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ABSTRACT

Atmospheric pressure plasma jets (APPJs) enable the generation of reactive oxygen and nitrogen
species (RONS) at near-ambient temperature without vacuum infrastructure and are therefore at-
tractive for plasma medicine, surface engineering, and environmental applications. However, their
practical utilization remains limited by insufficient control over discharge stability, plasma reactiv-
ity, and plume morphology under highly collisional atmospheric conditions. Strong coupling be-
tween electron kinetics, gas heating, sheath dynamics, and neutral flow frequently leads to thermal
instability, abrupt discharge transitions, and nonuniform plasma-ambient interaction. This thesis
establishes physics-based strategies for precise and independent control of discharge dynamics,
plasma parameters, and plume morphology in radio-frequency (RF) atmospheric pressure plasma

jets.

Four complementary control pathways are systematically investigated: (i) electrode configu-
ration optimization using an additional floating electrode, (ii) modulation of RF power increment
rate to regulate discharge transitions, (iii) application of positive DC bias to independently control
sheath dynamics and electron emission, and (iv) elucidation of plume fluid dynamics and morphol-

ogy using high-speed Schlieren imaging.

In the first part, the influence of an additional floating electrode on a cross-field RF plasma
jet is examined. Copper floating electrodes with widths ranging from a few millimeters to 10 mm
were positioned downstream of the grounded electrode along the jet propagation path. The float-

ing electrode significantly reduced the threshold RF power required for plasma propagation across

vii
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the nozzle and increased the achievable jet length. For cylindrical nozzles, a plume length of ap-
proximately 22 mm was obtained at an absorbed power of ~75 W without the floating electrode,
which increased to nearly 26 mm with a 10 mm floating electrode. In contrast, conical nozzles
required substantially higher absorbed power (~54 W) to cross the nozzle and reach a saturated
plume length of only ~16 mm at 75 W. Charge transfer analysis revealed redistribution of current
pathways, with reduced radial charge transfer to the grounded electrode and enhanced axial charge
transport toward the plume, indicating improved downstream electron availability. Optical emis-
sion spectroscopy showed pronounced enhancement of OH, O, and N, emission intensities normal-
ized to Ar (764 nm), accompanied by an increase in electron excitation temperature and electron
densities approaching 10'® cm~3. Molecular beam mass spectrometry confirmed increased yields
of biologically relevant ionic species such as O, OH", NO*, O~, and OH™. While enhanced
ionization increased plasma reactivity, gas temperature exceeded 430 K at high power. Controlled
variation of gas flow rate from 1.5 to 9 Ipm reduced gas temperature from approximately 438 K to
402 K while maintaining elevated reactivity, demonstrating that combined optimization of elec-
trode geometry, flow rate, and input power enables enhanced plasma performance with controlled

thermal loading.

The second part addresses dynamic control of discharge transitions through modulation of RF
power increment rate. Seven ramp protocols (3 W/1s,2 W/1s,1 W/1s,1 W/2s,1W/3s,1W/5s,
and 1 W/10 s) were investigated. Electrical diagnostics revealed distinct discharge phases with
increasing power: normal glow, abnormal glow, and glow-to-arc transition. Slower ramping pro-
moted earlier onset of abnormal glow at lower absorbed power, whereas faster ramping delayed
transitions to significantly higher power levels. The abnormal glow regime exhibited sharp in-
creases in discharge current, electron density, excitation temperature, and RONS emission, indi-

cating enhanced ionization driven by gas-heating-induced thermal instability. Gas heating rates




ix

were estimated to reach ~ 107 K s7!

, exceeding diffusion-driven cooling and triggering pos-
itive feedback between ionization and temperature. Transient filament formation was observed
on the powered electrode during abnormal glow, attributed to ion-induced thermo-field emission.
At lower power levels, ponderomotive forces associated with dielectric charging suppressed ther-
mofield emission and prevented premature glow-to-arc transition. These results establish power

ramp rate as a powerful dynamic control parameter for accessing transient high-reactivity regimes

while improving operational safety and energy efficiency.

The third part introduces positive DC biasing (0-1600 V) as an independent control knob to
regulate sheath dynamics and electron emission. A custom-designed LC low-pass filter with an ef-
fective cutoff frequency of approximately 1.45 MHz enabled safe superposition of DC bias without
RF interference. Increasing DC bias systematically reduced the steep current rise and saturation as-
sociated with abnormal glow formation across all ramp protocols. Electron density and excitation
temperature exhibited non-monotonic behaviour: moderate bias (up to ~800 V) enhanced electron
energetics, whereas higher bias suppressed ion-driven thermofield emission and increased electron
loss to the electrode, resulting in a 30-50% reduction in peak electron density. Floating potential
fluctuation amplitudes decreased with increasing bias, indicating suppression of discharge insta-
bilities. These observations demonstrate that DC bias directly modulates local sheath fields and
electron injection mechanisms, enabling stabilization of discharge operation and tunable control

over plasma energetics independent of RF power delivery.

The fourth part focuses on plume fluid dynamics and morphology using high-speed Schlieren
imaging at 2500 fps. Baseline argon jets exhibited laminar cores followed by shear-driven transi-
tion to turbulence, with laminar length decreasing as flow rate increased from 1 to 10 Ipm. Plasma
ignition shortened the laminar region despite reduced Reynolds number due to gas heating, in-

dicating that the Reynolds number alone does not govern stability. Richardson number analysis




(2.3 x 107* - 4.6 x 1072) confirmed negligible buoyancy influence. Kelvin-Helmholtz instability
growth lengths derived from refractive index gradients quantitatively matched experimentally ob-
served vortex onset positions. Under continuous RF excitation, Strouhal numbers clustered near
resonance (St &~ 0.29), producing coherent downstream swirl structures and stable conical plumes.
Under pulsed RF excitation (500 Hz, 50% duty cycle), effective St > 0.5 disrupted the laminar
core and triggered immediate vortex formation at the nozzle. Strong baroclinic torque arising from
misaligned pressure and density gradients twisted these vortices into azimuthal motion, generat-
ing stable helical plumes. Optical emission spectroscopy and molecular beam mass spectrometry
demonstrated enhanced RONS production, extended interaction length, and improved spatial uni-
formity in helical plumes, while pulsed operation reduced thermal loading for temperature-sensitive

applications.

Collectively, this thesis establishes integrated strategies for controlling discharge dynamics,
plasma reactivity, and plume morphology in RF atmospheric pressure plasma jets. By combining
electrode engineering, power modulation, sheath field control, and flow instability management,
the work enables rational design of plasma sources with improved stability, tunable reactivity, and
optimized spatial coupling, advancing the deployment of APPJs in advanced biomedical, materials,

and environmental technologies.
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IgHSANT 3T WIGHT Sie (Atmospheric Pressure Plasma Jets, APPJs) foHT deRIH SIG@TEAT & @
Uiasia amEE W Rufeed siferdte Td Arggie Ueitiadr (Reactive Oxygen and Nitrogen Species,
RONS) 300~ & § GeTH &ld & | 3H SHRUT o TATHT [fohedT, Tag AR qoT Gafarufia suain
& oTg 3Tcdd YA | STd &1 9, i caela aret aigHsad aRfefaal & femmst forad,
TATSAT SATATRATiETdT T WA WET IR SIUAft =0T & RUT Seh! ATagle SuanT 3 off difia
& Setargi Tk, 19 AT, <fter STy T =Igel WaTg o i Jael re UTd: HS1 AR, AdHh
fEEaTSt GoRHUT qAT STHHT TATSHT-URART 37a:fohdT i ST <dT €| 8 Lnevey fedi-thierddt (RF) dferd

ATGHST I 3T WA Sed H fETTS SIa-1Herd, WATeHT HTUSEST qeT W[H HE-T o Feldh AR Tl g
2q Hifaehl-3meTiRa WrHifaar uedd oear &

3T Y § IR R T fafet o crafera stegee forar m 2: (1) stfaiea weifen soagie &
HTeHH 8 Teidrele fa=ard ol e, (2) TSt dehmur sl f=if3rd e 8 RF UTeR gfg X o HiggieH,
(3) £t SN U etare = Icduid ol Tdsl $9 & (HIfEd & o forv difsified DC 9199 &7 399,
AT (4) TTE-ThE sefiee AT gRT W Fege SIa-THad d HIEHT ol fasaisor|

T T H hid-hice RF TAGHT Sie H STl Felliei Seidels o WTd ol 3Teda {ehdT 14T &
Y3SE FAFGIS oh SIS H Gic UIR U o 91 F© efidic? § 10 mm 1372 & HiuR FAICT gaagis
AT T | FAICH SIS ehl JUTRATT F ATt TR & oh [eTq ST ULM8Ies RF UTaR & I At
3TE T HATERAH TS hil AN ST alTg H g §8 | SeTeh Aviet o fell 1T 34 W Srasiiivd Lfer

T WA aT8 AT 22 mm § TG 10 mm FAICT Selarle & HIF AT 26 mm & T2 | It ¢aw
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fastuoT § AT32T Toargie ol 3R Aeqe ATl ¢ty H T qe &H i AR Aefig a1et Uae § gig @t
TS, Sl STIAEIH &3 H dgal geidgi- SUesydl ol STdT &1 Hifteehe TR Targieahldl qo Hifere’er
A AT W EehIdl gRT Sifde $U § Hgaaqut safes Ustifadl si9 O+, OH*, NO*, O—, OH~ &I 5igl
TS U 1 R g2 | 3= UTak R A9 a7 430 K & 317k g1 a1, B i it el 1.59 9 Ipm a
TR T 402 K ek A fohat 7T, frad fatia ofe alifet o 9 3= stffehanefierdr st &l

Todia WTRT H RF UTaR gfg aX i UfRafcd o fewarst SopHuT sl TTTasitel Fa=or weisid feram | fafem=
3 icientd o Sald ATHe Tall, TaaTHe 7ol qel Tell-g-37Teh Hsh 0T o 77| et 30T W) &0 saenfa
UTaR WX & QaATHe Tl Shl YEHATA g3, STaich dul U7 H shHUT Iod UTa deh faeiferd 3Tl TaHiHe Tall
T H Felag i g-cd, 19 qT RONS Icsi & e g g8, ST Ho1 AT gRT URa STienioT &
2LTTaT &1 UTaE Soiaels UR &ifttes fthamie fAmtor sta=-0fva ami-hies TRe & deferd uran |

AT 9RT H Uifsiied DC s (0-1600 V) gRT it hicg Td Selag SuiaR ol Wda HasoT
Ui foRam TTaT| TR 1.45 MHz FeiTh aTet LC fheed g1 RF g&a&iy Wed | gURUifoie dvd
BAT| HeAH S1H W Feiagi= Ui H gig g8 Sdich 3=3 S1ad W Seiagi< aliv dg! 3R Uk geiargi-l
T | 30-50% ek hl HHT TS | TredlfeTT UiefRraet rerarguer # ot & feearst fRrar # gur we gafl

Tqef 9T & 2500 fps TR A1 SARHT GRT Tl SR &l 3Teza fohdT 17| R RF # @R

JFATHR WH TUT e RF (500 Hz, 50% LT Aisfeher) H @R gfeiehel W 30~ §U| hica—
HEIeCy ATRRAT I TRk <fch ohl Tt FHTUT & & HRUT o ¥ H UgaHT1 17| afciehel WH H

Sgae TferiT, o Scer™ Ut aUr 3= RON'S 3dTe U/t 47|

THY €U T Ig MYUeY RF dYHSHIT 3 TATHT Sigd # feerst f@rar, siwfswmamefierar aur wm
T & R dare 8 U Tehigha Hifde el URgd edl &, ST 3=1d Siardiched i, Uaref demge
AT qGTaRofig Syl & forg wTdl e Gidi & faera # ggraes anm|
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