrangement. The experimental results are presented and discussed in section 6.4
and finally conclusions are drawn in section 6.5.

6.2 Resonant absorption spectroscopy method for high-
pressure absorbing media

6.2.1 Low-pressure (Doppler-limited) theory of resonant absorp-
tion

The absorption of light by plasma is a simple and fast way to measure abso-
lute densities of non-radiative and ground states, e.g. metastable levels of Ar. The
theory of the absorption technique is discussed in details by Mitchell and Zeman-
sky [1]. The connection between the density of absorbers and the intensity of the
absorbed light is realized in this case based on the well- known Beer-Lambert law
giving the relation between the light intensity of a reference source light Iυt at
frequency υ and transmitted light Iυt:

Itυ = Isυe
−kvl (6.1)

where l is the length of absorbing media, and kυ is the absorption coefficient of
the absorbing line at frequency υ. The method allows the use of relative measure-
ments of absorption for the calculations of densities in absolute value. The density
of absorbers, Nabsorber,can be related to kυ once the absorption coefficient is in-
tegrated over the absorption line profile,(see [1], p.96):∫

kυdυ =
λ2

0g2A21

8πg1
Nabsorber (6.2)

where λ0 is the absorption line central wavelength, A21 is the spontaneous emis-
sion probability corresponding to the transition from upper level 2 to lower level 1,
and g1, g2 are the statistical weights of the corresponding levels. The integration
of absorption coefficient over the frequency

∫
kυdυ can, for example, be directly

obtained by means of TDLAS or using absorption of continuum radiation coupled
with a high resolution detection system. However, both techniques are difficult to
implement and rather expensive. For example, probing two different states of Ar
from 750 nm and 811 nm can be done only with a set of two tunable diode lasers
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because of the tuning range limitations. Besides this, TDLAS techniques require a
laser diode with the mode-hope free spectral range larger than the width of the ab-
sorption line. The latter requirement can be a problem for high pressure plasmas,
in which the absorption line broadening significantly exceeds the mode-hope free
interval available in the current TDLAS systems.

In general, the absorption coefficient kυ depends on the nature of absorbers,
their motion and their interaction with surrounding species. In some cases kυ can
be precisely predicted based on the theory of line broadening (at known pressure,
electron density and gas temperature). Therefore, the easier and low cost spectral
lamp absorption method can be used, based on Eq. 6.2. However, the attempts to
extend the classical theory of Mitchell and Zemansky to the case of high-pressure
plasmas (>100 mbar), where the emission/absorption lines are not Doppler lim-
ited, has been undertaken only in few research works (see e.g. [246]).

In the present research which has been carried out at pressure of 300-1100
mbar, the broadening of absorption lines is a combination of the Van der Waals,
Doppler, resonance, and Stark broadenings. The Stark broadening mechanism,
however, can be negligible. Indeed, the typical value of electron densities in an RF
glow discharge was determined to be in the range of 1011-1012cm−3 by the method
of electronic model [247], or based on power balance [245]. The Stark broadening
corresponding to such a low electron density is out of range of the Griem’s tables
[248] (which are made for ne > 1014 cm−3), and the broadening due to the Stark
effect is estimated to be < 2 pm which is negligible in our case. Thus, only the
Doppler, Van der Waals and the resonance broadening contributions define the
final profile of the absorption line kυ , which in this case can be described by a
Voigt profile (i.e. a convolution of Gaussian and Lorentzian profiles). In the case
of the Voigt profile , the absorption coefficient can be expressed as (see [1] for the
details, where the Voigt profile is initially considered in relation with a convolution
between the Doppler and Natural broadenings):

kυ = k0
β

π

∫ ∞
−∞

e−y
2

dy

β2 + (ω − y)
2 (6.3)

where k0 is the absorption coefficient at the absorption line center and y is the
integration parameter. The other terms in the Eq. 6.3 are expressed as follows:

β =
∆υL
∆υD

√
ln 2 (6.4)

ω =
2 (υ − υ0)

∆υD

√
ln 2 (6.5)

Here β represents the ratio of the Lorentzian to Gaussian broadening in the
final profile, and ω is simply the normalized and centered frequency. The quan-
tities ∆υD, and ∆υL here are the Doppler (Gaussian) and Lorentzian FWHM in
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the Voigt profile, correspondingly. This approach has been developed for the low
pressure case assuming the main mechanism of plasma line broadening to be the
Doppler broadening, which coincides with the broadening of the reference light
source in our case. This theory has been adapted for the case of Voigt profile for
the plasma absorption lines in [246]. In spite of the fact that our work is also
dealing with the Voigt profile of the plasma absorption lines, the utilized resonant
absorption approach is somewhat different from [246], as presented in the next
section.

6.2.2 High-pressure generalizations for resonant absorption

The spectral line broadening notations necessary to describe the plasma gas,
which are utilized in this section, are given in figure 6.1. In our case the refer-
ence light source is assumed to be Doppler-limited, whereas the absorption profile
∆υabs of the plasma lines can be represented by a Voigt profile which is a convo-
lution of Lorentzian and Gaussian profiles. The Voigt FWHM in this case is given
by (see e.g. []):

∆υabs ≡ ∆υ = 0.53∆υL +
√

0.22∆υL2 + ∆υG2 (6.6)

The resulting plasma absorption line profile in the case of high-pressure plasma
is a result of convolution of the Doppler, Resonance and Van der Waals broadening
mechanisms.

In Eq. 6.6 the Doppler FWHM ∆υG ≡ ∆υD can be determined as (see e.g.
[1])

∆υD = 7.16× 10−7υ0

√
Tg
M

(6.7)

As known, the Doppler broadening depends on the gas temperature Tg (K),
the mass M (a.m.u.) of radiating atoms and the central frequency υ0 (s−1) of
the absorption line. The Lorentzian component ∆υL of the Voigt FWHM can be
calculated, if the gas pressure and concentration of the perturbers are known. In
the case of high pressure the main contributions to Lorentzian component are the
Van der Waals and resonance broadenings, so the resulting Lorentzian FWHM is
simply defined as (see e.g. [249]) ∆υL = ∆υW + ∆υR.

The Van der Waals broadening arises from the dipole interaction between an
excited radiator and the induced dipole of a neutral ground state particle with den-
sity Ng . According to the Lindholm-Foley theory [250, 251], the interaction can
be described by a Van der Waals potential ∆V (r) ≈ −C6/r

6, where C6 stands for
the Van der Waals constant related to the short-range interaction, r is the separation
distance. The line profile induced by Van der Waals broadening has a Lorentzian
shape and its half width can be expressed as:
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Figure 6.1: Profile of the light source represented by Gaussian function and profile of ab-
sorption line in plasma represented by Voigt function.

∆υW = k1 ×Ng (6.8)

where ∆υW is in s−1, k1(cm3s−1)= 3 × 1016υ2
0C

0.4
6 (

Tg
µ )0.6, Ng (cm−3) is

the density of neutral ground state perturbers and µ is the reduced mass. The
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interaction constant C6 can be calculated which has been done in our recent work
[252]. At low gas temperature the evaluated values of ∆υW by Eq. 6.8 agree very
well with experimental measurements [252].

The resonant broadening occurs due to interaction with particles of the same
kind where the perturber’s ground state is connected by an allowed transition to
the upper or lower level of the radiative transition under consideration. The ap-
proximate evaluation formula for the half-width (nm) of the resonance broadening
is given [252] by

∆υR ∼= k2 ×Ng (6.9)

where k2(cm3s−1) = 8.6 × 10−29υ2
0υrfr

√
g0
gr

, fr is the oscillator strength of
corresponding allowed transition between ground level and upper resonant level,
gj is the statistical weight of state j, and υr (s−1) is the frequency of the resonance
line.

For the global absorption coefficient for the light coming from a reference light
source and passing through the absorbing gas (plasma) of a length l, the following
expression can be used:

AL =

∫
Eυ(1− e−kυl)dυ∫

Eυdυ
, (6.10)

whereEυ = exp(−( υα )2) is the Gaussian emission line profile of the reference
source, and α is the parameter representing the ratio between the emission line
width of the source and the absorption linewidth of plasma (see [1] for the details).

Let us introduce the necessary modifications in some of the expressions given
above in order to take into account the effects of Van der Waals and pressure broad-
ening coming from the high-pressure plasma discharge. It can be done without
changing the definitions of the parameters α and β (Eq. (6.4)) defined above,
but modifying the variable ω (Eq. (6.5)). Assuming that after the deconvolution
with the instrumental profile, the Gaussian FWHM ∆υG (see Fig. 6.1) represents
purely the Doppler broadening, ∆υD, a new variable χ can be defined as follows:

kυ = k0
β

π

∫ ∞
−∞

e−y
2

dy

β2 + (χ− y)
2 (6.11)
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χ =
2
√

2(υ − υ0)

∆υD
=

2
√

2(υ − υ0)

∆υD
× ∆υabs

∆υabs

=
2
√

2(υ − υ0)

∆υabs
× ∆υabs

∆υD
= ω × ∆υabs

∆υD

= ω × ∆υabs
∆υD

× ∆υlamp
∆υlamp

= ω × ∆υabs
∆υlamp

× ∆υlamp
∆υD

=
ω

α
× ∆υlamp

∆υD
=
ω

α

√
Tlamp
Tgas

(6.12)

α =
∆υlamp
∆υabs

(6.13)

The substitution made does not violate the Mitchell-Zemansky formalism, and
kυ in Eq. (6.11) still represents a convolution between the Gaussian and Lorentzian
profiles in plasma. On the other hand, ω is re-defined for the high-pressure case
as: ω = 2

√
2(υ−υ0)
∆υabs

(compare with Eq. (6.5)), now including the Voigt linewidth
of the absorption line, ∆υabs, as indicated in Figure 6.1. Apart from that, the
new parameter χ depends on α, as well as on the ratio of the source and gas
temperatures. We would like to emphasize that, in Eq. (6.12) the reference source
(lamp) is still assumed to be Doppler-limited. To take into account more general
cases (when for example an atmospheric plasma discharge represents a reference
source, etc.), further modifications of these expressions are necessary. Let us also
note that the parameter α defined based on Eq. (6.13) still corresponds to its initial
definition made in [1]. Indeed, the emission from reference source (lamp) can be
written as:

Eυ = C exp(−(
2
√

2(υ − υ0)

∆υlamp
)2) = C exp(−(

2
√

2(υ − υ0)

∆υlamp
· ∆υabs
∆υlamp

)2) = Ce−(ωα )2

(6.14)
Finally, as one can easily see, in the case of Doppler-limited (low-pressure)

absorbing gas, when ∆υabs ≡ ∆υD , we obtain: α =
∆υlamp
∆υabs

=
∆υD(lamp)

∆υD(abs)
≡√

Tlamp
Tgas

, so χ ≡ ω, and Eq. (6.11) is reduced to the Mitchell-Zemansky case.
Here, we would like to make a brief note related to the definition of the pa-

rameter α. The definition made based on Eq. (6.13), suits well to our particular
physical conditions, when Lorentzian contribution to the resulting Voigt profile of
the plasma absorption lines is dominant. For the arbitrary profile, the parameter α
has to be determined not through FWHM but rather based on the full width at half
area (FWHA) of the spectral line.
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Talking about the resonant absorption spectroscopy in a gas where several
broadening factors may affect absorption lines profile, which may be essentially
different from the Gaussian or Lorentzian ones, the necessary remarks on the ”line
broadening” term should be made.

In the Doppler-limited case, when the absorption lines from both the reference
source and absorbing gas have the Gaussian shape, the differences in their broad-
ening (i.e. temperatures) can be easily described by introducing the parameter
α =

∆υD(lamp)

∆υD(gas)
, representing the FWHM ratio of the corresponding line profiles,

as discussed in [1].

Figure 6.2: Schematic illustration of the FWHM vs. FWHA linewidth criteria for a symmet-
ric spectral line.

In more general case for absorbing gas line shape (as well as for the reference
source) however, the differences in the line profile cannot be taken into account
simply by the FWHM criterion. This is related to the fact that a spectral line pro-
file represents a distribution function for emitters (absorbers) which is proportional
to the probability density to find a particle in a certain state. The probability of a
certain state (e.g. velocity of particle in the Doppler distribution) is defined in turn
by the area under this distribution, deconvoluted with the instrumental function.

Thus, in case of an arbitrary profile, it is more correct to talk about a criterion,
similar to the FWHM ratio, but based on the area under the distribution (i.e. spec-
tral line). Taking the ”probability threshold” equal to 1/2, the ”width” of the line in
this case will correspond to the full width at half area (FWHA) under the spectral
line profile, as schematically illustrated in Fig. 6.2. In this case the FWHA for a
symmetric spectral line can be formally defined as:∫ FWHA/2

0

f(x)dx =

∫ ∞
FWHA/2

f(x)dx (6.15)
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Figure 6.3: The FWHA-to-FWHM ratio for the Voigt profile as a function of the Lorentzian-
to-Gaussian contribution ratio in the profile. Calculated numerically based on
the criterion (A1).

We should note that, for two Gaussian profiles in the definition of the parameter
α (see Eq. (6.13)) the FWHA criterion is satisfied automatically: FWHM-FWHA-∫∞
−∞ exp(−(χa )2)-a. For Lorentzian profile the situation is even simpler: FWHA

= FWHM. In a general case however, (especially in case of a multi-peak line ab-
sorption, which may be a result of fine structure of the spectral line), FWHA is
different from FWHM. Since this work deals with Voigt profile for the gas absorp-
tion lines, we consider the differences caused by FWHA-to-FWHM ratio for the
Voigt profile at different Lorentzian/Gaussian contributions, (see Fig.6.3). As we
can see, when Lorentzian part dominates, the FWHM value can be used instead of
FWHA (our case). In the case of Doppler domination in the gas (and non-Doppler
profile structure of the reference source), however, the FWHA-based criterion may
further increase precision of the absorption measurements. Needless to say that the
FWHA-based criterion is redundant in case both the reference source and absorb-
ing gas have the similar line shape (not our case), such as Gaussian-Gaussian,or
Lorentzian-Lorentzian, etc., since only a line width ratio is important in this con-
sideration.

With new parameter χ the final expression for the global absorption coefficient
can be written in the following form:
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Figure 6.4: Theoretical calculated line global absorption coefficient AL as a function of
K0L for the absorption with a low pressure Ar lamp as a spectral-line source.

AL =

∫
Eυ(1− e−kυl)dυ∫

Eυdυ
= 1−

∫
Eωe

−kυldω∫
Eωdω

= 1− 1

α
√
π

∫
exp−(

ω

α
)2 − kυldω = 1−

∫
Eωe

−kυldω∫
Eωdω

= 1− 1

α
√
π

∫
exp−(

ω

α
)2 − k0l

β

π

∫ ∞
−∞

e−y
2

dy

β2 + (χ− y)
2 dω

= f(k0l, α, β, Tlamp, Tgas),

(6.16)

Here α and β are defined by the Eqs. (6.13) and (6.4) respectively, and the
integration in the interval { −∞,∞ } is implied. Following Mitchell and Zeman-
sky, the line global absorption coefficient AL can now be expressed as a function
of k0l or, at the same time, through the intensity of the absorbed light:

AL = f(k0l, α, β, Tlamp, Tgas)

AL = 1− IPS − IP
Is

,
(6.17)

where IS is the initial emission intensity from the reference source, IP is the



6-12 CHAPTER 6

emission intensity of plasma, and IPS is the intensity of light from the reference
source after its absorption in plasma including the plasma radiation itself.

The final expression for the number density of absorbers in the case when
plasma absorption lines have Voigt profile and the light source profile is Doppler-
limited can be written in the form:

Nabsorber =
8π

λ0A21

g1

g2

∫
kυdυ =

8k0β

λ2
0A21

g1

g2

∫ ∫
e−y

2

dy

β2 + (χ(υ)− y)
2 dυ (6.18)

or finally:

Nabsorber =
4√
ln 2

g1

g2

k0β

λ2
0A21

∆υD

∫ ∫
e−y

2

dy

β2 + (χ− y)
2 dχ (6.19)

Here ∆υD is the Gaussian contribution to the plasma absorption line broaden-
ing, the integration in the interval { −∞,∞ } is implied for both χ and y. The
unknown value k0 can be experimentally determined by measuring the global ab-
sorption coefficient AL (through the IS , IP , and IPS quantities), following by
solution of the first equation in (6.17), as performed in [1, 252, 253].

In the present study the curves of the global absorption coefficient AL as a
function of k0l for different and were calculated for each spectral transition, and
a typical example of these curves is illustrated in Fig. 6.4. Once the k0l can be
determined by measuring AL, the number density of absorbers can be found using
Eq. (6.19).

6.3 Experimental arrangement

6.3.1 Plasma source

The plasma source is an RF discharge generated between two electrodes of
50x50 mm made of steel. One of the electrodes is covered by alumina ceramics
of 250 µm thickness to prevent possible arcing at high input power. Schematics of
the electrodes is presented in figure 6.5. The electrodes were fixed by the holders
(not shown) between two quartz windows of 1 mm thickness. The inter-electrodes
gap was fixed during all the experiments at 1 mm.

The RF system is placed in a pumped chamber in order to avoid back diffu-
sion of ambient air into the interelectrodes gap. To stabilize the discharge, high
purity Ar (99.99%, AirLiquide) is used as the plasma gas passing through the in-
terelectrodes gap. Before each experiment the chamber is pumped to background
pressure of 6 mbar and then filled with Ar to a desirable pressure, which is mon-
itored by a capacitive manometer DVR 2 (Vacuubrand). The argon flow rate is
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Figure 6.5: Schematic of a) set-up used for investigation of RF discharge operation at pres-
sure range of 300-700 mbar and b) detection system used for registration of
emission spectra and in absorption experiments.
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Figure 6.6: Side images of RF discharge operation at the pressure range of 300-1100 mbar
and input power range from 25 to 70 W. Circle is used to indicate position of
the absorption beam projection.

kept constant at 2 slm by a mass-flow controller (MKS instruments controllers
647B). The use of a needle valve in the gas exhaust allows investigating the RF
discharge in a range of pressures from 300 mbar up to 1100 mbar. The schematic
diagram of the plasma source is shown in figure 6.5 (a). The chamber has 3 optical
ports with quartz windows for spectroscopic measurements and visual control of
the discharge. RF power at 13.56 MHz is fed to the discharge from an Advanced
energy RF generator through a matching box and is varied from 30 to 70 W for all
investigated pressures.

6.3.2 Absorption spectroscopy using a low pressure Ar lamp

The optical layout of the system used for absorption spectroscopy is very sim-
ilar to the one presented in [253, 254]. In the present study, the hollow cathode
lamp from Labhut filled with Ar is used as a spectral line source. The light from
the lamp is focused by a set of lenses to form a parallel beam and passes through
the plasma device at 10 mm distance from the front edge, as shown on figure 6.5
(b). After passing the plasma source the light is collected using a collimator and
sent to a Zolix monochromator (with 0.75 m focal length, 1200 gr/mm grating
blazed at 550 nm, and 10 µm entrance slit). The photomultiplier tube is used as a
photo detector. The optical line absorption (AL) is then measured according to the
second part of Eq. (6.18). Since the intensity of light from the lamp is at least 2 or-
ders of magnitude lower than emission of the same lines from the plasma, in order
to improve a signal-to-noise ratio and suppress the strong background light from
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Figure 6.7: Profile of the lamp line at 763.5 nm measured with FPI system with distance
in between the mirrors of 23.27 mm, FSR (free spectral range) is 12.52 pm ,
finesse= 30.

the discharge, a lock-in technique has been used. In our case the lamp emission is
modulated using a chopper rotating at the frequency of 1.1 kHz. The chopped lamp
signal is used to set the locking frequency of the Stanford Research SR830 Lock-
ing amplifier, which allows yielding the transmitted lamp intensity. The lock-in
technique allows us to measure absorption signals as low as 10−2 − 10−3.

As discussed in section 6.2, to calculate the line global absorption coefficient,
one has to know the emission profile of the spectral lamp. In the present work, the
spectral emission profiles of the lamp are measured by the Fabry-Perot interferom-
eter (FPI). The technique of the measurements is described in details in our recent
work [255] and Ref. herein. A typical profile of the lamp emission line at 764.5
nm registered by FPI system is presented in figure. 6.7.

6.3.3 Optical Emission Spectroscopy (OES)

The detection system used for registration of the emission spectra is shown in
figure 6.5 b). As shown in section 6.2 eq. 6.18, calculations of the number density
of Ar 1s levels require knowledge of the gas temperature, Tg . The Avantes spec-
trometer of 0.005 nm resolution is used to record the OH(A-X) emission band at
the range of 300-320 nm and to obtain the Tg . The OH(A-X) spectrum is presented
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in Ar discharge due to small impurities of H2O in Ar gas and in a gas delivering
system. The Ocean Optics S2000 spectrometer with resolution of 1.4 nm is utilized
to record Ar 2p-1s lines from 696.5 nm to 866.8 nm which are used to estimate the
population distribution of Ar 4p levels. For high resolution OES measurements,
a spectrometer (Andor Shamrock 750) is used with an ICCD camera (Andor iS-
tar DH740-18 F) coupled to the spectrometer. The spectral resolution of the OES
system is 45 pm at 500 nm. The profile of selected Ar 2p-1s emission lines are
scanned to compare them the theoretical estimated absorption profiles. The instru-
mental function of the spectrometers is determined with low pressure Pen-Ray Ar
lamp. All spectrometers are calibrated with Oriel NIST lamp (220-1100 nm range)
in order to obtain their spectral response.

Transmitted signal
Plasma power

off 45 W 65 W
Lower
states

Transition λ (nm) fij ×
10−2

1s5

2p2 → 1s5 696.54 2.79 7.04 6.02 5.89
2p3 → 1s5 706.72 2.85 3.85 3.71 3.29
2p6 → 1s5 763.51 21.4 10.72 9.01 2.03
2p8 → 1s5 801.48 8.94 11.61 11.22 8.65
2p9 → 1s5 811.53 45.8 14.52 7.01 3.02

1s3
2p2 → 1s3 772.42 31.4 7.36 6.16 2.02
2p4 → 1s3 794.82 52.9 3.82 3.28 1.76

1s2

2p1 → 1s2 750.39 12.5 19.44 16.04 0.03
2p2 → 1s2 826.45 15.7 5.99 5.47 0.01
2p3 → 1s2 840.82 39.4 4.61 4.51 2.77

1s4

2p2 → 1s4 727.29 1.45 2.62 2.09 1.96
2p3 → 1s4 738.40 11.5 6.60 5.61 2.78
2p6 → 1s4 800.62 7.85 6.98 6.76 3.35
2p7 → 1s4 810.37 25.00 6.87 0.00 0.00
2p8 → 1s4 842.46 38.1 5.89 0.00 0.00

Table 6.1: Selection of Ar(2p→1s) transition for the spectral-lamp absorption and the es-
timation of the population distribution of 2p levels based on optical emission
spectroscopy. fij is the oscillator strength of the transition from lower level i to
upper level j [1, 2]. The transmitted lamp intensity for each transition (plasma
sustained at 500 mbar at 45 and 65 W) are presented in the last columns.



EMISSION AND ABSORPTION SPECTROSCOPY STUDY OF AR 1S AND 2P LEVELS

POPULATION IN RF ARGON PLASMA 6-17

6.4 Results and discussion

The 1s levels of Ar consist of four energy states: two states with J = 1 (called
1s2 and 1s4 in Paschen’s notation), and two pure triplet states with J = 0 (1s3)
and J = 2 (1s5). The higher 2p levels of Ar are composed of ten states (denoted
in Paschen’s notion as 2p1 to 2p10). In the present study 15 lines presented in
Table 6.1 are studied. The typical experimental values of the absorption for each
transition are also presented at two input powers in Table 6.1. The transitions in
bold are chosen for the absorption measurements. The transitions listed in shade
in Table 1 are selected to estimate the relative population distribution of Ar (2p1)
to (2p9) levels based on OES results.

6.4.1 Optical emission spectroscopy (OES) and the population
distribution of Ar 2p levels

Figure 6.8 shows the optical emission spectra of the discharge at fixed input
power of 55 W obtained at different pressures from 300 mbar to atmospheric pres-
sure. Besides Ar 2p-1s lines from 696.5 nm to 866.8 nm, low intensity N2 (C-B),
OH (A-X) and atomic oxygen emission at 777 nm are present, presumably arising
from unavoidable traces of oxygen and nitrogen as background impurities.

Since the intensity of Ar emission line is proportional to the density of the
emitters, the relative population distribution from Ar (2p1) to Ar (2p9) is obtained
from the ratio of emission lines, as illustrated in figure 6.9. The population ra-
tio of 2p levels is related to the experimental line intensity ratio, e.g.nAr(2p2)

nAr(2p3)
=

I727.3/A727.3

I706.7/A706.7
. However, to utilize this method, the plasma should be optically thin.

The verification of the optical thickness criterion has been verified and confirmed
by the other authors for high pressure nanosecond pulsed argon micro-plasma [2]
and for the microwave surface wave discharge [247] where higher ionization de-
gree of the Ar was measured. Thus, in the low ionization degree discharge inves-
tigated here, neglecting the self-absorption effects is a good approximation.

Strong deviation from equilibrium is observed on figure 6.9. with overpop-
ulation of the 2p2 state and underpopulation of the 2p3 state. X. M. Zhu and
Y. K. Pu proposed collisional-radiative model for the Ar 1s and 2p levels [242].
In this model, the 2p multi-states are divided into 4 groups according to the ki-
netic processes. The first one includes levels 2p1 and 2p5 with large excitation
rate coefficients 1÷2×10−15 cm3s−1 from the ground state. The second group
consists of 2p3, 2p7 and 2p8 states, having large excitation rate coefficients from
the resonance states of about (from the state 1s4 at electron temperature of 1 eV)
0.95 × 10−8 cm3s−1, 0.27 × 10−7 cm3s−1 and 0.54 × 10−7 cm3s−1, respec-
tively. The third group is represented by the 2p4 and 2p9 levels, which are both
mostly generated through excitation from metastable levels with rate coefficients
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Figure 6.8: Effect of pressure (from 300 mbar to atmospheric pressure) on emission spectra
at constant input RF power of 55 W. The atomic emission lines of Ar from the
same emitting levels are indicated by the same color.

of 0.14÷ 8× 10−8 cm3s−1 depending on the involved states. The fourth group of
2p levels includes the 2p2, 2p6 and 2p10 levels having relatively small rate coeffi-
cients of atom-collision population transfer in the range of 2÷4×10−11 cm3s−1 at
gas temperature of 450 K. At high pressure, a basic feature of the kinetics of 1s and
2p levels is the existence of strong atom-atom collisional processes. Therefore, the
overpopulation of 2p2 and 2p6 has to be observed due to their small atom-collision
rate coefficients, which is in agreement with our results presented on figure 6.9.
On the other hand, at high input power, population of 2p9 and 2p8 states is mainly
the result of the electron-impact reactions with 1s levels and it also leads to de-
cline of the population of 2p1 as observed in figure 6.9. Similar, a non-equilibrium
population distribution of 2p levels was also observed in several other atmospheric
argon plasmas with comparable electron density [110,245,247,256]. Based on the
observed population distribution of 2p levels presented in Fig.6.9, it can be gen-
erally concluded that in the investigated RF source with long gaps the dominant
processes of 2p levels production and loss are electron-impact from 1s levels and
the atom-collision population transfer in between 2p levels. It has to be noted that
Ar 2p states represent only a minor part of all excited states due to low ionization
degree in the considered plasma source. Thereby, measuring the number density
of 1s levels is furthermore a crucial step in understanding the energy transfer pro-
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Figure 6.9: The population distribution of Ar(2p1) to Ar (2p9) estimated from the optical
emission spectra. n2p is the relative population density of 2p levels and g2p

refers to the degree of degeneracy. State 2p5 and 2p10 have not been registered
due to the optical system resolution.

cesses in high pressure RF discharge and comparison of the long gap RF plasma
source with RF plasma jets.

6.4.2 Absorption spectroscopy and the number densities of Ar
metastable and resonant levels

To apply the absorption method described in section 6.2, the value of line
global absorption coefficient AL is experimentally determined for Ar(2p→ 1s)
transitions. Typical values of the absorption for two transitions are shown in Table
6.2. For all the transitions considered here, the line global absorption coefficient
AL increases significantly at high input power at sub-atmospheric pressure but be-
comes nearly constant at pressures above 900 mbar. Based on the experimental
results presented in Table 6.2 and known plasma parameters (Tg , pressure) the ab-
sorption coefficient distribution function kυ can be calculated for each transition to
determine the metastable and resonant atom densities. kυ can also be theoretically
estimated with the knowledge of the Doppler and Lorenz half-widths of the ab-
sorption line. In the RF plasma investigated here, the Doppler broadening can be
obtained from the measured gas temperature and Lorenz broadening is considered
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Figure 6.10: Ro-vibrational spectrum of OH (A-X) (a) in the range 306-309.75 nm with a
Boltzmann (one-temperature) fit , (b) for varying input power at a constant
pressure of 500 mbar (upper) and for varying pressure at a constant input
power of 60 W (lower).

as a sum of the Van der Waals and the Resonance broadening.
The gas temperature can be measured by many different methods, among

which an emission of OH(A-X) band, coming from the dissociation of the H2O
impurities, is used in this work. A detailed description of the gas temperature
determination based on OH emission can be found elsewhere [197, 257]. OH(A-
X) spectrum has been fitted by a single temperature Boltzmann distribution. An
example of the fitting is presented in figure 6.10 using LIFBASE software [132].
Note that the rotational distribution of OH (A-X) is almost independent either of
the input power or pressure in the investigated range. Results of fitting in figure
6.10(b) yield a gas temperature of 450± 50 K. The fact that Tg is almost constant
for all pressures and powers is not surprising. It is supposed that either increase of
the input power or a change of pressure results in an expansion of the plasma keep-
ing the power density W/mbar cm2 constant and so Tg will not change. As shown
in Fig. 6.6, the discharge length is strongly affected by a change of pressure and
input power. With the known Tg and pressure in the discharge theoretically calcu-
lated kυ for 738.40 nm is presented in figure 6.11, including also the FPI measured
profile of the spectral Ar lamp for comparison figure 6.11 shows an example of the
profile of 738.4 nm emission line of the plasma, indicated by the dots compared
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Pressure Transition811.542 nm
Input power

35 W 45 W 55 W 65 W 70 W
300 mbar 0.180 0.669 0.994 1 1
500 mbar 0.025 0.145 0.606 1 1
700 mbar 0.031 0.007 0.485 0.686 0.991
900 mbar 0.084 0.296 0.538 0.696 0.752
atm 0.503 0.648 0.703 0.371 0.796

Transition840.82 nm
300 mbar 0.091 0.151 0.303 1
500 mbar 0.033 0.160 0.336 0.372
700 mbar 0.022 0.193 0.223 0.375
900 mbar 0.150 0.0072 0.138 0.293
atm 0.048 0.126 0.127 0.198

Table 6.2: Measured value of the line global absorption coefficient AL as function of in-
put power at different working pressure for two transitions of 811.542 nm and
840.82 nm, whose lower energy levels belonging to metastable state 1s5 and 1s2,
respectively.

with the calculated absorption profile showing a good agreement.With the use of
Eq. 6.19 the number density of resonant and metastable levels is obtained and
presented on figure 6.12. The relative errors of the measurements are determined
mainly by the inaccuracy of the experimentally obtained global absorption coef-
ficient AL with a lock-in amplifier, which depends on the amplitude of the signal
and is estimated to be around 12-15%.

It is clear that the increase of the metastable and resonance states density is
always accompanied by an increase of the input power, which agrees with the
fact that electrons are important in the population mechanisms of Ar 1s levels
through electron impact excitation processes. The increase of pressure in the dis-
charge leads to a drop in absolute density of all states, for example for 1s4 state
at 70 W from 1.7 × 1012 cm−3 at 300 mbar to 0.62 × 1012 cm−3 at atmospheric
pressure but this drop is not linear and much smaller for 1s2 and 1s3 states. Fig-
ure 6.13 shows the non-monotonically change of Ar (1s) densities as a function
of pressure. For convenience figure 6.13 is represented as an excitation degree
[Ar∗]/[Ar] for different states against reduced power [W/NAr]. The obtained re-
sults indicate that some side mechanisms (other than the excitation by electron
impact) are involved in population of 1s Ar states. As known Arm production and
loss at sub-atmospheric and atmospheric pressure are determined by electron im-
pact excitation and electron impact (stepwise) ionization, respectively [261].
Ar+e(≥ 11.55 eV )→ Ar(1s, 2p)+e k = 0.55−8.3×10−9exp[−1/Te] cm3s−1

[R1]
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Figure 6.11: Theoretically calculated absorption coefficient distribution function kv and
the normalized experimentally measured emission profile for line 738.40 nm.
Emission profile of the low pressure Ar lamp obtained by means of high reso-
lution Fabry-Perot interferometer is added for comparison

Ar(1s, 2p) + e(≥ 4.2 eV )→ Ar+ + 2e k = 2 ∼ 20× 10−7 cm3s−1 [R2]

Figure 6.12: Absolute number density of Ar (1s1) to Ar (1s5) in function of input power at
(a) 500 mbar and (b) 900 mbar.
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Figure 6.13: Number density of 1s levels in function of pressure at input power of 55 W. The
n1s is the absolute density of 1s levels and g1s refers to the degree of degen-
eracy. Here the sum of two metastable states (1s5 and 1s3) and two resonant
states (1s4 and 1s2) is also indicated by square-line symbol and circle-line
symbol, respectively.

However, for the net production and depopulation of the 1s levels, besides the
ground state excitation [R1], the recombination and the two or three-body colli-
sions are of high importance. The two and three body collisions are also respon-
sible for the depopulation of the excited 2p levels and even start to be dominant
mechanisms of depopulation of Ar 2p states at high pressure. Thus, in our opinion
a slight decrease of the metastables density with increase of the pressure to 700
mbar, observed in figure 6.13, can be explained by a role of two- and three body
collisions. Afterwards, the re-increase of Arm density with increase of pressure to
900 mbar can be attributed to the dissociative recombination process [262]:

Ar2+ + e→ Ar(1s, 2p) + 2e k = 9.1× 10−7(Tg/Te)0.61 cm3s−1 [R3]

The formation of Ar2+ by atom-assisted association (Ar+ + Ar + Ar →
Ar2+ + Ar) becomes the most important mechanism of positive ion production
in Ar plasma. Reaction [R3] also yields a photon in the 800 nm spectral range,
which is in agreement with optical emission results presented in figure 6.8.

As mentioned in the Introduction 6.1 it is interesting to compare the perfor-
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Set-up Method Resonance and metastable
density (cm−3)

Ref.

Pulsed Ar jet (15 kV, 800 ns,
1 khz pulses), atmospheric
pressure

Self-
absorption

2*1018 (1s5), 1.2*1018

(1s4), 0.8*1012 (1s3),
8*1012 (1s2)

[252]

Microwave Ar plasma( Te=2
eV), atmospheric pressure

TDLAS 1.5*1012 (1s5)
[258]

He/Ar(5%) APPJ (pulsed),
atmospheric pressure

TDLAS 1012 (1s5 column density
near the jet nozzle) [259]

RF micro-plasma jet(He and
Ar mixture), atmospheric
pressure

TDLAS Max 1.6*1011(1s5) (3.25%
Ar, 22 W) [254]

RF micro-plasma Ar jet (Ar-
plasma ignition in He and
switching to Ar ), atmo-
spheric pressure

TDLAS 1013(1s5 in single filaments
of diameter-125 microme-
ter) 3*1012(space averaged)

[260]

Table 6.3: Overview of the experimental results of Ar resonance and metastable states den-
sity measurements in Ar discharges at atmospheric pressure.

mance of the long gap RF source here with the other Ar plasmas which are in-
tensively used for polymers treatment and also in plasma medicine. Most of such
sources are micro-plasmas with mm size of the afterglow. We expect that the
source developed here can be a possible alternative with much bigger size of the
afterglow but for comparable performance it should be able to generate similar
density of excited states. Unfortunately, only few direct measurements of Ar states
density at atmospheric pressure can be found in literature. Also almost all experi-
ments are limited to the 1s5 state of Ar which is in the range of commercial TDLAS
systems. The review of some works in presented in Table 6.3.

As one can see, an atmospheric long-gap RF discharge investigated here can
be used to generate resonance and metastable states density which are very close
to those obtained in others studies by self-absorption and TDLAS techniques for
plasma jets of mm size. The density of 1s5 state in the present work is measured
about 0.3 × 1012 cm−3 which is the same order of magnitude as one measured
for plasma jets with similar input power per mm2 (power/afterglow cross-section
area).

6.5 Conclusion

The absolute number density of non-radiative Ar 1s states in RF discharge
working at pressure from 300 to 1100 mbar is determined by means of absorption
spectroscopy using a low pressure spectral-lamp. It is shown that the modified
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absorption theory of Mitchell and Zemanski [1] can be used in order to calculate
the absorption coefficient distribution function kυ at high pressure where pressure
broadening of the lines start to be important. Evolution of absolute densities of
Ar 1s levels with increase of the pressure indicates that besides the ground state
excitation, the recombination and the two or three-body collisions are playing an
important role in population of Ar 1s states. Optical emission spectroscopy is
used to obtain the population distribution of Ar 2p states. Strong non-equilibrium
distribution of Ar 2p levels is observed , indicating the dominant production of the
2p states to be the result of the electron impact excitation from the 1s states together
with the depopulation process to be an atom-atoms collisional energy transfer in
between 2p states.

It is shown that the developed RF source with 5 cm long gap can be a possible
alternative to micro-plasma working in Ar at atmospheric pressure in terms of
production of resonance and metastable states of Ar and so in formation of the
afterglow.





7
Conclusion and Outlook

The emphasis in this dissertation is on the diagnostics of reactive species in
atmospheric pressure non-thermal plasmas. Several advanced non-intrusive diag-
nostics (passive optical emission spectroscopy and laser active spectroscopic meth-
ods) are employed to characterize three plasma sources with potential biomedical
application. It should be stressed that reliable diagnostics in the field of low tem-
perature atmospheric plasma for plasma medicine remain an important topic of
ongoing research and discussion. The general conclusion will be presented with
emphasis on the spectroscopic diagnostic investigations we made.

Passive optical emission spectroscopy

The most popular diagnostic tool for investigating atmospheric pressure non-thermal
plasmas properties is without question OES as it is a noninvasive and rather straight-
forward diagnostic tool. In this dissertation, OES is not only used to identify the
excited species produced in the plasma. All the explored plasmas are characterized
by a significant amount of UV radiation in the range 280-312 nm mainly due to the
presence of OH radicals, intensive bands of the N2 molecular system N2(C-B) and
also weak OI lines (777.4 843 nm), when air is present, and atomic lines belonging
to Ar or He.

OES is also used to obtain rotational temperatures. The rotational tempera-
tures of molecules are often assumed to be identical to the gas temperature, which
is the important initial input parameter for the interpretation of laser active spectro-
scopic results. Typical molecules of which the rotational temperature is obtained
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here are OH, and when air or nitrogen is present, N2. Programs such as Lifbase
and Specair are freely available and can be used to calculate synthetic spectra of
which the best fit of the non-rotationally resolved experimental spectrum yields
the rotational temperature. However, in the case of liquid discharges or the case of
high humidity in the gas phase plasma there is always a significant amount of water
vapor present and water molecules are very efficient in the electronic quenching
of the OH(A) state, even to the point that thermalization of the rotational states
becomes impossible. When the water vapor concentration is high (>103 ppm), the
quenching rates of OH in the high rotational levels (e.g. J>13), are comparable
to the energy transfer process rate (Coalitional thermalization). Moreover, OH(A)
radicals are produced by electron impact excitation of ground state OH and by di-
rect dissociation of water vapor, where OH(A) produced in the later case are radi-
cals at highly excited levels. These two mechanisms are independent, which results
in the overpopulation of rotational stages of OH(A) with high rotational numbers.
Consequently, the Trot of OH deduced from simulations of the OH ro-vibrational
emissions may be significantly overestimated due to its overpopulation of high ro-
tational states. In this case, the Boltzmann plot method and the two-temperature
fitting routine to the OH(A-X) emission band, as the further confirmation process,
are carried out and only Trot with J < 13 are used as the rotational temperature
of OH radicals. For the DC discharge with liquid electrode, the smallest temper-
ature of about 1600 K is found in the Ar discharge and the highest temperature
of around 3500 K is in the glow discharge without gas flow when water is the an-
ode. For atmospheric plasma jet, the gas temperature is determined to be 450±50
K and with an increase of the water fraction in the gas mixture, gas temperature
tends to increase monotonously. Compared with single atom He and Ar, water, as
a polyatomic molecule, has a larger heat capacity. Even if a low addition of water
is added to the plasma, significantly more thermal energy is stored in the molecu-
lar rotation and vibration modes. The subsequent fast vibrational to translational
relaxation of water molecules results in global heating of the plasma gas, corre-
sponding to the higher gas temperature. The gas temperature is determined to be
450±50 K for the RF discharge in long gap of 50 mm. The OH(A-X) spectrum
has been fitted by a single temperature Boltzmann distribution and the rotational
distribution of OH (A-X) is almost independent either of the input power or pres-
sure in the investigated range. It is supposed that either increase of the input power
or a change of pressure results in an expansion of the plasma keeping the power
density W/mbar cm2 constant and so Tg will not change.

Experimentally measured emission originated from Ar 2p levels is an impor-
tant probe of Ar plasma properties due to the strong optical transition between 2p
and 1s levels. Ar 2p levels population distribution can indicate the state of the
low temperature argon discharge and atomic excitation temperatures are also of-
ten measured by OES. Since the intensity of Ar emission line is proportional to
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the density of the emitters, the relative population distribution from Ar(2p1) to Ar
(2p9) is obtained in the RF discharge with a long gap from the ratio of Ar emis-
sion lines. Non-equilibrium population distribution of 2p levels is observed, which
reveals that in the investigated RF source with long gaps the dominant processes
of Ar 2p levels production and loss are the electron-impact from 1s levels and the
atom-collision population transfer in between 2p levels. It has to be noted that
Ar 2p states represent only a minor part of all excited states due to low ionization
degree in the considered plasma source.

Laser-induced fluorescence spectroscopy

OH radical density measurements have been conducted on a micro-flow plasma
with liquid electrode and atmospheric plasma jet by LIF spectroscopy. Quantita-
tive detection of the species of interest by LIF technique involves a proper inter-
pretation of the obtained experimental results. Especially at atmospheric pressure,
of particular complexity are the depopulation processes of the laser-excited states,
including collisional quenching, rotational (RET) and vibrational (VET) energy
transfer, and spontaneous emission from the excited state. In the case of the micro-
flow plasma with liquid electrode, as the liquid is acting as one of the electrodes,
the electrode evaporating adds significant complexity to the interpretation of LIF
results. The density of the main quencher of OH radical in the core of the dis-
charge is estimated based on the time decay of the LIF signal. It is revealed that
the plasma core consists of a high amount of 8-10% of water vapor. The low-
est value of OH density, 1.8×1020 m−3 (30 mA), is obtained in the Ar discharge
whereas a higher OH density of about 2.2×1021 m−3 in the He plasma is probably
because of the higher electron temperature which leads to a higher degree of H2O
dissociation. It was found that the most effective for OH radical production is a
diffuse glow discharge in N2 with a density of 2.3×1021 m−3 (30 mA, water as
the cathode) mainly because of the fact that the higher temperature of gas phase
leads to effective thermal dissociation of H2O.

Plasma jet supplies the possibility to investigate the influence of water con-
centration on OH radicals production and its spatial distribution, with a special
attention to the fluorescence generation processes after laser excitation of OH rad-
icals. The appearance of fluorescence spectrum band OH(A-X, 0-0) indicates the
important effects of fast rotational and vibrational energy transfer processes on
the generation of OH fluorescence. At a time scale of 50 ns after the laser pulse
the vibrational energy transfer mainly due to collisions with Ar results to filling
of A2Σ+, ν’=0 rotational levels characterized by non-Boltzmann distribution with
overpopulation at J>8. Rotational distribution of the excited OH radicals at gas
temperature of 500 K is only observed at 150 ns after the laser excitation. Corre-
spondingly, the time- and wavelength-integrated LIF signal cannot be considered
directly proportional to the ground density of OH radicals but is the function of
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the VET and RET processes. Both VET and RET have to be considered care-
fully especially the decay time of the wavelength-integrated LIF signal used as a
parameter for absolute OH density calculations.

A calculation model is developed to determine the absolute density of ground
state OH radicals from laser-induced fluorescence measurements. This tempo-
ral evolution model includes all these fast competing processes, rotational and
vibrational energy transfer, quenching, pre-dissociation, and laser-induced pro-
cesses (excitation and stimulation) in the population dynamics of OH(A) state. The
found distribution of OH radicals is consistent with the geometry of the plasma jet,
which indicates that the generation of OH radicals takes place inside the plume re-
gion. The highest density of 1.15×1020 m−3 is measured in closest distance to the
plasma core for the case of 0.3% H2O. The variation of water content not only al-
lows changing OH production rate but also the place where radicals are generated.
It could be interesting for the application of the plasma jet in, e.g. medicine or
dental care: at low water content > 0.15%, OH radicals are produced in spatially
broad jet, whereas at water content of>0.3% the generation of radicals is much
higher and also limited by the central part of the jet so focused local treatment can
be achieved.

Absorption spectroscopy

The absorption of light by plasma is a simple and fast way to measure absolute
densities of non-radiative and ground states, e.g. metastable levels of Ar. The
easier and low cost spectral lamp absorption method can be used to determine
the density of Ar excited states and their kinetics of generation in a RF discharge
with a long gap of 50 mm. Experimental implementation of the spectral-lamp ab-
sorption method is easier and less expensive than the diode laser technique, but it
depends on the spectral profile of the absorption line, which turns from Gaussian
at low enough gas pressure to the Voigt type at atmospheric pressure. The modi-
fied absorption theory of Mitchell and Zemanski is developed in order to calculate
the absorption coefficient distribution function kν at high pressure where pressure
broadening of the lines start to be important. The density of 1s5 state in the present
work is measured about 0.35×1012 m−3 which is the same order of magnitude as
one measured for plasma jets with similar input power per mm2 (power/afterglow
cross-section area). Evolution of absolute densities of Ar 1s levels with increase of
the pressure indicates that besides the ground state excitation, the recombination
and the two or three-body collisions are playing an important role in population of
Ar 1s states.

Outlook

The field of plasma medicine is still very young but new applications are emerg-
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ing rapidly and our ability to understand and model the underlying basic processes
is gaining momentum due to state-of-the-art diagnostic methods and the contin-
uously increasing computational possibilities. Nonetheless, the improvement in
existing diagnostics and the implementation of new diagnostics remains one of the
most important issues in the field and will not only increase the understanding but
will also facilitate the development of new applications. It is important to stress in
particular the need for reliable interpretations of existing diagnostics results, such
as OES results for gas and atomic temperatures, LIF results for species density and
absorption spectra for metastable and resonant argon species, which is presented
in this dissertation.
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[56] P Sunka, V Babickỳ, M Clupek, P Lukes, M Simek, J Schmidt, and M Cer-
nak. Generation of chemically active species by electrical discharges in
water. Plasma Sources Science and Technology, 8(2):258, 1999.

[57] A Hickling. Electrochemical processes in glow discharge at the gas-solution
interface. In Modern Aspects of Electrochemistry No. 6, pages 329–373.
Springer, 1971.
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[71] DM Willberg, PS Lang, RH Höchemer, AW Kratel, and MR Hoffman.
Electrohydraulic destruction of hazardous wastes. ChemTech, 26(4):52–57,
1996.

[72] AK Sharma, BR Locke, P Arce, and WC Finney. A preliminary study of
pulsed streamer corona discharge for the degradation of phenol in aqueous
solutions. Hazardous waste and hazardous materials, 10(2):209–219, 1993.

[73] Bing Sun, Masayuki Sato, and JS Clements. Oxidative processes occurring
when pulsed high voltage discharges degrade phenol in aqueous solution.
Environmental science & technology, 34(3):509–513, 2000.

[74] WFLM Hoeben, EM Van Veldhuizen, WR Rutgers, and GMW Kroesen.
Gas phase corona discharges for oxidation of phenol in an aqueous solution.
Journal of Physics D: Applied Physics, 32(24):L133, 1999.

[75] Meguru Tezuka and Masakazu Iwasaki. Plasma induced degradation of
chlorophenols in an aqueous solution. Thin Solid Films, 316(1):123–127,
1998.



7-14 REFERENCES

[76] Mayank Sahni, Wright C Finney, and Bruce R Locke. Degradation of aque-
ous phase polychlorinated biphenyls (PCB) using pulsed corona discharges.
Journal of Advanced Oxidation Technologies, 8(1):105–111, 2005.

[77] AK Sharma, GB Josephson, DM Camaioni, and SC Goheen. Destruction
of pentachlorophenol using glow discharge plasma process. Environmental
science & technology, 34(11):2267–2272, 2000.

[78] J-L Brisset. Removal of pentachlorophenol from water by AC corona
discharge treatment in air. Journal of trace and microprobe techniques,
16(3):363–370, 1998.

[79] Yue-Zhong Wen and Xuan-Zhen Jiang. Pulsed corona discharge-induced
reactions of acetophenone in water. Plasma Chemistry and Plasma Pro-
cessing, 21(3):345–354, 2001.

[80] Meguru Tezuka and Masakazu Iwasaki. Plasma-induced degradation of ani-
line in aqueous solution. Thin Solid Films, 386(2):204–207, 2001.
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