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Zusammenfassung

Diese Arbeit untersucht den Entladungsmechanismus typiekibter mikro-TubenP | as men, ( Fe TP)
den Einfluss benachbarter Ziele, die zugrunde liegenden lonisierungsprozesse sowie die
charakteristischen Merkmale, die P von der Koronaentladung unterscheiden. Ziel ist es, die
Wechselwirkungen zwischen elektrostatischem Potenzial, dem zeitlichen und raumlichen Verhalten der

Plasmaentwicklung und der analytischen Leistungsfénigkeit zu verstehen.

Zur Unterscheidung von Edelgekmen und angeregten Spezies wurde eine neue
Datenverarbeitungsmethode  entwickelt. Mithilfe rapeitlich aufgelster  optischer
Emissionsmessungen konnten die primden Anregungd lonisierungsprozesgeHe-Fe TP undAr-

FeTP identifiziert werden. Gleichzeitig wurde der bislang unterschézte Einfluss eines benachbarten
Leiters auf die Plasmadynamik nachgewiesen. In diesem Zusammenhang werdsstistieen
Evolutionseigenschafteron FeTPs mit drei unterschiedlichen Polaritd&or einem metallischen Ziel
systematisch unter variierenden Abstaden untersucht.

Aufgrund danlicher Entladungsgeometrien wird dasTP haifig fdschlicherweise als Wechselstrem
Koronaentladung betrachtétur Korrektur dieses Missverstandnisses umfasst die vorliegende Studie
eine optische Charakterisierung von Gleichstramd WechselstrorKoronaentladungenDariber
hinaus werden die elektrostatischen Potenziale im Umfeld von KoronaentladungencTind F
analysiert und miteinander verglichen. Erganzend werden verschiedene GleichspaBrasmgsdie
Ansteuerspannung des P integriertdas mit einem Massenspektrometer (MS) gekoppelt ist, um die

Auswirkungen auf die analytische Leistung zu bewerten.

Die kombinierte Analyse umfasst optische Emissionsspektren, das Ringpotenzial um die Plasmaregion,
die Zindung des Diagnoseplasmas sowie die Signalintensitd imi N&sveils fir Koronaentladungen

und ETP. Die zentrale Rolle der Kapillare imeFP wird hervorgehoben: Sie steuert die
Plasmabewegung, verstadkt den Restladungseffekt und isoliert die Sekundé&elektronenemission. Diese

Eigenschaften macher P zu einer eigenstadigen Technologie mit klaren Vorteilen.

Auf Basis dieser Experimente wird dasTiP neu definieri nicht lediglich als Koronaentladung,
sondern als gefihrte Plasmaséalew. Plasmajet mit breitem Anwendungspotenzial. Indirekte Hinweise
deuten darauf hin, dass™ als lonisierungsquelle effizienter und schonender sein kédnte als
herkdnmliche Koronaentladungen. Diese  Erkenntnisse vertiefen das Verstdadniger
lonisierungsmechanismamd liefern wertvolle Impulse fiir die wissenschaftliche Forschung und die

ingenieurtechnische Nutzung der Plasmatechnologie.






Abstract

This work studesthe discharge mechanism of typiflakible microtube plasmdF ¢ 7, Fhe influence
of proximal targes, specific ionisation mechanignand the main featurelistinguistingF¢ TP f r om
corona dischargélhis study aims taolarify theinterrelationship between electrostatic potential, plasma

evolution behaviours, and analytical performance.

For distinguishing noble gas ions from excited species, a new data processinghastheeproposed
The primary excitation andnisation processes foHe-FUIP and Ar-FUTrP are identified through
spatiotemporal optical emission measuremewscurrently theunderestimateanpact of a adjacent
conductor waslemonstratedAccordingdy, the optical evolutioncharactesticsof three polarity FUTPs
in front of a metallic target are investigated.

Givent he si mi | ar ¢ o frdquegtlyregarded asmerelyah AdcBrona dischargelo
address thisnisconception this researchexecuted optical characteation of DG and AGcorona
discharges.Electrostatic potential around corona dischargeand FTPs arealso exploed and
contrastedFurthermore, various DC biases are introduced into the driven voltages of FUI'P coupled to

mass spectrometer (M8) assesanalytical performance.

A combined analysis of optical emission spectra, ring potential, diagnosis pigsitian, and MS
signalheighti s presented for both corona discharge andc
highlighted guiding plasma propagation, amplifying the residual charge effiedtisolating secondary

electron emissiarmhese characteristics makee Ttd?bea standalone technology with clear advantages.

Basedort hese ex per irededimed sqt onlyasd ddrona sischargbut alsoasa guided

plasma column and even a plasmawiéh broadapplicationprospectsEvidence obtained indirectly

i mplies that FegTP has the potential to be more e
as an ionisation source. These insights enhance the understanding of ionisation meahapismisie

a valuable reference for both scientific research and engineering applications oftplasmatogy
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Symbols and dbreviations

Symbols
Symbol Unit Description
C F Capacitance
d cm Distance from the separation of electrodes
E Vm ™! Electric field
h Js Planck constant
p Torr Gas pressure
q Resistance
t ms, € sSns Time
V] Hz Frequency
X mm Spatial coordinate
] nm Wavelength
G C-Vim 't Electric permittivity of vacuum
U Nj - Dielectric constant
U NjNj - Dielectric loss factor
V] - Relative dielectric constant
vl Sm ! Electricalconduct i vi ty
¥ Cm '2 Surface charge density
tant - Dielectric loss tangent angle
U s, ms Characteristic time/time constant




Nomenclature

Abbreviations
Abbreviation Description
A" lonised state of A
- Upper excited states of A
’ Lower excited states of A
AM Metastable states of A
AC Alternating Current
APCI Atmospheric Pressure Chemical lonisation
Ar Argon
a.u. Arbitrary Units
CCD Charge-Coupled Device
Cl Chemical lonisation
DC Direct Current
DBD Dielectric Barrier Discharge
DBDI Dielectric Barrier Discharge lonisation
CAP Cold Atmospheric Plasma
eV Electron volt
ESI Electrospray lonisation
FeTP Flexible micro-Tube Plasma
FNS First Negative System
FPS First Positive System
He Helium
HV High Voltage
ICCD Intensified Charge-Coupled Device
ID Inner diameter
iLTP inverse Low Temperature Probe
IMS lon Mobility Spectrometry
kHz Kilohertz
kv Kilovolt
LTP Low Temperature Probe

Continued on the next pa¢



Nomenclature

T continued from previous page

Abbreviation s Description

m/z Mass-to-charge ratio

MS Mass Spectrometry

N Negative-biassed voltage

NIR Near-Infrared

NP Bipolar voltage

oD Outer diameter

OES Optical Emission Spectroscopy

P Positive-biassed voltage

p-FWHM position-Full Width at Half Maximum
POEPS Plasma Optical Emission Phoresis Spectroscopy
ppm Parts per million

sccm Standard cubic centimetres per minute
SPS Second Positive System

uv Ultraviolet

Vop Peak-to-peak voltage

XI






CHAPT PR

| ntroduction

1.1 Motivation

lonisation source is an essential part for analytical technology, such as in mass spectrometry (MS) and

ion mobility spectrometry (IMS)n addition to classical electrospray ionisation (H$))2], ultraviolet

(UV) ionisation lamps and betadiation electron emittef8], plasmabased ionisation sources have

attracted increasing attention in recent y§4u]. This can be attributed to their ability to operate under

ambient conditions, while offering efficient ionisation for a wide range of analytes. Among them,
flexible microt ube pl asma (FeTP) and atmospheric pressur
typical cold plasma configurations with distinct discharge characteristics and ionisation behaviours.
APCI, based on corona discharigawell establisheddi its simplicity and stabilitylt often suffers from

limited discharge volume, strong electrielfl localisation, and potential fragmentatmfranalytes. In
contrast, FeTP, which features a confined capil!/l

plasma propagation, reduced energy density, and more controllable ionisation environments.

Due to flexibility and miniaturisation features
ionisation sourcg7-22]. It has been proved to be a dielectric guided discharge running by charged
particles attachedn the inner wall of the capillary, but the indeed responsible particles are still not
confirmed.Recent research has proved that plasma initiated in afgpis @ good alternative to play a

role of a soft ionisation source in the field of analytical chemi&wy further optimisation, the specific

di schar ge mechani s nig) awhAr addschdtge gasds in tha e configur@tion

are essential tmvestigate and clarify.



Chapter 1 Introduction

In terms of applicationwe noticed thabringing a conducting object in the vicinity of the plasma has a
nortnegligible impact on the plasmeaolution Since the performance of a plasma is entirely determined
by its discharge propertieshis nearby conductomay significantly affect the final application,
particularly in instances where it is employesdan ionisation soure@md coupled with M3t is therefore
imperative that such interference mechanisms are exploredidantified in order to enhance
controllability. To regulae plasma behaviour, efforts must be made to comprehensively study the effect

of conductor on plasma evolution in specific siitnias.

At first gl ance, Fe TP and c or greatdiffecence s hepartede s e er
regarding discharge behavid@r 10, 2329]. Corona discharge seems to be only a local field discharge

that occurs near the tip of an electrode with a small radius of curvhtaveever, there are few
publications on the optical differences between positive and negativ@io@a discharges, let alone
AC-corona discharges.n ¢ o0 n t risansre like aRdischdPge that starts as a corona discharge from

the electrode tip bus cambleof forming a long plasma column along the capillary.

Therefore, a systematic comparison between cor o
underlying discharge mechanisms, distinguish their ionisation process, and identify the advantages and
limitations of each configuratiorin particular, there is an urgent need to survey and compare their
individual ionisation mechanisms and analytical capacities in an overall perspective. This study will
contribute to adeeperdistinction and understandindn addition, such findings will not only advance

the fundamental knowledge of micsrale plasma discharges but also support the optimisation of

plasmabased ionisation sources for analytical applications.
1.2 Scope ofhis thesis

The present thesis is organised into 6 different chapters. The foll@hagter 2 describes some
elementary knowledge about discharge plasma, dielectric characteristics, and optical emission spectra
to helpto understand the following measured results and discussions. To identify the key particles
responsible for plasma developme@hapter 3 deals with the kinetics of excitation and ionisation
processes inlde- andAr-FUTP, as well as the effect of additional propaneXoi|TIP, the comparison
betweenhese two plasmas is also includ&d.improvethe controllability of applicationszhapter 4

is devoted to investigaty the interference mechanisms involved in a metallic target to the FUI'Ps driven

by three polarity voltages, and a possible explanation is proposed, taking into account the varying target
distance. In order to better understand and also compare with F|#&RBp#tifics of the discharge
behaviours of D€and AGcorona discharge are represente@lmapter 5. Then, to distinguish them

from eachother, a combined comparison of discharge features, electrostatic potential, and analytical
abilities between corona discharge and FUI'P is performe@hapter 6. Finally, based on these
experiments and discussio@hapter 7 concludes the findings of these results and possible continuing

research directions in the future.

2



CHAPTER

Fundamentals

Int he scope of this thesis, the discharge feature
comparedo corona dischargd.his chaptebegirs with a brief overview othe basic knowledge about

electrical breakdowand plasma generatioAs one of the mosised plasm#ased ionisation sources,

the properties of corona discharge are introdulcegarticular,as a plasméased ionisation sourcine
physical configuration and properties of the <coc
dielectric polarisation characteristics and the charge accumulation mechanisms are addressed. These

t wo physical pr ocesses TRfromm caranaudischarge. Ak one of theé reaini n g u i
used plasma diagnostic msa®ES can be categorised into different groups based on their mechanisms.
Subsequently, the different principles and advantages of thesedthod are introduced separately.

2.1 Plasmabasedionisation ource

2.1.1Electrical breakdown and plasmageneration

Plasmahas been classifieds the fourth state of mattandis defined asanionisedgascapalte of
conducting electricity30-34]. It forms when a neutral gas becomes partially ionipedducing a
substantial population of charged species, such as ions and eldB&cassef these chargeplasma

exhibit high electrical conductivitand their behaviour is strongly governed ddgctric potentiad

Despite being composed of unbound positive and negative particles, a plasma remains approximately
guasineutral on macroscopic scal€@harged species continuously interact through the electromagnetic
fields they generategesulting incollective phenomena that differ markedly from the behaviour of
individual particle§35]. Consequently, both microscopic particle dynamics and macroscopic plasma

motion are highly sensitive to externally applied figlgis].



Chapter 2 Fundamentals

Plasma can be generated by various artificial methods, all of which share the fundamental requirement
of inducing locaklectricalbreakdownFor example, it can be achieved by subjecting a neutrasgels

as airto a strong electrical fieldn the eventhatan electrical dischargeccuis at atmospheric pressure,

the resultant plasma is designatedtasospheric pressunglasmal37]. Typical atmospheric pressure
discharge phenomarinclude lightning, arc discharge, corona discharge, gthwc pressure glow
dischargg38] and dielectric barrier discharge (DBD), éit.circumstances where a sufficiently high
voltageis applied to an electrodmcased within a gaseous environmtg local electric field can reach

a threshold at which the charge density in the gas rises abrupthatymagnitude. This causethe

gas to become conductive aitd resistanceo drop greatly [39]. This stage is <cal|
breakdowno, whi climothersvords, ohce thedppligrd valtage is above the threshold
value, the nearby gas is stressedeifettivelytransforms from an insulator to a condu@sionisation
progressesror a conductor immersed in a homogeneous igastiates once the local electric field
surpasses the dielectric strength of the gas. Because conductors exhibit the strongest surface fields at
protrusions, sharp tips, and edges, these regions typically serve as the sites where breakdown first
develops.

In instances where the voltage is appropriate, the breakdown may occur only in a particulaitregion.
will give riseto what istermed partial dischargewhich is exemplified by the phenomenoncoirona
discharge. Howevencea region hasroken down and beeme conductiveit no longer sustains a
voltage dropIn contrast, the complete voltage difference is transferred to the remainingytpe

effective discharge gap shortens, the same voltage is applied over a reduced distance, further intensifying
the local electric field in the remaining gasis, in turn,inducesfurtherbreakdowrof the adjacent gas
Consequently, the breakdown region rapidly spreads (typically within nanoseconds) along the voltage
gradient until a continuous conductive path is established between the electrodes, allowing current flow
and initiating an electric arc. Therefore, a gesliarge can be initiated or a plasma can be sustained

only when theelectrodeapplied voltagexceedshe breakdowithreshold of the gas

For aspecifiedgas, the voltagesquired for breakdowis a function only of the@roductpd, wherep
denota the gas pressure athtepresents thdistancdrom theseparatiorf electrods. This relationship

is formally knownas the Paschen |a#0-42], the corresponding voltage curve versus the proddct p
is called the Paschen curi#43]. The Paschen curves for several gases are showigume 21. As
illustrated, they exhibit a minimum estimated breakdown voléaggproximatelypd = 1~10 Tortcm
[42]. Thisimplies that, as gas pressure increases, a smaller elegapds usually preferred to get a
lower practical breakdown voltage. Such voltage reduttesrefitsplasmasource design biynproving
operational ease and enhancing flexibility in device configuratiomever, the mean free path of a gas
molecule (defined as the average distance between consecutive col#dipris inverselyrelatedto

the gas pressurnder fixed thermal conditions
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Figure 21: Paschen curves obtained for helium, neon, argon, hydrogen, and nitrogen, using the expression for
the breakdown voltage gyas a function oproductpd [41].

In the case of atmospheric pressure with a large prauifictan electron willundergo numerous
collisions with surroundingas molecules during its travel process. To ensure ionisation of enough gas
molecules for sustaiimg breakdown, continuous energy (eadectric field input is needed to counteract

the recombination of ions and electrons. Due to more collisions taking place in an atmospheric pressure
gas, the recombination rates also increase. A higher voltage is therefore also required for electrica
breakdown or maintenancetbie plasma compared to lepressure environments. Howeveo|lisions
dissipate electron energy, hindering their ability to ionise gas molecules. Consequently, a higher applied

voltage is required for electrons to acquire sufficient energy for ionisation.

As pressure increases, there are greater eleicinoact collisionsjmproving the efficiency ofenergy
transferfrom electrons to gas molecules and ip42]. In addition,this also tends to drive the system
toward thermal equilibrium among electrons, gas molecules, andNewsrthelessenergy transfer can
be effectively suppresse®BD is one of the excellent representatives that can prodoicke non

equilibriumplasmas at atmospheric pressdie47].

The underlying process of maintaining plasma can be described as a rapid cascade process in which
mobile charged particlderate furthecharged particle§ his is visualised ifrigure 22. The potential

gradient and subsequent electric field acceldaraaitial electrons tosufficient velocitiego kick the

electrons out athegas moleculespon collision These seed electrons originate from natural processes

like photcionisation or radioactive decaihe first impact of an electron on a neupatticle willresult

in one ion and two electrons. The liberated electrons will in turn be accelerated during their movement
process, which will continuously excite and ionise more neutral molepl8gsThis process create

more free electrons and ions in a chain reaction called Townsend disg3iardge, 49, 5Q] It will

induce an exponential increase in electron density until an electron avalanche dé&I6ps52] and

5



Chapter 2 Fundamentals

an electric arc can occur as a consequence of the electron cascade. The number of charged particles has
been reported to increase sharply, reaching millions, only after approximately 20 successive collision
eventg53].

e‘T /@
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Figure 22: Cascade process tifieioni sat i on pr oc edfsneutrél maeculear®fiods, aa red 0
cationsare fi+0.

Because an electron has a much longer mean free path in a high electric field, it will be accelerated and
acquire sufficient kinetic energy to excite or ionise other atoms or molecules (A). In the event that the
energy of an electron being lowtian the ionisation energy but higher than the excited ctgi@rticle

A, the particle will be excitetb A*. This process igivenin Equation 2.1.

Q 808 Q P

In the event thathe energy of an electron exceeds or is equal to the ionisation energy of pgarticle
ionisation ofthe particle willoccur, forming A". During this time, a secondary electron is produdée.

ionisation process isxpresseih Equation 2.2.
Q 000 cQ 8

The newly releaed electrons arthenacceleratedeading tofurther excitation and ionisation through
collisions. Excited species and ions aegher rapidly quenched through collisions with neutral gas
molecules or relax to lower eryy states via photon emissidn the field ofplasma physics, radiative
decay processes of excited species generally occur on shorter timescales than collisxcitdtam

[54], thusmaking photon emission the dominant relaxation pathway.

The metastable state'(Ais optically forbidden to decay to the ground statelertheselection rules
of quantummechanicsresulting in a significantlgxtended lifetimg55]. AM is subject to a loss of
energyas a consequence of isllision with other partnersThe collisional processes At with a
neutral particle (B) ardelineatechs follows.

0 600 0 ¢

6 6006 8 Q c8



2.1 Plasmabased ionisation source

If particle B ispromoted to aexcitedstateasdescribedn Equation 2.3, the process is referred to as
excitation transfef56]. If particle B is ionisedas shownin Equation 2.4, the process is termed
Penning ionisatiofb67]. Additionally, the quenching of an ion by particlecBn proceed via a charge

transfer mechanisifseeEquation 25), in which particle B is ionised.
0 06090 0 ¢®
The emission processes of excited statetionswill be further discussed iSection 2.3.1.

Cold atmospheric plasma (CAP), such as corona discharge and DBD, ceedlypecreatedat
atmospheric pressuendroom temperatureandpossess outstanding chemical and physical properties
[30, 42, 49] These decisive advantages make the technology applicable in numerous fiedds tvéth
need for vacuum equipment. The employed plasmaypgically characterised as weakly ionised, with
only a small fraction of the gas molecules undergoing ionisafibis kind of plasra is also known as
cold or nonequilibrium plasma They arenot in thermodynamic equilibriurbecausahe electron
temperature is significantly higher thémat of theheavy species (ions and neutral)is meanghat

only electrons ar¢hermalsed and possessvery different MaxweHlBoltzmann velocity distribution
from othergd58]. Neverthelesgheoverallgas temperatumr@mainsearambient conditionf42, 46, 48,

49, 59]

2.1.2 Corona dscharge

Although air is usually an excellent insulator, when a high voltage is applied across relatively small gaps,
regions of intense electrical field can cause air to be ionised and become patrtially condtithiize.

time, a secalled corona discharge occu@orana discharge is ofteconsidered aa siffigleelectrode
dischargg,as o ppos ed twoeledrdde disthargdbO; €]l A cdrona discharge forms only
when one electrode is sufficiently separated from the counter electktm the appliedvoltage is
sufficiently high,the air undergoes full electrical breakdown, and the ionised region expands until it
bridges to the opposite electrodberefore, a low resistance conductive path will be formed that bridges
the entire gap, resulting in an electrical sp@Z®, 49, 62] This spark will evolve into a continuous
discharge called an electric arc if the current is supplied continufdésI9] In fact, corona discharge

can also be ignited without counter electrode, but stricterigbacbnditions (e.g., much higher voltage)

are required.

As one of theclassicplasmabased ionisation sourggee commercially availabl&PCl is maturely and
extensivelyused inMS. APCI generally refers specifically to aanisationtechnique using a corona
dischargelrivenbyaDCvoltage Ther ef ore, the ment icoronaddchdrggr ms o f
are used interchangeabtythe following text.In the typical implementation of APCI, a strong electric

field is formed between the needle electrode (tip diameter 20~200 pm) and the counter electrode by

applying a high DC voltage (usually 2~6 k@g]. Thiswill then induce a corona discharge of gas (such

7



Chapter 2 Fundamentals

as air) under atmospheric pr ess uAngthesedonspimtord uce p
ionisethe analyte molecules through thecsdledfiChemical lonisatioa (Cl) processThe consensus
is that APCI is realisethroughdirect reactions of reagent gas ions with sample molef&déswhich

means that mutual contact between these species is one of the prerequisites.

Recently, corona discharge has been proven to be performed in ambient air also by AG2&)2@e

46, 6572]. It has already been researched and even tried as an optimised ionisation source coupling to
MS [67-71]. It should be noted that positive and negative-é@@na discharges are generated
alternatively in AGcorona discharge due to repetitive gas breakdown. It is an undeniable fact that, given
the same electrode configuration, an-&@ona discharge seems todassietto ignite than a D&orona
dischargd67, 68, 71] Therespective remnant space negative charges and positive charges concentrate
nearthe needle ti@re suspected t@act askey triggers for plasma breakdowduring the positive and
negative hakHphases oAn AC-corona discharge, respectivg®p, 68, 71, 72]

According toestablislked knowledgesmaller electrodegeneratestrongerelectrical fields,yielding

thinner plasmasvith fewer electronsyhile these electronsposses& higheraveragekinetic energy

compared tahose produceby largerelectrodes. Consequentiy s easier to ignite corondischarge

with a thinner electrodg 3]. For ignition of an AGcorona discharge, the electrode must be sufficiently

sharp at an appropriate distance usisgecificpower supply. If the distance is too small, it can easily
degenerate into a spark or arc disch#gé. I n addition to coronaadischa

CAPin an even more controllable w§gj.

2.13 Flexible micro-tube plasma

Many plasméebased ionisation sources have besed for soft ionisation applications, suclDasectric

Barrier Discharge lonisatiorDBDI), Low Temperature be (TP) andthe inverse LTP (iLTR)
Recently, a new plasntzased soft ionisation source has attracted numerous attehéicause of its

many strengths. It was developed after a series of modifications to DBDI for ensuring safe operation,
enhancing ionisation performance, and miniaturising furthewas implemented by altering the
electrode congjuration, removing the ground electrode, and decreasing the dimensions, particularly the
inner diameter of the discharge tubs.a result, a novel robust setup émmpactplasma was invented

and named as flexible mictou b e p | a $7inkhag been Tdegd as a goftisationsource for the

detection of various analytes, and@dionisationperformance wasamonstragd[7, 8, 1122].

The physical configuration of the FeTP ionisat.i
Figure 23, the included key components are drawn. A fused silica capillary (inner and outer diameters

of 250 em and 350 ¢&m, respectively) is wutilised
fromairaswellA tungsten wire with a diameter of 100 e€n
high voltage (HV)electrode.lmportantly, there is no physical counter electrauehis design The

plasma column is generated in the volume between the electrode tip and the capillary exit, which can
8



2.1 Plasmabased ionisation source

eveninjectinto ambient air and form a plasma]jét The length of the discharge volume can be adjusted
to meet specificdequiremerg by replacing the terminal capillapf differing lengths with easand

efficiency.

Polyimide coating

Electrode Plasma
, N —
I ——
i :

) 350 pm
Sleeves 1 250 pm
‘ 100 pm

Discharge gas Jet

Figure 23: Schematic diagram of t he Feg Tewrninjecintoanbientarn sour c
Inset: Sectional view and dimensionglod capillary used iff € T P .

The capillary tube has a thin wall and a pol yi mi
bending radius of 25 mm and high mechanical compatilfifity To offer a transparent channel for

optical measurements in the following text, the capillary coating in the discharge region has to be
stripped off.Usually, it is removed at least 2~3 mm above the length of the dischatgeeto make

the measurements more accurate. Its flexible and miniaturised design allows for adaptability to a variety

of specialised application scenarios (e.g., harrow, obstructed Jestsp effectively avoids the risk of

direct discharge, ensuring safety and reliability, anedsy to integrate with various instrument

platforms[7].

Fused silica is the ideal dielectric matlasi al fc
a highpurity glass with a single componemtf s i | i c i puritywd 99.8999%, iard possesses a

high degree of chemical inertness due to the abs

time, the high chemical stability makes it resistant to the erosion of reactive plasma species (e.g., O;

OH) and prolongs itslifetime. Theexceptionallylow thermal expansiocoefficient(~5.5x107/C) and

melting point (>1600 €) make it withstand to possiblecalisedhigh temperatures during plasma
generation, providing excellent thermal stability. The high dielectric gtréng ( ~ 1 0 V/ m) make
to breakdown at high voltages and guarantees the insulating properties of the capillary. The capillary

also has excellent optical properties with high transmittance in the range of 180~2500 nm, making it

suitable for spectroscapmeasurements.

The complex dielectric constant of fused siligas U\ Njrtjibitstwo keyproperties in an AC electric
field. First, the dielectric constant(&l3.9) reflectsa weak polasability yet still enablinga uniform
electric fielddistribution Secondthe loss factor(y §jNj*) andthe correspondingangentof theloss
angle { a s UN)NJf ~2.6<.0°°, which indicates mextremelyweak ability to dissipate electric energy
[74]. The polarisation process is nearly hysteré®s, enabling charges to respond instantaneously to

the electric field variationsThe electriefield energy can be transferred to the gas molecules almost
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without loss, promoting plasma despment (e.g., electron avalanchimad efficienionisation At the
same time, low dielectric loss can effectivelyppressoule heat accumulatigis, 76] contributing to
stabldong-termoperation It is worth mentioning that ceramic materiaespitehaving a high dielectric
constant {~ 9), suffer from poompticaltransmissin, brittlenessandlimited flexibility and therefore

do not suit FeTP systems.

2AmkV
e A
EEEEE:AI“\ e ]
0 kv — oo e o _0kV_ o
e e e
2Am KV
P NP N

Figure 24: Schematic diagram of the three polarity square wave voltages, the black dashed lines represent 0 kV,
the left values stand for the corresponding relative amplitudes.

FUTrP isusuwally driven by a square wave voltage, whose polarity can be switicteatyha specific bias

circuit. This is implemented by addirggpositive (+An kV) or negative {Am kV) DC bias voltageo a

bipolar voltagehat haspeakto-peak voltage\(,y) of 2An kV. Therefore, as shown Figure 24, these

three polarity cases are defined as P, NP, arnd tie case of bipolar voltagBlP) typically applied in

FeTP, each <cycl e c o-phadeswitls opmositolarity amplitidedired hlacks h al f
represent positive amplitudes and blue blocks represent negative amplitlmlesyer, only a positive
amplitude is applied in a posith@assedvoltage (P) and only a negative amplitude is applied in a
negativebiassed/oltage(N).

FortheP and Ncasesthe applied amplitude®o longer alternatstrictly between positive and negative
duringeachhalf-cycle.Instead, he amplitudes are doubled in the correspondingdyalte for these two
casesTo avoid confusion, theermsii r i si ng a mpd afseeladopteitg destirguish théwo
halves of one cycle The rising halfphase (red blockgjenoteghe halfcycle startingfrom instant 0,
whereaghe falling halfphase (blue blockslenoteshesubsequertialf-cycle. This unifiedterminology

is used throughout the thesis, includfogthe NP case witho@DC bias.

2.2 Dielectricpolarisation and charge @cumulation

2.2.1 Dielectric mlarisation

Dielectric polarisation is the term given to describe the behaviour of a dielectric (insulating) material
when an external electric field is applied, which creates the induced electric dipole moments and
polarised charges near the surface of the matditied. means that the alignment of chargéthin a
dielectric materiglwith positive charges aligned alotigg electric field and negative chargggosing

it, leads to anetmacroscopic polarisation throughout the matgrd]. These charges within the atoms

or molecules of the material experience electric forces in opposite directions, causing them to slightly

10



2.2 Dielectric polarisation and charge accumulation

separate and shift in positions, even though the charges do not move freely like in a cdnduc&C
electric field, the polarisation process of a dielectric such as glass involves the dynamic response of the

charge distribution within theaterial

There are fouprincipaltypes ofpolarisation that can occur in dielectric materials, including electronic,
ionic, orientation, and spaadarge polarisation. Alinsulatingmaterials are capable of undergoing
electronic polarisatiof¥8], in whichthe electron clou¢e.g.,in a StO bond is elastically displaced by

an electric field forming a transient dipole moment as an essentially instantaneous reff@nse
mobile ionsare presensuch aiN a i -lime glasgklaortrange ion migration under the local electric
field gives rise to ionic polarisatiofY9]. Orientation polarisation occurs in materiasntaining
permanent dipolesHowever, becausdipole rotation is strongly hindered in solids, this mechanism is
generally weakn solids and commoim polar liquids or gasg39]. Spacecharge polarisation isighly
materialdependent andriseswhen charges accumulaterggions where they are not free to move o
where movement is restrict@dr].

In an AC electric field, the polarisation response of dielectric materials is strongly frequency dependent,
with each polarisation havi Whgcorrespsndiogvraqueiaapdc r at i n
main reasons for this are shownTiable 21.

Table 21: Polarisation type of dielectric material

Polarisation type Response frequency range Main reasons
. L Above THz The electrons are light in mass gmompt
Electronic Polasation )
(optical frequency) In response
. L Up toTHz The ions have a large mass and slow
lonic Polargation
(medium and high frequency movement
Up toMHz
Orientation Polagation The molecules rotate more slowly

(low frequency)

o Up tokHz A large number of carriers must overcon
SpaceCharge Polagation

(very low frequency) interface resistance and migrate

The polarisation response tends to lag behind the electric field changes, especially at high frequencies.
Such hysteresis leads to dielectric losses, i.e., the conversion of partial electrical energy into thermal
energyif80]. The ability of different types of polaris
electric field at different frequencies significantly affects the dielectric condianfl the loss tangent

(t a)nofithe materia[78, 80, 81] Thematerial() quantifies its ability to polarise in response to an

electric field. A high{ indicates adequate polarisation, and the material has a strong ability to store

11
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charge or electric field enerdy7]. The dielectric loss tangertt @ )nistialso known as the dissipation

factor, which reflects the energy loss during the polarisatépolarisation proce$g6].

InF ¢ TtRe capillary material dused silicaconsists primarily of nonpolar structural urdarsdcontains

virtually no freemoving ions Within solid materialsthe intermolecular strengstronglyrestricts its

rotation,so even if polar moleculesxist, they are unable to rotate and orieds. a consequence, the
polarisation process of the capillary is manifested mainlgreslectronic polarisation behavioun

other wordsthe electron cloud of the-&i bond is rapidly displaced by the electricdiglesulting in a

slight deformation and the formation of an instantaneous dipole molisergisponse time is extremely

short (-1 second$78, 82) and causesinimal dielectric lossesThis processan completely follow

the electric fieldvariations up to th@Hz range The result i©nly a local redistribution ahe charge
densitywithin the materiglwhile remaining electrically neutral overallhus, polarisation does not
Afchargeodo the gl ass, but merely forms an interfa
charge is not really a fimeasurable surface char

background field modulain mechanism.

However, the plasma itself contains a large number of charges. Wlyetothe into contact with the
insulator wall, these charges are adsorbed and carmabecaus®f the nonconductivity, This then
leads to theremainderof a large number of charges at the plashedectric interface, triggering
additional surface charge distributioAsid these surface charges coupled with the polarised dipole field
may lead to local electric field distortion near the insulator, affect the discharge pattern, anthso on.
micro-tubes, this effect is particularly pronounahe to the largeusfaceto-volumeratio. It may either
inhibit or enhance the discharge regiaffiect the subsequent ion energi@sireaction pattvays Under

AC electric fields, surface chargemay be partially neutralisedHowever,owing to the disparity in
mobilities between electrons and ipasymmetriosoltagewaveformsand wall adsorption hysteresis,
cyclic wall charge buileup and asymmetric modulation may still occlinese #ectsprobablyalterthe

discharge characteristigsthefollowing cycle.

The resistivity of quartz is extremely high (about®xffcm), making the equivalent resistang yery
large. So, it is difficult for charges to dissipate through bulk conducfibthe same time, its small
relative dielectric constant results in limited overall capacita@6}eThe two work togetherl= 'Yig,
further described inSection2.2.2.) resulting in longterm retention of charges on the surface (time
constants can reach milliseconds to secop®) If the time constant is much larger than the period of
the square wave (20 kHz correspondsGonicroseconds), the chaigeannot be completely dissipated
in each haklperiod, resulting irchargeaccumulation. If the time constant is in the millisecond range
then over multiple consecutive square wave periods, the charge gradually increases until-stateady
equilibrium is reached. This slow changan be captured by the oscilloscope as a-foaguency

fluctuation or DC offsetwhich will be discussed further Dhapter6.

12



2.2 Dielectric polarisation and charge accumulation

Insummary, inthe20kHzAG@r i ven FeTP system, the fused silic:
of electric field energy into the discharge gas through itslt®s electronic polarisation and high

dielectric strengthAt the same timdt ensureshe flexibility and longterm operationaktability of the

device.The excellent material properties of fused silica balance insulation strength, energy efficiency,

and structural flexibility in FeTP, purisedandi ng a
flexible plasma devices. Most importantly, the polarisation and charge accumulation behaviours of the
capillary directly regulate the electric field distribution inside the capillary, the gas breakdown process,

and the development and propagatid plasma.
2.2.2 Chargeaccumulation

2.2.2.1Charge accumulation mechanism

Many publications havimdicatedthat the dielectric surfacects as a reservoir for charges deposited by
thedischarge causing a fimemory char|[4649¢66,BB5tthasbeem t he i
demonstrated and quantified that a fhasubstaatiasle char
surface charges and the associated electric field persist between dischargi8@Li3be essence of

such effect can be attributed to frelearge from plasma strikig the insulator surface¢hese charges

cannot penetrate or move away because of the high insulation. Therefore, with discharge evolution, they
fistayo or fAaccumul ated on t heThsascurhultoreand deaay ani ng a
charges omdielectricsurfacecan usually be analagid to an RC circuit, whose time constant is given

by U= Y6, whereR is determined by the resistivity and geometfyhe mateial, andC is determined

by the dielectric constant and geomeifyhematerial

This phenomengra | s 0o known as fAsur f[23c4, 5t, B2a8Pgd]ds eaticelya mu | at i
charge injection process aiglindependent ofvhether the material is polarised or nlt.practical
systemspolarisatiorcan modulate the wall electric field distribution, change the conditions under which

free charges approach the wall, and affect the charging rate or the stability of space[@Bhigeahis

manner, polarisation may indirectyterthe charing behaviour, buit is not a prerequisite for charge
accumulationIn short,surfacecharge accumulation does not depend on the polarisasponsdut

on theinteractions ofree plasmacharge with the insulator wall.

If the charged patrticles generated in plasma were not taken into account, the polarisation charge would
fully follow the electric fieldreversalat the end of eachalf-phase, resulting imo net charge
accumulation on the capillary surfagdthough thesecharged particles produced in plasd@mnot
participatein conventional polarisation, studies have shown that their presanceirectly affect the
polarisation of the dielectrif93, 9597]. The plasmacharges httng the dielectricsurface can inject

charge andnodify the surface electric field distribution, thus affecting itternal polarisation state.

The space charge fieldithin the plasma sheath may superimpose on the applied field, changing the

effectivefield strength in the dielectriand thugndirectly modulating the polarisatidrehavious.
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2.2.2.2Therole oftheaccumulated charge

It hasbeenreported that a primary plasn@medin the ambient air canravel along a dielectric tube
and initiate a secondary plasni26, 98] Detailed investigationsshow that the primary plasma
disappears before the secondary plasm&rgesand that the accumulatd charges can form a local
electric fieldthatexceed 2 kvV/mm [98]. Therefore, the local electric field induced by the charges on
the dielectricsurfaceis declaredo bethe driving factorfor the ignition of the secondary plasma.
Similarly, studies ofpoint-to-planedischargs with a dielectric layer blocked in thgapdemonstragd
thatchargeaccumuléion on the dielectric surfacggnificantly facilitates discharge-fgnition over the
dielectric layef99].

Experimens on corona dischargeonfined withn a plastic tube [71] have shownthat DC-corona
discharge requirekigher sustainingvoltagesthan in open configurations This is attributedto the
charging of the innetubewall, which partially shields the electric field at the needle #alditionally,
studies on A&orona discharge demonstrate ttia residualspace charge in aand the deposited
charga on the dielectric surface substantially influencediseharge proce$46, 65, 66] After polarity
reversal, these chargssongly enhance the applied electric figlterebyloweling theignition and sel
sustaining voltages amtoducingmore intense discharge reactionsAC-coronadischargecompared
with DC-coronadischargg67, 68, 71]

A ceramic sampling plate has been found to potentially improve the ion transmission efficiency and
improve peak intensitieghis was explained by the accumulated chaogethe ceramic surface, which

distort the electric field around the MS orifice afodusthe charged particles into the MS inlet.
Enhanced MS signals were observed for several compoundsiire@xperiments, and the presence of
these charges was also validated by charge measurements and numerical sirfildajidnsaddition,

an employed floating helix electrode that winds around the surface of the quartz tube has recently been
reported to contribute to lower power consumption and longer jet IgBjthThis is explained byhe

effect of enhaning charge accumulation on the dielectric surfaceroundingthe helix, which

subsequentlprovidesa conductivepath for the plasma jet.

In a DBD plasma,tiis understood that charge deposition on the dielectric sudatéctsthe current
therebyenabling theoperation of norequilibrium discharges at atmospheric pres§@@¢ In addition,
thesignificanceof thesurface charge and its finite relaxation time in dischdygamicswvas also noted
[101]. A numerical work shows that the electric fielthffuenced not only by the volume charge density
but also by the surface charge density, whgcetermined by the distribution of charge carrtbet

migrate along the insulator surfa¢g9).

In summary, charge accumulation on the dielectric surfacenzakedly affectdischarge dynamics
through several mechanisif3, 42, 49, 85, 889, 102] It can generate a reverse electric field that
rapidly counteract the net field below the breakdown threshdtdygering sel-quenchingof the
discharge. The surface charge distribution also contributesntmolling thedischarge uniformity by
14
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suppressing local current concentrations and promoting the formation of multiple-cisicharge
channels. Additionally, it helpto optimise energy efficiency by limiting the energy of individual
discharges and thereby reducing Joule heat accumul@tiese mechanisms provide the key guidance
for the design of DBD e.g., precise control of the discharge mode (filamentary/uniform) and energy
partitioning (dissociationidnisatior) can be achieved by tuning the electrode configuration, dielectric

conductivty, and driving voltage characteristif&b, 103106].

InthecaseoF e TReg B ccumul atp ernmaonfe nat Ofi qdui aesli B8] generate s ur f a
an electrostatic field that overlays the AC electric field, forming an equivalent extra potential bias (i.e.,
ADC component p oChapterd).iTrdslexira gbtertiad lwias ead exédeastructiveeffect

on plasmabehaviour[23, 42, 46, 52, 65, 66, 85, &, 94, 102] It distorts thelocal electric field
distribution (e.g., sheath field), thereby disrupting field symmetry and inducing local variations in field
direction and strength, which in turn results in deviations in the trajectories of charged paticles.
distortion may lead to uneven discharge characteristics, including localised enhancement, suppression,
or even extinguishmenConsequently hie electron temperature becomes-naiform, with regions of
excessive energy that may cause awarsationor mateial sputtering. Continuous ion acceleration
under the DC field component also intensifies ion bombardment on the capillary walls or electrodes,
leading to materialamageOverall, these effects compromise discharge stability, potentially inducing
plasma oscillations or mode transitions, and thus reducing operational reliability.

2.2.2.3Formation of charge closd

When positive and negative specimxome unevenly distributed, loadiarge cloudsnay form and
associated electric fieldsin also influence subsequent discharge beha\itiry In AC electric field,
electronsare generally mordlifficult than ionsto gather into groupgorming suchcharge clouds.
Overall, charge cloud essentiallyarise fromlocalised, noruniform chargedistributiors, with their

formationprimarily governed by the characteristesd dynamic®f the charge carriers.

Due to their extremely high mobility, which is several orders of magnitude greater than that of positive
ions[68, 72, 90, 102]electrons move rapidly under an electric field and tend to distribute uniformly
rather than aggregate locallher extremely small mass (301C° times smaller than ions) also makes
them highly susceptible to thermal motion and collisional disturbances, preventing stable remains in one
place.In contrast, iongan persist in specific regiolecause of their much lower mobilifyhe large

mass and inertia of ions also make them hard to accelerate, thus contributing to their stability and
allowing them toresist disturbances and maintain localised aggregakomironmenél factors,
including collisionand diffusion, furtheaffect this proces<Electronsare readilyconsumedhrough
recombinatiorwith positive chargesr absorption asurfacesin contrastjons possesselativelylong
lifetimes, gradually aggregatintp resultin localised charge enrichmeftherefore, electrons respond

to electric fields quickly, resulting in faster charge neutralisatioredistribution, whereasons are

indeed morgroneto gather and maintain charge clouds in dpeaireas For example, the familiar
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plasma sheath and stream head are actually a direct manifestation of localised ion ag§i®g4tion
Actually, the charge cloud is a gathering of net space charges, garidignificantlynodify thelocal

spatialelectric fielddistribution.

Under most ionisationmechanismsparticularly those induced by the impact of electrons on gas
molecules or atoms, positive ions are generated directly together with free electrons. Consequently,
positive ions are stably produced and are typically abundant under-statelgdischarge odlitions. In
contrast, negative ions are produced primarily by electron capture. For example, oxygen molecules
capture electrons to form;OThe principle underlying the effective generation of negative ions is that
molecuks witha sufficiently high electron affinity are required to facilitate electron attachrj#it
However the extra electropresentn thenegative ion isrequentlyloosely bound, making it susceptible

to detachment through collisions with other electrfii®3, 109] Consequently, negative ions are
comparativelyunstable andhe concentrationis usudly low. For comparisona summary ofthe
characteristicef primary charged particles in CAPlisted inTable 22.

Table 22: Charged particle features iGAP

Particles Mobility  Lifetime Energy/Stability Aggregation Trend

High ionisationenergy (>10 eV), _ )
o ) o Strong, easily forming a
Positive ion low long relatively slow recombination processe
) - space charge cloud
possesses high stability.

Low electron affinity (14 eV), easily  Weak, making it difficult

Negative ion low short dissociated by electron impact and to form stable charge
therefore possesses low stability. clouds
extremely extremely ] Hardly any, not easily to
Electron ] Fastmovingandprone to loss.
high short form charge clouds

The electron temperature in CAP typically ranges from 1 to 1{BBY which is sufficient to sustain
ionisation, but results in relatively slow recombination procesSessequentlypositive ions exhibit
comparatively long lifetimewithin the plasma, allowing for locabgregdion and thelevelopmenof

space chargeones. In contrast, e electron affinity of most negative ioiness betweerl and4 eV [110,

111], considerablylower than the ionisation energie$ neutras. Because of their relatively weak
binding energies, negative ions are readily detached or dissociated through collisions with energetic
electrons or photonslherefore they generally exhibit limited stability and short lifetimagich

hinders their ability tanaintain significant spatial enrichmeBtased on these consideratipmgan be
concluded thapositive ionsn CAP are moregpronethan negative ions to aggregdiam, and sustain

spatal charge clouds.
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Like that discussed in DBOL04], the plasma process in FeTP al sc
polarisation of the dielectric material due to the sharp rise of the applied HV. The high potential gradient
results in the acceleration of electrons around the HV electrode, which tide wath other species

producing excited or ionised particld$e sudden acceleration of electrons also causes a large number

of positive ions to remain in the capillary bulhe positive ion clouslin turn acceleratelectrons from

the capillary bulk ¢ neutralise their positive charges, which leads to excitatimhionisationvaves

propagating away from the HV electrode.
2.3 Optical emissionspectroscopy

Optical Emission Spectroscopy (OES) is one of the most powerful diagnostic techniques widely used
for plasma characterisation, which is based on the phenomenon of light emission from plasma. It is
achieved by the detection of photons, which are emitteidgltine process of the transition of excited
particles (atoms, ionsand molecules) relax to lowenergy states anagecombine radiatively with
electrons or ionp19, 51, 59, 112, 113PES constitutes a nenvasive technique requiring no insertion

of electrodes or probes, thereby causing no interference whatsoever with the discharge Tirecess.
implementation of this system only needs an observing window and an optical sispammits
simultaneous observation of multiple emission lines (atomic, ionic, and molecular) to derive species
information, whilst enabling rapid response or tidmmain recording, rendering it suitable for
monitoring dynamic discharge processes. Atghme tine, its limitations must be considered in the
measurements. Fox example, observational bias may arise from potential reabsorpaiosdsptfon
effects. Spatial distribution blurring may occur due to the opticatdfreght integration effect.
Currently, system calibration and absolute intensity measurement present challeagies. to obtain
absolute density, absolute calibration is required (referencing standard light sources, transmittance

correction, fibre/lens efficiency correction, ef&9, 113, 114]

In the case of FeTP, where the discharge channe
under atmospheric pressure, electrical diagnostics can be challenging due to geometrical constraints and
capacitive effectsTherefore, OES provides an indispensable tool to investigatisttiearggproperties
andplasmadynamicswithout disturbanceDepending on the measurement configuration, OES can be
divided intotwo main categoriesntegrated emission spectra (tinad spacaveraged diagnostidsr

basic identification and intensity analysisnd temporally and spatially resolved emissispectra

(dynamic and located plasma analysis)Together, these complementary approaches enable a

comprehensive understanding of the discharge mec
2.3.1 Optical enission

In an electric field, free electrons are subjected to acceleration and subsequenéwiblBdrrounding

particles.If an electron possesses sufficient energy (exceeding a certain threshold), it may be able to
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exciting the particle to a higher energy levihe excited particle then undergoes a radiative transition
(spontaneous emission) to-decite back to a lower energy leyeimiting a photor{115]. For excited

particles, the emission process can be expressed as Equation
000" ® CH
For ions, the recombination radiatioreigpressed asquation2.7.
5 Qo05° ®Wos' WO B &

Here,vis the frequency, andis the Planck constarithe energy carried off by the photoreuivalent

to the energy difference between two stétes . eachindividual particlethere are multitude of possible
transitions.Each transitioris characterised bg specific energy difference. Tlwmbindion of these
transitionsresults incharacteristic radiated wavelengtiitiese wavelengths collectively constitute the

ffemi ssion spectrumod6 of the source.

Thus, OES enables the observation of exedtatle populations and physical conditions within the
plasma, including electron energy distribution, density, and temperaturfyStt12114, 116] This
is achieved by collecting the emitted photons and measuring their wavslendtitensies[112, 113]
The emitted intensity & at wavelengtl®is proportional to the population of the corresponding excited

states and the transition probdlil This can be expressed as Equatidh 2.
|(6)\7V NiAijh 3 ¢

where0 qis the population of the upper energy leve|,ié\the Einstein coefficient for spontaneous
emission, andh 3s the photon enerdip9]. Typical OES analysis involves the identification of atomic

and molecular lines, which are commonly observed in atmospheric pressure plasmas. The relative
intensity and shape of these lines provide qualitative information on plasma composition, excitation
temperature, and energy transfer proceflsEg). It should be noted that the transition of a positive ion

(A" to a highenergy excited staté\{") involves electron capturés often followed by radiative de

excitation to lower excited state&"j through neainfrared (NIR) photon emissidi17, 118]
2.3.2 Integrated emissiongectra

In actual experiments, the first step is usually to obtain the integrated emission spectra (also called
steadystate spectra, or average spectra) over a certain period of time or undesssigadgnditions.
By systematically comparing the integrated spectra under diffepanating parameters (voltagms

composition flow rate, etc.), the discharge mechanism might be inferred froteridency

Integrated emission spectra reflect the tianed spacéntegrated optical emission distribution collected
from the entire observation area (or along a line of sight) over a given exposure period. This
measurement does not discriminate between individgahdrge pulses or spatial regions, thus only

providing an overall impression of the average radiative characteristics of all active species under
18
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steadystate or quassteady plasma conditions. In practice, the emitted light is collected via an optical
fibre and guided to a spectrometer equipped with a diffraction gratingdoadge coupled devicE€CD)
detector. The resulting signal is dispersed to obtain the recorded emission intehsiyhi¢h is
proportional to the population of excited states and, indirectly, to plpsopartiesincludingelectron

density and electron temperat{is8)].

Therefore, integrated emission spedrable theestimation of key physical parametessich as the
relative denisy or concentration of species. This is typically achidwednalysing spectral line intensity

ratios orby integrating line intensities over the total spectrum or backgrolinely are particularly
suitable for identifying active species through their characteristic emission lines, estimating excitation
temperatures from line ratios of the same species, and monitoring plasma stability bexapsetra
provide reproducible signatures of operating conditibftgeover, by comparing the relative intensities

of ionic and neutral emissions, integrated spectra enable evaluation of the energy coupling efficiency
between the electric field and plasma species. They also facilitate the inv@stigfabhow external
parameteraffect the population and dgmics of excited speci§s9, 112114, 116]

Integratecemission spectraresmple, robust, and easy to implemdhtas a high signéb-noise ratio
because of long integration times, which is useful for {@mm stability and qualitative diagnostics.
However, temporal and spatial averaging often conceals important temporal or spatial differences, such
as fast ordcalised phenomena. It has only limited quantitative accuracy when there is no calibration or
modelling. Thus, while integrateeimission spectrarovide valuable overall insightthey must be

complemented by temporally or spatially resolved techniques for full understanding.
2.3.3 Temporally and spatially resolved mission

In the context of the study of discharge mechanisms, althiotighrated emission spectra offéene
overall spectral fingerprint of a plaspiafrequently prove to be an inadequate means of revealing the
dynamic evolutiorandpropagation/expansion mechanisoiglischargelasma [114]. Consequently,

temporally/spatiallyresolvedemissionrepresents a morefinedand informatiorrich approach.

Temporally and spatially resolvegnissionmeasurements captwariations in emission intensity as a
function of wavelength, time, and positjgyielding the recorded & t, x). By introducing temporal

gating andspaial imagingor fibre scanningtransienprocesseand spatial structussf plasmacan be
resolved52, 112, 114, 119]Thetechnical implementatiomvolves several approachb9, 112114,

116, 119] Time-resolvedneasurement®cordemission ovedistinct temporal interals (ns~ 15 scale)

using fastgated detection systemsuch asan intensified charge coupled device (ICLCDr streak
cameras synchronised with the power supply triggeatialresolved measuremerdsquire spectrat
different positions (e.g., along the radial or axial directions) by employing optical arrangements such as
slits, collimators, fibre arrays, or optical imaging systemsertain cases, both methods are combined,

enabling the acquisitn of emission spectra at multiple spatial positions over several time segments.
19



Chapter 2 Fundamentals

This combined method allows for the construction of-taothreedimensionaldistribution maps of

emission intensity, thereby providing a comprehendasriptionof plasmaevolution

Compared with integrated emission specthiés multidimensionaldiagnostic approacprovides a

wealth of diagnostic informatioon dischargedynamicg52, 59, 112114, 116, 119]By comparing the
intensity distributions of multiple spectral lines over time and space, it enables the investigation of
difference in the spatiotemporal behaviour of various particles and energy levels, revealing excitation,
relaxation recombinationand other elementary processd$iese dynamicsare closely linked to
parameters such as electron density, excitation temperature, and local electric field strength, allowing
for a direct comparison of how different species respond to trarerent. Timeresolved imaging
furthertraces the complete dischargequencgrom breakdown or ionisation wave propagation to glow
stabilisation and afterglow relaxatioguantifyingthe transport and expansion of electrons and excited
species populations. By mapping axial and radial emission structures, it allows visualisation of plasma
morphology, including excitation and ionisation fronts, glow regions, afterglow zones, et It als
identifies asymmetries or local perturbations indicative of discharge instabilities.

When combined with electrical diagnostitise spatiotemporal emissiothlynamics can be correlated
with voltage and current waveforms to elucidate discharge triggeritigsion-radiationprocessand
power depositionetc Moreover, the measureghtaset serngas a valuableinput for validating or
developng discharge mechanism modelBhe combination of experimental emission maps with
numerical simulations enables estimation of local phyp@edmeterand assessment of the consistency
between observatiand theorytherebysupporting a comprehensive reconstruction of plasnetiks)

transport, and collisieradiation equilibrium processes.

In short temporally and spatially resolvednissiornprovides dynamic and localis@tsight intoplasma
behaviour, facilitates correlatioetween optial and electrical diagnostics, and alsapports
guantitative modelling of discharge kineticsHowever, it always requires complex, synchronised
instrumentation. In addition, only reduced signal intensity can be obtained due to short gating times.
Nonethelessd r  Figr@nfainsone of the fewonintrusivetechniqueto visualise plasma dynamics

and understand the discharge mechagism

In summary OESserves as a cornerstone diagnosticthferstudy of plasmadischargesintegrated
emission spectrarovide averaged spectral fingerprints useful for qualitative and-cgeamititative
plasma characterisatioiemporally and spatially resolvesnissionreveals the underlying discharge
dynamics, transient species evolution, and plasma stru€theeombined use of these techniques offers

a comprehensive muiicale understanding of plasma excitation processes and contributes to elucidating

thef undament al discharge mechanisms in FeTP systel
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CHAPT@GR

Investigation of the discharge mechanisms in
He- and Ar-FLTPs

Whena FUlP is employed as a ionisationsourcecoupled toa mass spectromet@vlS) for analysis,

the capillaryexitis usudly placed in front of the MS inletdowever, detected MSignalsare relatively

low if the electrode tip is too far away from the outlet of the discharge capillary, such as[23,2d{
Therefore, a short discharge distandgjiscally selectedgenerally3 mm in analytical applicationgr
instanceTo clarify the mechanisms behind plasma behaviour under such operation conditions, further
investigations of FUTP are urgently needed to be carried out and discussed. In this chapter, the discharge
mechanism of FUTP will be investigated in a 3 mm longcdargecolumn which was defined as the
volume from the electrode tip to the capillary outlet.

Both noble gasddelium (He) andArgon (Ar) can be used as working gagiuéplasmabasedonisation
sources for analytical applications. Tigeition and sustaing voltage ofaHe-plasma is usually lower
than that ofan Ar-plasma, greatly increagy the usability ofHe. Thus, the ionisation mechanism of a
He-plasma has been widely characterised and accdptedlong been assumed to be similar to APCI,
where N* as a significant specighrough Penningpnisationis considered to be directly related to the
generation of protonated water clustB]. Considering the relatively low priagf Ar (10~ 35 % of
He), more and morplasmabasedapplications switcho Ar as discharge gadnexpectedlyAr-plasmas
can compete witlHe-plasmas and sometimes even lgeiter LOD[120, 121] However,its ionisation
mechanismis still challengingsinceno Nb* can be produced through Penniogisationin Ar-plasma
as present irHe-plasma[122]. Moreover, the physical background Af-plasma has also not been

clarified yet.
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Chapter 3 Investigation of the discharge mechanisms iraHe ArFLTPs

In this chapter, the discharge properties of plaamsagynot onlyHe but alsoAr as discharge gas will
be investigated comprehensively in the same configurdfioa.of the key elements is the comparison
of the dischargédehavioursderived fromseveraldischarge gase#nother element will show the
propagation of plasmas during tfadling half-phaseandthencomparewith therising halfphase The
objectiveof the present study is to undertaksystematic comparison éfe- andAr-plasmas, with a
view to identifying both the commonalities anthe differences betweethem with regard tothe
dischargemechanismMoreover,it offers a reference for further applications of plasmatablyas a
soft ionisationsource in the field of analytical chemistijhe elucidation of these two plasmas was
published in 2024 in the context of this wBis].

3.1 Experimentalarrangement

The experimental arrangement used in this chapter is shokigure 31, where the longitudinal axis
of the discharge capillary, the vertical axis of the lens, and the slit of the spectrometer are aligned parallel
to eachother. The distance between the electrode tip and the end of the capillary is fixed to 3 mm, which

is consistent withhe actuaMS applicatios in real life[9, 10, 20]
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Figure 31: Experimental arrangement for the characterisation of plasmas along the discharge capillary.

An USB 4000 spectrometer (Ocean Optics, USA) with a wavelength range of @@ nm and a
resolution of 1.9 nm is used for full spectral information of the reactive species. The optical fibre is

installed perpendicular to the discharge capillary axisletance of 1 mnil'o obtain the spatiotemporal
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3.1 Experimental arrangement

optical emission informatioaf the plasma, the DH 720 18R ICCD camera (Andor Technology, UK)

is utilised. It allows continuous imaging with a minimum time resolution of 5 ns. This camera is
connected with a Kymera 193i adaptive focus imaging spectrograph (Andor Technology, UK) to achieve
spectral resolution in the range of 200 ~ 900 nm, which achieves leutinadly resolved and spectrally
integrated measurements of discharge evolution behaviours. For theesioheed images, integration

on the chip vas chosen because light emission in a single exposure is insufficient to obtain clear images,

even with a gate width of up to dozens of hanoseconds.

For complete plasma emission imaging, a quartz convex lens with a focal length of 75 mm is placed
bet ween the plasma and the entrance slit (set
about 240 and 120 mm, respectively. A diffraction iggatomprising 1200 grooves per millimetre is

set to obtain a resolution of 0.21 nm. For achieving an adequate emission intensity and an acceptable
acquisition time, the gate and step widths are set differently depending on the specific plasma.

The tungsten electrodedirectly connected ta homebuilt power supply capable of external triggering

The powergeneratoiprovidesa square wave voltageith a sharp rising edgegachl.7 kVin 50 ns
maximum \fp, of 3.5 kV). In this chapterthe bipolarvoltage(NP) with a frequency of 20 kHz and duty
cycle of 50:50 is applietb drive the plasmaThe synchronous function generatdiisashino, Japan

was utilised to ensure the synchronisation of the ICCD system with the power supply. This was
accomplished by employintyvo simultaneous signathat were used as trigger signdts the two,
respectively.The detailed voltages for various plasmas are present&dbile 31. Various gaseous
mixtures areusedas discharge gases in this wodifferent conditions aré¢henchosenaccordingly

which are listed imable 31.

Table 31: Experimental conditions used for the study

Plasma tvpe Propane Applied voltage: ~ Gate width  Step width Integration
yp concentration (ppm) Vip (kV) (ns) (ns) time (ms)
He-FuTrP 0 25 10 10 20
3.0 10 10 20
Ar-FurpP 0 28 5 5 /
2.9 5 5 /
Ar-propane-
Prop 2000 2.2 5 5 /
FUTP
2.2 5 5 /
Ar- .
r-propane 4000
FurP ’0 : ] /

fi 0 /nat applicable
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Chapter 3 Investigation of the discharge mechanisms iraHe ArFLTPs

In this section, typicaHe 5.0 andAr 5.0 (both from Westfalen Austria GmbH) were supplied as
discharge gas. Since a slightly lower ionisation energy than the metastable Atatedihecheapness,
propane was chosen as additional impurity to beadded toAr asa discharge gafl22-124]. A gas
mixture of 10,000 ppm (parts per million) propane An was compouned to get any specific
concentration from 100 ppm to 10,000 ppm, this is accomplished by combing the gas mixtéxe with
5.0 through two gas flow controllers. The gas mixture was prepatsalise through an evacuated gas
bottle: Firstly, a specific amount of propane 3.5 (purity 99.95%) was injected into the empty bottle by
utilizing anordinary syringe. Then, the cylinder was filled wih5.0 until the pressure reached 5 bar.
Thus, anAr gas mixture with 10,000 ppm propane was Yielded. The discharge gas stétbleflow

rate in total of 50 standard cubic centimetres per minute (sccm) controlied Bgw controllers (Alicat
Scientific) is introduced in a precision &0.5%. The mass flow mode is selected because the same
amount of gas particle (molar quantity) per unit time can always be supplied in this case, regardless of
the particle weight. This is beneficial for the investigation of various plasmasiéikeAr- and Ar-

propaneF & T P .
3.20verview of ecies inHe- and Ar-FrP s

Integratedspectral measurement of the emissiimes for different plasmas can provide general
overviewof the species involvedavithin the detection range of the spectrometdris is the basis for
further characterisation of an individual plasrrar this reasonthe first measurementsf reactive
speciesare obtainedusingan USB 4000 spectrometéor He-FUTP and Ar-FTP and the results are
presenedin Figure 32. Theopticalfibre of the spectrometer is positioned in the middle of the discharge
column (at x= 1.5 mm).Thewavelengtk of the measurespecies generated in both plasmas dfffan

each other

In case oHe-FII'P, the emission of the excited hydroxyl band (OH), moleculgitid second positive
system SPS (NC) U N3 (B)), N2* (the first negative system FNSANB) U N,* (X)), excited atomic

He and O species are observed, in whict 801 nmis the dominant one. These are expected and
consistent with the results presenf2d, 26] which mears that the spectra measured at the middle of
the discharge columaretypical spectra ofhe discharge gas without the interference of ambient air.
Since the diffusion of ambient air only takes place in the vicinity of the capillaryuegigrsuch
conditions with a gas flow of 50 sccm and an inner diameter of 250 pym, interference to the inner part
plasma can be neglected. Therefore, these speciesaesulitfromimpurities inthe discharge gases
itself. For He 5.0, its composition consists 8fppm HO, 2 ppm Qand 5 ppm N In Ar-FLT'P, besides

a series of excitedr lines from around 650 to 850 nm as marked inRigeire 32 (b), the emissions of
excited hydroxyl (OH) and molecular, \SPS) are also observed, whimtiginatefrom the impurities

in Ar 5.0 (including 3 ppm kD, 2 ppm Qand 5 ppm .
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3.2 Overview of species in Hend ArFTPs
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Figure 32: The emission spectra tifeHe- and Arplasmaat x = 1.5 mm. (a) H&LTP, (b) Ar-FUTP. The
integration time is 20 ms for both plasmas.

One ofthemajor differences athe emission spectra in these two plasmas.s(FNS). InHe-plasma,

FNS are generated due to the collisiorth@molecularN. present in the discharge gas with electrons
andHe metastablesHe™) and the emission intensity bk* 391 nm is even the highest. The emission
intensities of spectral lines are related to the density of excited state particles at the upper energy level.
In Ar-plasma, no FN$s identified evernthoughan equivalentmolecularcontent of N wasinvolved,

meaning thavery little or even nd\," (B) is generated. Therimaryreasorfor thisis suspected to be

the significantdeficiency in energpf Ar metastablesAr™) to produceN," (B).

The optical transition from a metastable statéhe ground state is forbiddesmdthe metastable state
can onlylose itsenergy by collision with other partnaswith the wall of the capillaryso, theyusually
have a high population icold temperatur@lasmas because of their long lifetsnevhich are four to
five orders of magnitude higher than almost all other excited $&e$22, 125] Therefore, there ia
much higher probabilitjor metastable collisionsith other moleculeand atoms than for collisions of
all other excited statedn contrast, other excited statesnlose energy by fagpontaneousptical
transitions to lower states, directly tothe ground staten the case of resonant transitiof&9]. It is

evident that, de to their considerablyshorter lifetime these states are unlikely to collidéth other
species.

The energetic states of theseimspecies are shown Figure 33. The energy level df," B 2E," is
lower than tlatof HeM markedasM®'", which are twdypes of metastable levels bfe, a singlet M and
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Chapter 3 Investigation of the discharge mechanisms iraHe ArFLTPs

atriplet M" level. The energy level dfle" is highenougtto generatehestateof N.* B 2" by collisions
with Nz in thestateof N, X 1#;*. The Ar™ energy leveis lowerthan that otheN;* B ?E," state Therefore,
itis not possible to produtieeN," B 2, state by the collision &M with theN, X ;" state However,
N2* X 24" might bepossible to be produced By*. Since the lifetime ofAr*is much shorter than that

of ArM, the corresponding production " X 2#," is very little.

Similarly, since the energequiredfor the generatin of O 777 nm is at least 19.8V (5.15 eV for
dissociation of @molecule and 134 eV for excitation of O atomWhich is higher than the energy of

AM excited O atoms are nidtely to begenerated idr-FLTP. It should be pointed out that the emission
intensities of the same wavelength obtained from these two plasmas should not be directly compared

because of the different experimental conditions used.
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Figure 33: Energetic states of Nind N* (dark blue), He (black), Ar (red), propane (green),(Qurple) and O

(light blue). The schematic shows some selected energy levels and associated optical transitions with their
respective wavelengthShe umbers at the transitions are the wavelength in [nm].
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3.3 Temporally and spatially resolved plasma emission

3.3 Temporally and satially resolvedplasma emission

3.3.1 Data acquisition and processing

After we know the importantreactive specieswvolved in the plasmasused herethe generation and
propagatiorbehaviourof themainspecies within the capillary are also importantitmtherexploration

of ther dischargemechanisra The wavelengths dfle 706 nm, N* 391 nm and O 777 nm generated
in He-FUTP and N 337 nm,andAr 763 nm generated iAr-FITP are chosen as representative of the
individual plasmasourcefor the following measurements. The selection of these wavelengths
achievedby changing the central wavelength of the spectrometargthe Andor Solis softwareTo
recordthese processes, the temporally and spatially resolved plasma emnsdigiors weremeasured

by the Kymera Spectrograph with an ICCD camera.

Usually, to give an overall perspective to the whallesmaevolution, the measured data are normally
visualised as reference tvdimensional (2D) colour plot$\s shown on the left side &igure 34, the

emission intensities are displayed in different colours depending on the time and pblsiti@ver,

since only a few colours can be recogniseath plots have a low resolutiofthe intensity dependent
ontime and position, thus losing information. It should be noted that the adjacent instants of time and
neighbour positions also contribute to the actual intensity to varying degrees. Besides, in instances where
multiple peaks emerge at distinct moments afiven position or multiple peaks appear at disparate
positions at a particular moment, the relatively smaller ones are always obscuréall dadbe

recognised.

To shed more |Iight on the importance of contri bi
introduced[25]. In this kind of plot, the daties extracted and replotted in two different kinds of 2D

curves The emission intensities are presensegaratelyas a function of time for multiple discrete
positionsand asa function of position for multiple momentgShese processes are performed for all

active species referred to in this chaplieis necessary o0 poi nt out ptbado t het  hpboa
is not meant by a traditional technology that separates charged particles based on various mobility in the
electric field but rathera method of signal analysiShe repeated development of excitation and
ionisation waves along the capillary is accompanied by the constant production of reactive lspecies.

should be noted that these speeaiesalso separated in signfds reasonghat will beexplained later.
3.3.2 Time dependenbehaviour of He-FUTP during the rising half-phase

Figure 34 shows the temporal and spatial emissiotheHe 706 nm, N* 391 nmand O 777 nm lines
measured itHe-FUI'P during therising halfphase The emission intensities of these three species as a
function of time at different positions are shown on the right side of the Figure. The corresponding

positions are inserted into sypkots, where the distance step of 0.5 mm is uSedexample,hecurve
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Chapter 3 Investigation of the discharge mechanisms iraHe ArFLTPs

of 0 mm represents themission measured #te electrode tip, theurve of 3.5 mmrepresentshe

emission obtained &5 mm awayrom the exitbeyondthe capillaryend

The emission intensities bfe 706 nm from the position of 0.5 mm to 2.5 mm are nearly the same with
a slight decrease. The shape and the constanffiiimeidth at half maximum(t-FWHM) are stable,
which are only shifted in time. When the plasma reaches the capillary end, x = 3 mm & th2a7
intensity ofHe 706 nm beconghigherthan those at lower positions. The emission intensity represents
directly the density othe excitedHe™ state as marked ifFigure 33 and indirectly the density dfie

from which the only transition (1083 nm) to the®3s (HeM) state is allowed. Therefore, the emission
intensity ofHe 706 nm is an indirect measurement of the densitiléf. It is at least related to the
increase part of signal wheéte™ are populated bgtransition fromHe". The shape dhedecrease part

of HEM would be differentiated tthe shape oHe 706 nm due to thsignificantly longer lifetime of

HeM. Unfortunately, the density ¢fe™ cannot be measured directly by the absorptiodef083 nm
since the diameter of discharge capillary is too stoallign a laser through the capillary perpendicular
to the axis of the capillaryfConsequentlyit isimpossibleto ascertairits density in boththeincreasing

and decreasing parts of the signal
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Figure 34: Two dimensionatolour plots in time and position and the related phoresis plots for the emission
intensities as a function of time at different positions duringitiieg halfphasefor He 706 nm, b 391 nm and

O 777 nm measured in H@ITP with an applied voltage of 2.5 kWhe lines of different colours on the left

representhe process of obtainingaluesfromthe correspondingositionsover the entire observation time

The N' B %, state can be produced by collisionHé” with N, in the grounded state §NX *Eg"),
whichis called Penningpnisation The signameasured é91 nm isdeteceddue tothe transition from

N2* B 2B, to No* X 2", as shown irFigure 33. Therefore, informatioon HeY can be supplemented

by measuring and understanding the signal 68811 nm.
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3.3 Temporally and spatially resolved plasma emission

Comparing the signals ¢fe 706 nm and A 391 nm along the capillaryhe maximum of N*391 nm
is later than the maximum éfe 706 nm at the same position as marked by the vedidaurlines in
Figure 34. The integrated area under tHe 706 nm signal leads to the increase part of tH&88ll nm
signal Oncethe emission intensity dfe 706 nm reacheiss maximum, the increase rate of 1891 nm
is alsothe highestWhenthe emission intensity ¢le 706 nmstarts decreasinghe increaseate ofN,*
391 nmstarts slowing dowigradually until its intensityeaches the maximumhich isillustrated by
the derivatives of the temporal profiles of 891 nm shown ifrigure 35. The decrease part tife No*
391 nm signal is replietb in the slowdecline procesof theN," B 2, state. AgheN,* B 2" state is
directly relatedo the signal oHe", N,* 391 nmcan be treated as indirect indicatofor thedecrease
part ofHeM.

The one maximmm of theN>*391 nm signalss shifted in time with respect to the corresponding maxima

of He 706 nm (ke < tn2+), @ shown inFigure 35. This means that the ioase generated later than the
excited neutrals, it is related to the generation mechanisms of these two specific emission signals. When
the rising haHphase comes, a positive potential is appigethe electrode and quickly reaches the set
voltage (t > 0, x = 0).In this condition, the electrons will be attracted towards the electrode and
accelerated in the electric fieltle will be excited toHe™ by the collision ofHe atoms with these
energetic electronsie” will then decay tdHe by emitting 706 nm and further tée", resuling in the
production of N* B 2,* through Penning ionisation.
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Figure 35: Phoresis plots foemission intensities as a function of time at different positions durirmisthg
half-phasefor He 706 nm and N 391 nm measured in HeuTP, and d/dt (N* 391 nm).
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Chapter 3 Investigation of the discharge mechanisms iraHe ArFLTPs

At a later moment {t> t; x = 0), Nb" createsa new transient potentialhe ions creating thiecal
potential will move in the electric field in the tinperiod ofgpT .=t;, Which will be responsible for
thefurtherexcitation ofHe™, He', andHeM atthenext position (x> 0). That new metastabieill initiate
anothernew transientpotential,causng further development of excited neutrals aiwised species
alongthe capillary As a resultthe excitation angbnisationwavesmove forwarduntil the potential is
not sufficient to sustain the next round of excitati®a the production of excited neutrals is dependent
on the presence aftemporally and spatially limited potenti@rmed by ions in the capillaryfhis will

also be discussed in timext sectionwith regard to theemission intensity as a function of position at

different moments.

It is proposecdthat the stationary plasma visible hamaneyes is actually theresult ofa repetitive
development process of excitation aodisationwaves[126-129]. All maxima of N"391 nm for each
position are indicated lgolourdots as shown in the sydbots of N*391nm inFigure 34. Nevertheless,
eachcurvehas more than one maximumtihiere are two dotshis meanghatthere are two maxima at

each position but at different instants of time. The development of the first maximum has been explained
above, which is responsible for the propagation of excitationamishtionwaves along the capillary.

The second maximum is observed for all positisrtich mears that thereexisis another sourctor the
generation oNz* B 2", which is different from the one interpreted above.

Since N is generated step by step along the capillary, some of them attach to the inner wall of the
capillary on their generation journedfter No* B %#," is produced by Pennirignisation electrons with

a remainingenergy ofapproximatelyleV (the energy difference betweke and N* B 2,") are
yieldedand thercan be collected by B 2#," ions attached on thHaner surfaceOncethe excitation
andionisationwaves reach thecapillary exit at 0.27 |5, the potentigiradientin the discharge column
becomewery smallthereby resulting in a weaknesgtloé electric fieldand thus a sharp decrease in the
kinetic energy of electronsverthe whole capillary. This increases the possibility of detachnzett
recombinatiorof N,* B 2" from theinnerwall. These ions decay thelower stateand emit391 nm

at the same time

Thereforea possible interpretation for the second maximum gf3@1 nm observed simaheously
for all positions is theesult ofthe detachment and recombination of 8 2," attached otthe wall. In
addition, the closer to the end of the capillary, the stroisgbe second maximum of;N391 nm. This
is because thaafther away from the capillary nozzle, the longjeme for surfaceionsto detach and

recombinge during plasmaropagationleading to less N B 2#," remaining.

In addition toHe 706 nm and B 391 nm the emission of O 777 nm is also carried out, wii@mnother
indirect indicatorof the existenceof He" [105]. As mentioned abovehe energyrequiredfor the
generation of O 777 nm & least 15.8 eV. The HeV states with 19.8nd20.9 eV andhe N.* B %"
state with 18.8 eV have enoughergyto perform the aforaentione reactions. AlthougN,™ X 24"

with 15.6eV could gain another 0.25 eV enesnpplyby acceleration in the electric field to meet the
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3.3 Temporally and spatially resolved plasma emission

energydifferencefor these reactionsy," X 2Ey" are easilyto be quenched by other collision partners.
Thereforepnly two collision partnersresuppogdto be abldo contributeto the generation of excited
O. One is the neutréle™ andthe othelis N;* in the N* B 2" state.

The temporal and spatial emission shape of O 77Wasmore similar to the shape HE 706 nmrather
than N2* 391 nm [24]. However,the energy difference betweéme N,* B 2," state and thenergy
requiredfor the generation of O 777 nm is lower comparetheoHe states. In order to identify the
exactgeneration mechanism of O 777 nm, an intuitive compavieadonevith the help of their related

phoresis plots.

As shown in the subplot of O 777 nm kigure 34, the increasing slopes of emission intensity are
gentler than those ofN391 nm andHe 706 nm, which could battributedto a two-step reactiothat

occurs for the formation dhe O*. Nevertheless, the time intervdlstweerthe corresponding maxima

of O 777 nm marked bgolourdots are comparable to the corresponding intervals088L nm, but
shifted.Furthermorewhen the maximum of X391 nm is reached and the generation SfB\?E.* is

no longer increasing, the increase rate of O 777 nm almost reaches the maximum and starts slowing
down, as can be seen from the datives of the temporal emissipnofiles of O 777 nm ifrigure 36.

Such phenomenon is similar to the relationdigpveerHe 706 nm and A 391 nm.

1.6x10° +
— 0.5mm N2™ 391 nm
. 1.0 mm %a e
. 8.0x10%- ><
:' —— 1.5 mm -
5 //
> 0.0 -
i T T 1
[
*GEJ 3.0x10*
- 2.0 mm ,»\o 777 nm
1.5)(104 | —— 25 mm
—-— 3.0 my
0.0 : .
d/dt (O 777 nm)
1 ' 1

0.0 0.2 0.4
Time [us]

Figure 36: Phoresisplots for emission intensities as a function of time at different positions durimigitige
half-phasefor N;* 391 nm and O 777 nm measured infH&P and d/dt (O 777 nm).

A second maximum of O 777 nm along the capillanglso observed, which follows the second

maximum of N* 391 nm.In addition to electron€), can also be collected by,\B 2f," attachecbn

the wall andhusbedissociated and excited to CHowever,sucha process ispparentlyslower than
31



Chapter 3 Investigation of the discharge mechanisms iraHe ArFLTPs

the recombination of N B 2E," with electronsdue to the higher density and mobilitytb electrons
compardto O.. Therefore, it can be interpreted that the dissociation tdf O atoms anthesubsequent
excitation ofthe O atom to O* seem to be attributed morehtecollisions of Q with N;* B 2" than

with HEM in therising halfphase

Whenrescaling the time dependent phoresis plotsl®f706 nm, the second maximum at the same
instant of time can also be observedrigure 37 as marked by a vertical lin€hisis thesamemoment
when the main peak ¢ie 706 nm reaches the end of the capillary.27 ps.Taking into accounthe
interpretation of the second maximumtdé 706 nm, it is supposd that He' is also producedn the
plasma and sontde* areattactedto the inner wall of the capillary during plasma propagation along the
capillary, justasN2" B 2" did. In the eventhatHe" collecs slow electrons, thegredetached from the
wall. This suppositionis supported by the decay ld&* to HE™ throughNIR emission, andHe 706 nm
signal responds to the transition friimeHe™ state taheHe" state. Thereford{e* can also be measured
by the signal oHe 706 nm.
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Figure 37: Rescaled phoresfsots for emission intensities as a function of time at different positions during the
rising halfphasefor He 706 nm and N 391 nm measured in Heil'P. The £cond maximum at= 0.27 |5
(line) is theresultof He" detached from the wathat isdepopulated biNIR emission.
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3.3 Temporally and spatially resolved plasma emission

For quantitative comparisonn &stimae of the densities of N andHe" in aHe-FUTP is calculatedor
the position x = 1.0 mntigure 38 shows theHe 706 nmsignalontwo different scales and the signal
of N2* 391 nm at the same position. Tieakintensity ofHe™ is read a$0000.Based on the previously
describedprinciplethatthe production of excited neutrals a@pndisedspeciess related tahe presence
of local potential formed by ions in the capillary, theductivity of He* also depends dN," due tothe
requirement ofistrongelectric fieldfor electron collisionTherefore, the@xpectedHe* peak at the time
corresponding to the first maximum o§™B91 nm as marked by a vertical lineanbe directly read
off.

Accordingto the peak value ofl12122a.u.for Ny*, the intensity ofHe" is estimatedvith anabsolute
maximumlower than 581%.u. Sq, it can be estimated that tiialueof He™ /He" is greater than 10. In
suchlow temperatur@lasmas, the density of the metastable is abddct®®, which is 10 tines higher
than that of theexcited one$125]. Thus the density oHe™ is only about 1 cnmi®. Based on the ratio
of HE™ to He*, He' with a density of 18 cnt® canbe estimatedAt roomtemperature andtmospheric
pressure, the molecular densitytbé gas is approximatelg.5*10t° cn®. With 3 ppmN2 moleculein
He 5.0, which meanshe maximum density of impact partners for the metastable is %3, As a
result, the density of Nprodu@d bymetastable (£8cn®) through Penningnisationcan be estimated
to be no greaterthan 10% cm®. Thisreveasthat the density ofl,* is at mosttwo orders of magnitude
higher than the density dfie”. Therefore, N can be treated athe key ionthat suppors plasma
propagationn therising haltphase
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Figure 38: Rescaled phoresfsots for emission intensities as a function of time at position x min@uring
therising halfphasefor He 706 nm and N 391 nm measured in HerP.

3.3.3Position dependent behavior of He-FUT'P during the rising half-phase

From the discussion ¢de 706 nm and B 391 nm inFigure 34, it is shown that excited neutrals and
positive ions argenerang along the capillary, in which positive ions are responsible for the next round

of excited neutrgbroduction This can also be demonstrated by the propagatitirebfe 706 nm signal
andtheN," 391 nm signal when their emission intensities are presented as position dependent at different

instants of timelt providesa secondoerspective for analysis, whicghshown inFigure 39.
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Figure 39: Two dimensionatolour plotsin time and position and the related phoresis plots for the emission
intensities as a function of position at different instants of time duringgiing haltphasefor He 706 nm, bt
391 nm and O 777 nm measured inH&P with a voltage of 2.5 kVThe lines of different colours on the left
represent the process of obtaining valfresn the corresponding instants over the entire observation range.

From 0.06 |5 to 0.07 s, the emission intensitiesHd 706 nm and\;* 391 nm are increasing. It is
known from the measurementidé 706 nm thatHeM are populated, which collide witheN, molecule
in the ground state, producing™B 2#," by Pennindonisation From 0.07 |5 to 0.25 15, each maximum
of N2* 391 nm follows that oHe 706 nm as illustrated by the verticablourlines. In this time frame

the maximum oHe 706 nm decreases slightly with time.

At 0.27 15, the plasma propagates to the end of the capillary. The maximiie 686 nm is higher
than during the previous moments arig even comparable to that at 0.07 . shows a slightly
asymmetric shape with a wirmgn the left sidglsmaller x)of thepeakfor each curve and particularly for
0.2715. As explained abovexcited and ionitie species are involved He-FlTP, andthey are usually
considered to be produced by direct collisions of fa@ghrgy electrons withle atoms. Due to the fact
that theionisationenergy ofHe is higher than the excitation energy, the electrons would have to be
accelerated for a longer distance in a certain electric fieldetthe required energy. Thus, it is
suggested that the wir{gn the left sidepf each line is contributed ke, and the maximum results

are obtained frorkle™.

In case oN," 391 nm signal, two maxima are observed at ps25igned with M and M in the plot of

N2* 391 nm inFigure 39. The first maximum M is even higher than the one measured at 0.25 |5
although the previous ones (from 0.15 to 0.25 |5) are decreddgincreasan measured intensity
can be explainedsthe emissiomverlapof N," B 2" generated by collisions witHe" and N* B 2"
detached from theapillary wall. Thisis in correlaton with the previous result that the intensity of the

second maximum fdd." 391 nmis strongewhenclose to thecapillaryendasshown inFigure 34. In
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3.3 Temporally and spatially resolved plasma emission

addition, no ofignorableHe 706 nm signal is detected at 0.3 15, whalestrong signal oN>" 391 nm
through the capillary istill measured at this moment and even at (s39 his signal originates from

the recombination dfl,* whichis detached from the glass wab explained above

For O 777 nm, there are two parts as shown in its subplot. Up to 0.27 15, the maximum of O 777 nm
follows that of N* 391 nm as marked by verticablourlines. From 0.3 5, the signal of O 777 nm is

still detecablethrough the capillary and the maximuornstowards thecapillaryend. Comparing the
emission shape and distribution with thosélef706 nm and B 391 nm,it can be seethat O 777 nm

is more similar to M 391nmthanHe 706 nm This is further evidence that the dissociation eh@d

the subsequent excitation of O to O* is initiated directly by collisions withB\PE,*.

Since N* B %#," is produced by collisions ¢fe™ with N2 X '&4*, and O*is producedy direct collisions
of N;* B 2, andindirect collisions ofHe" with O, the decreasing parts of the emission shapeof N
391 nm and O 777 nm indirectly indicate the presenceef Furthermore, it showsot only the
ionisationof N, X 4" to N;* B 2", the dissociation and excitation of @ O*, but alsathe importance
of HeM for the development and propagatifrthe He-plasma

On the basis of the aforementioned fewh data presentation, i.e. the phoresis plots of related species
showingemission intensities as a function of time at different positions and as a function of position at
different time instantsit becomespossibleto distinguish noble gas ions from theorresponding
excited states. Therefoiia,this work,a newmethodof data analysis, Plasma Optical Emission Phoresis
Spectroscopy (POEPS), is propos€lis approach allows for a clearer interpretation of the temporal

and spatial behaviours of different species.
3.3.4 Emission behavior of Ar-FUT'P during the rising half-phase

With the help of POEPS, the discharge mechanistme#r-plasma is investigated. In case?wfF|iIP,

Ar 763 nm is chosen as a representativardines, which is emitted by the transition fraghe Ar* state

to one of theAr metastablestategAr'), as illustrated irfFigure 33. As explained above, due to the fact
that the energy level of N B 2" is higher tharthat of every excited state oAr, no N* B 2" is
obsenred inAr-FrP.

The temporabkpatial emission plots and related phoresis plogr @63 nmare shown irFigure 310.

The corresponding positions and instants of time are inserted into théaigldgide of the phoresis
plots, separately. A voltage of 3.0 kV is applied to AreFiTP to obtain a propagation velocity
comparable to that of tée-FUT'P driven by 2.5 kV. The excitation and ionisation wskeach the end

of the capillary (x = 3 mm) at 0.31 s #r-FUIP. As shown inFigure 310(a), the shape oAr 763 nm

is definitely broader compared to the signaHef706 nm shown irigure 34. Further displays the time
dependent emission intensity &f 763 nm at each position an obvious wing in later time, which leads

to their distinctly asymmetric shapes. This meansAhais generated and measured over a continuous
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Chapter 3 Investigation of the discharge mechanisms iraHe ArFLTPs

period of time at the same position. In other words, in addition tarttetate produced by collisions of
Ar atoms with energetic electrons, the higher statés ahpable of decaying to th#&” state may also

be generatedlong the capillary.
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Figure 310: Two dimensionatolour plotsin time and position and the related phoresis plots for the emission
intensities as a function of time at different positions (a), as a function of position at different instants of time (b)
during therising halfphasefor Ar 763 nm measured in ATP at 3.0 kV.

The position dependent phoresis ploof763 nm for each line always has an obvious wing at the left
side of the respective maximum, which can be seEigure 310(b). This is consistent with the finding
thatwhen the emission intensity is plotted in time dependent form at different positions, trewégg
appeas at later time The shapes d&r 763 nm resemble those e 706 nm when the contribution of
He" to He 706 nm isenlarged, or to the superposition Bie 706 nm and B 391 nm signals multiplied

by different factors. In other words, the wingff763 nmprobably carbeattributed tahe contribution

of Ar*.

As describedefore the development ofilocal potential is necessafgr the propagation of excitation
and ionisation waves along the capillary. IlHe-FlTP, N2* are the key ions supporting plasma
propagation forwardwhile in Ar-FUTP, no N, molecules can be Penningnisedby ArM to produce
N2*. Ar' is suspectetb begenerated idr-FT P, which playsthesamamportant role in the propagation
of excitation andonisationwaves. Similaly to He", the signal ofAr* can be detected by measuridig
763 nmbecauseAr* could be depopulated BYIR emission toAr* and then toAr™, emitting 763 nm.
As a result, the shape 8f 763 nm seems to be a compositionAof and Ar*, with the wing being
contributed toAr*. Consequentlytherole of Ar* andNz* X 2Eg" in Ar-FUlP will be evaluated in the

following section.
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3.3 Temporally and spatially resolved plasma emission

3.3.5 Emission behavior of Ar-propane-FUl'Ps during the rising half-phase

Propane was usqatimarily as an ignition aid, asvidened by experimesal findingsthat the ignition
voltage ofAr-plasma can be effectively redudegincorporaing propane intoAr [122-124]. In order
to verify the presence d&r* and the real key ions responsible for plasma propagatidm-krP,

propane was introduced as a major impuritApmaking gas mixtures as discharge gas.

In this studyit can be expected that not only the ignition voltage will be reduced but also the temporal
shapes oAr 763 nm will be changed and close to the shapele @6 nm when the mixtures of propane
andAr are used as discharge gases. In other words, the wig/éf3 nm will become less distinct on

the basis that propane ions will replace the rol&mf Unfortunately, there are no known emission
wavelengths fronthe ionisedpropane state to lower states, hence only the emission behaviaur of
763 nm is shown. In order to distinguish these plasmas, the plasmas are AefR@® when the
discharge gas i&r 5.0. Instead, it is referred As-propaneFI'P if a gaseous mixture of propane with

Ar is usedas discharge gas.

The ionisation energy of propane is 10.9 eV, which is lower than the energy |é&r¥lwith 11.5 and
11.7 eV, asiillustrated iRigure 311. Such gaseous mixture is similar to the caddenfith theimpurity

of N2, where the energy level of;NB 2" with 18.8 eV is lower thatle with 19.8 and 20.9 eV.
Therefore,t is possiblefor propane molecules to be Penning ionised\BY just asN, molecules are
ionised by collision withHeM. Similar to N* in He-FTP, the generated propane ions could create

potentials that guide the propagation of excitation and ionisation waves forward.
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Figure 311: Energetic states of Nblue), He (black), Ar (redand propane (green). The schematidy shows
some selected energy levels.

Although the ignition voltage @fr-plasma can be reducég almosthalf, for an intuitivecomparison,
the applied voltage fokr-F ¢ Tidfchanged from 3.0 kV used previously to 2.8 and 2.9Ba4&idesAr
with different amounts of propane as imputisyused as discharge gases to evaluate their discharge

behaviour The detailed experimental conditions can be fourithiole 31. Figure 312 shows temporal
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Chapter 3 Investigation of the discharge mechanisms iraHe ArFLTPs

and spatiatolourplots and the position dependent phoresis plots 363 nm measured under different
conditions in theising halfphase The corresponding discharge gas and applied voltage are listed on
the left side of the Figure. The red and blue dots marked on the phoresis plots represent the position at

X =2.5mm.

As shown inFigure 312 (a) and(b), Ar 763 nmemissiontakes approximately 0.35 s teach2.5 mm
in both cases of afir-FUTP driven at 2.8 kV and aAr-propaneFlP with 2000 ppm propane driven
at 2.2 kV(red dots) However it takes0.3 |5 in both cases of afwr-FT'P driven at 2.9 kV and aAr-
propaneFrP with 4000 ppmof propane driven at 2.2 kVnarked adblue dotsin Figure 312 (c) and
(d). Therefore, tiis considered that the average development velocitidgeefkcitation andonisation
wavesare comparabli Ar-FUTP and the correspondinfy-propaneFl'P. Theemissiordevelopment
velodty is related to the propagation thfe potential alonghe capillary. The higher the potential, the
stronger the resulting electric field, the faster the electrons are acceleratredjuredkinetic energy
and the sooner the excitation andisationwaves reach a certain position. Therefore, tluggmtial of
Ar-propaneFurP with 2000 ppm propandrivenat 2.2 kV isequivalentto that ofAr-FUTP driven at
2.8 kV, and the potential &fr-propaneFrP with 4000 ppm propandrivenat 2.2 kV isequivalento
that of Ar-FTP drivenat 2.9 kV.
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Figure 312 Two dimensionatolour plotsin time and position and the related phoresis plots for the emission
intensities as a function of position at different instants of time duringding haltphasefor Ar 763 nm. Ar
FUrPs: (a) at 2.8 kV and (c) at 2.9 kV. fwropaneFrPs: (b) 2000 ppm propane in Ar at 2.2 kV, (d) 4000 ppm
propane in Ar at 2.2 kV, (e) 4000 ppm propane in Ar at 2.0 kV.
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3.3 Temporally and spatially resolved plasma emission

In the case ofAr-FUTP when the applied voltage increases from 2.8&)o 2.9 kV(c), therequired
time to reach 2.5 mm is shorten from 0.35 |5 to 0.3Tjlse propagation velocitin this casébecomes
faster. When the applied voltage is constant at 2.2 kV, the time taken is also shtiressage ofAr-
propaneFrP with 4000 ppm propané) compared to 2000 ppm propafi®, which means that a
higher potential is created the caseof using 4000 ppmThe only difference is that the concentration
of propane is higher, implying that more propane ions are generated. These ions contribute to the
potential, leading to an increase tife potential and hence a highdevelopmentvelocity. Due to
unknown transitios from the propane ion state tthe lower states, propane ions cah be directly
measured by emission spectroscdpghouldbe stressed th#te wings ofAr 763 nm measured in cases
of Ar-propaneFI'Ps are always smaller than thasieAr-FUTP. The differenceébetweerthe area of
the wing surface ofir 763 nm measured ihesetwo types of plasmas @ssumed to biée amount of
propane ions that contribute to thumctionalpotential. This is illustrated irAppendixA.1.

When the concentration of propaneAnis maintained at 4000 ppm, the propagatiothefexcitation
andionisationwaves slows as expected the applied voltages reduced from 2.RV to 2.0 kV, which

is shown inFigure 312 (d) and(e). At 0.3 |5, it only propagates to x = 2.0 mm as marked by a green
dot in the case of 2.0 kV, which is similar to the caseAsfpropaneFurP with 2000 ppm propane
drivenat 2.2 kV (green dats shown irFigure 312 (b)). These results provide further evidefoethe

role of propane ions in plasma propagatisithe same timehe key role oAr" and thegnorableeffect

of N2* X 2#4" in Ar-FUTP are evient

3.3.6 Comparison ofAr-plasma andHe-plasma

Compaedwith the Ar 763 nmshapesneasured i\r-FUTPs, theAr 763 nmprofilesmeasured iir-
propaneFlrPs are becoming narrower and closer to He706 nmprofiles but they are still not
complaely symmetric. This can be explained that although propane ions pkjeanativerole in the

excitation andionisation developmentof Ar-propaneFrPs, Ar* is still generatedsimultaneously.

Similarly to He-FUrP where in addition to the majority of,Nions, a small amount dfle’ is also
generated. ThAr* deca to Ar* and then toAr™, thusa 763 nm signal is measuregjain Since the
ionisationenergy ofAr is higher than the excitation energyAuf, electrons need a longer distance to

be accelerated ta higher energy level tioniseArat oms t han to onl yAéexcite
generally locatebehind(smaller ¥ Ar* along the capillary at the same moment and thus the wings of

Ar 763 nm are ascribed o,

In Ar-FLTPs, plasma aanot be ignited when the applied voltage is 2.0 or 2.2 kV. Whithétase of
Ar-propaneFlPs, due to the presence of propane ions produced by collision of propane molecules
with ArM, ignition and maintaiimg-voltage is reducedrhis is similar tothe case of DBDIn that the
ignition voltage is reduced with the addition of propane &tas the discharge g@k22]. In order to

produceand maintain the same amountfaf in anAr-FITP as propane ions &r™ in anAr-propane
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FurP, a higher density of electrons with higher energyeguired for Ar-FUrP. These energetic

electrons can be achieved with a higher applied voltage.

Usually,the ignition and sustaiimg-voltage of arAr-FUTP (~2.4 kV)is higher than that of He-FrP
(~1.5 kV). This seems contradictory the documeted knowledgethatsince the excitation energy of
HeM (19.8 and 20.9 eV) is higher thémat of ArM (11.5 and 11.7 eV) and even tbaisationenergy of
Ar* (15.8 eV), the energyonsumptiorto ignite Ar should be smallghanthat ofHe. In Ar-FT'Ps, no
ion states of other speciesuth aghe N;* B 2, state inthe case ofHeM) arebelowthe ArM states
Therefore no sufficientnumber ofions of other species can be generatduetpigniting or sustaiing
the plasmaln summary,tiis identified thatAr atoms need to hienised but He atoms only need to be

excitedto ignite and sustain thmrrespondinglasma.

As mentionedefore the lifetimes of metastabétates are much longer than those of other excited states
and alsahose ofthe Ar* state.Althoughthe electron energy must be highethie case of populating
HeM thanin the case opopulatng Ar*, the lifetime ofHeM is much longer than that éfr*. In order to
generate and maintain the same amourtrdfn anAr-plasmaasHe" in a He-plasmathe Ar-plasma
needs a higher electron density whishusually fulfilled by increasinthe applied voltage. Such high
voltagesrequiredfurther confirm thaAr* are mainly responsible for the excitation aowisationin Ar-
FLTP.

So far it has been confirmed thar* are generated iAr-FUITP andmainly drive the plasmalevelos
forward, whereasle-F|UTP is mainly driven bythe generation and presence of Ninterestingly, the
second maximusiof both N* 391 nm andHe 706 nm at a fixed moment are observed when their
emission intensities are presented in the form of time dependent phoresisipleéver,the second
maximum of Ar 763 nm is not observed even if the corresponding emission itgténsescaled. In
principle, Ar* can also attach to the inner wall of the capillary trahbe detached by sloelectrons

or other appropriatspecies and thereldye measured at one fixed time for all positions along the
capillary, but it is not. One possible explanation is tihaAr 763 nm emitted in the process of
detachment and recombination/f attached on the wall is superimposed with Ah&63 nm signal
originating from Ar*in the gas and is therefore indistinguishablewever, this is not appropriate for

He 706 nm becausde’ in thecase oHe-FTP is much less thaAr™ in thecase ofAr-FTP.

The energy level oAr™ (11.511.7 eV) is higher than that tfe N, C 9, states (11.0 eMas shown in
Figure 33), which means thar' hasan energyigh enough to produce:NT 39, by collision withthe
ground state of Nmolecules. This process is called excitation trang6t. In addition, energetic
electrons can also collide directly witte ground state of Nmoleculeso produe the N C 3, states.
With the decay otheN, C 4, state tahe N, B *d, state, the SPS ofan beemitted.In thefirst case,
the emission pealof Ar 763 nm and SPS sigrsthould have a shift in time, whila ithelattercase, the

emission maxima will be reachgdncipally at the same time. In caseAf-FUlP, the emission of N
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3.3 Temporally and spatially resolved plasma emission

337 nm is the dominant one in SRS shown inFigure 32 (b). Therefore, with the help ahe

measurement of NB37 nm, the information abotkie Ar-plasma will bereplenisted.

Figure 313 shows the temporalpatial emission plots of botkr 763 nm and N337 nm and their time
dependent phoresis plots at different positions measufgdRpl P along the capillary during thrésing
half-phase It is known that the maximum @&fr 763 nm can be attributed " (marked ag) and the

wing toAr* (marked a%) in the subplot ofAr 763 nm, which has been explained above.

Similady to thesignals of N* 391 nm and O 777 nm measuredHe-FTP, two maxima arealso
observed for each position in the time dependent phoresis ple887NMm. The first maxima are shifted
in time relative to the correspondingnaximaof Ar 763 nm, meaning that the.\C 34, states are
generated later than tie” state. In addition, the instant time of the maximAN¥Y63 nm corresponds

to the increase edge of emission intensity 883V nm as labelled by tlolourlines.

However the highest increase rateomentof N> 337 nmis not in perfect alignment witihe maximum
momentof Ar 763 nm but with a slight offsetThisis differentfrom the case oHe 706 nm with N*

391 nm, itmight be caused by tlemulativecontribution ofAr* andAr" to the signal ofAr 763 nm in
this caseThe producedArM will collide with N> moleculesyesulting inemissionof N, 337 nm and
thusoffset is observedased on the explanation abotee collision ofAr™ with N, X &, is the main

process to generatiee N, C 34, states.
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Figure 313 Two dimensionatolour plotsin time and position and the related phorgdists for the emission
intensities as a function of time at different positions duringitfieg halfphasefor Ar 763 nm and N337 nm
in Ar-plasma.The applied voltage is 3.0 kV.

The second maximum of2I837 nm is observed at 0.37 5 for all positions in the capillary as indicated
by the colourdots, which is later than the instant of time at which the developmém etcitation and
ionisationwaves reach the capillargnd(3.0 mm)at 0.31 5. Additionally, the intensity of the second
maximum is increasing along the capillaihis phenomenon is similar to the second maximum of O

777 nm and B 391 nm measured imaHe-FUTP in therising halfphase where the O 777 nrsignal
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Chapter 3 Investigation of the discharge mechanisms iraHe ArFLTPs

resuls from the collection of @by the N* B 2" attached on the inner wall. The possibility that such
asecond maximum of N837 nm originates from the recombination ef B 2" or collection of N by

N.* attached on the inner wall is ruled out due to the fact thathB " and negligibleN," X 2Z4" is
involved inAr-FITP as explained abovéfter the excitation antbnisationwaves reach the capillary
end the electric fild inside the capillarjpecome weak and tlereby the low energy electroase not

ableto generate the \C 3, states by direct collisions withzkholecules.

One possible interpretation is that these maxima-@&3¥ nmemissionarise from collisions between

ArM and N X &y, whereAr' is populated byNIR emission fromAr* to Ar” and then tAr™. Thus, it

is a hint that som@r* is attached to the glass surface during propagation forward along the capillary
and detached from the surface by slow electrons amdolMcules when themissionreaches the end

of the capillary. It should be noted that the emission intensity.@&3¥ nm is relatediot onlyto the
density ofArM but alsoto the concentration of Nn thelocal gaseousnixture.A higher concentration

of N2 can be expecteat the end of the capillargiue to air diffusion, so that the emission intensity of N
337 nm at 3 mm is higher than other positioas be accepted

3.3.7 Plasma propagation duringhe falling half-phase

The preceding sections already demonstrated and discusspidsh®e behaviours during the rising
half-phase the presensection will focuson the falling halfphase.Figure 314 shows the plasma
evoluion during thefalling hal-phasemeasuredn He-F ¢ T Phe two dimensiorcolour plots and
position dependent phoresis plotsH# 706 nm,N," 391 nm and O 777 nm arghown inFigure 314

a, b and crespectivelyCompared to the signal obtainedherising halfphasethe shapes of tseare
completelydifferent. The shapes éfe 706 nm show more than one peak and have a six times broader
positionfull width at half maximum (fFWHM) than in therising halfphase There are at least two
peaks ¢urves aR5.08 and 25.0fs) and three peaksifrvesbetween 25.10 and 25.1gl), which means

that the decay frorHle™ to He takes place at two or three positions at the saoraent In other words,

He™ is populated at different positions at the same time.

Due to the higheglectrondensity and energy in the vicinity of the electrode resyftom the secondary
electron emission ithefalling half-phaseit is suspected that not ortie™ wasgenerated butle atoms
canalsobeionisedto He*. In comparison with theising halfphasethereis a considerable increase in
the number of specigshichresults in a clear enhancement of emission intertséy.can be populated
through the recombination éfe". He' state ishenpopulatedoy thetransitionfrom He™, andthusthe
706 nm is measured again. As a result of the overlap of contributions dfisfotimdHe™ to 706 nm,
the emission intensity die 706 nm in this hatpha® isabout two timesigherthanthatin therising

half-phase

He" andHe™ possess disparapgerequisites for generatipthat is the differentrequirements for the

acceleration of electrorslong the capiary, which results in theidetectionas 706 nm at varying
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3.3 Temporally and spatially resolved plasma emission

positions at the same instant of tinfiée peak corresponding kte* (marked as-) moves towards the
end ofthecapillary following the peak dfle” (marked ag), which is noticeable betwe®%.105 and
25.144.. In addition,as a result afhe recombination dfie*, a peak caralwaysbeobsenedaroundthe

electrodeip (markedasA.
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Figure 314: Two dimensionatolour plotsin time and position and the related phorgsists for the emission
intensities as a function of position at different instants of time durinfativey half-phas for (a) He 706 nm,
(b) No* 391 nm (c) O 777 nm measured in H&UTP at 2.5 k\V,

Compaedto that intherising halfphasethe emission of B 391 nm shows slightly lower maximum
anda sharpdecrease in intensiglong the capillary in this haffha. The signalpeals of N2* 391 nm
do not mowe forward, but ratheappeaiin the vicinity of the electrodgp at everymomentdue to the
attractionof negative electroddhe maximum oHe 706 nm is reached at 25.(®andthendecreases
to zeroat 25.18 15 whereas the signal &f>" 391 nm at this moment is still presemth anintensity
half of the highest maximum at 25.1& In addition,theN>" 391 nm signal is still detectabdea later
time. However theHe 706 nmpeakreaches the capillary ext 25.18 s which meanshe electric figd
overthe whole capillary becomesnuchwealer after this moment. Therefore, electrons anable to
obtain enough energy to generblg by direct collisions with Mmolecules after 25.18. Sq this is
evidence thall," also attached to the inner wall of the capilleryhefalling half-phaseand thesé,*
ions mainly concentrati the vicinity of the electrode tip While in the rising haltphase they are

distributed more in the vicinity of capillargxit.

In principle, the change emission intensity of N 391 nm follows the change bfe 706 nm. Inother
words, it should be higher ithe falling half-phasethan thatin the rising halfphasdike He 706 nm.
Because most of NB 2" is produced byHeM throughPenningionisation but it is not. One possible
explanation is that N B 2F," is attracted by the negative electrode, part ¢f BI?," is neutralsed
directly by slow electronsgandthe remaining B B 2#," is measured by emitting 391 nih.can be
imaged that inhefalling half-phasetheN," in the gas near the negative electradé congregate and
form apositiveion cloud.
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Chapter 3 Investigation of the discharge mechanisms iraHe ArFLTPs

As shown inFigure 314 (c), the emission intensity of O 777 nm in this Ralffag is comparablo that
in therising halfphase According to the emission intensity ldé 706 nm and Bf 391 nmin both half
phagsdescribedn the previous part, the ratios of emission intensitieslef706 nm to O 777 nm in
two halfpha®s differ, while the ratios of emission intensities ef 381 nm to O 777 in two haffha®s
are closeln addition,the shape of O 777 nm is similar to that ef 891 nmto some exteniwherethere
is no obvious peak ovementowards the end of the capillatpstead the peakfor each timeappea
to gatherin the vicinity of the electrode tithey areobserved at the same positignarked as dot),

which is located between the electrode tip andribgimum of N* 391 nm

Similarly to the first peak ofle 706 nmattributed tadHe* asmarked with a dot, idloesnot mo\e forward
with time rurs. Between 25.08s and25.18s, theemission intensity dfle 706 nm is decreasinghile

O 777 nm is increasing in timed thispostion. It can be interpreted that this peak oragas primarily
from the collision ofHeEM with O, accompanied byhe generation of O* and the consumptiorHef.
According tothese cluest can be seethatthe generatiorof O 777 nm came attributed taN,* B 2Z,*
andHeM to different degrees depeing on the exact positionTherefore it can be concluded that the
initiation of O 777 nm along the capillary is produced more by collisions withBN'E,* than by
collisions with HEM in both halfpha®s But for the falling half-phase only in the vicinity of the
electrode tip, the collisions ¢fe with O, dominate.
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Figure 315 Two dimensionatolour plotsin time and position and the related phoresis plots for the emission

intensities as a function of position at different instants of time durinfaliveg half-phasefor (a) Ar 763 nm

measured in AFUTP at 3.0 kV, (b) Ar 763 nm measured inpropaneF TP, the concentration of propane is
2000 ppm, and the applied voltage is 2.2 kV.

The temporabkpatial emission pletand the position dependent phoresisbdtAr 763 nm measured

in Ar-FUrP at 3.0 kV is shown ifrigure 315 (a). The shapes are quite different from the ones measured
in the rising halfphase which are also similar to the superpositionH# 706 nm and Bf 391 nm
multiplied by different factors. The emission intensity in this case is lower thanrtiia¢ rising half
phase As explained in theising halfphase Ar* is generategwhich mainly guides the excitation and
ionisationalong the capillaryBoth Ar* andAr” contribute to the shape and intensity of 763 nm. In the

falling half-phase due to thesecondary electron emissiavith high energy, the number AAr* is
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3.4 Conclusions

definitely higherthanthatin therising halfphase leading to the increased contributioom Ar* to Ar
763 nm and thus the blunter peakfof763 nm.

When thefalling half-phasestarts, a negative potential is introduced to the electrode. The electrons
coming from thesecondary electron emissiarill collide with Ar atoms resulting in the formation of

Ar*. TheseAr* are attracted by the negative electrode and accumulate in the vicinity of the elgptrode
forming an iontransientcloudthatis similar to the N ion cloudthat provides a local potential He-

FUTrP. Thesetransiention clouds with positive potentialvill actasd@ vi r t u al pog$24jt i ve
andfurther shield the effect on front positionarger x value) fronmthe negative electrode.l&ctrons

will be attractedrom another sidand moe towardsthe electrodend therparticipate insubsequent
excitation andonisationreactionsalongthecapillary. That 6 s why develeomentnibstls i 0 n
half-phagshave the sampropagation direction despite the polaritytioé applied voltageThe later
processs different fromit thathappened itheinitial stage inthefalling half-phasebut close toit that
happenedn the wholerising halfphase which has already been explaineefore During the later
processit is predictableghatsomeAr™ is repelled from this ion cloud and mal/wardsthe capillary

end. Therefore, the decay of theégé during movement also overlaps with the decapmf

As expecteddueto theparticipationof propane ions ithe case ofAr-propaneFrP, the shapes dr

763 nm measured iAr-propaneFurP with 2000 ppm propane at 2.2 kV as showrkrigure 315 (b)

are close to those éfe 706 nm. In addition, the emission intensityAsf763 nm obtained in this half
pha is also higher than that therising haltphase These results further demonstrate that propane
ions inAr-propaneF il P play the same rolasN;*in He-FrP. While inthecase ofAr-FrP, Ar* are

the mainfunctionalions. Throughout the pealdisplayedabove, it can be clearly seen that neither ions
nor excited species could extend beyond the enldeafapillary butwereconfined to the inside of the
capillary. Even tiough a higher engy dissipation takes place thefalling half-phase each reaction
occurs only inside the capillar¥hereforejt can beconcludel that theplasma inthefalling half-phase

is not involved in the protonation processes outside the capillary.

3.4 Conclusiors

In this chapter, the discharge mechanismdesFlTP andAr-FITP inside the capillary are investigated
and compared by means of temporally and spatially res@&#l The resultsshowthat thedischarge

behaviournf FLTP with He andAr as discharge gas in the same configuration differs.

In case oHe-FI'P, with the help of timeand positiordependent phoresis plotstdé 706 nm He' is
identified in both haHpha®s In addition toHe™, He" is also responsible for the appearanca sifght
wing intheHe 706 nmcurves However theestimatediensity ofHe" is two orders of magnitude lower
than that oHeV. BothHe" andHe™ eventuallydecay tahe HeV state, which is a good collision partner
with N2 molecules to generateN\B 2f,;*. With thetransition from N* B 2, to N;* X 2F5*, N2* 391 nm

is emitted and measurdedart ofN,* B 2" will attachto the glass wall during plasma propagation and
45
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Chapter 3 Investigation of the discharge mechanisms iraHe ArFLTPs

thendetach by collecting slow electrons as well as Ater collisionsbetweenN;* B 2" with O,
molecules, @is dissociatednto two O atomsThen the atoms excitedto theO" state and O 777 nm

is measured ahe result of transitianBased on théehaviourof these three species, it is considered
that the production of O 777 nm is more atitdal to collisions 00O, with N2* B 2Z," than withHeM. In
addition, N* is foundto be primaily responsible for excitation anonisation and onlyasmall amount

of He" is produced in dde-FlTP.

In case ofAr-FITP, a distinct wings observed i\r 763 nmcurvesin both forms of timeand position
dependent phoresis plots/henpropaneis added ito Ar and the mixturés usedasa discharge gas,
propane will béonisedby Penningonisation Thesepropaneions play the same role &s* B 2, in
He-FUTP and compensatdor the absence dfl," in Ar-FUTP. As a result, the shape éff 763 nm
becomes narrower and close to thaHef706 nm, meanwhile the ignition and maintenance voltage is
obviouslyreducedTherefore Ar* is demonstratetb begenerated iAr-FUI'P, whichis the key iornto
supportplasmapropagation. Since the lifetime éfr* is much shorter than that 8™ andHé", this
effectively explains whyAr 5.0 isharderto ignite thanHe 5.0, even though the energy levels of all
excited andonisedAr states are lower thandbeof HeV. Becausehe production ofN2* X 2Z," by Ar*

is verysmall its effectin Ar-FUTP is negligible.

In this work a new data analysisnethod called Plasma Optical Emission Phoresis Spectroscopy
(POEPS) is proposdtatcan be used to distinguish noble gas ions from exsjiedieslt is introduced

on the fact that the resulting signal consists gframetricalpeakfrom the excited species and a wing
due totheionisedones.This is the first time that the element ions can be distinguished only by means
of emission spectszopy in weaklyonisedplasmasThis approach makes it easier to obsénesubtle
detailsthat arealwaysobscuredand lostin the commonly used 2Polour plots, assists in elucidating

the mechanisms underlying plasma dischavgigh the help ofPOEPSIt is confirmed thabothions
andexcited species do not propagate beyond the capéidrguringthefalling half-phaseresulting in

a negligible contribution foprotonation

In summary,tiwvasdemonstrated thad," is the protagonistesponsible for plasmaaintenancén the
case ofHe-F ¢ T Wwhile Ar* is the key ionfor Ar-F ¢ T fe transition betweethese twodischarge
modesis alsoconfirmedin neon-F ¢ T[2]. Furthermore, the attachment of ions todhpillarysurface
is confirmed and also theubsequentietachment by electrons as well as a#d Q. Overall the
generation and propagation mechanismdef P andAr-FUTP within the capillaryhave beemore
understoodso far providng physical knowledge and further insight into tpé&asmadischarge

mechanism
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CHAPTER

Influence of a metallic target on FLUTPs

Cold aimospheriglasmacanextend as an effluent intheambient aiy making it more adaptable to the
morphology ad size of the treated objedtkl2). Its applications are based on the reactive species
contained in theplasmato a significant extent, and the production of these active substances
determined by the plasni@havious. FUTP provides apromisingtechnology for generating cold
plasma under atmospheric pressure in a minggdrieconomicaland flexible configuration, sit is

more suitable for applications in certain special scenfifios

However, the stability of FrPs was found to be very sensitithdwariation ofthelocal electric field

During thelaboratorymeasurement operation, it wagticed that the presence ofcanductor close to
plasmahasa nonnegligible impact on the discharge procdssither wordsthe conductor may greatly

affect the performancef the plasman specific situationsin practical application scenarios, plasma
typically tends to be close to or even in direct contact with the conductive t&getxample, when
coupled to the MS as an ionisation source Miginletmay affect the final detection efficiency of the
analyte.To control these disturbances, it is urgent to have a deep understanding of the effect of the

conductor on discharge processes to use FUI'P industrially.

In FUTP, the electrons are periodically accelerated and maintain the excitation and ionisatisn wave
through collisions. If free charges cannot be fully redistributed before the electric field reverses, some
charges will remain trapped on the capillary surfate emairing negative and positive charges have
been shown to play an essential role in discharge evol[iR0]. In order to better understand and
regulate plasma discharge behaviour in front of a target, especially in small distances, it is crucial to
investigate and elucidate the intricate mechanisms involved in the-fguget systemrl his chaptemill
experimentallysimulate the discharge conditions in actual applicatisinggartificially added metallic

targetsin front of FI'P. To study the spatial and temporal characteristics of FLIP and the influence of
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Chapter 4 Influence of a metallic target on FIPs

the target on the discharge behaviour, not avilly the polarity of the applied voltadgee investigated

but also the target distance Wik discussed in detail.

This work is of great significance for both fundamental and application research, especially when
coupled with MS and IMS as a soft ionisation source. In such instances, the existence of conductors

with great interference to the plasma is difficult to avditierefore, this experiment serves as a
considerabl e guide f or r e aladditoni icalsahagréfdreace valuesn s c e

for other plasma based ionisation sources to get better performance.
4.1 Experimental arrangement

The experimera arrangemerns shown inFigure 41, this is similar to the setup befor¢éowever, FTrP
with a dischargeolumein length of 10 mm was used for the measuremédimts.FIP wasdriven by
asquare wave&oltage ofVy,in 2.0 kV, whose polarity can be switched through specific bias circuits.
He with a purity of 99.999% was supplied as discharge tesother informatiomas been completely
described and shown Bection2.1.3.
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Figure 41: Schematic of the experimental arrangement.

As demonstrated iRigure 41, thedistance from the tip of thdV electrodeio the end othe capillary
is 10 mm In order to explore the influence of a metallicget on the plasmahe mainly used special
equipment here comprises a grounded cuboid brass target (40*10*2,5ufmict) wasplaced in front
of theFUTP. The distance between the target and the capillary end is able to Bdpidesagrounded
brass ring (IBL0 mm, ODB20 mm, thicknes mm)wasplaced 2 mm behind the H&lectrode tip only

for promoting theplasmaignition. The other detailed experimental condition has already been
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4.2 Integrated emission spectra

introduced in Section 3.1, here only the key instruments utilised in this work are presented in the

illustration.

The USB 4000 spectrometer was used for general recognising the characteristic emission lines of
reactive species present in these plasmas through an opticalTtierdibre is perpendicular to the
longitudinal axis of the capillary in a distance of 1 nithe ICCD systemcaptures the temporally and
spatially resolved spectra of the plasma through a convex lens. The gate width and step width are both

set as 10 ns for 706 nm and 391 nm emission in this chapter.
4.2 Integrated emission pectra

To investigate the potential value of the polar
influence of conductor on these plasmas, voltages in three polarities were employed to drive the plasma.
The voltage waveforms of these three square wave voltages are captured by a digital oscilloscope and
are shown irFigure 42 (a). Correspondingly, the plasmdriven bythese thregolarity voltages are

defined aghe P-, NP- and Nplasma, which will be used many times in the following text.
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Figure 42: (a) Voltage waveform of the applied three polarity square wave voltages with a Vpp of 2.0 kV
captured by a digital oscilloscopthe black dashed lines represeri\] (b) Integrated emission spectra
recorded with an integration time of 50 msHe-FT'P driven by three polarityoltages without target

Firstly, the optical fibre connected to a spectrometer Masegdperpendicular to the capillary axis to
measure the emission spectruntieFTP without atarget.Figure 42 (b) shows the spectra recorded
at the middle position (x =5 mm) betwettie HV electrode tip anthe capillary exitof three kinds of
FUTP. The result®btaineddemonstrate completelliesame integrated emission spectréniatposition

in every plasma, thgolarity switchof the driven voltageeemdo donothing
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Chapter 4 Influence of a metallic target on FIPs

Therefore the major spectral lines al@belledonly in P-plasmaas a representative. Thexeemainly
emission lines of OH (309 nm, orangt), N, (316, 337, 357 and 380 nm, blaekf), N," (391, 427

and 470 nm, retext), He (587, 667 and 706 nm, gretaxf), and O (777 and 844 nm, bltext). In
order to facilitate data collection and subsequent analysis, a good-tsigraage ratio is essential
Therefore the evolution of the most intensive emission lines of the plasnmyestigated. Herehle
emission at 706 nm and the first negative band system*@3 nm are chosen as concern and set as

centrewavelengtisto scrapalataabout their spatiagliemporal distributiobehaviours
4.3 Spatial andtemporal evolution of emissionspectra

4.3.1Freeplasmas

In the absence of a target introduced into the proximity of the capillary nozzle, the plasma generated
along the capillary i s Hi®stheegvolationeotlfreeplasmai iEfirse e pl as
investigatedor threepolarity voltages The results indicate thabeir spatial and temporal evolution
behavioursare alscalmost identicabmong the three polaritiek this manneronly the case of NP

plasmais displayedn Figure 43 as a representative, the other two can be fouAgppendcesB.1 and

B.2.

4.3.1.1Evolution behaviourof the NP-plasma

In the typical casef NP, from 0.16 5 to 0.57 |5, the position of each maximunNef 391 nm always
follows that ofHe 706 nm as illustrated by the vertical colour linesHigure 43. This is due tdhe fact
thatN,* B 2#," (measured by 394m) is populated by collisions ¢te¥ (measured by06 nn) with the
N2 molecule through Penning ionisatiom this time framethe maximum ofHe 706 nm decreases
slightly with timeto 0.46s, butincreags a).57 ;swhenthe plasma arrivegtthe end of the capillary.
After reacling x = 10 mm the maximum oHe 706 nm is higher than the previous momeHtswever,
the emission intensity M." 391 nm decreasapparentlyuntil 0.57 psandslightly increasest0.60s

around he capillaryexit.

It is necessary to point otltat, unlike the phenomenon that a slightly asymmetric shape with a wing to
the left hand side (smaller x) of the peak shows in each 706 nm esrdescribed i®&ection 3.3.3, it

is hard to distinguish su@wing orasymmetric shape hers explained abovehe excited and ionic

He species are involved iHe-FUTP, the wing for each line is contributed Bie* and the maximum
results fromHe™ . Therefore, this inconsistency could probably be explained by the lower voltage used
here (2.0 kV compared to 2.5 kW Section 3.3.3 thus leathg to a lowerproduction ofHe". In the

same way, due to the higher electron density and enbeagyesulted from the secondary electron
emission during the falling hagfhase, not only monde™ but also moréle” were generated. As a result,

the emission intensity dfle 706 nm in this hafphase is about two times higher than thahe rising
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4.3 Spatial and temporal evolution of emission spectra

half-phase In addition, due to the recombination l6&*, a peak can always be observed around the

electrode tipasshownin Figure 43 (c).
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Figure 43: Two dimensional contour plots in time and position and the related phoresis plots for the emission
intensities as a function of position at different time duthegrisingandthe fallinghalf-phasedor He 706 and
0 391 nm measured frothe freeNP-plasma respectively. The whiteerticalline in theleft four plots at 10

mm represents the exit thie capillary (x = 10 mm).

Compaedto that intherising half-phasethe emission of N 391 nm shows alightly lower maximum
and a sharp decrease in imggty along the capillary in the fallittplf-phaseln Figure 43 (d), the peaks
of N> 391 nmdonot mo\e forward, but rather appear in the vicinity of the electrode tip at every moment
This is caused bthe attraction ofhe negative electrodt® the positiveN," B 2, ions.Moreover, the
emission intensity of N 391 nm inthefalling half-phasés not highethan that irtherising half-phase
like the He 706 nm signalThis can be attributedo the factthat part of N* B 2i," are neutratied.
Besides, aery narrow shape for 706 nm tauwide shape for 391 nm in both haliases were observed.
This is related to their different generation mechanidinese phenomeaaresimilar to troseobserved
in Section 3.3.3uggesnhg thatthe plasma reaasimilar evolution mechanism after the capilléaggth
changedirom 3 mmto 10 mm During bothhalf-phass, the excitation an@nisationwaves move
forward on the basis of the repetitive initiation of new transient potentialtnatibcal potential is not

sufficient to sustain the next round of excitation.

When a positive or negativebiased voltage is appliedo the electrodesomehing should not be

forgotten As shown inFigure 42 (a), the applied voltage amplitude introducedhaP-plasma was two
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Chapter 4 Influence of a metallic target on FIPs

times higher of that inthe NP-plasma duringthe rising half-phase the applied voltage amplitude
introduced irntheN-plasma was two timdsgherof that inthe NP-plasma duringhefalling half-phase
In addition,according to common perceptiaie applied voltage amplitude is 0 k¥ the P-plasma
duringthefalling half-phaseandthe applied voltage amplitude is 0 kvthe N-plasma duringherising
half-phase Therefore,no plasma should be generatedboth casesHowever,compare to those
displayedin Figure 43, similar shapes and comparable intensiaes observedor both emissiors of
706 nm and 391 nnfor the P- and Nplasma in bothhalf-phase. It reveals that thapplied DCbias
seemgo have donaothing forplasmaemissioralongthecapillary. This similar phenomenosuggests
thatthe Pplasmaand the Nplasma botthaveanevolution mechanismeimilarto that of theNP-plasma

even though a positivend a negativ®C bias voltage was additionally implemented.

4.3.1.2Comparisorof plasmasamongpolarities
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Figure 44: The plots for the time and intensities of emission maximum as a function of positiontldeiisgng
half-phasefor He 706 and) 391 nm measured frothe free plasmsin three polarities, respectively.

As illustrated inFigure 44, acomparisons madebetween thevolution velocity ad emission intensity
of threepolarity plasmasduring the risinghalf-phase The maximum mission intensity of specific
specieis extractedat each position along the capillafihe ignition time of 706 nm intherising half-
phaseare at the sammomentin each measurement, seems independetiiteopolarity ofthe applied
voltage, but the timevhen theemission arriveat the exit ofthe capillary differs It is earliest in P, a
little later in NP, and latest in N. This also sufty the391 nmemissionin therising half-phase which
are shown irFigure 44 (a) and (c). Thisndicates thathe propagation speed tife P-plasma isthe
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4.3 Spatial and temporal evolution of emission spectra

fastest followed bythat ofthe NP-plasma,andthat of the N-plasmais the slowest.And arelatively
uniform intensity along the entire capillary of 706 and 391 nm emission dhemnisinghalf-phasecan
be observed regardless of the polaiityrigure 44 (b) and (d) Besides, a slighhtensity relationship
of P > NP > Noetween these three polanilasma can also be discoverethese resultsnay berelated
to theresistancecapacitanceharacteristics of the bias cirguithich produas a phase shithatresults

in the lag or advance of plasma development
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Figure 45: The plots for the time and intensities of emission maximum as a function of positiontideiring
falling half-phasefor He 706 and) 391 nm measured frothe free plasmsin three polarities, respectively.

As illustrated inFigure 45, a comparison is made between the evolution velocity and emission intensity
of three polarity plasmas during the fallindpalf-phase It is evident thatthe curves are almost
overlapping indicating thatboth the 706 and 391 nm haegquivalent behaviouracross thehree
polarities. In other words, they initiat®ncurrently require an equivalent duration to reabls same

position andexhibitcomparablentensity at each position alotige capillary.

Whenthe falling half-phasestarts, thanitial local electric fieldis established by both the remaining
charges from the risingalf-phaseand the applied HVAIl three plasmashave the samelectric field
direction which is fromthecapillary wall(attached surface chargésjyvardstheHV electrode. So, the
electronge.g, emittedfrom the HV electrode will be accelerateccollide with other neutrgbarticles
andlaunch the preliminary plasm@&ertainly, positive ions are also producaad they will be attracted
by the negative electrod&s shown irFigure 45 (d), the maximum oN,"391nm preferred to belose

to the HV electrode.
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Chapter 4 Influence of a metallic target on FIPs

As explained previously, it is expected that these positive ions will form an ion cloud near the electrode
tip. At this time, the direction of the local electric field will b#ered, which is from the positive ion

cloud to the capillary wall. Thethe electrons are accelerataddundergo subsequenbllisions that

result infurther reactionsgeneratinganew ion cloud aénotherposition. The later procegssimilar to
thatthat occured intherising half-phasebutnegative charges will attach teetivallduring thisprocess

As a result, the attachgubsitive charges onthe glass wall will gradually beeutralsed and might be

substituéd by negative chargestil a potentialcomparabldo that ofthe applied HVis reached

Here, the emission also extinguisheshatold position However,asthe plasma propagates forward
new emissions appeat new positiors with largerx values. Moreover, there are amauoit electrons
emitted from the electrode tip during the initial stagthefalling half-phaseIn the subsequent process,
theelectrons and negative ions véttachto the capillary wall due to the mutual repulsion and nesgrali

the positive charges that accumulasgthe wall. This diminishing process takes less thmeause of

the higher density ofhe initial electrons, which move much faster than ionsisTawhy all three
plasmasave a higher propagation spekdingthe fallinghalf-phasehan duringherising half-phase

as shown irFigure 44 andFigure 45. When there is no target, it can be seen that the plasma evolution
has more or less the saneenission imageamongthree polaritiegspecially inthefalling half-phase

It is declared that,isce the plasma jet system is equivalent wapacitor[85], the bias DC voltage
might befiltered outand does not wordlirectlyin the discharge procefk31]. Due to the fact thatrdy
one electrode exists in thischarge configuratiomsed in this sectigrit may alsosuit here The
consistenandrapid change in thAC voltageof P-, NP-, and Nplasmasoccurring at th@nsetof each
half-phasemayundepin the observed phenomendks described irsection2.2,an alternating voltage
will lead to repetitive polasation of the dielectric barriefThis iscaused bythe dislocationof the
electron cloud of the 8D bondinside the dielectric layer along the electric fiedahd the resulting
instantaneous dipole momentll generate an inverse electric field to the applied electric {&fd.
Therefore, this kindf rapid fluctuation will lead to the same repeatedly peddidn process othe
capillarymaterial As a resultanidenticalsurface charge accumulation process @adtur onthe inner
surface ofthe capillary, which is proposed tde the main reasonfor guiding plasmapropagation in
FUrP [24]. Due to thdrrelevance oDC bias in respect to the charges attached at the capillarpfwall
the free plasmasthe plasmas have almaste same evolutiorbehaviouramongthe three polarities

regardlessf the bias voltage-dowever, this explanation still negtb be further confirmed

It should be emphasd that, whether in the rising talling half-phase the responsible positive ion

cloud should not be regarded as its own forward movement. Because plasma is always accompanied by
the production of equal numbers of positive and negativggedparticles, the saalled ion cloud

cannot exist stably for a long tinoe |5 scaleand move forward nistead,tishould be understood as the

repeated alternation of the continuous consumption and formation procesthalcagjllary of a series

54



4.3 Spatial and temporal evolution of emission spectra

of positive ion clouddn other wordsthe electric field is, thus, what propagates with fast excitation and

ionisationwaves, not the produced partic[88].

Once the potential gradient between the glass waltteidV electrode falls below a certain threshold
(breakdown voltage of the discharge gas), the optical emission cébsmshe electrode tip, the
emission of 706 nm in all cases durihgfalling half-phasehas an evident tail which can be attributed

to the second electron emission from the electrodé\iit only exists a short timghatextinguishes a

little bit earlier before the plasma front arrives at the exit, this might be an indication that the attached
charges reach a potential comparable to didhe applied HV on the inner electrode. Therefore, it

shields the potential gradient and hinders the bombardment of positive ions.

4.31.3 Diagnosis plasmagnition

In view of the fact that thizee plasmas are identichktween different polaritida previous sectionst

can be suspected that the transient local potential athef the capillaryis also identicalTo verify

this conjecturea diagnosistube placed vertically below the outlet of thee TcRpillary was used to
transportHe gas tareplacesurrounding ain the vicinity of the orificeAr-F ¢ TPs ar e sqdarei v e n

wave voltage (W = 3.2 kV) in three polaritiesvith Ar as discharge gas
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Figure 46: Spatial and temporal evolution of the whole emissibensitiesobserved from Heliagnosis
plasmain front of ArF ¢ Tfiee plasmaslriven bya HV in threepolaritiesduring the risingandfalling half-
phase, respectively. The whiteorizontalline aty = -0.5 mm represents the exittbé diagnosistube

The horizontal distance between the diagnosis tube axithadicharge capillary end is 0.5 mm, and

the perpendicular distance betwdleadiagnosis tube end and the discharge capillary axis is also exactly
0.5 mm. The ICCD system focses on the diagnosis plasmas, which are formed after the diagnosis gas
is ignited byAr-F e TP s . The evol uthedagnasisylasmashrecorded intley o f
direction and the corresponding results are demonstratédjume 46. It can be seethatall of the

diagnosis plasmas aaetivaed from the intersectiof® mm)of thedischarge capillary arthediagnosis
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Chapter 4 Influence of a metallic target on FIPs

tube at almost the same momémiarked byblue vertical linespuring boththe rising andthe falling
half-phasesThey also exhibit a comparable propagation speed between three polarities during the rising
and falling halfphases, separatelyurthermorethe emission shapand intensiesare allcomparable

acrosghethree polarities

In summarythe present study has demonstratedttiegediagnosis plasmaactivatedby free plasmas
in three polaritiesareindistinguishable in terms of the@volutionbehaviour This indicates that the
fitransient | ocal aphetapilarydriface peoposedn Chapterr8s truly thewsame
amongthe three polant free plasmasn addition,the intensity ofsuch potentiahctuallydepends on
the plasma behaviour within the capillaitycan thus be seen that,this experimenthe additional DC

biasseemgo havebeen isolated and algtays norole in both Pand Nplasmas

It can also beonclwedthat infree plasmad.e., when thers no interference, almost the same reaction
process occurs inside and outside the capillarff ef Tdfiven bythree polarities. Otherwise, there
should be some discernible change in emission intensity, sbiapsopagation speed, etdowever,
this does not correspond to the differentiatioM& signalsbetweerthethree polaritie®bserved irthe
laboratory as displayed ifrigure 47.

4.31.4 Comparison oMS detection

MS is a powerful analytical technique that has been widely applied in many fiSd#etection is based

on the masso-charge (m/z) ratio of the ions to be analysed. After the neutral analytes were ionised, the
resulting ions are accelerated into the MS to be dete&saal soft ionisation source with good analytical
performance, Fe TP at t r amalytiecathpplicatienrTheaMsSi sigripl height e nt i o
usually depends on many external factors, sutheatischargdeatures othe plasmabasedonisation

source andhe position of the ionisation source relative to the MS iRlieim previous measurements,

it is known that the voltage polarigyvitchseemdo make no sense féree plasmas in terms discharge

features Thereforenowthe question arises whetherstlsothesamen MS analysis

In thiscasethe MS inlet acteisa metallic targetAs one of the important factoithe polarity switch is
expected to maka difference forthe MS signal.As shown inFigure 47 (a), aHe-F ¢ TdFRven by a

square wave voltage (y= 2.0 kV) in three polaritiess placed in front of a Finnigan LTQ mass
spectrometer (Waltham, USA) inlet with 4 mm distanicethis case, no sample was added, the
surrounding air components willbmnisedby t he Fe TP i oni sation sources
The sampling capillary temperature, voltage and tube lens voltage were set to 200 €, 11 V and 35V
for the positive ion mode, 260 €, 2.6 V aneB0 V for the negative ion mode, respectively. Those
parameters were chosen after separateipguhe HO*(H20) signal at m/z 37 and the NQignal at

m/z 62in two modeqd9]. In view of the relatively high signal intensityyd MS peaks obtained under
positive and negative ion modes are chosen as representatives: the signals at m/z 37 and 55
corresponding tél:0*(H20) and HO*"(H.O),, while the signals at m/z 32 and é&responding t®,

and NQ [20, 132, 133]The data obtained aniisplayedherearean average of 1 min of full scan mode.
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4.3 Spatial and temporal evolution of emission spectra

Thereforethe discrepancy between the two kathlases of the plasma source is eliminatedveraged

in MS detection.
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Figure47:(@)Set up for MS detection in f rtlkeM8inlet.TheMSsignBl wi t h
intensitiesobtainedof representativéons in front ofthree polarityHe-F ¢ T &hser(b) positive andc) negative

ion modes, respectivelythe ordinate ison thelog10 scale).

Figure 47 (b) and (c) illustrate the intensities of several representative ions under two ion detection

modes, separately. The signal intensities obtainedthéth-plasma are more than 25 times higher than

thosewith the NP-plasma under positive ion mode, while the signal intensities obtainedhsiti+

plasma are at least 4 times higher thaséhwith the NP-plasma under negative ion mode. This means

that distinct ionisation performances between these three plasmas with different polarities exist for MS

detection. It is noteworthy that plasma sources with polarity antithetical to the MS operation mode are

till effective in this instance, i.e., theqgfasma uder negative ion mode and thephsma under

positive ion mode. This can be attributed to the fact that the excitation and ionisation waves outside the

capillaryarecapableof propagating against the direction of the electric field and negtie MS inlet.

Consequently, ions are generated near the entrance, enter the vacuum chamber, and then are detected.

Moreover, the NRplasma exhibits good performance in both ion modes, demonstrating its mode

compatibility. In other words, the Nplasma caibe used foMS detection in both ion modes without

any intervention.
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Chapter 4 Influence of a metallic target on FIPs

Wh e n sas@édras aionisationsource, théonisationrateof neutral substanceéscloselycorrelated
with the transient potential in front of the capillary orifiBeevious bservations have revealed thath

F ¢ T P signiteddihgnosis plasmaxhibitvirtually identicalevolutiorary behavious acrosghe three
polarities irrespective othe bias voltageNevertheless, quite differeMS signalintensities of water
clusterareobtainedbetweerthethree polaritiesvhen coupling tahe MS instrument in 4 mm distance
In thisserse, it suggests thadt least the transient potential arouhd capillary exit was significantly
affected bythe presence dhe MS inlet This local potentialis formedby theionisedair components
locatedoutside the capillarywhichconsequentlgstablishea substantiaklectric field This local field
assumea dual role, functioning not ons a chemical reactfor furtherionisationbut also accelerating
the respective ions towards the MiSturn, theelectrical field and therewith theansmissiorefficiency
of the respective ioris inseparable from the process of surface charge accumudatiomthe capillary.
Therefore, ti is reasonable to suspect that dramatic variatiomsrins ofinside plasma reactianalso
existbecausef the MS inlet.

Accordingto the description irBection2.2.2,some charges will accumulate on the capillary surface
because of the delayed redistribution of charges as theléciric field reversalAs a result,an
analogou®lectrostatic fieldwill be generated by these residual chargédchis calledfiextra potential

biag. It should be pointed out that, unlike the DC bias introduced by external specific bias circuits, this
fiextra potential biasis generated by the discharge system itsSEtlis extra potential bias has a
destructive effect on plasma evolutidttnay not bevery noticeable in the casetbifree plasmasbut

when external conductors or growattargets are presemind close this destructive effecivould

become particularly significant.

As a consequencene possible explanation is that the MS inlet significantly altere@xhia potential
bias distorting the electric field distribution, thereby affectitiyge plasma developmentThis

differentiated local potential arourttle capillary exit leads to variein efficienciesbetween three
polarity F ¢ T P s , ultmhtelcrdsults intheir different MS performanceTlo clarify the possible
reasons forhe differencesit was necessary to explore h@xactly the targe affects theplasma
behavour. Thereforeasubsequergxperiment waschedugdin whicha metallic targetvas introduced

to replace the role of a MS inlatvarious distancefrom the capillary nozzle
4.32F ¢ TwAth atargetin various distances

Given that he consistency of plasma evolution showtrigure 46 does notmatchthe differentiation

of MS signalsamong thehree polarities observed iigure 47, it is essentiato verify the influence of

MS inlet on the di sandhfatheglarifylthe impligatioosoniMS antlysis andl P
related applicationsTherefore a metallic target wadintentionallyp | aced i n fr ohist of

sectionwill investigate how a metallic target at various distaricas the capillary exiaffects the
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4.3 Spatial and temporal evolution of emission spectra

plasmabehavious underthree polarity voltageg heresults will be exhibited and introduced separately

according to théalf-phaseof thedriven voltage.

4.3.2.1 Therising half-phase

When the target distance is 3, 5 and 9 mm, the 706 nm propagation speed-pfdbmal was always

the slowest and the-plasma the fastests shownin Figure 48. It also can be seen that tmission

slope of 706 nm in the rising hgthase is getting bigger with the distance decreasing from 9 to 3 mm

in the Pplasma but opposite ithe NP- and Nplasmas. This means that the plasma propagation is
gradually accelerated with distance decreasing in{bla$a but deceleratedtireNP- and Nplasmas.

This can be explained by the enhancement and weakness effect of another electric field formed between

thetarget andhe capillary wall.
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Figure 48: Spatial and temporal evolution of the emission intensities of He 706 nm line observed from plasma
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with a target in 3, 5 and 9 mm driven e HV in P, NP and N polarity duringhe risinghalf-phase
respectively The white line at 10 mm represents the exihetapillary (x = 10 mm).

It has beerreportedthat, in AGcorona dischargeonfined within a plastic tubgalternatingwall

charging by positive ions durirthe positiveperiodandby electrons during theegative periodccurs
[67]. Therefore,tiis assumed tha the case of Niplasma, the remaining attached chargetheglass

wall arenegative at the beginning tferising half-phaseand then progressively replaced by positive
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Chapter 4 Influence of a metallic target on FIPs

charges at the end difie rising half-phase Immediately after thatthe remaining attachegbositive
charges orthe glass wall at the beginning die falling half-phasewill progressivelybe replaced by
negdive charge®nce agairat the end ofhefalling half-phase Taking the situation of NBlasma in

front of the grounded target as an example, its schematic diagram of the dynamics electric field in 10
scenarios throughout the cycle along the capillary are showigime 49. It can also be used as a
reference for understanding the process in the casesaofilNplasmas, there are ordyfew nuances

which will be explained later.

However in the case of Pplasmathe remaining attached chargestibaglass wallare positive at the
beginning otthe risinghalf-phaseand even more positive charges attacthésurface progressively at
the end of thishalf-phase Then these positive surface charges watbgressivelybe neutralsed by
negative chargelut not completelat the end othefalling half-phase In the case of Nplasma, a
contrast, the remaining attached chargesherglass wallare negdive at the beginnin@f the rising
half-phase andthe partial surfacechargeswill be neutrakied gradually but the overall polarity is still
negativeat the end of thikalf-phase Subsequentlymorenegative chargewill attachto the capillary
wall at the end athefalling half-phaseThe aboveassumptionsvill be supported and discussed in detail
in Section6.2.

In the initial stage of the-Plasma, an incipient electric fie{&o, symbolsed by red arrowas showrin

Figure 49 (1)) was built pointing from the HV electrode to the capillary wall. In this case, electrons are
attracted by the electrode and collide with other species sukle atkoms. Then, the positive ions
producedsuch as M, will move in the electric fieldand somewill progressively attach to the glass
wall until the endof the capillary atheplasma propagates forward. Synchronously, some of the positive
ions will gather to form a space ion cloud. It will in turn further attract free electrons that are in front of
itself, thereby cause further collision océng, and then a new ion cloud is created at a further position.
For free plasmas, this is the crucial reaswi guides the plasma propagating along the capillary to the

exit step by stef4].

After the formation of an ion cloud, the same local electric fiEld symbolsed by black arrows in

Figure 49) is edablished in three polarity plasmas: during the rising-ph#se, it is directed towards

the surface charge in front of it ((2), (3), (4)); whereas during the fallingphalie, it is directed towards

the surface charge behind it ((7), (8), (9)). Whayraunded metallic target wasapedin front of the
plasmas, there is no doubt that another electric fi&ldsymbolsed by yellow arrows ifrigure 49) is

created between the capillary wall and the grounded target and increases giasitredi\distance
decreases. In short, these two electric fiellsadE,) are in the same direction for thgpRasmaand

they all contribute to the movement of the ionisation wave towards the grounded target. Therefore, as

the target distance decregdbe plasma propagation gets faster and the emission intensity also increases.

60



4.3 Spatial and temporal evolution of emission spectra

— - - - = - = —l- + +
E™N7
(a) -4~ - - - elxlr +GD+ + 4+
— 1 e & .
Eo '\l/' P + + + H
A A A A A
free electron — — — —
(1) (2) (3) (4) (5)
& ion cloud

- negative charge

4+ positive charge | |

T

_ + H + H + l o
(b) - 4-- |+ Uk B Y = o I
I +‘I+ € D] El/\ 7
Eol 51 AW - I - -
1 [ 1 1
) —) —) —)

(6) (7) (8) (9) (10)

Figure 49: Schematic diagram of the dynamics electric falthgthe capillary for NPplasma in front of
grounded targetiuring (a) therising and(b) thefalling half-phase, separatelyThe bottom purpléne
represents thélV electrode, the two bladkin linesrepresent the capillary sidewalls, and the upper blliao
represents thgroundedtarget.

It should be emphasgd that the green arrows in the figure indicate the direction in which the space ion
cloud attracts the electron motidrhe purple arrows represent the attraction effect only during the early
stage of the rising haffhase and the repulsion effect only during the early stage of the fallinpjizesié

on electrons bythe HV electrode. Due to the polarity change of the surface charge, the direcign of
has a reversion for the N#tasma when the plasma wave arrives at the capillarytdaiwever thisis

not the case forfand Nplasma because no such surface charge polarity change happens.

In contrast tahe P-plasma thathe capillary wall is filled withpostive chargestthe beginning othe
rising half-phasethe NP- and Nplasma areconjecturedo containmainly attachechegdive charges.
This is a result of the appliedgativeamplitudethatimposes the polarity of the discharge front reaching
the capillary surfacfl34]. Therefore theelectric field(E,) betweerthetarget andhe capillary wall is

not towardghetarget like inthe P-plasma but towardthe capillary wall inthe NP- and Nplasmaas
shown inFigure 49 (a). Given thatall these plasmas have the same electric {igljl direction the
superposeelectric field(E; + E,) is enhancedn the P-plasma but weakened boththe NP- and N

plasma. In this mannerthe movement of excitation amshisationwaves will be accelerated the P-
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Chapter 4 Influence of a metallic target on FIPs

plasma but deceleratan the NP- and Nplasma& because othe presence dhetarget. These effects

becomeamore and more intensive as the target dist@skorteling.

In N-plasma, once the target distaiceeducedo 3 or 5 mm, the 706 nm canmatenreach the capillary

exit anymore, as shown kigure 48 (c) and (d) marked with red circlég/hen the distance decrease

to 5 mm, the emission seefmsstop at x = 8 mm, which meatifsatthese two opposite electric fields

(E1 andEy) are comparable and offset each other at this posifious, the discharge in this area will
graduallybe suppressedndeventally quencled Furthermore, after the distance decrsase3 mm,

the plasmaaneven only propagate to x = 3 mmnAncreasinglyobvious weakness dhe intensity
alongthe capillary can be observesb thetarget distance decraasin the N-plasma. The 391 nm
emission has simildrsehavioumwhich can be seen Figure 410(c) and (d) The electric field from the

inner HV electroddo the grounded target has been neglected here because of the long distance and the
shielding effect of attached chargestbaglass wall.
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Figure 410: Spatial and temporal evolution of the emission intensitiés 0891 nm line observed from plasma
with a target in 3, 5 and 9 mm driven by P, NP and N polarity HV duhiegisinghalf-phase respectively. The
white line at 10 mm represents the exith@capillary (x = 10 mm).
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4.3 Spatial and temporal evolution of emission spectra

As shown inFigure 410in comparison td-igure 48, the 391 nm emission during the rising kattiase

has a very similar behaviour to the 706 nm emission between different polarities under various target
distancesWhen comparing the change trendeafiissionintensity ofthe He 706 nmline with thatof

the. 391 nmline in therising half-phaseunder decreased target distaséecan be found that both

the intensity oHe 706 and 391 nm increass in the P-plasma.This could beattributedto the fact

that moreN," B 2, with a high energetic level were generathee tothe stronger electric field.
However, due to the two electric fiel@: andE,) both towards the capillary wall inhibit each other,

the intensity ofHe 706 and 391 nm are decreasing the N- and NRplasma as target distance
shortening especially ithe N-plasma. In addition, the slope of the 391 nmemissionin the rising
half-phasedecreasewith decreasinglectrode distance itne NP- and Nplasma, butincreasesn the

P-plasma. This similalbbehaviourcan be explained in the same vemdescribedabovefor He 706 nm.

As the plasma propagates forwatdring the risinghalf-phase some positive charged particles will
attachto the capillary wall and neutradi the negative charg#satattached on the capillary walliring
the fallinghalf-phaseln turn, positive charges might attactiheglass wall as a replacement at the end
of the risinghalf-phaseDuring the fallinghalf-phasevice versaAccording to thegpeakpropagation of
391 nm, it can beeduced that some tie positive iongsuch as M will move and deposit on the
grounded target and thare guided away. However, it ditbt occurfor the N-plasma witha targetat
5 or 3 mm away above the capillary etitcording td-igure 410(c) and (d) Similar toHe 706 nm, the
emission of 391 nm also stops at the positions closer and clostretmner HV electrde with
shortening distance. Thispliesthatthe positive iorclouds are not able tbe generated at positions
beyondthe stop poinfx = 7 or 2 mm)it can be attributed to the mutual inhibitianthis pointetween
E; andE..

Inevitably, both attached positiead negativehargesear thaarget will be guided by the electric field
move to the targeaind then are guided away consecutively. Télisasgrocess will become more and
more intensasthe target distance decreaand will lead tca smaller numbesf ions remaining on the
capillary wall. However,for the P-plasma, the increase ionsresulting fromthe higher electric field

generatdd bythe shortedistance alwaysutweighshe guidelossthroughthe grounded taget.

4.3.2.2 Thefalling half-phase

As it can be seen frofigure 411, the R, NP- and Nplasmas have comparable emission intensities
and similarshaps of the 706 nm emission in the fallihglf-phase The propagation seems to kdébp
sameasthe distance varies.dwever there is an enhancement of the emission around the capillary exit
in the Niplasma, particularly when the distance was 5 and 3 asrshown irFigure 411 (c) and (d),
marked with yellow circles. This can be explained by the superposition of two electric Bl E>)
pointing in the same direction, which is similar to the mechanism described irptasr®a during the

rising half-phase
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Figure 411 Spatial and temporal evolution of the emission intensities of@enm line observed from plasma
with a target in 3, 5 and 9 mm driven By in P, NP and N polarity duringhe fallinghalf-phase respectively.
The white line at 10 mm represents the exihetapillary (x = 10 mm).

In contrast taherising half-phasethe 706 nm in Nplasma can always reach the exittecapillary in
thefalling half-phaseeven when the target distansesmaller than 5 mm. It should be mentioned that,
when the distande 3 or 5 mm, the tailing phenomenon (marked with red cyokss the HV electrode
tip becanes much longer in Nolasma and still existafter the plasma front arrivest the exit. This
seems to be related to the abnormal phenomente Nfplasma that it cannot reach the exit dgthe
rising half-phase One possible reason is that the charge attachment preqgegss moretime thanthe

P- and NRplasma to reach the same potential.
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4.3 Spatial and temporal evolution of emission spectra
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Figure 412: Spatial and temporal evolution of the emission intensitiés 0891 nm line observed from plasma
with a target in 3, 5 and 9 mm driven By in P, NP and N polarity duringhe fallinghalf-phase respectively.
The white line at 10 mm represents the exihetapillary (x = 10 mm).

Just like 706 nmthe P- and NPRplasma also have comparable intemsgand similarshapsregarding
the 391 nmemissionin the fallinghalf-phasewhich can be seen Figure 412. Similar with 706 nm,
thereis an obvious emission enhancement 0f391 nm around theapillaryexit intheN-plasmal t is
particularly obviousvhen the distance was 3 mm as showfigure 412 (d), also marked with yellow
circles. It is worth mentioning that the-Nlasma can arrive the exit tife capillary butthe P- and NR
plasmascould not if the target distance decrease to 3 or 5 mm, wiiaxactly opposite to their
behaviourgduring the risinghalf-phase This 391 nmmutationin the N-plasmamight be the result of

the aforementioned enhancemefthe 706 nm emission

For both 706 and 391 nm, the igng timesare nearly the same in bdtie risingandfalling half-phass,
no matter what target distance and polarity voltage was useaf.tA# plasmas have comparable travel
speed and intensity inthe falling half-phasewith respect tahe free plasmasA comparson ofthe

emission distribution durinthe fallinghalf-phasewith that duringhe risinghalf-phasaevealghat the
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Chapter 4 Influence of a metallic target on FIPs

emission intensities dhe lines706 and 391 nm arprefeableto be comparable along the whole
capillary (between x = @nd 10 mm) duringthe risinghalf-phase However,a huge declinalways

appears durinthe fallinghalf-phase regardlessf the polarity ofthedriven voltage.

This reveals that a comparalsiemberof chargesaredistributed alongthe capillary urtil the capillary
end duringherising half-phase but a hugely deeagd numberof charges attach tie capillary wall
alongthelength duringhefalling half-phase Thiscouldresult from the repulsion and attraction effect
of theHV electrode antheattached charges dhneglass wall. In other words, a uniform distribution of
chargess built upalongthe capillary duringtherising half-phase whereas more conentrateccharge
distributionis built upclose to the HV electrodduringthe falling half-phase Therefore, imeanghat
the local electric field durinthe fallinghalf-phaseis insensitive to the presencetbé grounded target
unlessthe gap is small enough. This is supported by the more and more obvious enhancement around
theexit intheN-plasma withithe $iorteningof thetarget distance, which is demonstrate&igure 411
andFigure 412. However, due to the higheumberof chargedlistributed aroundthe exit, the plasma
duringtherising half-phasearemore sensitive to the presencealudtarget than thseduringthefalling
half-phaseunderthe same distanse

4.33F ¢ TwAth atargetin 2 mmdistance

In this section, durther investigation wthe F ¢ TdAven by three polantvoltageswith a targetn a
distance of 2 mrirom the capillary exiwill be focused and compared withefree plasmasrlheresults
will also bedisplayedand introduced separately accordingeschhalf-phaseof the driven voltage.

Besides, e individualspecialevolutionary behaviogwill be discussedh detail

4.3.3.1 Therising half-phase

In comparsonwith a bigger target distance shown before, the propagation of the plasma is further
accelerated in the-plasma with stronger emission but further decelerated in botlaiNPNplasma

with weaker emission or shorter lengithe Rplasma is foundo start reaching the target surface after
the distance isedu@d to 2 mm, which means that the emission appears at the position of x = 12 mm.

However, the Nplasma becomes shorter as showRigure 413 marked with red circles.

After the target distance is decreased to 2 mm, the plasigaitien like process occurred in the P
plasmawhich represents an additional second plasma propagation as sHagur@a413 marked with

yellow circles. This phenomenon was never seen before the target distance was small enough, which
can be observed in both 706 and 391 nm emission. In this case, it was initiated after the primary plasma
reaches the target. This behaviour hasrbreported and characterised in various styd@s138],

clearly illustrates a similar emission evolution process. Like a reflection, the restrike could actually
return from the target surface back into the capillary along the fully conductive ionised channel. This

channel is formed after the first plasma @gation and connects the HV electrode.
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4.3 Spatial and temporal evolution of emission spectra
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Figure 413: Spatial and temporal evolution of the emission intensities of He 706 ar®@®1 nm lines observed
from plasmawith atargetin 2 mm distance compare tioefree plasmasiriven byHV in P, NP and N polarity
during the risinghalf-phase respectively (a, b and d). The upper subplots (a) ang epresent those

measured inthe free plasm& The white line at 10 mm represents the exihetapillary (x = 10 mm).

This speciabehaviouris similar to thatbbsened in apin-ring configureddischargesystem, such as

LTP and iLTP[104], in which it wasnamed coincident plasmadhis coincident plasma generallyswa
relatively much stronger emission and thsisiot conductive to soft ionisatidid03]. The sacalled
coincident plasma can be interpreted similaflg the streamer head propagates through the capillary,

it leaves behind a quaseutral channel containing positive and negative charged particles. This channel
effectively behaves as a conductive path extending from the HV electrode, which becomes short
circuited once the excitation and ionisation waveactthe grounded electrode, resulting in a sudden

re-acceleration of charged species in the opposite dired89.

For easier observation and analogy, thim@&ked with blackdastedarrows inFigure 414 (a) and (b.

In LTP, the plasma directly contacts the inner ground elegtvddeh playsasimilar roleto the metallic

target in this case. While in iLTP, the plasmaches the dielectric ringelectrode. Nevertheless, this

kind of re-ignition like process appears in both configurations regardless of wheth@ash®a reaches

a directground electroder a dielectric grounded electrodss displayed in detail ifrigure 414 (d),

the counter propagation of the secondary plasma launches almost immediately after the primary plasma
impact on the target surfagdeut with a disruption period (between two red aaines) about 30 ns.

The secondary plasma consequently propagates in the reimmartichannel of the primary plasma,

in a speed of 166.7 km/s (black dedlarrow: 0.36- 0.42 us corresponding to $@ mm) which is
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Chapter 4 Influence of a metallic target on FIPs

almost five times faster compared to the primary plasma in a speed of 35.7 km/s (b&dtadastn
0.05- 0.33 us corresponding to-A0 mm). This anomaly will be discussed further in the follovting
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Figure 414: Spatiotemporaintegrated emissionbserved fronfa) LTP, (b) iLTP, and (c)FuTP without target
during the risinghalf-phase[104]. (d) Spatiotemporakvolution of the emission intensities of 706 nm observed
from FUTP driven by positivébiassedHV at adistanceof 2 mmfrom thetarget duringthe risinghalf-phase The
relativeintensities are normalised to their highest reached intensity. The discharge configurations are shown as
sketches on the left side of the graphics to further illustrate the imaged dimensions. The dotted arroges visuali
the successivetages of plasma development and indidatpropagation direction

It can be clearlyseenin Figure 414 (d), the first plasma propagates along the capillary ftoeHV
electrodeto thetarget while the second one propagates in the opposite direction. Nevertheless, the
emission intensity peaksebothobservedn thevicinity of thecapillary exit for these two plasmas. As
explained inSection4.3.21, the enhancement tifefirst plasma can be attributed to the additiothef

two electric fieldqE; andE>) pointing in thesame direction and thirscreasinghe final field strength.

As the distanceo thetargetdecreaseghe gain effect brouglatboutby the target wilbecomemore and

more obviousespecially at the position closetteetarget. So, the first plasmaden obviously gradual
increaseas the excitation andnisationwaves approachhe targetthisis shown inFigure 414 (d). In

contrast, itis not that clear but castill be distinguished irfrigure 48, especially when the distance
decreaseto 3 mm.
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4.3 Spatial and temporal evolution of emission spectra

This reflection illustrates the discharge mode transttiabhappened n F whicliPcan be explained
as follows. Once thérst plasma front reachabhe metallic target, the plasma column that electrically
connects the inner HV electrottethe target was established. The conductive channedsatsansient
transmission line between these two electroaledpositive ions are transiently and partially transferred
to the metallic targewith subsequent bombardmentTherefore it is no doubt that morenergetic
electrons aremittedthroughthesecond electron emissiofithetargetand then be acceleratédereby
more positive ions will be populated. During these praegtise positive space charges wilingregate

and form an ion cloudear the targeturing the mentioned disruption period.

What cannot be ignored is that as the plasma propagates forward, the initial positive charges attached
on the glass wall wilbe partially and gradually detached and newedli Since the attached charges
thatarecloser tothe HV electrode experiencglonger time, the loss will inevitably be greatkr.the

end, thedirectionof the potential gradient will reverse after a certain accumulation, timéch was
previously described as a disruption periddbsequentlythe electrons will be reaccelerated toward the
positive space charge cloud regdtin the ignition of the secondary plasma front, hereafter the
generation of further ionstartsin the direction back to the inner HV electrode.

As the initiation ofthe reflected second plasma, a local electric fi#lg) is formedfrom the positive
ion cloud towardshecapillary wall. Sotheelectrons are attracteand collisiors will happerproducing
more positive ions, the attached positive chargehegiass vall are supplied and then reapotential
comparabldo that ofa cloud.However,at the same time new ion cloud is already generated at new
positions (smaller x valugghus this plasma propagatesrsus theédV electrode stepybstep. With the
emission closer tthe HV electrode, the influence of another electric fidid) that hasan opposite
direction will become more and more powerful. This electric fiefcbim theHV electrode towardghe
glass wall ands formedby the detachment dfieattached charges dmeglass wall as mentioned before.
Therefore, the secondary plasma front is progressively damped, with a continudnsrdeosity from
the capillary end to the HV electrode during its propagation inside the ch@mwher possible
explanationis the decreasef conductivity in the streamer channehused byvarious edctron loss

processefl07].

In addition, it can be observed that an intermittent (uneven) shape applyarsthe primary plasma

but not inthe secondary plasmd&his interruption in the primary plasma corresponds to the gradual
build-up of the local potentigl whereas this does not appear to be the case in the secondary filasma.
strongly hintsata different mechanisnbue tothe fact thathe conductive channel was already built by
the primary plasmathe high residual conductivitgreventedthe second streamer from propagating
through the existing channg)7]. This islikely to be theresultof the high conductivity in thehannel|
which rapidy shields the local electric field and thisippressethe developmenbf a new ionisation

front [107]. As a result, the reversed local potential establishment procélss sgcondary plasma is

difficult and isthereby not that drastic and identifiable. Since the reversed electric field in the channel

69



Chapter 4 Influence of a metallic target on FIPs

is rather weak but more conductive, the reversed discharge emission looks quite less intensive but lasts
for a shorter time intervaHowever thisis not suitable for LTP and iLTP, whiaghight be attributed to

the isolating effect othe glass tubebetweerthetwo electrodes

This reflection phenomenon drastically contingent upon parameters such as target distance and
discharge voltage polarityhich affect whether the potential gradient is reversed. The dechease
emissionintensity betweerthe capillary exit andthe target can beattributedto the diffusionof
surroundingair, resultingin alow density of rare gas at@in this areaandthus weaker reactionBue

to the small target distance, than cloud could attract electromsdthereby produce a new ion cloud
before béng quenched by atomponents—rom the perspective of fluid dynamics, air diffustms also

been weakened because of the blocking effect of the target. This also further explains why this reflection
phenomenon does not occur at a gap over 2ldowever,suchreflection isundesirabldor analytical
applicationsasit maylead toenergywaste lossof reactivespeciesand analyte ions, and even damage

to the internal electrod€onsequently, it is imperative to implement specific measures to circumvent

this reflection in its practical applications.

4.3.3.2 Thefalling half-phase
The comparison of spatial and temporal evolutiotheff06 and 391 nm lines during the falling Ralf

phasds shown inFigure 415. It should be mentioned that the tailing phenomenon of 706 nm near the
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Figure 415 Spatial and temporal evolution of the emission intensities of He 706 ar®@1 nm lines observed
from plasmawith atargetin 2 mm distance compare tioefree plasmasiriven byHV in P, NP and N polarity
during the fallinghalf-phase respectively (a, b and d). The upper subplots) and(c) represent those

measured inhefree plasmasThe white line at 10 mm represents the exihetapillary (x = 10 mm).
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4.4 Conclusions

HV electrode tip sustains an even longer time than before in the case epthenia with a distance of

2 mm, also marked witla red circle inFigure 415 (b). In addition, an even stronger emission
enhancement of both 706 and 391 nm around exit still ewikish are marked with yellow circles, as

shown inFigure 415 (b) and (d). It demonstrates the presence of a further strengthened local electric
field near the capillary end and the target in the faliaff-phase Once the target distance was too

small, the charge carrier in the conductive channel will grow significantly and even exceed the
breakdown limit. This is a warning sign for applicati@m&lthe corresponding prevention and control
measures must be taken. The responsible local electrical field enhancement can be attributed to the effect

of thetargetonthe accumulated surface charges, which will be further discussed in Chapter 6.

It is worth noticing that slight reduction of 391 nm emission duritige falling half-phaseof the P-
plasma(marked with yellow rectangle$ foundin Figure 415 (d), which could be considered as the
sequelae of its reflection durirthe rising half-phase This is because no indication of this type of
emission reduction was found before the distance was reduced to 2 mm, just as the reflection

phenomenon does not occur at a distance of more than 2 mm.

4.4 Conclusions

In this chapter, the discharge processdbiae polarity-LTI'Ps on the background of the influence of a
metallic target undeseveraldistances have beénvestigated andliscussedThe observedpecial
behavioursare not readily accounted foby the existing literature. Nevertheless, available histggest

a combinednfluenceof the target andurfacecharge depositiorAccordingly, several hypotheses are
proposed to explain teephenomena, particulargoncerting theinterplaybetween emission evolution
and local electric fieldariations The introduction of an influence of target to the accumulated charge
on the glass surface for distorting the loetiective electric field allows the result® qualitatively
correspond to the experimental data.

Forfree plasmag-LI Ps exhibit very similar emission behaviouiis bothhalf-phass, regardless dhe
voltagepolarity. It was suspeetdthat the consistent repeatedly pdation of the capillary can be used
to explain thiswhich can be attributed tbeappliedvoltage undergog the sameapid change process
at the initial stage of each hagdha®. It seems thathe bias DC voltage is filtered out and doesviartk
directlyin the discharge process., 8bnostthesamenumber ofurface charges accumulatetbeglass

wall and dominate the subsequbehaviour

When a metallic targeésintroducedn front of FUTP, polarity-dependenglectric field distributios give
rise toquite differentplasmabehavious atvarioustargetdistancs. When a bipolar voltage was applied,
the NRplasmadecelerates duriritperising half-phases the target approach&ghen a positive voltage
was applied, the PBlasmaaccelerates durinthe rising half-phaseas the target approacheghich is
opposite tdhe NP-plasmaAt atarget distancef 2 mm,another discharge mode apearhich looks

like a reflection It is believed that the enhanced electric field on the propagation pathwilag Ff
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Chapter 4 Influence of a metallic target on FIPs

plasma and the subsequent potential gradient reversion near the targetrrélealteignition of the
secondary plasma front. When a negative voltage was applied;plesiNaalso decelerates duritige

rising half-phaseas the target approacheghich is similar tothat ofthe NP-plasmaWhen the target
distancds equal or smaller than 5 mm, the plasma even capaotithe capillary exiduringtherising
half-phasebut capableduring the falling half-phase Both the P and NPplasmas demonstrate
conmparablebehaviourduringthe fallinghalf-phaseacross all measudgarget distance In contrastthe
N-plasma exhibita pronounced enhancementtbé 706 and 391 nmmissions near theapillary exit
during the falling half-phase This indicates the presence of a significant electric field enhancement,
suggesting a potential hazard in application scenarios veharall distanceexists Therefore, the N

FUrP should be avoidefitom coupling with MS inletat distance below3 mm.

Theonset odischarge mode alterationtime P-plasmaat 2 mmandthedistortion intheN-plasméabelow

5 mm are both not desirable fopracticalapplications.However,the NRplasma shows smoother
change tendency anmdore predictable behavioowver a range of distanceshich suggests enhanced
controllability. In general, from the perspectiverafnimising the risk of reflection andistortion NP
plasma isarguedstill a priority option for applicationgn small distancesBased on the comparison
between diagnosis plasma ignition and MS deteaiqrerimentsthe significant impact of a nearby
condwctor on FUTP was further indicated.The compatibility of NPplasma forMS detection in both
positive and negativeon modes waslso evidenced Moreover it was convinced thathe polarity
switching of FUTP providesconsiderabldenefis to the ionisationapplicationwhen it is coupled with
MS at adistanceof 4 mm This informationis fundamental for any attempt to improve the performance

of plasmatarget systems.

Overall these insights gained into the influenceaofonductive target on plasmas driven thyee
polarity voltages under varying distance conditions contributed tgp#rormanceptimisation of RUTP

for applications.
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CHAPTHR

Characterisation of corona discharge

The dassical orona discharge was named due ¢dumminescence phenomenon whiglike a halo of
the moon in the dark, this is also in accordance with the cognitiothéhabronadischarges a local
regiondischarge arounthe electrode edgpt2]. Typicaly, acorona discharge onljields a very small
plasma~ mmscale).In contrastF & ThBs the capacity [generate ongplasma columif~ cm scale)
andcaneven prodae a plasma jethat exceed the capillary length From this point of viewfF ¢ T P
seemdo offer more applicatios prospectghan corona discharge mumeroustherfields, in addition

to its utilisationasanionisationsource.

Both DC and AC voltages can be used for initiating corona discharge. Recent studieybalesthat
AC-coronadischargeis superior to D&oronadischargeas asoft ionisation source[68, 71] The

realisation of analyteionisation by AC-coronadischargebears a resemblance to traditional APCI

through theso-callediCIo processi C1 6 was first proposed refers nce
reagent gas ions (produced by chemical reactions) to underguoi@cule reactions (mainly gahase

proton transfer) with neutral sample molecules rather than conventional directly eiegbaxt to

achieve sofionisation[140]. Compaedto the configuration of corona dischargeg TP i s freque
treata asjust avariantof corona discharg&omeone magskwh et her t he di scharge |
corona discharge, even t holagehlreadybeendeeplsneestigatede pr o p
[9, 10, 2327].

I n the case of bipolar square wave voltage typic
half-phass withvoltages in opposite polaritfpuring these phases, nearly constant positiveegative
amplitudes areconsidered to be appliedith the exception of thgharp rising and falling edges$ the

waveforml n or der to better understand and distingui
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Chapter 5 Characterisation of corona discharge

further explore and compare their discharge characteristic from multiple perspelttivespe of
ascertaiing the similarities and differences between-D&C-coronadischarge,a n d  RhisthRpter

will discuss the subjedarefully.
5.1 Experimental arrangement and data processing

Thebasicexperimental arrangement used in this chapter is shokigune 51, where a needle electrode
is connected to a H@owergenerato(DC or AC). In particular, aopper ringID-10 mm, OD20 mm,
thickness2 mm) was used as @ electrical potential detector. It walaced coaxially with thédV
electrodeandcan be movedlongtheneedleaxisthrougha translation stag&he realtimering potential
waveform ismonitored by a70 MHz digital storageoscilloscope(Agilent DSGX 2002A, USA) in
combination with asingleendedHV passive probéTektronix P6015USA). The setup enables the
investigation of potential around the plasma under defined conditions.

The same optical instruments (Océaptics and ICCD system) are also il to obtain integrated as
well as temporabpatial resolved emission specttiherdetailed experimentalonditiors, such athe
applied voltages ospecial equipment used ihe individual measurementsvill be introduced inthe

correspondingections.

Ocean
Optics
USB 4000 . |

Oscilloscope

Figure 51: Schematic diagram of the experimental setup

In this instanceboth DG and AGcorona discharges aidtiatedin ambient airln order to eliminate
the influence of electromagnetic radiation frohe HV generator on the detectsthnal,two times
measurementszereperformed: one time usirthe oscilloscope iDC coupling modédetectbothDC
and AC componentsyand one time usingthe oscilloscope inAC coupling mode(only detectAC

component)but all measung when plasma is ignitedhen the data processing method sdili here
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5.2 From DG to AGcorona discharge

for the analysisis achieved by calculating the difference between these sightdged under two
coupling modesAfter this method was employed for corona discharges, a constant static potential

waveform (or DC component potentialasobserved at each position for these plasmas.

In principle, because of nelectrical connexion the DC componentoming from the HV power
generatoitself couldnot be transferred tthering detector when a DC voltage obiassed\C voltage

is appliedto the electrode In addition, the AC coupling mode has filtration to the DC component.
Therefore the final DC component obtained after subtractibouldbe considered asmasterpiece of

plasma.
5.2 From DC- to AC-corona discharge

Coronadischargeis also known as a type of locsdd emission resulting from transient gaseous
ionisationwhen the voltage gradient exceeds a critical valurgil now, no distinctionhas beemade
between positive and negatil-coronadischarge#n terms of optical shape. Furthermore, there is no
direct reporton their moresubtleemission imagesr on whethetthey can balistinguished from each
other. Fortunately, quite different shapes @otbursin a macro photographyerspective between
positive and negativBC-coronadischarge werefoundfor thefirst time using a camera equipped with

a macro lens.
5.2.1Macroscopicphotos of DGcorona discharges

Coronadischargesan be visible in the form of liglaind istypically regarded as a violet glow spot around
the needle tip in the dark roofMo understand more aboDC-coronadischargea commercial APCI
needlgtip diameter ~100 pmyvas applied atheHV electrode andMS inlet (not shown ithe photos)
was used as counter electrode vattB mm distanceA digital camera (Fujifilm XT5, Japai paired
with a macro lens was employed to shoot photos in an exposure time of 30 s. Afssrlte photos
of DC-corona plasn&driven by positive and negative voltageish variousamplitudes are displayed
in Figure 52, respectively. The location of the needle tip is marked by horizontal lines. Without

the help of micro focus camera, these photos are hard to be matbdinectly by human eyes.

As demonstrateth Figure 52 (a), the application o& positive DC voltagéo the needle resulted in the
observatonofh mor e and mo rskapedlagma m ecoladur ofiblua@purple packs the
electrode surface as the applied amplitude increasiegens thatno high-energylevel species depart
from the electrode surface and mawaward. The higher the applied voltagle gradually longethe
emission length from the tip towards the back of the electrode can h@asdamore and more bright
emission athe electrode tip is observeds shown inFigure 52 (b), when a negative DC voltage was
appliedtot he n e e dslper,ayad fpflashapadolasindis abseoved imedpurple colour

towardstheambient air. However, nearly no emissisrfound in the rear part tfie electrode tipThe
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Chapter 5 Characterisation of corona discharge

higherthe applied voltagehe brightertheimagein the samecolourcan be seen espadly in front of
the electrode tip It seemghatthe high-energylevel species alwaydepart fromthe electrode tip and

prefer todisperse in dorwardratherthana backwarddirection

+35kv +4.5kV +6.0kv +7.0kv +8.0 kv +9.5kv +10.5kv +11.5kVv
-34kv -4.4kv -5.6 kv -6.9kv -7.5kV -8.8kV -10.0 kV -11.3 kv

Figure 52: Macroscopicphotos of (a) positive and (b) negative d@rona plasmaunder various voltages
taken by aigital micro focus camergahe specific value of applied voltages are shown on the top of each photo,
thewhite horizontal lines mark the location of the needle tip.

(a)
Positive DC-
corona discharge

(b)
Negative DC-
corona discharge

As the voltage amplitudes increaseed@photos reveal that both DErona plasmas preseanh
expansive imageajot only a poirdike image anymore. The positive Bsoronadischarge manifests
itself as a uniform plasma packs theedle tip partThe negative D&oronadischargananifestdtself
as a nonruniform plasmawhich appears as tufts of the emission frtira needle tip injedhg into
ambient air[141]. Besides, theolour also differs between these two kinds of coraliecharge In
comparsonto the positive DGcorona dischargahe negative one appedosbemore red. In short, the

positiveDC-coronadischarges strikingly differentfrom thenegativeone no matter ircolouror shape.

These photoweretaken in an exposure time of 30 s, which is a hulgag time compareto thetypical
nanosecond time scale ibfe discharge process. So, these photos can be treated as the integration of
manytransientphotcs during this time periodn order toobtain high-speed informationvith higher

resolution it is meaningful to capture their transient emission distribution images.
5.2.2 Transient mages ofDC-corona discharges

The entrance slit dhe spectrograph was placed parallel to #ixés of needleelectrodejts width was
setto 2500 pm. Even though theres no trigger edgen the applied DC voltagehigh-speedoptical
emissionmeasurementare still possible to be implemented. In this cdlse,ICCD system was still

triggered by a synchronous signal generafbetransient imagein almost an instant (during 20 ns of
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5.2 From DG to AGcorona discharge

the gate widthsare shown irFigure 53. With the help of these kirsibf images, aeepeinsight into the

reaction emission region of the discharge process at one moment becomes reality.

Since corona discharge produces an extremely thin plasma with feeble emission intensity, background
interference (e.g., scattered or stray light) requires careful control. It should also be noted that the utilised
ICCD system incorporates built signal anplification and noise suppression capabilities. If plasma

emi ssion is too weak, it may fal/l bel ow the syst
the background noise intensity approaches that of the plasma emisgitie plasma signahay be

misidentified as background, preventing the capture of transient images. To obtain clear images at such

a short exposure time, it is essential to minimise background light noise. Therefprgeatiallight

sources present in the room, including indicator lights, were masked during the data acquisition process.
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Figure 53: Instant wholeemissionimages oDC-corona discharge driven by (a) positive (+6.5 andG-itV)
and (b) negative-6.0 and-7.0 kV) DC voltages. The red curves represent the corgbtireneedle electrode,
andthewhite horizontal lines at 0 mm represent thesitionof theneedle tip.

As demonstrated iRigure 53, the emission images obtained from the positive and negativeolxDa
discharges exhibit a similar morphology to that observegignre 52. An emission thasurrounding
the needle tiprimariy belowposition0 mmis observedn positive DGcoronadischargeConversely,
a cloudof emissionn negative DEcoronadischargeexists in the vicinity othe needletip, but mainly
uponposition0 mm. Thedistinct emission images atide evidentposition shift alonghe needle axis
between these two kinds of coratiachargesan beattributedto the distinctively opposite electric field
directions andconsequently, théifferent reaction mechanisms.
77



Chapter 5 Characterisation of corona discharge

The specific principles of their formation process have beshdiscussedBoth positive and negative
DC-corona dischargdsavebeen establishei bereliant upon a chain reaction process known as the
electron avalanchp0, 142] Their stepby-step electroimpact reaction process not the main point

of this thesis, thus no further elaboration is given here but only a brief statement and complagison.
greaest distinction between positive and negatived@@na discharges witlespecto the generation

of secondary electron avalanches pertains to the origin of these secondary €lé2jrdnsa positive
DC-corona discharge, they are initiated by the gas surrounding the plasma, with these new secondary
electrons travelling inward. Conversely, in a negativeddna discharge, they agenited from the
electrode tip, with these new secondary electrons travelling foriMaedt. distinguishable morphologies

relate to the distinct micrdischarge process.

In a positive DCcorona discharge, free electrons are attracted and accelersed, moving towards

the surface of the HV electrode. Consequentlyhthkestenergy electrons argeneratedh the vicinity

of the HV electrode surface. In this region of high potential gradient, the electron density exhibits a
precipitous decline in proximity to the needle surfadeesehigh-energy electrons collide with ;N
molecules to excite donisethem, resulting in predominantly bhwolet light emissionas shown in

Figure 52 (a). Due to the homogeneous source of secondary avalanche electrons, the emission of
positive DGcorona discharge is unifm. Since the entire curved needle electrode is at high potential
but with the smallest radius of curvature at the end, this results in the strongest electric field at the
electrode tip. Therefore, at a voltage of 3.5 kV as shoviigare 52 (a), the excitation and ionisation

of Nz occurs only at the tip. As the applied voltage is increased in a gradual manner, the electric field
strength at an increasing number of locations breaks through the threshold value, and thus more and
more photon emission appeatlong the electrode surface. As a consequence, its emission image
gradually extends posterior to the electrode tip, thereby undergoing a gradual transition in shape from a

point to a hat. In additiomositiveions are repelled outwards.

In a negative D&orona discharge,substantiahumber of electrons are repelled and scattered in a fan
shape, accelerated outwaathd collide with N. Due to electrons are allowed to drift a long path, the
discharge continues some distance beyond the needle tip. So, maeynéigh electrons are located in

the outer, lowfield regions due to the repulsion eff¢té1]. This results in a diffusive and slightly
largervisible region in the case of negative f8@rona discharge than the corresponding positive DC
corona discharge, which is displayedrigure 52 andFigure 53. In addition, positive ions are attracted
inwardby the negative electrodAs a result, the ensuing neutsation of partial N* leads to much less
remaining of N, measured byhe relatively lower emission of the 391 nm line in the negative-DC

corona discharge. As the applied voltage increases, more and more energetic electrons are scattered, so
more and more intense excitation and ionisationasddurs in front of the tip. So, increasingly strong

light emission is observebtut with little change in shape and colgas shown irFigure 52 (b).
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5.2 From DG to AGcorona discharge

The sketches of positive and negative-@dZona discharges are showrfFigure 54, the red needles at

the bottom represent the HV electrodes. The red dashed ellipses show the plasma regions, where the
electronimpact reaction mainly occurand thereby the approximate aredigifit emissions. Besides,

the largearrows at the top near the grounded plate indicate the movement directions of the unipolar
charges in the ion drift regigd2]. This meanghat outside the plasma region, nearly pure positive
charged particles in positive Bébrona discharge and pure negative charged particles in negative DC
corona discharge are pushed by the respective electric force and move forward. It should be noted that,

in the ion drift region, the field generated by the space charge causes a significant distortion to the
external electric fieldi72].

; Grounded plate ;

lon
drift
region

Plasma
region

Plasma o electrons
region
® gas molecules
® negative ions
-
positive ions
r_(' photon emission
HV electrode HV electrode

(a) (b)

Figure 54: Sketches of (a) positive and (b) negative-&Cona discharges in a pohtb-plate geometry, the
positive and negative ions are not depicted in the plasma regions.

With the help of a numerical modéhenumberdensity of electrons in the negative f8Grona discharge
was foundo benearly four orders of magnitude greater than that in the positivedd@ha discharge
[72, 141, 143]As a result, the negative B&drona plasma appears thicker than the positive plasma
this variation in plasma thickness idiscernible througtphoton emission. This also explains the
experimental finding that the ignition voltage of negafd@-corona discharge is lower than that of
positive DC-corona discharggl44]. This might also be the reasarmy the higher amount of Ns
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Chapter 5 Characterisation of corona discharge

excited in the negative DCorona discharge than in the positive -D&@ona dischargevhich will be

discussed later

Both the positive and negative Bforona discharges rely on the impact reastadrenergetic electrons.
However, these space electrons are rapidly consumed by massive saianathrough the rapid
guenching action of the surrounding air compase@nly in the plasma regions, this quenching action

is weaker than the electron generation. It is the competition between these two processes that causes
both positive and negative D&rona discharges to be limited to locally sustaining the discharge

reactionand presenting the small optical image

In summary, in positive D&€orona discharge, the electric field strength is greatest at the edge of the
electrode (needle surface), so the electrons get highest energy near thbwesdgee light emission
seems to be located mainly near the electrode surface, hikenaiapped around the needle electrode.

In negative DGcorona discharge, the electrons emitted from electrode tip are scattered forward and
accelerated, so that the collision reactions can occur at a relatively distant location.

5.2.3 Ocean Qtics gectra of DC-corona discharges

The previous photos of positive and negalN&coronadischargegxhibita similar purplebluecolour,
mainly due tothe emission o, (SPS andN," (FNS)in the range of 380 ~ 500 nias shown irFigure
5.5. However, itwas alsofound thatthe negativédC-coronadischargealways has a more redlour

(a)

Positive DC-
corona discharge

500- 520- 565- 590-
520 565 590 635

Normalised Intensity [a.u.]

(b)

Negative DC-
corona discharge

| ' | I ' | | I ' |
400 440 480 520 560 600 640 680 720 760

Wavelength [nm]

Figure 55: Normalisedintegrated emission spectra of (a) positive 8€1kV) and (b) negative-12.5 kV) DC
coronadischargs with a MS inlet as counter electrade

80



5.2 From DG to AGcorona discharge

thanthe positive DGcorona discharge. It is worth noting that, accordingiture 52 andFigure 53,
the negative D&orona discharge alwaysdwa relatively stronger emission intensity ththe positive
one. Similalyt o Fe TP i n -phase, it taabe latiribuged th thel s€écondary electron emission

from theelectrode caused by the positive ion bombardment.

Their integrated spectra are obtained by Ocean Qptitis arenommalised to their maximum intensities
andaredisplayed inFigure 55. In the range of 380 ~ 770 nm which corresptiodthe range of visible

light [59], if the highest peaks are scaled, almost the same peaks for these two spectra can be seen in the
range of 380 ~ 565 nm/arious emission lines are observedvisible range, theletailedtransition

system band of these species are listéthinle 51 [145].

Table 51: Spectroscopic features of species observed byf@BESambientair plasma in visibleange

Species & ( n Transition systenband BNBNjN Species a ( n Transition systenband GNBNjN
N2 380.5 Cy B, (0, 2) N2 590.6 B,  AY(9,5)
No* 391.4 B2, X?#4" (0, 0) N2 595.9 B¥%; A% (8,4)
N 394.3 Cy B3, (2, 5) N 601.4 B3Y, AR (7, 3)
N2 399.8 Cy B (1, 4) N, 607.0 B, A% (6,2)
N2 405.9 Cy B3, (0, 3) N2 632.3 B,  A%%'(10,7)
N2 420.1 Cy B3, (2, 6) N2 639.5 B¥%; A% (9, 6)
N2 427.0 C3y B3 (1, 5) N2 646.9 B, A%/ (8,5)
N; 434.4 C3, B3, (0, 4) N> 654.5 By A (7,4)
Na 457.4 C3, B3, (1, 6) Na 662.4 B, A (6,3)
N 575.5 B%W, A%’ (12,8) N; 670.5 By A% (5,2)
N 580.4 B3Y, AR (11,7) N> 750.4 B3Y, AR (4, 2)
N 585.4 B%Y, A%, (10, 6) N 762.6 B3Y, AR (3, 1)

Concurrently, some discernible peae be observedithin the yellow and orange rangésit salient
peaks can be seen particularly in the red range (markextiagcles) as shown irFigure 55. These
emission lins arealsomarkedasredtextin Table 51. Corresponding to the range of 565 ~ 770 nm,

which are observed ithe negativeDC-coronadischargebut nearly none itthe positive DC-corona
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Chapter 5 Characterisation of corona discharge

discharge These emission lines come from thgfirst positive systenirPS (N (B) U N (A)), which

is demonstrated to i@ a higher population rate ite negativeDC-coronadischarge This might be
owing tothe much highrelectronnumberdensity inthenegative DGcorona discharge, which is related

to their different origins of secondary electrpas describg&before

When emissions ithepurple and blue rang&ave comparable intenigisfor these two kinds of corona
dischargesthe negativeDC-coronadischargewith a relatively stronger emission the red-rangeis
more sensitivéo humaneyes[59]. Thatis why the negativ®C-coronadischargeseemso look more

red tharthe postive one.
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Figure 56: Integratedemission spectra ambrmalised zoomed imagesf (a) positivet13.0 kVand (b)
negative-12.5 kV driverDC-coronadischarge with a MS inlet as counter electrodtie integration timevas
500 ms and 50 ms, respectively

Despite the fact thaheintegration timeof the negative DGcorona discharge is 10 timsbortr, the
correspondingemission intensityis equivalent to that othe positive DGcorona discharge. This
indicates that the absolute emission intensity thfe negative DGcorona discharge isignificantly

stronger thatthat ofthe positive one.

To concern the possible differencetioé N>* 391 nm emission betwedhe positive and negativBC-
coronadischargs, the spectra were normséd andzoomned in the range 0840 ~ 440 nm. It can be
observed thathe relative emission ofN>" 391 nm inthe positive DC-coronadischarge ibviously
stronger than ithenegativeDC-coronadischargewhich is marked by an orange columrigure 56.
This is similar to that described Bection3.3.7forF e T P, t he ¢ B9l ansintte falling f
half-phaseshows a lower maximum of intensity comyhte that intherising halfphaseAs described
before,for corona dischargehis canalsobe attributed to the attracti@ifect on positive ions bthe

negative electrode.
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5.2 From DG to AGcorona discharge

5.2.4Potential measured with a ring around theDC-corona discharges

To gain an intuitive insighinto the electric potentiaroundplasma, a ring detectaras introducecs
described irBection5.1 and mogdalong theelectrodeaxis in two directions with a step of 2 mm. The
potential results measured in BXGronadischarge are displayed ifrigure 57, with a configuration of

two opposing needlassed. In this system, the red neadleonnectedo a DC power generatand the
black needle is directly groundebhe distance between electrodes is 8 mm and the origin point (O mm)
is locatel at the HV electrodép, so the grounélectrode tigs located at 8 mm.
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Figure 57: Ring potential valuearound corona dischargas a function of position in a pito-pin geometry
discharge system driven by (a) positive and (b) negative DC generator with various amplitudes.

In case of positive D&€oronadischarge positive values are always obtained at various posjtams
shown inFigure 57 (a). While negative values are always measured at various positions in the negative
DC-coronadischarges shown ifrigure 57 (b). In other words, the polarity of the ring potential remains

constant ands congruent with the polarity of the applied voltage on the electrode.
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Chapter 5 Characterisation of corona discharge

When a sufficienly high DC voltage is appliedo the HV electrodeambient air is byken down.
Reactive species inclimty positiveions, negativéons, electronsand excited speciese generated he
free charges will build the electabconnexiorbetweentie ringdetectorandthe ion drift region othe
coronadischargehatis shown inFigure 54. When a positive voltage is applidde predominance of
positive charges theion drift region will result in theformation ofa positive potentiallTherefore, the
oscilloscopedetecs a positive potentiathrough the principle of resistor voltage divisi@imilarly,

when a negative voltage is appliedpegative potentias measued.

In boththe positive and negative D€orona discharges, the potential amplitudes have a highest value

at the tip of the powered needle (marked by a vertical blueeddigle). From this point, it gradually
decreases in two directionkhis isrelated tahe equivalent resistanaghangeof the plasma channét

is found that when the applied amplitude on the HV electrode increases, the higher ring potential
amplitude can be measured at each position in both types-cbB@a discharges. This is caused by

the more severe discharge reactions, and therefore more charged particles in the ion drift region will be
generated, thus a higher potential will be generated. On the other hand, a higher charge density also

represents a smaller channel resistance.

When the applied amplitudes the HV electrodarethesame, theing potentialamplitudesmeasured

at the same positions ithe case ofnegativeDC-coronadischargeare alwayshigherthan that inthe
positiveone On the one hand, negative RRGrona discharge is commonly stronger than positive DC
corona discharge under comparable discharge conditions, as demonstrégadei®n2 andFigure 53,

which means a larger number of charged species are pro@utéte other hand, lots of negative ions
are produced by electron captutee to thehigh mobility and high density of electrof$2]. As a
conseqguence, negative EGrona discharge has a higher negative potential but a lower channel
resistance compared to positive {8@ona discharge. Finally, the ring potential in the negative DC

corona discharge is greatly higher than that in theipeddC-corona discharge.

These results identify that a DC potential exists ind@@na discharge, regardless of what polarity and
amplitude is used. In summary, positive charged particles are the main reacting spgbeiemidrift
region for positive D&orona discharge, while negative charged particles dominate in the negative DC

corona discharge. Now, the question arises of what happens when an AC voltage is applied.

DC-corona discharge can reach its gisisady state, althoughe negative DCcorona discharge may
occur in a pulsed mode (the-salled Trichel pulses due to the space charge efi21)62, 142] the
applied electric field direction is constant.dnAC-corona discharge, the direction of the electric field

is constantly reversinglhis leads to the ongoing alternation of different collision reactions, so it is
difficult to form a similar stable formin this work, a disposable stainless steel acupuncture needle with
a tip diameter of 700 niiT0, 71]was used tanitiate AC-corona discharge. It is evident tllag¢ needle

tip isexcessivelysharp thusappeaing to beextremely fragile. Oncthe AC-coronadischarges ignited,

it is very easy tewitch to anarc dischargeand the tip is quickly destroyed by ion bombardment.
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5.2 From DG to AGcorona discharge

Therefore, it beconsevery difficult to sustain the plasma for long periods of fiagethis is typically
accompanied by continuous electrode erosimthe other hand, A€orona discharge is even smaller
in dimension and even faster in evolutiocompared to D&orona dischargeTherefore, the ICCD

resolution is too low to acquire distinguishable images ofcafbna discharge.

As was the case for positive Bforona discharge, the relatively low net space charge densltg in
plasma region fonegative DGcoronadischargedoes not disturb the Laplacian distribution of the
electric field[141]. However, the residual space charge aggregated near the electrodeh&\ &+
coronadischargagreatly affects its local electric field distributiofherefore AC-coronadischargds
not just a simple alternation of positive and negafiecorona dischargelt is different from what
would be expected if positive and negative-Bona discharges operated separd#&dy. A similar

effect also exists in FegTP, and i futhers even mor e
5.2.5 Diagnosis pasmaignition by AC-corona discharges

In view of the limitations described above, direct characterisation of acof@ha discharge is difficult.
Based on the experience @hapterd4, a nearby conductor affects plasb@havioura lot. In terms of
MS analysisthe influence o&MS inlet onAC-coronadischarge also could not be ignored. So, it should
be taken into account whekC-coronadischarge are used as ionisation soucelherefore, in the
following section, diagnosis plasma wamployedagain forthe investigatin of AC-coronadischarge
The main concern here is tbdgferencein the evolution behaviowf diagnosis plasma ignited by three
polarity AC-corona dischargdsetweernwith and without MS inlet

The diagnosis tube was placed 0.5 mm under the APCI needle and its axis squstidéth the
electrode tipHe was transmitted by the vertical diagnosis tube as the diagnosis gas. For comparison, a
MS inlet was introduced with a distance of 3 mm from the electrod@ tjguare wave voltage was
utilised to sustaiC-coronadischargeand then igniteéhe diagnosis plasma for all cas&ecause of

the enhancement effect of the MS inlet on the discharge reactions, a much lower driven voltage is
required to get a comparable emission intensity under the same collection pardrhetefere 2.4 kV

was utilised for the case with MS inlewhile 3.2 kVwas employedor the case without MS inlet. Their
temporally and spatially resolved optical emission spectra uhdéhreepolarity conditions P, NP,

and N were collectedy thesame ICCD system.

As displayed inFigure 58 (a), not only the emission intensity but also the propagation velocity are
almost the same when no MS inlet exists. This means that, with the absence of the MS inlet, the same
diagnosis plasmas were ignited during the risingpla#se by A@orona discha@es in three polarities.
However, the three diagnosis plasmas became visibly different when a MS inlet was introduced, as
shown inFigure 58 (b). Compared with the intensity observed in thepldsma, the case in the N
plasma was weakened but enhanced in thladma. Besides, thegpasma has the highest propagation

speed, the Niplasma has a lower speed, and thpldéma has the lowest speed
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Figure 58: Whole emission evolutidsehavioursof diagnosis plamas ignited by three polariyC-corona
dischargegsluring the risinghalf-phase(a) without MS inlet andgb) with MS inletin 3 mm distance
respectively. The white horizontal line-8t5 mm represents the exittbé diagnosis tube.

As displayed irFigure 59 (a), the spectra are also almost the same in both shapes and intensities. This
means that, with the absence of the MS inlet, the same diagnosis plasmas were also ignited during the
falling half-phase by A@orona discharges in three polarities. Howevengwwa MS inlet was
introduced, the three diagnosis plasmas differ slightly, as sho®igume 59 (b). Compared with the

intensity observed in the Nflasma, the emission in theflasma case was enhanced but remained
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Figure 59: Whole emission evolutidsehaviourof diagnosis plamas ignited by three polariyC-corona
dischargesduring the fallinghalf-phase(a) without MS inlet andgb) with MS inletin 3 mm distance
respectively. The white horizontal line-8t5 mm represents the exittbé diagnosis tube.
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comparable in the case of thepRsma. Besides, all of them have very close propagation speeds. In
addition, with the presence of MS inlet, all diagnosis plasmas are ignited simultaneously by a much

lower voltage and propagate obviously slower than flasnpas.

In short,for AC-coronadischargewithout MS inlet, the ignited diagnosis plassrerealmost identical

across three polarities, with no visible differen€his indicates that the diagnosis gas is excited and

ionised in the same manner. However, the introduction of an MS inlet causes the diagnosis plasmas to
become clearly different in both halhase stagedhis basicallyresemblethec as e o f FeTP wi
metallic targeshown inSectior4.3, which once again confirethe huge impact GEMS inlet on plasma
(AC-coronadischargea n d  FEhiB iAfluencds also found talepend orthe driven voltage polarity,

which means a different effeghtheir transienpotentials Therefore, in the following section, tsame

ring detector was employed to detect i@ potentias aroundthe AC-coronadischarge
5.2.6 Potential measured with a ring around theAC-coronadischarges

The mtential resultsmeasurd aroundAC-corona dischargedriven by three polarity voltagesre
displayed irFigure 510. In this case, only a sterile acupuncture needle (0.25 * 40 mm, Suzhou Huangiu
Acupuncture Medical Appliance Co., Ltd) but no counter electrode is umstids systemthe needle is
directly connectedo an AC power generatofhe polarityof square wave voltagean similarly be
switched by adding a DC bias, and the output is also nanhéssed AC voltagelhe origin point
(distance= 0 mm) in this case is considered to be located at the electrodédiping detector is also

moving along the needle axis in twiwections with a step of 2 mm.

Figure 510 (a) shows the waveforrchematic diagram of the applied voltage in the poshiassed

(P), bipolar (NP)andnegativebiassed (N) caseRing potentials at various positions along the needle

axis are measured under three polarity voltages. The results are represented by three coloured curves, as
shown inFigure 510 (b). It demonstrates that all three potential curves have the highest amplitudes in

the vicinity of the needle tip marked by a dashed vertical magenta line. All of them decrease in two

directions with a further distance from the tip.

Due to the same resistor voltage divider effect, a strongest absolute potential-oadttean&l discharge,

a weaker absolute potentialtireP-corona dischargeand a weakest absolute potentiatiaNP-corona

discharge were measured at each position. It reveals a largest amount of remnant charge agglomerates
aroundthe electrode tip irthe N-corona discharge, smalleramountin the P-corona dischargeind a
lowestamountin the NP-corona discharge. Thisléghly consistent with the ignition difficultgf AC-

corona discharge driving by different polarity voltages in the same configuratimoroNa discharge is

the easiest one,-€brona discharge is harder and-bifitona discharge is the most difficult offéais

provides indirect evidence for the speculation of remnant space charge effectorgk@ discharge
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Figure 510: (a) Voltage waveform schematic diagraof the applied three polarigquare wave voltagethe
black dashed lines represemkV, (b) Ring potential values as a function of positedong the axis oAC-
corona dischargedriven by aVp, of 40kV.The red needle at the bottom represents the HV electrode.

The interesting thing is that there is always a negative potential intledda discharge and a positive
potential exists in the-Borona discharge, but a very small and nearly zero negative potential is present
in the NRcorona discharge. The resulfdlee R and Ncorona discharges Figure 510are consistent

with those of the positive and negative ©@ona discharges shown kKgure 57. The previous
explanations also apply here, the enhanced potential value ofd¢bheha discharge can be attributed

to the secondary electron emission which produces more charged particles and in turn greatly reduces
the resistance of the conductive chealn Besides, it might also be related to the low mobility of positive

ions and the high mobility of electrons, thus a different height of local potential.

When a bipolar AC voltage was applied, that meiessame amplitudes bun different polarities
duringtwo half-phass, as shown irfFigure 510(a). The NRcorona plasma can be simply treated as the
combination of modes that appear with a positivedofbna discharge during the rising hplfase and

a negative D&orona discharge during the falling hptiasg29]. As described above, under the same
discharge conditions, the negative corona discharge is stronger than the positive corona discharge. It
causes more charged patrticles to be produced during the fallinghaaié than during the rising half
phase. Besideshe difference in mobility should not be neglectéd. the potential polarity on the
electrode is constantly switching, the charged particles may keep oscillating back and forth.
Consequentlythe space charges are largely neutralised in one cyclenglaitd account all of these
factors, only a small amount of charges gather in the vicinity of the electrodetipair and can be
successfully measured by the ring deteddara result, the final ngiotential of NPcoronadischarge

has a wealbut negative value.
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5.3 Conclusions

In the former section, the diagnosis plasmas ignited byftee plasmasn three polaritiesare nearly
identical.This suggests thaté transient potentials of theeé plasma different polarities should also

be identical for AGcorona dischargéelherefore the charged particles produced byiairisationare

also identical.However, the presence af MS inlet affecd plasma behaviour and therewith their
ionisation properties to varying degrees for three polarities. Moreosignificantly different ring
potential values are detected here, indicatiagous electric field responsible for accelerating the
respective ions to the Mé&ntrance Accordingly, it can be inferred that théreepolaity AC-corona
dischargs exhibit differentonisationandtranspot efficiencies when disturbed kycloseMS inlet
Consequently the resulting MS signals will exhibit great differences, but this requires further

experimental verification.

5.3 Conclusiors

By capturing subtle images using a mifogus camera, this work reveals for the first time the distinct

colours and optical shapes of positive and negativec@@Gna dischargedhe positive DGcorona

di scharge is manifested with a fAhato shcargna t hat
di scharge i s mamirfag ot esch awiet H €lhesd dpexpific foime arafatieed | et |
evidencedthrough timeresolved emission spectra obtained with an IC@idjcating that their

appearancesarenotlimed t o t he dghapassi c Acoronabod

Their different shapes are supposed to be related to the microscopic mechanisms: in positixenBC
discharge, the electric field strength is greatest at the edge of the electrode (needle surface), so electrons
get highest energy near the edgad thus the light emission seems to be located mainly near the
electrode surface; in negative EGrona discharge, the electrons emitted from electrode tip are scattered
forward and accelerated, so that the collision reactions can occur at a reldstesty ldcation. The

more redcolour of negative D&orona discharge than positive one is confirmed owing to the relatively
stronger emission in the rednge, and these emission lines come fromNthérst positive system

Besides, the significantly stronger emission af B91 nm in positive D&orona discharge than in

negative one is also verified.

Additionally, when there is no interference, the diagnosis plasma ignition experiments show that the
diagnosis gas is excited and ionised in the same manner across three polaritsoA&L discharges.
However, the introduction of a MS inlet causes the mhias plasmaso obviously differ This once

again confirms the huge impact of a conductor such as the MS inlet on plasma, and trst efigigt

depends otthe driven voltage polarity

With the help of an electricalonnexionbuilt by charged particles around a plasma in the air, a DC
component potential was measured through a ring detector in botaiCAGcorona discharges.
Always, a positive potential wasbtained for boththe positive DGcorona discharge aritle P-corona

discharge, and a negative potential wlgaysdetected for botthe negative DGcorona discharge and
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Chapter 5 Characterisation of corona discharge

the N-corona dischargdnteresting, a very weak negative potential was measured in theofdRa
dischargeAnyway, it was discovered that all of these plasmas hdiggastDC componenpotential

valuein the vicinity of the needle tip. The superior ionisation efficiencthefAC-coronadischarge in
comparison tahe DC-coronadischarge seems to be related to the remnant space charges, so the
relationship of ring potential between these two kinds of corona discharges needs to be experimentally

explored.
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DifferencesbetweenF ¢ TP and <co

discharge

In considerationof he si mi |l ar shar p pi nisfrequeniyperceivddeas anteref i gur
AC-driven corona discharge. The greatest configuration discrepancy is evident in the presence of an
additional capillary containing a specifiischargegas wi t hin FegTP. A corona
equipped with a counter electrode in a suitable distance, and thus it is treated as a faktestinylie
dischargeln contrastsuchcountere | ectr ode i s n ot whickigintiatedendrealt al |
singleelectrode configuration. In addition, published measurenf@ni®, 2329] show quite different

emission behaviouls et ween Feg TP a n.dtstongly implies théii differdntadisaparge
mechanisms anidnisationperformancesThisis suspe@dto bestrongly relatd to the significant role

of this additional capillary in FeTP.

In FeTP, it h angithen Beaning ipnisationenar chiargeattansfer between plasma gas
species and ambient air are responditri¢he protonation of analytes outside the capilf26}. Instead,

a transient local potentiat the capillary exivas proposed tplay a major role. Such potential is
independent fothe discharge gagpe but dependsolely on thelocal charge densityit could create a

high temporal electric field in which chemical reactions occur to produce excited and ionised species in
the environment. On the one hand, these ions might gather in groups and attract free electrons to be
accelerated and then collidetiwbther species, which supports the further excitatimhi@anisation. On

the other hand, due to the very small distance (~ nm scale) between the particles, a hugely strong
electric field than the applied external electric field will be built which can effectively ionise the sample

molecules. The produced target ions can be transferred to the MS entrance by the propagation of the
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Chapter 6 Differences between FeTP and corona di

excitation and i onisation waves. | t reveal s that

an extra electric field.

In an ACcorona discharge, the generated positive and negative iosseequently neutraliséy the

following opposite voltage. This leads to a decrease in the conductivity of the discharge gap, which
suppresses the occurrence of arcing much more than inoB@a dischargef68]. Similarly, in
conjunction with theontinuously reversinglectric field and the accumulated charge the dielectric
surface, FeTP would also h#sle a | ow possibility

The soft ionisation of APCI is dependent onfiido reactions betweetmereagent ions antheanalyte

molecules, whereasC-coronadischarge was revealed to have a relatively better ionisation performance.

As discussed in former chapter, thensient potentidk suspected tberesponsible for thisandthese
potentialshave alreadybeendetected.Therefore, itis valuableto also detect the existence of such
potenti al i n F ¢ i ® theacoronadis¢chargecase.thiv gtady is essential to better
understand the discharge properties of FeTP froi

provide some corroboliah to compare their ionisation performance.
6.1 Experimental arangement

In order to directly detect this potentalr o u n d, thie sam® 1ng detector suitable dimensions
was employedfor the investigaton. This methodis complementary to the diagnostic technique that
focusses on the OES characterisation of a plaBigare 61 illustrates the experimental arrangement

employe in this chapter
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Figure 61: Schematic diagram of the experimental setup.
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This simple setup is a good auxiliary characterisation method for providing distinct information, as no

other tool more suitable for electrical characterisation can be adopted without disrupting the single

el ectrode dischar ge s yestitallynplaced diaghesit Ribe wasnutilised fbri t i o n
comparison.To eliminate the influence of electromagnetic radiattonpotential measurements, the

same signal deal strategy as that | Wenasmiant ed i r
constant static potential waveform (DC cosmponent

Due to the same reasa@uch potentiashouldalsobe regarded a& consequence of plasma.
6.2 Potential measured with a ing around the F € T P

As already demonstrated in the previous chapter, the transient potential formed by accumulated charges
on the capillary wall is responsible for plasprapagationlt is alsoinferred that N and HBO* can be
produced in the electric field createdthgtransient potential in the open air and then participate in the
protonation proced26]. In the investigation of excitation and ionisation outside the discharge capillary

by introducing a diagnosis gas as a substitute for ambient air, it experimentally confirmed that a
temporally and spatially limited potential plays a significant role & dkneration of reactant ions
responsible for protonation in the surrounding[@jr10, 26] However, these results are only indirect

evidence for the presence of this kinfgootential.

Because of the single electrode configuratioraf T P, classic electrical c h
curves) are not able to be measuredotder to enrichthe characteriation data dimensionality for

studying, a ring detector was also takertli@relectric potential measurementie sameperationvas

i mpl ement ed Heosd as-disdh&rge\gamtd the resultebtainedare exhibited irFigure

6.2. The same AC power generategs employed and connected to the inner electrode, which is 3 mm
awayfrom the capillary end. The AC voltage polarity can also be switched by the same method as

He-FUTP_3mm, 2.5 kV
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Figure 62: Ring potential values as a function of positadang the axis of @ mmlongHe=¢ TP dra ven by
sguare wave voitge (Mp = 2.5 kV) in threepolarities. The horizontal red and grey columatthe bottom othe
figure represent the inner HV electrode ahdcapillary glass wall, respectively.
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Chapter 6 Differences between FeTP and corona

described above. The origin point (O mm) in this case is also considered to be located at the electrode

tip. The ring detector m@salong the capillary axis in two directions with a step of 2 mm.

In Figure 62, the static potentials measured in three polarity plasmas are represented by three coloured
curves, respectively. Similar results between different polarities compared-¢or&@a discharge are
observed here. The potential adteiith the position of the ring, a biggest negative amplituddeN-

FeTP and a smal | etheP-p o §HRitaismwakest aegative amplittiatieNP# ¢ T P

can be observed at each position. This result directly evidenced the existence of previously proposed
transient potential, further certifig the suspicion. Besides, it also reveals the rationale behind the
propensity for shortcut damage to occur in thEJNIP comparedo the P and NRFTPs. In the event
thatN-F ¢ T P iedas antigishtibnssource in front of the MS, a shortcut can readily occur between
the MS inlet and the HV electrode. This dangerous phenomenon has already been obdéesed in
laboratoryandposes a risk of damamgy the MS instrument.

Even though the dielectric capillary separates the pldsmathe ring detector, charged patrticles can
still successfully build the connexion palthconfirms that the presence of capillary did not significantly
disturb the establishment tfe electricalconnexionthroughfree chargesSimilardy to the explanation
given for AC-coronadischarge, the weak negative potential value irFEN® TrRay be dueto the
mechanism proposed kigure 49. As the positive and negative charged particles alternately adhere to
the capillary wall following the continually reversal of gygpliedelectric field, the accumulated surface

charges are largely neutralised in one cycle.

It is important to emphas that an obvious differeneppearsere All of these potential curves have

the highest absolute value in the vicinity thie capillary exit instead ofit theelectrode tip despite the
polarities oftheapplied voltage. This can be explained by the assumption that a temporally and spatially
limited ion cloudis generated at the capillagndin theambient aif9, 10, 26] As a result, even though

the HV electrode didot contactheair components, the surrounding air aéifi be effectivelyionised

To figure out the effect of the capillary on plasma, a longer capillary with a distance of 10 mm to the
inner electrode tigvas usedin this case, the plasma can still reach the capillary end as in the upper case
in Figure 62. The positions beyond the capillary outlet are not measured due to the limitation of the

effective stroke of the translation stage, the results are drakigune 63.

Similary to that displayed ifrigure 62, under the same driven voltage, the potential value around the
capillary exitofthe FFe TP i s ¢l ose -FoTROO4MMy/avhmietbetNRFes TNP i s
close t0-50 V. The measured DC potential can also be attributed to the resistor voltage division effect.
Once the connexion path between glass wall and ring detector was built by the charged particles, the
electric potential formed by these accumulated chargebeaetected by the oscilloscope. Therefore,

in terms ofsurface charge accumulation on the inner capillary wall, it is reasonable to suspect the

polarity situation of these attached charges for th&lP- and NF ¢ B Rsproposed in Section 4.3.2
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He-FUTP_10mm, 2.5 kV
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Figure 63: Ring potential values as a function of positadong the axis of 40 mm long H&= ¢ TdRven by a
square wave voltage fy= 2.5 kV) in three polaritiesThe horizontal red and grey columathe bottom ofhe
figure represent the inner HV electrode ahdcapillary glass wall, respectively.

These results demonstrate that the DC bias is relevant with respect to the charges attached on the
capillary wall, which are responsible for plasma propagation within the capillaryact, the
accumulatedsurface charge produce an extra electric field which superimposed on the applied
electric field andilters the final local fielslofthethree polarity FrP$o be comparablén other words,

it is the surface chargé¢hat indeed shield the applied DC bja6]. Because theseffectivelocal fields
arealmost identicalthe three free plasmas have consistent evolution behavegasiless of th®C

bias voltage, as observed in Section 4.3.1.

Although nearly the same results are obtained here, the maximum position is shifted to 10 mm following

the shift of the capillary exit from 3 mm to 10 mithis further confirms the key role tfecapillaryin

expanding the plasmangthandeffectivelytransferringthe chemical reactor frorthe electrode tip to

thecapillary exit It hasalsobeen confirmed by a series of analytiegbermentsvi t h siR diffErent
dischargevolumelengths[7-21]. Ther ef or e, in the ionisation appl:i
the electrode tip to the capillapndis not the key, agpossible weakening can be compensated for
throughparameter adjustment. In reality, the real key is the distance from the cagmilthoythe target

sample to be detected. It implies that the dischacdemel engt h of FeTP seems tc
amountof surface charge accumulation and thus the transient pow@liaecapillary endIin summary

the ionisation performanceis not diminished by an increase the dischargevolume length, thus

substantiating its capacifgr long-distance and flexible applications.

Due to the instability and weaknessAfF ¢ TaP2.5 kV, a higher voltage of 3.0 kV was used here.

Figure 63 and Figure 64 demonstrate thatle- andAr-F € T P s a &imailar érendof ring potential
betweenthree polarities alonthe capillary. Besides, potentials measured arouRg-& ¢ TP dr i ven b
3.0 kV also exhibittlose values compared fo-F ¢ T P, which can be seen in
consistent with their comparable ionisation efficiency as an ionisation source. Besides, FLUI'Ps operated

with krypton and xenon as discharge gases also obtained comparable ionisation efficiencies in MS

95



Chapter 6 Differences between FeTP and corona

measurement§d, 10]. Accordingly, it can be concluded that, no matter what polarity of voltage,
discharge gas typand dischargeolume distanceare used for FUTP, the ring potentials all have
similar performance. They always reach maximums near the capillary, antdhen gradually weake

with bigger distance from the capillary exit.

Ar-FUTP_10mm, 3.0 kV
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Figure 64: Ring potential values as a function of positedang the axis of A0 mm long A+ € TdHven by a
square wave voltage fy= 3.0 kV) in three polaritiesThe horizontal red and grey columathe bottom ofhe
figure represent the inner HV electrode ahdcapillary glass wall, respectively.

Previous experiments have indicatedt thetransientpotentials of the three polarigglasmasarethe
samein the case ofree plasmasHowever, as the polarity of the driven voltage switches, significantly
different ring potentials are detectdtlsuggests that the polarity of the driven voltage is indeed the
source of tis difference Neverthelessthe comprehensive local electric figidthe caseof P and N
remains comparablith the caseof NP. This iscounterbalancetly thesuperposition ofhetransient
potentials with thepplied big voltages As a resultfree plasmasxhibit the same emission behaviours
among the three polaritiel other words, the presencetbhé MS inletmetallic targetrather than the

ring detectosignificantly alterghe plasmabehaviour This means that the ring potential daispthyed

here are measured under a negligible influence, so it is reliable for intuitively feeling the electric

potential around plasmBurthermore His ring potential can be treated as a representative of the formed
DC potential which accelerates the respective iam® ithe MS entrance. Their differing values cause
the ions concerned to be efficiently transmitted to varying degrees, resultitigeimeasurment of

differing intensitiesof theMS signal (as shown in Section 4.3.1.4).

Regardless of the discharge géfe or Ar) andthe dischargerolumelength (3 mm or 10 mm), the

di

relationship among the detected ring potentials for the three polarities remains consistent and also aligns

well with the observed MSignal heighg under each condition. This means that tHe & Twith the
strongest positive ring potential obtains the strondéStsignal intensity irthe positive ion mode.
Conversely, the NF ¢ Twith the strongest negative ring potential obtains the strorid8ssignal
intensity in negative ion mod&ased on the above understanding, it is nealsie to suspect théte

corona discharge is also like this.
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6.3 Comparison ofthe ring potential intensity

Since similar ring potentials are detected in comisesharga nd Fe TP, the strongest
three polarities arguantitativelycompare e t we e n tReAT-Boroaadisthargedriven bythe

same applied voltag&his meanghatthe DC componenpotentialvalues that are measured at the

capi l | ar y sandathenetdtetip fér eofofa dischagyehe results are shown igure6.5.
Thedatameasured aheneedle tipof positive and negative D€oronadischarge are also drawn here

as reference AC-coronadischargevasfoundto havea strongepotentialthanDC-coronadischarge

for both positive and negative casHsalso reveals thatuinder the same applied voltage ampliside

F ¢ TaRvays has the strongest potential, whi@-coronadischargeéhas a weaker value no matter which

polarity voltage is applied.
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Figure 6.5: DC component ring potential values measured at the capillary exitof a 10 mm leRgHEP and at
the needle tip of A€oronadischargebothdriven by a square wave voltage,{¥ 3.5 kV) in three polarities
Data measureat the needle tip of D€oronadischargesdriven by DC voltageof + 3.5 kVare also shown

As explained beforghe detected DC component potestialistberelatal to theplasmarather than to

the HV generatorAll can be considered as the resultaoksistor voltage dider which is reaksed

through theconnexionpath to the ring detector. Thi®nductivepath was established by the charged

particles making it possible to directly measure these potertiibscilloscopelt is worthy to discuss

thisring potential becauseéis actually responsible for accelerating the formed ions into tBeriét.

In the case ok coronadischargethe charges responsible for electricahnexionall come from the
ionisationof air substance&A | t hough there is a specific noble ga
no noble gas ions can propagate beyond the capjRary26] let alone reach the MShus,these

chargesand the MS ionsletectedn F ¢ TP a | sompletelyfrom the ionisationof air species.

According to the results presentedHFigure 6.5, it i s reasonabl e i n some s

would be more efficient than both A@Gnd DGcorona dischargasanionisation source.

For corona discharge, the plasma starts from the electrode tipaamot develop forward but was

limited around the tip due to the fast quenching of charges in ambidnttairr. c an be concl udec
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Chapter 6 Differences between FeTP and corona di

is initiated as a corona discharge at the tip of the inner elecBatieequently, the discharge develops

and propagates along the capillary to the outlet under further guidanae, te plasma propagation

process results isurface charge accumulation and local potential transigimg.potentials measured

in FeTP as well as corona di s c ltanbegeffestivety excieed | t ha
and ionised in these cases. All function particles come from ionisation reactions, but there is an apparent

di fference between corona discharge and FegTP. Th
the applied voltagerothe needle is responsible for these reactions in corona discharge, while the
temporally andspatially limited ion cloud generated at the capillary outlet rather than the electrode tip

pl ays the key role in FegeTP. Tnjeasstesuiroondingcalr,andds ar e

the accumulated surface chargespecially near the capillary exibhake a significant contribution.

Based on the previously described FeTP devel opn
potential might originate from both the attactmdfacecharges and the ion clouds. However, the
detected potential waveform is a constant horizontal curve without any cyclic fluctuation, even though
a periodic change in the driving voltage exists. What is certain is that the ring potential can be detected
onlyin the presence of a plasma, but the attachment and detachment processes of the surf@ee charge
the capillary wall seem to have no influence on this ring potential. This can be explained by the long
term retention of charges on the surface in time constants up to a secofd¥c8esides, due to its
extremely fast speed (< ns scale), the generation and neutraljzat@sof space charged particles in

the plasma column is also not relevdrterefore, it is confirmed that thigg potentialprecisely comes

from thelocal potential generated by theasistaticaccumulatedurfacechargebut especiallghe part

around the capillary exiMoreover, he height of thipotentialsignal deperslon the number cfurface
chargesThis means that, with the introduction of a DC bias to the applied voltage, the amount of surface
charges is essentially different aridtdrbed bythe external conductas well So, after introducing the
grounded target as @hapter4, the three poléy plasmas themselves become different. Whether the
target changes surface charge accumulation by affecting gagilami or by affecting the electric field,

or both, itultimately leads tadifferenttransienpotential, which in turn causes differéon efficiencies

It is imperative to emphasise that due to the local potential differs between three polarities along the
entire capillary length, the final MS signals detected exhibignificant disparity. It follows that as far

as the ionisation is concerned, the local potential plays a dominantheleneasure®C component
potential can be regarded as a representativiheofocal potential around plasmaherefore, the
intensity of measured potential can be regarded as an evaluation inthicatarelectrical fild that
drivesthe ions to thd1Sinlet. Thisring potential has also been found to increase with increasing applied
voltage ampl it isekpgeceddnd alse corBistentwiith treeinimproveerformane [8].

In summary, it is certain that the locald transient potential should be regar@egivalent to the
propagation othe excitation andonisationwaves, but the exact reaction processire not clear yet.
According to the explanation and comparison above, it is foreseeablinahsC-coronadischarge

wouldhavea r el ati vely | ower i on ef f acbargestacage conteimer. Fe T P
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6.4 MS performanceof Fe TBChas t h

To confirm the relationship between the ring potential and the corresponding MSh&gidaunder
differentoperating voltage propertiegarious DC bias voltages were introdudetd the bipolar voltage

(NP)to graduallyshiftits polarity. AHee-F ¢ TP was pl aced 4 mnthentherifgr ont o
potentialwas measuredt the capillary exitFor MSdetection the same parameters as described in
Section4.3.1.4weresethere.The correspondence between ring potentials and specific peak intensity

values is shown ifigure6.6.
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Figure 6.6: (red curves) DC component ring potensialeasured at the capillary exit of a Hfee TdHven by a
square wave voltage fy= 2.0 kV)with variousbias voltages in front dhe MS inlet with a distance of 4 mm;
(greycolumrs) The obtaine®1Ssignal intensities of represent ions in fronedfleF ¢ TP wi t h a di st an.
mm tothe MS inlet undea) negative and (ositiveion modes, respective(yheleft ordinate ison thelog10
scale) The horizontal axis is the upper voltage amplit(dgof the driven square wave voltage.

No additional sample was addedhis experimentand thus the stounding air substances weéoaised

and detected. Two MS peaks obtained uridemegative andhe positive ion modg are chosen as
representative, respectivelyhd signal at m/z 62orrespondto theNOs', while the signal at m/z 37
correspondto theH3O"(H20). This figure reflects that, when the polarity of the driven voltage gradually
switched from NP to N (as shown in (a), from right to left), both the ring potential and the MS signal
intensity became strongefhe same applies iven the polarity othe driving voltage is gradually
switched from NP to P (as shown b),from left to right) Besides, the MS experiment witkBiitanone
(CsHgO) asananalyte also exhibita similar relationship, which can be foundAppendixC.2. Thus,

a consistenthangdrendis demonstrated texist between the ring potential and the corresponding MS
signal strengthwith varying bias voltages. In other words, the detected ring potential qualitatively
represents thi®lS signal height, and thus the ring potential experiment canbgised to the results

of MS detection Therefore ring potential performancleas proven to be appropriate to describe the

resultingMS signal heighto a certain extent.

Based orwhatwasdemonstrated ifigure6.5 andFigure6.6, a higher MS signal intensity tiewater
clustercan be expectedy Fe TP t han b yDuetothedattahatteseswateraciusiers

provide H for the produdion of protonatedanalytemoleculegM+H]*, it is reasonable to suspect that
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F € TcBuld achieve a higher MS signal intensltyshort, these evidences are good clues for arguing

t hat isHmorE Efficient thatoth AC-coronadischargeand APCI forionisation It is essential to

note that the dataet demonstrates the beneficial effect of bias voltage on MS an&psisifically,

polarity deflection substantially improves signal intensity. However, these experimental conditions do

not represent optimaloupling parameters for M@nalysis This experiment was conducted solely to
demonst at e the strong positive correlation between

which may also suit other AC driven plastmased ionisation sources.

Generally speakingpr analytical chmistry applicationsthe coupling conditiongincluding a lot of

factors, such as voltage, gas flaand distanceyvith MS are typically optimsed through a series of
adjustments before being finsdd to achieve optimal sensitivity and sigt@hoise ratio etc. For

instance, under typical conditionde-F ¢ TP wa s 2.5kVwleagewith the capillary positioned

coaxially and the endipproximately 3 mm from the MS inleErom experiencgethis typical
configurationusuallyyields optimal MS signals. However, sindS signal values appeeh saturation,

the distinctionbecomes negligibl§as shown inAppendix C.3). For pr actidnisaion Fe TP
applications, scenarios at a distan€enore tharB mmin various angles to the MS inlate sometimes
unavoidableConsequentlyin these casesheDC biaswill offer a considerable gain effect

CommercialAPCI (DC-coronadischargg is acceptedo bebased orthe fiCIo mechanisnto achieve
ionisation so contact between plasma and species is required, othenigsgsationreaction happens.
As reported AC-coronadischarge has been attempted for cheni@adbkationsimilar tothe APCI and
is experimentally proven capabbé giving ion signal intensitiesomparablego or even stronger than
those of theDC-coronadischarge Even softerionisationwas found to beachiewed with AGcorona
discharge than with D€orona discharggs7, 69, 71] In addition,with the help of MSthe radial
distributionof negative iongn AC-coronadischargevasshownto besignificantly broader than those

of positive ionsowingto thesubstantiallyhigher mobility of electronsompared tahat ofions.

The ionisationefficiency of AGcoronadischargewas revealedo behigher than that of D&€orona
dischargdor both positive and negativen modes of operation. This is attributed to the generation of
remnant electrons and positive iansthe rising andfalling half-phase of the AC-coronadischarge
respectivel\f68]. In further, the superior analytical performance of -AGrona discharge in comparison

to DC-corona discharge can be reasonably suspected to be related to the improved ionisation and
transportation efficiency. In other words, the local transient potential and trer mghring potential
contribute to optimised ionisation and transmission. It ultimately leads to a combined improvement of
the MS signal with AGcorona discharge. From the results of the MS signal repf@Ted®8, 71] it is

shown that residual space charges play an importanthatieannot be neglected.

It is worth emphasising that neither BGrona discharge nor A€orona discharge can ignite a
diagnosis plasma if there exists isolation (such as glass), which has been experimentally verified.

Although a transient potential exists in ABrona dischargd, is not high enough to ignite a diagnosis
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plasma when they are separated. Howesemeexperiments showed thatichtransient potential in

FeTP is high enough to successfully [9 2hinthie a di a
case, the diagnosis gas is separated from the discharge plasma by a dielectric, giespré&equisite

required for the occurrence of @bes not exist. Itsuggedt hat , for FeTP, the CI
the appliedvoltagedoes not dominate the excitation andisationprocesses of other substandes.

factthe pr ot onati on mechani s nprirafrilydn atffaRsient bcalrpatgnt@lr t e d t
at the capillary exif26]. The minor role of the photimnisation effect has already been verified through
relevantcomparativeMS experimentg10]. It wasalsof ound t hat when FeTP wa!
completely opaque mediure.g.,a notebook), the diagnosis plasma behind the medium could still be

ignited successfullyThisfurther confirnsthat the dominant role of phetonisation could be ruled out.

In summary, the DC component potentials mentioned above s A ona di scharge and
derive from the residual charge effect brought about by plasma. In additibe ©l processthe

transient local potential due to the residual space charge effect@o@a discharge also contributes

to the ionisation processhis is one of the most possible reasons thatAnadischargeutperforms
DC-coronadischargeanother one can be suspect to the higher electrical fielttteesponsible for ion
transport.However, the exact principle is unclear, which may requigejoth studySimilarly, it is

reasonable to considertiiatt TP f ur t h e r -caranadipchargilwertortheenladedresidual

surface charge effedt.n a d d i texperimentalkexhibifed betteMS performance than APCI for

pesticide analysis in both positive and negativedietectionrmodeq19, 146]

Overall, it can be concluded that the protonation me
potential at the tubexit. It realises analyte ionisation and sampling actually through the propagation of

the excitation and ionisation wai& ambient air to the MS entrandgenefiting from the enrichment

of charges by the capillary, the residual char ge
MS signal tharthe AC-corona discharge. However, at the same time, the contribution of tharr€yg

process induced by the appliedltagei n Fe TP shoul d not be overlooked
6.5 Comparisonthrough diagnosis pasma

The plasma propagation behaviour that progressively develops withintibe TP dur i ng t wo
phases, respectively, has been demonstrated a lot. Due to the single electrode discharge system, the
plasma does not develop almost instantaneously as-cof@ha discharge but develops and propagates

gr adu a l-lével tine scaleBssides, the A@orona discharge confined in a plastic tube has been

found to be milder thathe DC-corona discharge because of the wall charging €é&gt All of these

seems to imply that, a evenmilder than MGcerant dischmargen thisr ¢ e , F

section, his will be further explored with the help of the diagnosis plasma.

For the free plasma confi gur at iFigune 48),dhe diaghogis t o t

plasmain front of AC-coronadischarge also have completely the same evolution behaviours between
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three polarities (shown ifrigure 58 and Figure 59). Accordindy, when there is no conductor
interference, almost the same transient poterdi@isng three polaritiesanalsobe regardedo exist

around the nedle tip of ACGcorona dischargd-or these two types of plassjdahe diagnosis plasmas

show nearly no differendeetweerthethree polarities. In order to explore the hardness and softness of

the ionisationprocessth e ev ol uti on behaviours of the diagnos
and AGCcorona discharge are recorded and compared. However, the comparison is performed only
between the two, not between different polarities (alre&budsed beforeTherefore, onlythecase of

theNP-plasmais used as a representative for comparison here.

As shown inFigure 67, the diagnosis tubesgere vertically placed in the vicinity of the electrode tip for
AC-corona dischargéa) andaroundt he capi | | a r(d), respedtivelyHe o500 Bccrnit P
transmitted by a diagnosis tube was useddiagnosis gas. The vertical distances from the diagnosis
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Figure 67: Spatial and temporal evolution of He 706 nm antd 381 nm observed from H#agnosis plasmas
during the rising haHphase in front of A@orona dischargeand AF e TP, respectively. The
line aty =-0.5 mm represents the exit of the diagnosis tube.

tube end to the electrode tipttkAC-c or ona di scharge and aref5mnhe capi
Thedischarge gap between the HV electrodatigthe capillary exitinthér-Fe TP i s 3 mm. Be
the same driven voltage of a bipolar square wave witf, al\8.2 kV wasapplied for both of them. The
same system composed of Kymera Spectrograph and ICCD waedjtivith the focus being

exclusively directed towards the diagnosis plasma region to ascertain its specific evolutionary process.

To be specific, as shown kigure 67, both emission of 706 and 391 nm ignites later during the rising
half-phase in FUrP than in A€orona discharge. Gheone hand, due to the capillary, the plasma can

be guideduntil the capillary endthus ionisng analytes. Orthe otherhand, excitation and ionisation
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waves or transient potentials in FUTP require a certain amount of time to travel from the HV electrode
tip to the capillary outlet and then ignite the diagnosis plasma. Therefore, the ignition time of the

diagnosis plasma is always delayed for FUIP comihéweAC-corona discharge.

It can be seen that the diagnosis plasma always has a comparable emission intensity and travel speed in
front of FUrP and AGcorona discharge during the rising hplfase. This is not perfectly consistent

with therelationshipbetweerthe DC component potentisshown inFigure6.5, whichmight bedueto
differencesin the discharge volume leng#ind the discharge gas type used in FUTP. The diagnosis gas

can be considered as a substitute for the surroundinghdarthis condition, so the emission tife

diagnosis plasma can be treated equivalent to the excitation and ionisation of air. In other words, without

interferenceAC-coronadischarge and FUTP have comparable ionisation efficiencies.

F ¢ Thasbeenreported toconsist of a dielectrically guided discharge during the risingftadse,
followed by a combination & dielectrically guided discharge and a negative glow discharge during the
falling half-phasq24]. The negative glow discharge can be attributed to the secondary electron emission
from the negative electropehich is out of the range of the slihdthusis not detectablat here This

kind of phenomenon also happenedilie AC-coronadischarge during the falling hgthase, so an
ongoing emission always appears near the electrodestghown irFigure 68 (b) and (c).
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Figure 68: Spatial and temporal evolution of the He 706 nm apd391 nm observed from kH#agnosis
plasmas during the falling haffhase in front ofhe AC-corona dischargeand AF e TP, respecti vely.
horizontal line at y =0.5 mm represents the exit of the diagnosis tube.

Similarly to the rising halphase, as displayed Kigure 68, these two emission lines igniting later in
FUrP compared to that in A€orona discharge. As mentionadove this delay can be explained by

the timeconsuming nature of plasma propagation within the capillary. Unlike the risinghese,
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these two emission lines have slower propagation speeds and slightly weaker intensities in FUI'P than
in AC-corona discharge. This can be attributed to the contribution of secondary electron emission in

AC-corona dischargeyhich thusleadsto more severe reactions and more emissions

A very significant and continuous emission of 706 and 391 nm in the vicinttye@dxial position at
position0 mm can be seen in Aérona discharge but not in FUTP, which can be attributed to the
spatial distance of FUT'P betwedme HV electrode anthediagnosis gas ithehorizontal direction. So,

even though secondary electron emission also happens in FUT'P, the energetic electrons emitted are not
able to do anything directly for diagnosis plasma. Therefore, no suchdibregnission is observed in

the case of FI'P. Due tine distance between the HV electradelthe capillary end, the emitted high

energy eletrons from the HV electrode do not participate in the ionisation reactions.

These results demonstrate that even in the absence of coriddotmed interferences and despite partial
energy dissipation during propagation to the capillary exit, FUTP maintains a transient localised
potential or ionisation capacity comparable to thlatn AGcorona dischargeDue to the capillary
configuration, FTP features a spatial isolation efféot high-energy electrons. These electrons
originate from secondary electron emission and are subsequently accelerated by the external field. As a
resut, they are effectively excluded from participating in ionisation processes. Thus, ionisation in FIP

is predominantly governed by the secondary electric field formed at the capillary exit, rather than by the
primary voltage applied to the electrodehints that his mechanism effectively suppresses analyte
fragmentation, which constitutes a significant advantage for sensitive and selective analytical

applications.

In summary, it is confirmed that energetic electrons are involved in the ionisation of analytes during the
falling half-phase inthe ACcc or ona di scharge but not in FeTP.
fragment by these fhrenergy electronsDue to additional capillary, thisloes not appear to k&
problem in FOTP impliechto edofter than AGmonaPdischarge when egsfor

ionisation This will requirefurther confirmation through MS analysis on varityses of analytes.
6.6 The functionofcapi | | ary i n FegTP

The typicalphysicalconfigurations of corondischargea n d  fhavd dfready been described before
theotherdetaikedinformationcan be found isection2.1. Corona discharges usualyeformedin high
curvatureareas of electrode, such as sharp corners, protrusions, edges of metal surfaces or small
diameter wireslt is evident that, owingp thehigh potential gradientsresentt thesespecificlocations,
thebreakdowrprocesaill occurfirstin these areas, thereby formiaglasma. Corona discha@ccurs

only when the electric fie surroundinga conductosurpassethe dielectric strength of aigsuwally it

needs XV/mm [60]. Corona discharge requires a specially manufactured sharp electrode tip or edge to
generate a local high electric field. In addition, a counter electrode (such as a grounded plate) is usually

requiredHo we ver , FeTP does not have such a strict
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special treatment at the blunt end of the electrdte. prerequisite is sufficienty thin tungsten wee
(typical diameter of 100 puphused asHV electrodewith no demand for any counter electrdme with

the ion cloud adng as a virtual counter electrodéven though corona discharge can also be ignited in
a single electrode configuration, a much higher driven voltage is usually redniiegtances where
APCI is employedfor MS analysis, the MS inletctually functions as theounter electrodehereby

greatlyfacilitating the discharg@rocess

For FeTP, an additional glass capillary is essen
a local controlled gas composition environment for plasma generation and propddationa | | vy , FeTI
is sustained in a special discharge gas, which is transmitted thitosigapillary to replace atmospheric

airrFor F ¢ thiRcapillark is the key role responsible for the formation of the long plasma column

and even the plasma jet. It is confirmed that a transient potential created by surfaceorhdngelass

wall leads to the propagation of excitation and ionisation sexthin the capillary and the excitation

of a noble gas outside the capill§?g]. Furthermore, this additional capillary separates the air from the

HV electrode and is replaced with a specific discharge gas.

If the same sharp electrode is used, the only differentiation as for the discharge configuration between
DC-coronadischarge and A€orona discharge seems to be the driven vol@@@ecoronadischarge

can generate a basically monopolar positive or negative ion swarm, whiteraGadischargecan

alternately produce positive and negative ion swarms in twephales[71]. This isalso the same case

f or FRwhidhRs typically driven by a bipolar voltagk was foundt h at  a&an Becighifed in

various gas composition and even in ambierf7ajif ignoring the difference at the enéithe electrodes,

the only differeceas forthe discharge configuration between-&8@onadischargand Fe&¢ TP s e e ms
be the additional gallary.

In contrast to the light emission shapes of positive and negativeolda discharges displayed in

Section 5.2, which correspond to the rising and falling-pla#ses of a square wave cycle, no similar
phenomenon is observed itnimhafglks KbéwdedrmPliketxthe bi
light emission patterns, with the positions of these points gradually moving along the capillary over time

[24]. It seems that the corona discharge at the electrode tip is moving along the capillary, but in reality,

the ion cloud within the capillary acts as a virtual electrdtie. movement of thi®n cloud is actually

the result of the development and propagation of excitatioricaishtionwaves, known as dielectric

guided discharg§24]. This indicates that the residual charge plays a decisive role in the formation

pr ocess Thdis sbreeWhat similar to the guiding effect caused by aosgdnising charge
distribution reported in many investigations regarding the praghbetweencharged particleandthe

insulating capillary{93, 147, 148]1't shoul d be emphasised that in F
capillary, the plasma originating from the electrode tip is able to overcome the limitations of localised
discharge reactionfnstead, the plasmaxises fronthe electrode tip in both hathase and gradually

develops into a plasma colurand everforms a plasma jefThis is due to the effective isolation of air
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by the capillarywall, which suppresses its quenching effect onitis&le species Once the plasma
leaves the capillary enidito the surroundingambientair, the quenching effect causes the plasma to

rapidly extinguish and terminate at a certain positiofnont of the tubeexit.

It was foundthat the required ignition voltage amplitude of AGronadischargds apparenthyiower
thantheDC-coronadischargainderthesame conditions. Studies have shown thatitobablybecause

the space charge effects of respectivearemt charges around the needle tip devote to balfiphase

of AC-coronadischargg28]. These residual charges greatly promote discharge reactions, which shows
their powerful effect that cannot be ignored. As described in Section 2.2, the fused silica capillary
utilised in FeTP is a good diel eanstanti soitoaabeer i al
effectively polarsed.In each halphasea large number of charged particles accumulate on the capillary
wall, generating a strong local electric field. Therefore, it casuspedd that the presence of capillary
hugely increasethe numberof residual charges, further amplifying teiectof theresidual charge on
thedischargébehaviourSu c h ¢ h ar g e has beeredsdcussednn theé préaviBus part and will be
carefully considereth the following sections.

6.6.1 Dynamic dischargeconfiguration

Research has shown that due to the rapid change of the electric field, the charged particles generated by
AC-corona discharge within each haliase do not have enough time to be completely eliminated.
Instead, the residual charge at the end of the previouplad promotes the occurrence of discharge
reactions in the next hatfha®. This effect has been discussed and confirmed in multiple publications
[29, 68, 71] In AC-corona discharge, the local electric field arouhd needle tip is significantly
distorted by the residual space charges fitoeprevious haHpha®. To a great extent, it is precisely the
hysteresis effect of charge relative to the periodic reversal of the electric field direction that determines
many characteristics that distinguish it from db@onadischargelf there is a way to enhance this
residual charge effect, a novel optimised plasma can be achieved. F thelc®pillary plays exactly

this role.In further detail, it is the residual charges accumulated on the inner wall of the capillary that
are at workThis point has been discussed repeatedbyeniouschaptes andin other publication§24-

26]. The quartz capillary acts as a good storage device for residual charges, allowing a large number of
free charges to accumulaféhese surface charges can effectively alter the local electricvikich can

ultimatelyandcompletely changthe behaviourof the discharge plasma.

This assertion is also supported by recent res¢hatdemonstrates that a substantial improvement in
overall MS performance was realised through optimisation of the dielectric material ih [[D4&E.
Specifically, the use of dielectric materials whigher dielectric constantsan enhance discharge
reactions, thereby achieving more effective ionisation and expanding the mass range of detectable ions.
This indicates the critical role of the dielectric constant in the DBDI solitee higher the dielectric

constant, the more charge the material can store, resulting in a stronger electrithfgelstronger
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electric field promotes the more efficient ionisation of molecules, including those that are difficult to

ionise using materials with lower dielectric constants.

In Section 4.3.1.3 and some publicatif®s26], the diagnosis gas placed perpendicular to the discharge
plasma was ignited and a long plasma column similar to that in the discharge capillary was generated
inside the diagnosis tube. This indicates that a surface charge accumulation process diauiler tioet
discharge capillary must occur on the inner wall of the diagnosis tube. However, it is worth noting that,
due to the mutually perpendicular directions, the charged patrticles find it extremely hard to enter the
diagnosis tubeAs explainedbefore dielectric polarisation and charge accumulation are two separate
mechanisms that may interact but are not the premise of eachldthefore, there is reason to suspect

that the polagation of the diagnosis tube significantly promotes the accumulation of free sbaiitge

inner surface, thereby guiding the formationadibng diagnosis plasma colunifhe Coulomb force
between the two opposite chargdse polaised charge anthe surface charge, should be considered

This has also been confirmed in experiments wheredd@ AGcorona dischargeare used to ignite
diagnosis plasma. As shownHigure 69, the same diagnosis tube filled witthe as diagnosis gas was
placed below the electrode tip. It was found tHatinside the diagnosis tube can only be initiated by
AC-corona discharge and forms a long plasma column mark#wbsgd dashed box iRigure 69 (c).

(a) + DC corona (b) - DC corona (c) AC corona

Figure 69: Photos of diagnosigas (He in 500 sccmignited by(a) positiveDC-coronadischargedriven bya
voltage of+12 kV, (b)negativeDC-coronadischargedriven bya voltage of12 kVand(c) AC-coronadischarge
driven bya bipolar square wave voltageith Vpp = 3.5 k\ respectively.

For DGcorona discharge, due to the absence of depolarisation effect, charged particles find it extremely
difficult to repeatedly adhere to the surface of the diagnosis tube to initiate an excitation and ionisation
wave, let alone accumulate to a suffitciextent to alter the local electric field. In contrast, for-AC
corona discharge, the diagm$sube undergoes an ongoing polarisation and depolarisation process,
resulting in the periodic attachment of surface chargesntually a considerable number ofiarges
accumulated otheglass wall generating a quastatic local potentialn other words, the long diagnosis
plasma column is the result of the synergistic action of glass polarisation and charge accumulation.
Thereforeunlike that in AGcorona discharge scenartbe gas inside the diagnssube is difficult to

beignitedby DC-coronadischargeand thus cannot form a long diagnosis plasma column.
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Since glass polarisation interacts with charge accumulation, and the impantiattos such as MS

inlet on the local electric field is certain, this necessarily implies an effect on capillarysptiteriand

even surface chargeccumulation Of course, the primary cause of this effect is not a change in the
intrinsic polarsation mechanisrofthef u s e d g ueectroricpolarahtei oin 6 of t he mat «
is not alteredwhat is altered are the boundary conditiarfisboth the local electric field andhe
surface/space charges that driveAitnearby metal can alter these boundary conditions around the
plasma, thereby significantly influencing the overall polarisation behaviour of the capillaisy.
includesvariationsin the local tothelectric field at the quartz surface/neanface region, surface

chage accumulation, and the slaliarge distribution generated by the plasifgerefore, the impact
mechanism of an external met al to plasma is conf

influence to dielectric polagation or charge accumulation and thus change the local electric field.

In F ¢ T Rn caranadischarge all electric fields achieve plasma ignition through the electron
avalanche mechanism at atmospheric pregddteHo wever , t he presence of <ca
significant free charges to adhere and accumulate on the inner surface, resulting in a plasma behaviour
significantly different from corona discharge after ignition. Arguably, after the first ignitiosgthe
memory charges soon dominate the behaviour of Feg
acts as a virtual counter electrode in the subsequent plasma column formation process, and this electrode
gradually moves towards the tube exit overetim

6.6.2 Charge accumulation and its effect

This section will describe theccumulation mechanism &fe charges on the capillaryinner surface

guantitative analysis of the accumulated cheygen d it s ef fect on t hare di scha
also included.During the two haHpha®s of theapplied square wave voltage, electrons and ions
produced by théonisationof gas during the discharge process migrate toward the electrodes or the

outlet under the influence of the electric field. At the same time, some charged particles migrate onto

the delectric surface Here, the quartz glass used as the dielectric barrier layer has extremely low
conductivity (1 & 10'°S/m), so charged particles cannot be rapidly dissipated through bulk or surface
conduction but can only deposit on its surface. Although positive ions (suchyasdiven by the

electric fieldcanimpact the dielectric surface and recombine with dépdslectrons/negative ions, or

vice versa the accumulated charge on the capillary wall still remains duthadnsufficient

recombination efficiency.

The surface charge densityiceafter a single discharge can be estimated from the relationship between
the electric field and the dielectric capacitani@iace= WWEqas[150], U is the dielectric constant of
vacuum ( ~8. &sihddeledtric cofstamnf quartz glgs8.8) and the electric field in the

gas gapunder 2.5 kMs Egssa 3.5x10° V/m [23], then:

ﬁsurfacez (885><|.012)>68x35x107 é 1BX103 C/m2
108



6.7 Conclusions

The surface electric field strength corresponding to this charge density is:
Esurtace= 0/ = (1.18x103)/(8.85%1.012)  83x1DP\V/m

This reverse electric field will superimpose on the applied electric field, significantly altering the net
electric field of the discharge gapherefore, the accumulated chasgan egulat discharge dynamic¢s

such asriggering the selfjuenching effectDuring the plateau period of the square wave voltage (i.e.,
the voltage holding stage), the accumulatedace charge®rm a reverse electric fieldE{itacd that is
opposite to the direction of the applied electric fidig,{ied. The net electd field is: Enet = Eapplied T

Esurface WhenEnet < Enreakdown(gas breakdown threshold), the dischamgectionrapidly stgps achieving
selfquenching49, 52] However, until the next haffhasebegins, a considerabteumberof surface
chargs may stil remain on the capillary wallThe selfquenching time depends on the charge
accumulation rate and the electric field cancellation efficiency. Typical valuekaestal00 ns, which

is comparable to the duration of the plasma emission spectra observed in experiments.

At the rising or falling edge of a square wdarection the direction of the applied electric field rapidly
reverses, but the surface charge cannot be dissipated quickly. It is important to note that the surface
charge referred to here is the free charge deposited on the inner sutffecapiilary (i.e., the interface
between the plasma and the dielectric) rather than the sgalariharge within the dielectric material. It

is precisely due to this mismatch that tieeelectric field(Ene) is furtherenhanced aftgrolarityreversal.

At this point, a brief reverse discharge may occur, but the net electric field is quickly suppressed,

resulting in a symmetric setfuenching process.

The electronic polasation relaxation timef quartz glas§Wiecronic D102°s) is much shorter than the
edge timeof square wave§100 ng[23]) and the discharge timescaléus, the polarisation response

can be regarded as instantaneous, with no delay contribution to the discharge dyPalanised
charges aregenerated by the displacement of the etattloud within the dielectrjdts value is small
(Cpotarision & W(UT 1)E [78]D10* C/n?) and its effect on the net electric field can be ignofé. sirface
charge aredominated by the real charges injectegptasmawith a density as high 49 C/n¥, which

is the main factor in electric field regulatidfrom above, de to the extremely fast relaxationtbke
electronic polasation, the delay can be neglected because of thefaitaesponse of quartz glass.
Furthermore, the polaed charge is one order of magnitude lower than the surface charge. Therefore,
the core contradiction |ies in the Ar esatiennlh i ono
other words, in lowconductivity dielectric material like quartz glassthe accumulation of surface

charge is the core regulatory factor plasma discarge dynamics.
6.7 Conclusiors

Based on the results and discussions presented above, thesiomscare obtained as followAthough

FeTP shares many sdisohar§eauch asahabgouphysitahconfigumations and
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transient optical image# features a puig singleelectrodedesignand an additional quartz capillary.

The accumulation ofurfacechargeglays a keyrole in the regulationof plasma discharge dynamics,
particularly in effectsuch as selfluenchingAs aconsequencenemajordi st i ncti on bet we
and APCI is that the plasman F ¢ T P ly exdanguishet @&nd reignites, makiitgan intermittent
plasmasource similar tcAC-coronadischarge[68]. Concurrently the charging of theapillary wall

partially shields theoltage appliedntheHV electrodeeffectivelyreducing the risk of direct discharge.

Another major difference inthe dischargemechanisnb e t we e n A P Cliles inathre diyndféc T P
discharge configuration of the latter. fhe T fRe movingion cloud within the capillary act as a
transientcounterelectrode guiding the plasmaropagategorward This mechanism all
overcomethe spatial limitations of localsed dischargesuch as those ikoronadischarge thus

improving both itsflexibility and operationalsafety.lt has already been demonstrated that there is a
mutually reinforcing relationship between the local transient potential aptbisraapropagatioralong

the capillary Without the capillary, new local potentials cannot form dregplasma cannot be guided

forward to develop into an extended plasma colufis highlights the critical role of the capillary in

the formation of FUTP, showing that the process is not limited to the region near the electrode tip.
Accordingly, it is evident that FUTP is not a traditional corona dischargea guided discharge that

can even produce a plasma jet.

With the assistance of charged particles in the surrounding air, an elexnoakions also established.

As a result, a DC component potentighs measured using a ring detectéurthermore, a strong
correlation between the ion efficiency and the ring potential has been identified from the experiments.
This makes the ring potential a useful indicator for evaluatinylperformance of differenibnisation
sourcesAlthough APCI and AGcorona discharge achieve ionisation mainly through traditic@hi
processes induced by the appliatitage FUTP is revealed to relyprimarily on secondary transient
potentials.The combined analysis of these experiments suggests that FuIRrissimg in achieving

softer ionisation in a higher ion efficiency than both-Dx®d ACGcorona discharged his can be
attribued to the presence afapillary, which isolates secondary electron emissind amplifiesthe

residual charge effeeis well.To clarify this, further research is essential.

I n summary, the distinct characteristics and adyv
discharges should not be overlookddh er ef or e, FeTP should not be s
discharge Rather, a completely new type of plasma can be considered, which initiates as a corona
discharge at the electrode tip and is then guided to form an extended plasma Doietarthe benefits
provided by t isexpectadpsurpassomvgntiondrcordna discharges not only in terms

of plasma fornbut also iranalyticalcapability. From an analytical perspectitieg result®btainedchint

thatFe TP out per f-anmdM&cortna didthargeS when used as arisaiion source.ln
addition, F lsrdader applicatospredpects for safendflexible operation.
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CHAPTER

Summary and autlook

This thesigresents a systemalfitvestigation ofthe discharge mechanisand propagation dynamics

in He- andAr-FLTPs, with anemphasis on identifying the domimtdons that guidgplasmaevoluion

within the capillaryBasedonthesefindings, the influene of anearbymetallic target in front of thele-

FeTP driven by three polarity vol éxangnedtpravideser v ar
information on conductor plasma interactions and their implications for MS applicati@esides it
helpsimprovethe performancef FUI'P and provides inspiration for the optisation of other plasma

based applicationg:urthermore, comparative studies with corona discharges were condubggteto
understand and distinguish FeTP from clamgical ¢
the distinct discharge characteristics and advastage f F ¢ T P-based mniapoh soarcesn

summary, the measurements presented provide essential guidaotiving the transfer of FUrP
technologyfrom the invention prototype to practical applicatiorherefore a comprehensive analysis

of optical emissionelectrostatigotential, andhe corresponding MS signal provides a more profound,
universal and robust means to characteri quantify, and predict plasased performance for

analytical applications.
7.1 Summary

The backgroundof electrical breakdowrand plasma generatiomas first introduced in the second
chapter i ncluding cor on# alsoideale With thg éasicaprodessFot diekectric
polarisation as well as the charge accumulation on the dielectric surface. The simple introduction to the

principles of the OES diagnostic method for plasma characterisation was also included.

In thethird chapterHe andAr wereemployed as discharge gasto explore plasma behavioursboth

half-phass of the AC cycleUsing time and positiorresolved phoresis plots, a new data analysis
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Chapter 7 Summary and outlook

method (POEPS) was proposed, enabling the differentiation of noble gas ions from excite@irstates.
results indicate thah aHe-FTP, N2* dominatethe excitation and ionisatigsrocessand onlya small
amount ofHe" is producedHowever,Ar* has beenfoundto play a similar leading rola supporting
plasma propagation forward Ar-FUI'P. However,when propanevas addedastraceimpurity into Ar
andthe mixtureused as discharge gas, propaves proven tdeionisedby Penningonisation These
propane ions play the same rold\asin He-FirP andcompensatéor the absence dd," in Ar-FUTP.

In addition,ionsandexcited species/ere foundnot to propagate beyond the capillary exit durthg

falling half-phaseimplying alimited contribution to protonationprocesses

The fourth chapterrevealed thatthe F ¢ THWehaviour is highly sensitive to nearby conductors.
Experiments demonstrated that different target distancesgutiedvoltage polarities significantly alter
plasma evolution due to changes in the electric faddribution Becausethe local electric field
dominate the subsequent behaviour of plasma, the influenaetafgeton the accumulated surface
chargs, thereby distorting the local electric fieldas introduced for interpretatiolm. addition plasmas
with positive-biassedP), negativebias®d (N), and bipolar (NPyoltagesexhibited distinct discharge
behavioursNP-plasma showing the smoothesiange tendency eivolution which suggests enhanced
controllability. From the perspective of discharge, thiakes NP the most favourable mode for
analytical applicationsMoreover, the significant impact of a nearby conduotof il P was indicated.
The mode compatibility of Niplasma for detection in both ion modes was evidentledse findings
highlight the strong coupling between surface chargeraalation, local electric field distortion, and
plasma propagatiomhe benefits of politly switchingin enhancing iorefficiency whenF ¢ TcBuples

with MS at a distanceéhatexceed 3 mmwas also confirmed

In thefifth chapterpothDC- and AGcorona dischargaverecarefully surveyedBoth high-resolution

imaging andspaceresolved emission spectravealedfor the first time,distinct optical morphologies

(in colourand shapgfor positive and negative D€orona discharge8esides, their appearances are

not only | imited t oSpathl@oteatialanappinyrthefdenmmstvatedhdithes h a p e .
measureatlectrostatigpotential always shared the same polarity ofdtieenvoltage in bottDC- and
AC-corona dischargedloreover, a very weak negative potena#do appearenh bipolar AGcorona
dischargeln all casesthe strongest potential/asconsistentlydiscoveredn the vicinity ofthe needle

tip, which further indicateda strong locaked electric fieldat this location It was reasoned thahe
superiorionisation efficiency of AGcorona dischargeompared to that oDC-corona dischargés

relatal to theresidualspace chargeshich manifest as theng potentiaimeasuredhere

In the sixthchapter compar ative studies showed that FeTPs
discharges under identical applied voltages. A clear correlation between ion efficiency and local

potential was established ¢ingDGrbiaM Bhisésamireportamhgartt s o f
of the evidenceto showthatFe TP i s more efficient than corona

Additionally, a softer ionisation characteristic Bf¢ Ttian corona dischargeas also hinted through
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the diagnosis plasma experiments. Thgsattributed totheir different ioniation mechanisms.
Nevertheless, both of élsefindings need to be further verified through more direct evidenbe. T
distinct characteristiosonfirmthatFT'P is hotjustamodifiedcorona discharge but rather extended
discharge thanitiates as a corona dischangearthe electrode tip and subsequentlguidedthrough
the capillary into a stable plasma column or Basides, idemonstratethat FTP primarily achieve
ionisationthrough secondary transient potentials rather twaventionalCl processes induced by the
appliedvoltage In short the function of capillaryhas been revealed to Qaiding plasma propagation,
reducing the risk of direct dischargamplifying the residual charge effectand isolatingsecondary
electron emissianAs a resultFTP is able to achievenore flexible application formshowing great

potential forhigher ion efficiency and soft@nisationcomparedo bath DC- and AGcorona discharges.

Overall, the present thesis provides omation, i nsi gl
propagation, and ioefficiency. Factors such as discharge gas composition, electrode configuration,
additional DC bias in the driven voltage, and nearby condy@specially thé/S inlet when coupling

to the plasmayere shown to play critical roles. The findings offer valuable theoretical and experimental

guidanceofurtherenhanet he anal yti cal performance a-badedver sat
technologies.
7.2 Outlook
Despite the advances achieved i n t h-basedignisation seve

sources require further investigation and ogation. The types, abundances, and transport efficiencies
of theinterestions remain keydctorsthatinfluence the overall performanceA combined analysien
the interaction of these variables will facilitatedaeper understanding of i@peciesgeneration
pathways, spatial transport mechanisms, and recombination dyndfimia#ly, it will contribute to
improving both analytical sensitivity and source stabilgsides, the correlation betwetke electrical
and optical discharge characteristicstioé plasma also warrants further exploratidn.systematic
evaluation ang@omparisorof DC-, AC-c or ona di s c hnderngs ef M& pedornfancé thder
both positive and negative ion mogdearticulaty atvaryingdistances to the MS inlateed to be carried
out It will offer directinsights into their ionisation efficiencies and softnédsanwhile, effective
measuresnust be developeand implementetb mitigate the risk of electrical shortdatplasmaMS
configurations Moreover, he relationship betweealectrostaticpotentiab and correspondiniylS
signals obtainedt variousdistanceshoutl be thoroughlyclarified. It will establish a theoretical basis

for improvingtheefficiencyof ion transport and collection

From adischargeperspective, the behaviour pfacticalnoble gas plasmas remaian open question.
While ionisation of noble gas atoms is generally regarded as the foundation for plasma formation,
experimental observations reveal sustain voltages that deviate significantly from theoretical predictions

based omonisation energies. Thdiscrepancys likely caused by trace impuritié@ypically on the order
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Chapter 7 Summary and outlook

of several ppmpresent even in higpurity gases. Systematic investigations into ¢batribution of
such impurities are therefore essentialctarify the real major cause tha responsible for such
contradiction to identify the dominant iosation pathwaysand to reconcile theoretical models with
experimental resultg:urthermore, investigatioon the lowest setsustainingvoltageafterignition of
FUTP hasrevealed asiable approach to efficientlyeducethe required voltagéhis is achieved by th
introduction ofanappropriate amount of helping gas ithe discharge gas, such &ace hydrocarbon
additives For instance, thimwestself-sustaining voltage of afir-F € TwRssubstantiallyoweredfrom
2.4 kV to 1.2 kV by adding 1000 ppm acetylene. Such findipmgwide a promising strategyor
effectivelyreducing power supply requirements and improvireenergy efficiencyf plasma systems

in practicalapplications.

In summary, a combined analysis elfectrical, optical discharge characteristiand plasmaMS
couplingdetectionwill further deepen the theoretical understanding of plaseteviourand promote
the development of more efficierdand reliable plasmbased ionigtion sources. Continued
interdisciplinary research along these lines will advance both the scientific foundatiotheand

engineeringpplicatonof Fe TP and rel ated plasma technol ogi e
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Appendi x

A. Investigation of the dischargemechanisms inHe- and Ar-FUTP s

A.1 The overlap of different origins for Ar 763 nm emission
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Figure A.1:Schematic othe overlap of different origins for Ar 763 nm emissiothim phoresis plotdt shows

the emission intensities as a function of positioareginstant of time during the rising hatfhases foAr 763

nm measured fromr-FUTP and Ar-propaneFl'P. Since propane ions partially replace the role of Ahe
wing becomes less obvious.
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Appendix

B. Influence of ametallic target on FlI'Ps

B.1 Evolution behaviour of the Rplasma

Figure B.1: Two dimensional contour plots in time and position and the related phoresis plots for the emission
intensities as a function of position at different time duthmgrisingandthe fallinghalf-phasedor He 706 and
0 391 nm measured frothefree P-plasma respectively.

B.2 Evolution behaviour of the N-plasma

Figure B.2 Two dimensional contour plots in time and position and the related phoresis plots for the emission
intensities as a function of position at different time duthgrisingandthe fallinghalf-phase for He 706 and
0 391 nm measured frothefree N-plasma respectively.
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