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Abstract

Non-thermal Atmospheric Pressure Plasma Jets (APPJs) are popular for the generation of various
chemically activated species in ambient air. In interaction with the target, these species
participate in a variety of favourable chemical reactions suitable for several industrial and
biomedical applications. In this context, an accurate estimation of plasma parameters alleviates
the optimization of plasma jets for applications. However, the realization of control and
optimization of plasma jets for specific applications has a long way to go still, specifically for RF
APPJ, where high frequencies introduce additional complexities in plasma diagnostics and
source optimization. All this, therefore, necessitates an in-depth understanding of the APPJs and

the influence of operating parameters on their characteristics.

In this thesis, a 13.56 MHz RF-based APPJ was designed and fabricated to investigate its
characteristics under various operating conditions using argon and helium as feed gases. To
boost the open circuit voltage at the plasma terminals and aid discharge initiation at low input
powers (~2 W), an indigenously developed LC series resonant circuit is used in between the
matching network and the APPJ device. This thesis reports a theoretical and experimental
investigation on helium and argon plasma discharges in the RF APPJ in continuous wave (CW)
and pulse modulation (PM) mode. Various diagnostic tools like electrical (V-I) probes, optical
imaging, emission spectra, and thermal and acoustic measurements were employed extensively

for the characterization of the APPJ.

The operation of APPJ in PM mode offered a lower gas temperature suitable for certain
applications and revealed several unique characteristics of helium APPJ. To effectively describe
the plasma features as a function of the modulating frequency (50 Hz -10 kHz), duty cycle (10-
80%) and RF input power (10- 50 W) etc., a detailed and systematic study was performed on the
PM helium APPJ. This study investigated the influence of RF modulation frequency on helium
APPJ’s fundamental characteristics i.e., discharge behavior, plasma dimensions, generation of
reactive species, and the basic plasma parameters including electron density (ne), electron
excitation temperature (Texc), and gas temperature (Tg). From the experiments, it was observed
that operating the plasma jet at low pulse modulation frequencies (around 50 Hz) provides

enhanced plasma dimensions (longer and more homogeneous plasma plume), higher electron



density and increased reactive species (viz., He I, O, OH, N2*, etc.) as compared to operation at

higher modulation frequencies.

On the other hand, a plasma jet operated in PM mode with argon produced a novel helical
shape APPJ, which is very different from the conventional smooth conical shape. In particular,
this helical shape was observed when operated around ~ 2 kHz RF pulse modulation frequency,
~ 30% duty cycle, ~50 W applied power and ~ 1.5 Ipm argon gas flow rate. It is most likely that
the helical shape in argon APPJ originated due to periodic heating and cooling of the gas
triggered by repetitive application of RF pulses, which imparted periodic thrusts to gas and
plasma that can excite sound or ion acoustic waves with non-zero azimuthal mode number (that
can be shown to carry orbital angular momentum as well) in the plasma-gas mix. It is also
possible for the electrostatic sound waves with orbital angular momentum to allow the formation
of a helical-shaped jet. A physical model (along the above lines) attempting the origin of the
helical shape of the APPJ is proposed along with a thorough experimental investigation to
identify the operational parameter regime of the helical shape by employing a wide range of

operating parameters.

Electrical diagnostics (voltage and current probes) are commonly used to estimate power
dissipation in most conventional plasma loads. However, the use of standard Voltage (V) and
current () probes with miniature devices like RF APPJs yields highly uncertain electrical
characterization on account of the latter’s highly capacitive nature of the sheaths at the
electrodes. Consequently, one has a very ambiguous estimation of the RF power fed to the APPJ
and hence, its plasma parameters. For accurate estimation of the electrical, and plasma
parameters, a new calibration technique is conceptualized for V-1 probes which avoided the
measurement errors in amplitude and phase while utilizing them at RF APPJs. The calibration
procedure involves generating a new set of calibration constants for the two probes from which
one may determine the true voltage, V; and the true current, I.. Following the joint calibration of
the probes, the V-l probe measurements yield fairly accurate and reliable estimates of the
different electrical metrics like the average power absorbed by the plasma, the complex plasma
impedance, forward and reflected wave amplitudes, etc. However, to estimate the plasma
density (n), electron temperature (Te) and other relevant parameters of the APPJ a model of the
discharge region of the APPJ device is needed. The only input to such a model apart from the

Vi



geometry of the device and the feed gas would be the power fed to the APPJ, which can be

provided from the V-1 probe measurements.

To support and augment the electrical measurements discussed above, an analytical, 2-D
model for the APPJ’s discharge region (inside the glass tube) is developed in this thesis. The
model takes into account the gas flow and it is based on particle and power balance equations. It
determined the radial and axial variations of plasma density (n), axial and radial fluxes, electron
temperature (T.), gas temperature (T, and the total plasma and power flowing out of the
discharge region with power fed to the discharge being given by the V-1 measurement data.
Typically, n is found to be ~ 3.9 x 10’ m™3 and ~ 2.8 x 101 m™3 and T, found to be =~

1.8 eV and = 0.8 eV at 25 W of RF power for helium and argon plasma, respectively.
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NIN

R-YHd agHSH Ta1d WA Sie (APPJ) TRaRl ag & fafts ymafe wu § afea
yofadl 1 Uit & foe Nl 81 ded & Iry aradid |, 3 usfadt &8 3ienfiie ik oid
foforea v & o Suged fafts UeR &t eed e gfafsmarstt & HET o ¢ |
39 Y o, wreHT AdS! &1 Ueid A YA & ot WieH Sic & 3G &l &1
HT 7| getifep, ARy Srpait & oy wirea Sie & fFg=nm 3iR erge & Wity & forg
31aft oft U e IR 9 HAT 7, foRY U ¥ 3RUW APPJ & forg, STet I= sgfai wireH
SR 3R Wi e § Sifafved sfeaarstt &1 ufvey 3t €1 sufem ug we, APP)
D1 T8 T 3R 39! faRvarsil R SfRfeT ATuCS! & YHTa St SaRgedhdl g

29 N & U 13.56 TGS RF &1 SUTNT APPJ &I f&ormz ok Fafor &= &
forg fopan Sran g anfes faftre sifoRfe ufefRufadt & o oiR Siferaw &1 Iuah wis 1t &
¥U H 390! faQvdref &1 Sig &1 o b | WIeHT efHqdl IR 31U Ifche dieest &l S ral
37 3R FHH TAYC UIR (~ 2 W) R fSwrst dler & wgrar & forg, wWeslt ¥u ¥ fasfia Le
HRiet YoiHe afdhe &1 Iuant i Aead iR APp) fEarz & o farar ST 81 78 iRt
fRER @ (cw) IR U AlsgaRH (PM) AIS # RF APP) ¥ giferd iR o wiremn
fewas R Jgifdd iR TaTEs i &t RUIE St g1 APPI & @&r0T 9ol & fore faggd
(v-1) ST, TP SARHT, I WaeT, ¥Ha 3R @fe A o fafid Aeife Ius
S 09 R SRRA B

PM TS # APPJ & T A $© IIWART & o IUgad &4 719 aroHH & OIS
D1 3R g APP) Bt w3 33T faRivarstt &1 Jam fean diuw giferad appy &
HSYATET SMIRT (50 Hz-10 kHz), ST T (10- 80%) 3R 3RUB TYC UTAR (10- 50 W)
3MfE & Uh THRIE & =Y | WISHT YAUTaft &1yt &7 ¥ 9o & & fog, T fawqd ok
HARYT T fohaT T UT| I 31eqa BIerad APPJ &t Jayd faviwarstt It fewars
8RR, WISHT 1A, Ufafsrareia gsifadl & tidl 3R 3ade g9d (ne), SATEI Ao
AT (Tew), AR T AUHH Figd TS WISHT AU TR HRUE Alega=H g &




TUTT P offd Bl ¢ | T 9, T8 ol T o 3= Aigar Sghrdl R dared &1 ga-m d
DU Y ISR GRIT (TRTHIT 50 Hz) TR WIS Sic & darferd 4 9§ WIeHT 31md
@ 3R 3w FoITg WIoHT WH), I Iaaei- g9 3R dq1 g Ulaisharia uemfaat
(S, He 1, O, OH, N2*, etc) 3Mf& UaH &l g |

QI 3R, 3T & WY died Ais # IdIferd T Wied oic 3 T U9 UdER
3R APPJ &1 ITEH o, St URUR® a1 YHIHR Hid I 9gd e 5 | favy &0
¥, 98 U9eR PR T9 ¢8I Ol § 51§ ~ 2 kHz RF Ued ATegai=H S, ~ 30% ST 9,
~ 50 W $99C TR 3R ~ 1.5 Ipm W T YdT8 & & IR ATierd gial o | I8 T
3y WUTGT & & 3 APPI & UGER SR SRUW Tal & Glgxrd ard SIFanT gRI
R T & mafies g 3R BiciT & RO ITF il 7, S 71 3R WIeHT &1 3ATafH
SR ST § S TR-J SMgYd & A1y @i a1 S @iHd a3l &1 Iaford R gadl g
-1 fyor & dis S (S weflg sivia i & of o 99 & o faaman s aabdr
2)| Hef Sl 1 F 1Y gaaeRefed @it M & ol U UeeR 3R & Sic & o
&1 AR &1 ft GG B1 APPI & TUGR SHTHR B I BT TN HRA arerl U Hifad
AISH (SWRIck Ufckrd! o 1Y) SHIRIET AucS| i U [a%gd et dl FHIfTd b UdaR
THR & URDTA IR AR P UG IR & U TH T8 TS Sid & A1
TR g

faqgd fAaM (V-1 ST) &1 ITANT AR TR TSI URURS @ieHt URI & oot
3YSTY BT FHM T & o foram STTar ]| gTaifos, SIRUH APPJ S @Y SUSHRUN & a1y
TS diee (V) 3R aadM (1) S &1 SUANT 3adeis IR FH & 3fdfdd bufifed Udbfa
& BRI APPJ & STt ST faggd A& 9u FHral ¢ | Tcitora, fandlt & URT APPJ &1
RIS 7€ SIRUW wfekd o1 TG 3RUY 3IAM & 3R A, 3P whioHT WRidteR | fgyq,
ST ATA¢S] o Al HTHT o [o18, V-1 T & Y T T3 3fRMdh dh-1h P YR
®1 TS § Ol 3RUT APPJ H ST SUANT HRd THT TATH 3R TR H AT Ffed! § = g
3 ufehar & &) STl & forg oferie T fRRIS &1 U a1 Ve Id HRA1 A 3 o
Pls ARAAD dleed, V; 3R aRafad aadr, It Fuid HR T 8§ | ST & Ygad iR &




q1e, V-1 g 119 faftrs fagyga Aty & S1ot Wi iR fayaig srum urd o= € o
ST GRT AN 3fid fad, Sfed Wear Hiaare, 3 SR wRiafdd ai S, $fe|
gTdlifoh, ShH H B & Y APPJ & WISHT U, SAaCH dTIAM 3R 3= Ui ATuca|
BT 3IHH AME, APP) fEarsd & Fag &9 & Us Hisd &I oexd ¢ | UY ASd &I THHT
$qe, fSasy @ SMAfd Sk Bis 79 & 3/amaT APP) &I &t S arelt =ifad gih, for v-I
STTd AT ¥ Ue faar o Jadi g |

faqgd A9 &1 THd SR Fe™ & U S = & 718, 39 HIRM ¥ uge SR APPJ
& de &7 (a9 od & SfaR) & oY T fo=awonedd, 2-8F Ared fasmRid fasar 71 5|
Higd T Yag & &9 & 39T § 3R H7 3R AfGq e THHRON W R g1 T8
WITSHT 999 (n), el SR Ieaa Uarg, 3o dradH (Te), T d9HM (Ty) & (ST 3R
sieha fafagarstt &1 FufRd e & ok Fdg &7 @ g8 arell T wireHT 3R Af Bl
fererrdt g1 fewrst v-1 719 Sel g f&ar o W61 31 SHdR WR, giferdd 3R 3 wieHl &
flT n ~ 3.9 % 1017 m™3 3R ~ 2.8 x 101 m~3 3R Te ~1.8 eV 3R = 0.8 eV 25 HH: YT
ST |
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