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Abstract

DESIGN, IMPLEMENTATION, AND APPLICATIONS OF DEVICES FOR

GENERATION OF ULTRA HIGH FREQUENCY MINIATURE PLASMA S

The main objectives of this research are: 1) tcettgwvnovel and application-specific
sources for generation of ultra-high frequency atume plasmas that operate in a wide
pressure range (~1 to 760 Torr) with power requirdma less than 10 W, 2) to
investigate the active species of such miniatuasmph sources using mass spectrometry
and optical emission spectroscopy, and 3) to egptovel applications of such miniature
plasma sources with an emphasis on their applicatio chemical analysis for
identification of gaseous species and volatile pigaompounds.

First, a miniature inductively coupled plasma (IGBurces was developed, operating
at a pressure of 1 to 10 Torr and a power requinerag2 - 8 W with carbon dioxide,
helium and argon as the plasma gas. The plasmadanpe was measured using Smith
chart. Furthermore, the background emission ohtheature ICP sources was monitored
to investigate the species in the carbon dioxidgpm and helium miniature ICPs.
Ethylene, neon, and hydrogen were introduced stgaranto the miniature carbon
dioxide ICP for qualitative identification. Distinggshable peaks were observed at
approximately 431, 585, and 656 nm for ethylenennand hydrogen, respectively.

Second, a miniature ICP operating under conditionsnicking the Martian
atmosphere was investigated. The miniature ICPceowas able to generate a stable
plasma, operating at a pressure range of 4 to ti6ahd a power requirement of less than
3.5 W. The quantitative analysis of trace amoufitethane sample was performed by

interfacing the miniature ICP with a quadrupole sa&pectrometer. The effects of



pressure, plasma power, and skimmer voltage wevesiigated and optimized for
obtaining analytical results. Excellent calibratimurves were obtained for GHat m/zof

15. A detection limit of 0.15 ppm for GHat 16 Torr was achieved using a quadrupole
mass spectrometer.

In addition, a magnetic loop antenna was used ¢olyme an atmospheric pressure
micro plasma at ultrahigh frequencies for operatioair. Pulse modulation of the input
signal resulted in reduced power consumption foitilgg and sustaining the plasma. The
nature of excited species in the plasma was nareglt due to pulse modulation.
Furthermore, an atmospheric-pressure argon plasinveas produced using the magnetic
loop. Fast photography revealed that the plasmavgst formed by a fast moving U-
shaped plasma arc. To explore the effects of plasmaiofilms, an epidermal onion
membrane was treated by the plasma jet. After mreat, the shape and the
hydrophobicity of the membrane were altered. Thicapemission spectroscopy of the
plasma jet was used to study the dominant spebasiriteract with the surface under
treatment. Subsequently, the developed plasma gst wged as ambient ionization for
mass spectrometry of volatile organic compounds ttemonstrated that the developed

plasma jet is an effective source for ambient iatian of volatile organic compounds.
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Chapter 1 - Introduction

1.1 - Background

Plasmas, known as the fourth state of the mattakenup an estimated 99.999% of
all the observable matter in the universe by volyiijePlasmas are popular because of
their wide range of applications in various fieldslowever, large size, heavy
instrumentation, and high gas and electrical poe@rsumption can limit the use of
plasmas exclusively to laboratories. Therefore, iatimization of plasma sources has
become one of the most prominent research goalseqgilasma science community. Such
miniature devices for plasma generation resolveblpros related to portability and
operation cost, providing an attractive approachskveral applications. The interesting
applications of miniature plasma sources range fptasma-based chemical analyzers to
biomedical and dental sterilizers [2-5].

Non-thermal plasmas consist of high-energy elestrguositively and negatively
charged ions, and meta-stable species at ambiapetature. These plasmas are formed
by ionization and excitation of atoms or molecuéss a result of collision with high
energy electrons. The temperature of electronsuslly much higher than ion and gas
temperatures, making them attractive ionizationtaion sources in analytical
chemistry. In plasma mass spectrometry, plasmaesrn sample molecule and the mass
spectrometer analyzes the generated ions in atraleagnetic field based on the mass to
charge ratio of the charged molecules. Higher mtion efficiency can be achieved with
plasmas compared to other ionization methods, siscklectron beam ionization [6].

Therefore, their application as ionization source ¢dhemical analysis is appealing. In



optical emission spectroscopy, the emission froasmhi is analyzed using grating-based
optical spectrometers. The optical emission speotraplasmas can provide valuable
gualitative and quantitative information about gh@sma species [7-13]. In addition, non-
thermal plasmas exhibit therapeutic applicationsghsas an antiseptic effect without
affecting surrounding tissues. Also, they can lbeatifve sterilization, decontamination or
reprocessing tools for medical applications. Pladvielicine is an emerging research
field that aims to explore the potentials of plasnrathe medical field [14-17]. In the
following, some examples of the developed miniatptasma sources are briefly
reviewed.

Hopwood and colleagues have focused on the developmof a miniature ICP
source. In their first work [39], three scaled-dol@Ps were investigated using pancake
shaped inductors of 5, 10 and 15 mm diameter. Spidactors were patterned on 1-0z
copper clad epoxy boards using photo-resist armhtact mask aligner. The plasma was
ignited and sustained at a power of 0.5 W and qufsacy of 460 MHz, compared to
large scaled ICPs that usually operate at a pow&r-02 kW and a frequency of 13.56,
27.12, or 40.68 MHz. The discharges were testdabth argon and air over a pressure
range of 0.01 to 10 Torr. Subsequently, a micratadenechanical systems (MEMS)
compatible fabrication process was utilized in ¢arging a planar inductor and
impedance matching network (IMN) [40]. A single-rka®brication process for the
surface miniature machined plasma generator waktosmake a 74n gold layer, 3-turn
inductor having a diameter of 5 mm on a glass satestwith a reported lifetime of
approximately 3 months. The detection of,$@s was also examined using an emission

spectrometer [43,45]. A similar setup, utilizing aluminum chamber operating at a



frequency of 493 MHz with a power of 0.75 to 3.5 M&ulted in detection limits of 45 to
600 ppb for S@gas. In a later publication, Hopwood’s group repdrthe development
of a miniature plasma source operating in air @wogpheric pressure [48]. The electrodes
in this source were fabricated using gold on amala substrate in the shape of a split-
ring resonator, operating at a resonance frequeh8@5 MHz. Erosion of the miniature
plasma source (resulting from the sputtering arapexation) was the main drawback of
the miniature plasma device. The lifetime of theide was approximately 50 hours at 3
W [48].

Ichiki’'s group has developed a miniature atmosgheriessure plasma jet using a
ceramic chip with an engraved discharge tube anplaaar metallic antenna with
serpentine structure [49]. At the operating frequeof 144 MHz and power of 50 W, a
detection limit of 5 ppm was achieved for NaCl. didtespray nebulization at 3 KV was

used to introduce the sample solution into thermpéas

1.2 - Contribution of This Work

This work focuses on novel devices for the genematof ultrahigh frequency
miniature plasma sources and introduces novel egdmins for such plasma sources.
Previously, background investigation and preliminatudies were conducted. High
voltage DC helium plasmas were formed at reducesssures. Additionally, RF
simulations were performed to better understandetketromagnetic field distribution
around planar inductors. The planar inductor wasdukter to produce miniature
inductively coupled plasmas. In this dissertatian, UHF amplifier was acquired that

enabled to produce both atmospheric pressure ahaced pressure UHF miniature



plasmas presented in this dissertation. In thefoilg, a summary of research conducted

during my PhD program is provided.

1.2.1 — Reduced Pressure Plasmas

Miniature plasma sources were studied operatingduiced pressure (~ 1-10 Torr)
and atmospheric pressure (~760 Torr) for producltrghigh frequency micro plasmas.
First, a miniature ICP source was developed, operavith helium, argon, and carbon
dioxide at reduced pressures. Background emisdimties revealed the active species
produced inside the plasma. The feasibility of ditg gaseous samples, such as
ethylene, neon and hydrogen were investigated wjittical emission spectroscopy. In
addition, a novel analytical method was developadploying a miniature ICP source
coupled with a mass spectrometer. This method wsted for the quantification of
methane under gas compositions mimicking the Maimosphere. A detection limit of

0.15 ppm was achieved for methane.

1.2.1 — Atmospheric Pressure Plasmas

A novel plasma source was developed using a magloetp antenna [90]. A stable
micro plasma was generated operating at ambiemtitbams with a power requirement of
9 W. Pulse modulation was utilized to further reeluhe power requirement of the
plasma source to 2.5 W. The increase in pulse &mplidecreased the required power
for plasma ignition and operation. In addition, \pding a directional argon flow to the
magnetic loop resulted in the production of a taghaped plasma jet. Fast photography
of the plasma jet suggested that the tongue-shafsina jet was formed by a fast

moving U-shaped arc between two electrodes, regpilti the tongue-shaped appearance
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of the plasma jet to the naked eye. Finite elensgmulation, fast photography, mass
spectrometry and optical emission spectroscopy waikzed to investigate the
mechanism of formation and operation of the plagshaAn epidermal onion membrane
was treated with the developed plasma jet in or@enodify the surface hydrophobicity
of the membrane. Additionally, the analytical pemi@ance of the tongue-shaped plasma
jet (as an ionization source for mass spectrome&tag examined by identifying a broad

range of volatile organic compounds as analytiaai@es.

1.3 - Organization of Dissertation

The logical progression of this dissertation isctié®d as follows (Please see Figure
1.1). The first chapter outlines a basic descnptod plasmas, the advantages of the
miniaturization of plasma sources, and a briefrdiigre review of existing miniature
plasma sources. The second chapter describes thatumization of ICP sources for
operation at reduced pressures and ultrahigh fregee (500 MHz to 1 GHz). The
developed miniature ICP sources were investigatgdmigans of optical emission
spectroscopy. In addition, the development of miature inductively coupled plasma on
a chip is explained in second chapter. Chapter Boexs a novel application for the
miniature plasma source discussed in Chapter 2e,Hmmnditions similar to those that
exist on the Martian surface are created in the Aaminiature plasma was operated in
these conditions and was interfaced to a massrepeeter to study the ionic species that
were generated by the plasma. Methane, as an anaflyinterest for Mars discovery
missions, was detected and quantified by this tecten Chapter 4 is dedicated to a novel
ultrahigh frequency atmospheric pressure air mptasma source using a magnetic loop
antenna. The effect of pulse modulation on plaggnéion and operation is discussed in

5



this chapter. Finite element simulations of the n&ig loop antenna were also carried
out using COMSOL. Chapter 5 illustrates the produncof a tongue-shaped plasma jet
using the magnetic loop antenna. Finite elementulsitons (COMSOL), mass
spectrometry, optical emission spectroscopy andpiastography were used to study the
plasma jet. In addition, effects of plasma treatirmm hydrophobicity of an epidermal
onion membrane were investigated. Chapter 6 expamd the application of the
developed tongue-shaped plasma jet for chemicdysisaf volatile organic compounds.
Finally, Chapter 7 presents the conclusions andyestg potential research ideas for

future work.

£ 2

Figure 1.1. Organization of Dissertation.



Chapter 2 - Generation of Reduced Pressure Ultrahigh Frequency

Miniature Inductively Coupled Plasma Sources

2.1 - Introduction

Inductively coupled plasma (ICP) sources are ofagnenportance in numerous
applications, including but not limited to microcdamanofabrication [18,19], chemical
analysis [20,21] and plasma processing [22]. Muriaation of ICP sources can extend
the utilization of ICP sources to applications wh@ortable and battery-operated ICP
sources are required. For example, a miniature $0&rce can be combined with
miniature micro fluidic chip or optical emission exgprometers, to provide total
microanalysis systems [23]. The low-power and tdve-Voltage requirement of miniature
ICPs are advantageous for this purpose.

The most commonly investigated miniature plasmascas are capacitively coupled
plasmas (CCP) [24-27], direct current plasmas (IXSma) [28-33], microwave induced
plasmas (MIP) [34-37], inductively coupled plasn{B3P) [38-49], and pulsed DC and
AC high voltage miniature plasmas [50]. Among vasdypes of plasma sources, ICPs
are advantageous for miniaturization due to thigilitg to create intense plasmas, longer
lifetimes, low power dissipation in plasma boundaand possible compatibility with
complementary metal-oxide—semiconductor (CMOS),ctvhis a popular and well
established fabrication technology for modern eteot devices, such as planar
inductors and varactors [51,52]. In addition, inPIGources, the electrodes are not in

direct contact with plasma, thus preventing crasgamination.



Carbon dioxide ICPs have been investigated [53f6d]chemical analysis but no
report exists on miniaturization of such sourcesthis chapter, miniature ICP sources
operating at a pressure of 1 to 10 Torr and a poaguirement of 2 - 8 W with carbon
dioxide, helium and argon as the plasma gas arela@d and investigated. The
equivalent circuit for a miniature ICP sourcesesdibed. A novel method for measuring
the plasma impedance is introduced using SmithtcBackground emission studies of
miniature ICP sources are performed to investitfaespecies in carbon dioxide, argon,
and helium miniature ICPs. The miniature carborxidie ICP coupled with an optical
emission spectrometer is used to qualitatively tifieethylene, neon, and hydrogen gas
in the plasma. Finally, generation of a micro IGf achip with size of nearly 1 mm
using a planar inductor with diameter of 80 is described. This chip was capable of
producing stable ICPs at power of 1 W, frequenc9@ff MHz, and pressure of 1 Torr of

helium.

2.2 - Electrical Model of the Miniature ICP

A Dbetter understanding of the electrical model GfP$ would benefit design
considerations for ICP generators to achieve thgirmam power transfer efficiency.
Obtaining an electrical model to simulate the betraof the inductive discharges has
been subject to many investigations [55-58]. Thstmvidely used equivalent circuit for
ICP and matching network is shown in Figure [B2]. The total current of plasma is
concentrated in the skin layer; therefore plasmalmatreated as a single turn inductor.
This allows the ICP source to be interpreted aarmstormer with voltage-decreasing and
current-increasing characteristics. The plasmadtahce consists of two components: 1)
the electron inertia inductance,jlfor the phase lag between the RF electric field the
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RF conduction current due to the limited electroartia, and 2) the magnetic energy
storage inductance £} which is due to the plasma current and the aasmtimagnetic
flux. The plasma resistance {R(consisting of contributions from the collisionahd
stochastic heating), the inductor resistance),(fhe inductor inductance ¢}, and the
mutual inductance (M) betweert land L, are shown in Figure 2.1. The capacitorg, C
and G, are required for the impedance matching. Thenpagesistance and inductance
are not constant, as they depend on various pagasn&tor example, during the process
of plasma ignition, the impedance of the plasmaegairom roughly an open circuit to a
very low impedance in the matter of millisecondfie Timpedance matching network
matches the impedance between the RF power suftidyinductor, and the ICP to
maximize the power transfer efficiency. TypicalRF power supplies have an output
impedance of 50 , requiring an equal input impedance for the ICRire®. This
necessitates a proper matching network to matcimthe impedance between nodes (b)
and (b’) to 50 . The input impedance between the nodes (a) and{&igure 2.1 is

given by Equation 2.1:

R.M ?w/? j (Lt Ly)M P
(L +L,)* 0 +R,? T (L tL) W R

Z= R+

(2.1)

The angular frequency | corresponds to the source frequency (f) by f. In order
to match the impedance of the inductor and thenpda® the impedance of the RF power
supply, the imaginary and real parts of equatidnrdust be zero and 50, respectively.

The values of the two capacitors;(@&d G) of the impedance matching network are



adjusted based on the operating conditions to m#étehimpedance between the RF

power supply and ICP generation unit.

C, Rc

: —
b a

Ci—
b’ a’
& . 2

Matching .

Kabuark Coil Plasma

Figure 2.1. Equivalent circuit for an ICP source, consisting of an inductor, a plasma and a
matching network.

2.4 - Experimental Setup

The schematics of the experimental setup is ibwisth in Figure 2.2. Copper wire
with a diameter of 0.5 mm was used to constructtard circular planar inductor with
diameter of 1 cm and 1-mm spacing between the .tdims planar inductor was placed
on top of a quartz chamber. Two piston trimmers 40 pF, Johanson Technology) were
used for impedance matching. A sinusoidal signadhwai frequency of 900 MHz was

produced using a signal generator (8648B, Agilant) amplified using a linear power

10



amplifier (45 dB gain, 15100B, Ailtech). A 20-dB auwirectional coupler (PE2217-20,
Pasternack) connected the RF amplifier to the iraped matching network. An RF
power meter (431B, Agilent) was connected to thal directional coupler to monitor the
forward and reflected powers. Plastic tubing wasdu® provide the gas inlet and outlet
to the quartz chamber. The space between the ptasing and the quartz chamber was
sealed by silicone adhesive. The plasma gas wasdisdo the quartz chamber at flow
rate of 5 to 20 crifmin using a mass flow meter (8202-1422, MathesarGas). A
rotary vacuum pump (2033, Alcatel) was connectedhto gas outlet to maintain the
pressure in the range of 1 - 10 Torr inside thatgueghamber. A leak valve was used to
introduce gaseous sample into the plasma gas.e&tdturrent (DC) high voltage power
supply (230, Bertan) was utilized to form DC plasmaide the quartz chamber for
miniature ICP ignition. After ICP formation and kti&zation, the DC plasma was
switched off. Self-ignition was also feasible mcrieasing the RF power, but due to
overheating and possible damage to the circuiherchamber, the pervious method was
preferred. The matching network was adjusted abgezating frequency of 900 MHz to
obtain minimum reflected power. Carbon dioxide car@gnd helium miniature ICPs were
generated as shown in Figure 2.3 (a-d). The miredtDPs were stable with an observed
lifetime of several months without discernible étede erosion. The impedance
matching network was adjusted during miniature IQferation to obtain minimal
reflected power. Subsequently, the impedance majametwork and the planar inductor
were connected to a network analyzer (8712ET, AgileHigh-frequency electrical

behavior analysis was perfomed.
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The background emission of the plasma was monitargidg a Czerny-Turner
monochromator (2061, GCA/McPhereson) with a 120@oges per mm holographic
grating, blazed at 300 nm, with a spectral respafs@60-850 nm, 50 micro meter
entrance slit width, and 2 mm slit height. The de&te system for the monochromator
consisted of an 11-stage photomultiplier tube (€IB8EMI Electronics) cooled to -20
C, and operated at -800 V. The output current fribr@ photomultiplier tube was
amplified by a linear current to voltage conver(d27, Kiethly). The data acquisition
was performed using a custom-made LabView progrEme. observation distance was
approximately 5 cm from the entrance slit. Thelralion of the monochromator device
was performed using an argon-mercury lamp at thme@r peaks (253.6, 435.8, and
546.1 nm) as shown in Figure 2.4. The emissionilpraff the miniature ICP upon
gaseous sample introduction was recorded using stormimade Ocean Optics
spectrometer (HR4000) at wavelength of 303 to 7@0with optical entrance aperture
width of 50 micron, and integration Time of 300 msAn optical fiber with a diameter

of 600 micron was used to direct the plasma emmsgidhe spectrometer.
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Figure 2.2. The schematic of experimental setup: (1) miniature ICP quartz vacuum chamber,
(2) impedance matching network consisting of high Q tunable capacitors, (3) high voltage DC
power supply and related electrodes inside the vacuum chamber for miniature ICP ignition, (4)
dual directional coupler, (5) RF power meter, (6) RF amplifier, (7) RF signal Generator, (8) mass
flow controller, (9) mass flow transducer, (10) pressure gauge, (11) pressure reader, (12) optical

spectrometer, (13) Peltier for PMT, (14) high voltage power supply for PMT, (15) current meter ,
(16) data acquisition device, (17) rotary vacuum pump, (18) plasma gas cylinder.

il
2
RS

—
—
—_—
—
—
—
—
—

1
CENTIMETE

‘lt'm;m

%

13



Figure 2.3. The miniature ICPs generated in the quartz chamber: (a) helium miniature ICP at
5 W and 1 Torr, (b) Helium miniature ICP at 2 W and 1 Torr. Chamber inlet and outlet (I,11),
inductor (lll), generated plasma (IV) are shown in the picture with arrows, (c) carbon dioxide
miniature ICP at 8 W and 0.4 Torr, (d) argon miniature ICP generated at 8W and 0.4 Torr.
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Figure 2.4. The optical emission spectrum of a mercury lamp used for calibration of the
monochromator.
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2.5 - Electrical Behavior of ICP Generation Unit

The scattering matrix, or [S] matrix, is definedralation to incident and reflected
voltage waves. In the case of a one port netwdwk,scattering matrix will simplify to
Su= V1/V7, where V; and V; are the voltages of the incident wave and the cefte
wave, respectively. The magnitude and the phasbeof: parameter of the impedance
matching network and the planar inductor in theydiency range of 850 MHz to 950
MHz are shown in Figure 2.5 (a). A shift in resocaifrequency (+8 MHz) was observed
for the circuit adjusted to operate at the freqyeoic900 MHz with minimal reflected
power. The shift in the resonance frequency camtepreted considering the plasma
impedance and the stray capacitance after plasmmaafmn. Upon plasma formation,
inductive and resistive components of the miniat@® altered the overall impedance of
the circuit. Additionally, the dielectric window tveeen the inductor and the plasma acted
as a capacitor. With formation of the miniature JGfray capacitance appeared in
parallel with the plasma impedance between thenaand chamber wall and between
the plasma and the planar inductor. The magnitndetiae phase of the,Jarameter at
the resonance frequency were -15 dB (minimum) arge@rees, respectively. In the
absence of the plasma, the impedance of the cinagstmeasured. The results are shown
in Figure 2.5 (b). At a resonance frequency of MMz, the minimum impedance of the
circuit was closely matched to the output impedawicthe RF amplifier, thus providing

maximum power transfer efficiency.
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Figure 2.5. (a) The magnitude (blue) and the phase (red) of the S;; parameter of the
miniature ICP device in the frequency range of 850 MHz to 950 MHz, (b) The impedance of
miniature ICP device in the absence of the plasma. A shift in the resonance frequency
(approximately +8 MHz) was observed at the operation frequency of 900 MHz. The reflected
power was at its minimum value at this frequency.
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2.6 - ICP Impedance

Plasma impedance depends on several parameter$ynptasma gas, plasma power
and pressure. Accordingly, the input impedance hef device changes after plasma
formation. With plasma operated at 900 MHz and mailireflected power, the input
impedance of the circuit was closely matched todiput impedance of the RF power
source (50 ). The input impedance of the circuit (without pleg at the operation
frequency of 900 MHz is shown by a pink arrow oa 8mith chart in Figure 2.6. The
formation of the plasma altered the input impedasfade circuit (arrow) to 50 . Thus,
the contribution of the plasma to the impedancmdscated by the blue arrows that is

9.51 resistive impedance and +108.5nductive impedance at operation frequency.

] DffF
»2: Reflaction M Smith 1 UFS C

40. 49q

Operation
Frequency
(900 MH2z)

Start 850.000 MHz Stop 950, 000 MHz

Figure 2.6. Smith chart for the plasma generation unit. Pink arrow shows the input
impedance of the circuit without plasma. Blue arrows show the contribution of plasma impedance
to achieve a proper matching.
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2.7 - Background Emission

The background emission spectra from 190 to 89@ammminiature ICP using carbon
dioxide, helium, and argon are shown in Figure ®ifh the vertical axis showing the
anode current from the PMT. Above 430 nm, the bemkgd spectrum of the carbon
dioxide plasma exhibited weak spectral peaks irtrashto that of helium and argon,
where most of the dominant peaks appeared in rah§80 - 800 nm and 420 - 880 nm,
respectively. In the UV region, miniature carboroxiie ICP showed forth positive
system emission, making the UV region less useafulahalytical measurements. The
molecular band and atomic line emission spectraniorature ICPs were identified based
on available spectral data [60,61].

The most prominent common features observed inbtekground spectra of the
generated miniature ICPs were in the range of 83810 nm, which included: 1) OH
radicals at A * — X* system in highly excited rotational levels (28830 nm), 2) N
second positive systen?C ,— B® (310 - 316 nm), 3) NH bands’A —X* (335 -
337 nm), and 4) IEI first negative system (B *, — X? *y). These were the most easily
obtained peaks when an air leak was present irpl@ssure plasma chambers.

Three major peaks of OH for the’ A — X* system that occurred readily, were
observed in all spectra’€l, "=0 peak at 281.1 - 282.9 nm=3, "=2 peak at 294.5 -
296.2 nm, and’'=0, "=0 peak at 306.3 - 308.9 nm). Th&1, "=0 peak were not
observed in carbon dioxide ICP spectrum, in coht@aselium and argon ICP spectra in
which the peak was quite strong. The 306 - 316 ange included overlapping OH

peaks and Nsecond positive system {C , — B’ ) degraded to shorter wavelengths.
The A — X3 bands for NH (=0, "=0 at 336.0 nm, '=1, "=1 at 337.0 nm, and
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'=2, "=2 at 338.3 nm) were present in all spectra. Sdveeaks of the first negative

system of N (B *, — X? *9) occurred in the range of 345 - 410 nm as a fairyl
marked sequences degraded while moving towarddesheavelengths. For miniature
helium ICP, a small peak of the mentioned system olservable at 470.9 nm associated
with ’'=0, "=2 transition. Three hydrogen peaks from Balmeiese H( ) at 656.2 nm,
H( ) at 486.1 nm, and H) at 434.1 nm were observable only for helium armgba
miniature ICPs. Additionally, the oxygen peak wasearvable exclusively for helium and
argon at 777 nm. These results suggested a hidggetran temperature for helium and
argon ICPs compared to carbon dioxide ICP.

Almost all of the common features observed in thecta of the generated plasmas
were most likely due to air leak in the plasma cham The special features of each
miniature ICP can be listed as following: 1) mini& carbon dioxide ICP, the CO forth
positive system (A — X' ) degraded to longer wavelengths (190 - 230 nm) tvas
specific peak for the miniature carbon dioxide @ miniature helium ICP showed
specific peaks for He(l) at 728.1, 706.5, 667.8,.58501.5, 447.1, and 388.8 nm, and 3)
miniature argon ICP showed specific peaks for )Aafl 842.4, 840.8, 826.4, 810.4,
811.5, 800.6, 801.5, 794.8, 772.4, 763.5, 75(4,5] 738.4, 727.3, 727.0, 714.7, 706.8,

696.5, 415.8, 420.0, and 419.1 nm.

2.8 - Chemical Analysis by Optical Emission Spectszopy

The optical emission from miniature plasma devipesvides valuable information
with regards to the chemical composition of thespla gas. Precise wavelengths and
transition probabilities for atoms and ions canfbend in NIST database [60] and

molecular spectra reference books [61]. Quantiadivd qualitative gas analysis of target

19



compounds can be performed by measuring the emissiensities of related spectral
lines. The emission intensity of plasmg) is directly correlated to the particle density
in the excited stata(p), with Ip=n(p) * Ay, WhereAy is the transition probability.
Thus, the line intensity depends only on the pdpmradensity of the excited levei(p),
which depends strongly on the plasma parameigrs=f(Te, ne, T, Ny). TO account for
variation of plasma parameters during analysisngrnal standard can be added to the
plasma gas. In other words, a tracer gas with avkrampncentration is introduced into the
plasma and the intensities of the lines relatedht tracer gas and the sample are
simultaneously measured. The concentration of #segus sampl@a is obtained by the
equationna= Car e ny o | /1., wherel is the intensity of line related to the gaseous
sample at the wavelength|  is the intensity of line for the tracer gas at Weaevelength

', Nt is the concentration of the tracer gas, @ng is proportionality constant [62].

To examine the capability of the miniature ICPs fpralitative analysis, gaseous
samples of ethylene, neon, and hydrogen were intexd into the miniature carbon
dioxide plasma, by mixing a small volume of eacimgke gas with the plasma gas. The
operating power and pressure for the miniaturearadioxide were 8 W and 0.4 Torr,
respectively. The background emission of the mimeicarbon dioxide ICP is given in
Figure 2.8 (a). The emission spectra of the mingattarbon dioxide ICP after sample
introduction (acquired by a hand-held Ocean Opjmsctrometer) are shown in Figure
2.8 (b-c). While the background emission profiled dnot change after sample
introduction, ethylene, neon, and hydrogen samsslted in a distinguishable peak at

approximately 431, 585, and 656 nm, respectively.
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Figure 2.7. Background emission spectra from 190 to 890 nm for: (a) carbon dioxide, (b)
helium, and (c) argon. The background emission was monitored using a Czerny-Turner
monochromator (2061, GCA/McPhereson) with a 1200 grooves per mm holographic grating,
blazed at 300 nm, with a spectral response of 160-850 nm, 50 micro meter entrance slit width,
and 2 mm slit height.
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Figure 2.8. Spectra obtained by Ocean Optics Spectrometer (a) Background emission of
miniature carbon dioxide ICP, (b) Ethylene sample introduced into plasma, (c) Neon sample
introduced into the plasma, and (d) Hydrogen sample introduced into the plasma

2.9 - Generation of ICP on a Chip

Fabricating a miniature ICP source on a chip caadwantageous for several reasons.
First, the fabrication costs can be reduced usiagure micro-fabrication technologies
such as CMOS. Second, the components requirednfahip ICP generation, such as
matching network, UHF oscillators, and UHF ampidiecan be fabricated on the same
chip. Third, auxiliary components for total microadysis systems can be integrated with
the on-chip ICP source. Such components may inciaeo-fluidic chips or on-chip
emission spectrometers.

In order to investigate the feasibility of genemgtia micro ICP on a chip an inductor

with a diameter of less than 1 mm was used to oecise miniature ICP source. The
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plasma generation chip was constructed using 5Qptdfiar gold polyimide-coated
inductors (Figure 2.9) with diameter of 80th on a 127 x 1.27 x 0.3 mm quartz
substrate (MicroMetrics, Inc., Londonderry, NH).eTplanar inductors were bonded with
gold wire to the 28-pin Ceramic SOIC Package (SpetiSemiconductor Materials, Inc.,
San Jose, CA). Two piston trimmers (1-40 pF, Jahvanechnology, Camarillo, CA)
were used on a printed circuit board for impedamegching. The same experimental
setup described at the start of this chapter wad t@ plasma generation. Figure 2.10
(a) shows the micro ICP chip which is placed ome-cent coin for size comparison. The
micro ICP chip while operation is shown in Figur&@(b). This chip was operating in a
reduced pressure chamber to provide suitable gonditfor ICP formation. Increasing

the plasma power to 3 W resulted in expansion ofature ICP as shown in Figure 2.11.

Figure 2.9. Microscopic photograph of the 50-nH planar gold polyimide-coated inductors with
diameter of 800 mon a 1.27 x 1.27 x 0.3 mm quartz substrate
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Figure 2.10. (a) Plasma chip consisting of micrometer-sized inductors placed on a one-cent
coin. (b) Micro inductively coupled plasma generation on a chip, using planar inductor made of
gold on quartz substrate at the power of 1 W, frequency of 900 MHz, and 1 Torr helium gas.
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Figure 2.11. Increasing the plasma power to 3W resulted in expansion of the miniature ICP.

2.10 - Conclusions

A miniature ICP source was successfully developeédrating at a pressure of 1 to 10
Torr and a power requirement of only 2 - 8 W witltbon dioxide, helium and argon as
the plasma gas. The electrical model of miniat@® lsources was investigated. The
miniature plasma impedance was measured using Simath. Furthermore, background
emission of miniature ICP sources were monitored @sed to investigate the species in
carbon dioxide, argon, and helium miniature ICH® Tiniature carbon dioxide ICP was
used to qualitatively identify a small volume ofhygene, neon, and hydrogen gas
introduced into the plasma, resulting in a distisgable peak at approximately 431, 585,

and 656 nm, respectively. In addition, the feasipbbf micro ICP generation on a chip
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using an inductor with size of smaller than 1 mnswlamonstrated. The results suggest
that the developed micro ICP source can be pothnti@ed as real-time, rapid and

portable gas analyzer.
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Chapter 3 - Methane Quantification in a Mixture of Gases Mimidking
the Martian Atmosphere by Miniature Inductively Coupled Plasma

Mass Spectrometry

3.1 - Introduction

The existence of organic molecules on the Martiarfase is of fundamental
importance to understand the origins of life anel plossible existence of extraterrestrial
living organisms. Methane (CMHis the simplest organic molecule and has beeghdou
on Mars for many years. The remote detection aett@mounts of methane gas (10 ppb
by volume) using a ground-based Fourier transfopecsometer was reported for the
first time in 2004 and was confirmed again in tlaet investigations [63-67]. The
lifetime of methane in the Martian atmosphere waggested to be in the order of ~350
or ~670 years according to photochemical proces&&69]. Alternatively, the
observation of temporal and spatial variations leé tmethane concentration on the
Martian surface suggested an even shorter life binel year [64,67]. Such a lifetime
indicates that an active process must be involneithe production of methane on Mars.
The potential mechanisms responsible for methap@ygtion and sink were summarized
elsewhere [70]. The remote observations from théheand the Martian orbit indicate
seasonal variations in the methane concentratidviars.

However, understanding the mechanism behind thasations requires landed Mars
missions to overcome the limits of the observatioethods from earth (offering very
high resolution but suffering from interferencesnfr the earth’s atmosphere) or Martian

orbit (relatively low resolution due to payload straints). Future landed Mars missions,
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such as ExoMars mission scheduled for 2016, haea Ipbanned in order to further
investigate the concentration, distribution, arelpbssible chemical reactions of methane
on the Martian atmosphere [71].

A great deal of resources have been invested byomdtAeronautics and Space
Administration (NASA) to develop miniature instrunte for in situ chemical analysis.
As a result, small and analytically powerful massgl @n mobility analyzers have been
developed specifically for space applications [72he Viking, Phoenix, and Mars
Science Laboratory missions are the most famouspbes of the utilization of miniature
mass analyzers for Mars exploration missions. Aewarof ionization techniques have
been investigated to produce the ions that engemiaiss and ion mobility analyzers. Such
ionization techniques can be classified in seveliatinct ionization processes [73].
Electron impact ionization is a well-establishedization method and has been widely
used in space missions, such as the Viking andi@assssions, because of stability,
ease of operation and control of the electron beaemsity, high sensitivity, and library-
searchable spectra. The major drawbacks of thizaton method are fragmentation of
large mass compounds and the requirement for iemlaimples. To eliminate these
limitations, alternative ionization sources haveerbedeveloped for analyte-specific
ionization. For example, a hollow cathode ionizexs tbeen designed specifically to
operate under ambient Martian atmosphere at therdgulsion Lab of NASA to address
the problem associated with the fragmentation eofdaorganic species during the
ionization process [74]. This ionizer consists dafigect current discharge at the Martian
surface pressure. A stream of,@,H" is produced by introducing gas phasgOH

molecules from a reservoir into the discharge.
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The recent developments in ambient ionization teghes enable the ionization of
samples in their native environment, without sangokparation or separation, providing
sensitive, selective, rapid, direct and high thigug analysis of a wide range of
compounds [75-77]. Various ionization methods ha@en developed such as desorption
electro-spray ionization [78], direct analysis @alrtime [79], and desorption atmospheric
pressure photo-ionization [80]. Although these searhave been widely investigated for
several applications on earth, the potential dizing such methods for space exploration
missions has not been fully investigated. In tharky a miniature inductively coupled
plasma ionization source was developed and invastigfor ambient ionization on the
Martian surface.

Plasmas can be generated using various methodsldgmeong the various types of
plasma sources, ICP sources exhibit several adyesmfar miniaturization such as: 1) the
ability to create intense plasmas, 2) longer lifets, 3) low power dissipation in the
plasma boundary, 4) no requirement for high voltggewver supplies, and 5)
compatibility with micro-fabrication. In additionn ICP sources electrodes are not in
direct contact with plasma. For example, the plasarabe generated inside an isolated
glass or quartz chamber while the electrodes aséigoed outside. This is important in
chemical analysis because any possible cross cordgaaonm is eliminated [81]. Miniature
ICP sources may operate at reduced power and pesssith noble gases or air [82,83].
Such sources operate at higher frequencies comparednventional ICP sources. A
detailed description of miniature ICP sources maydund elsewhere [84].

Generally, noble gases such as argon or heliumsae as the plasma gas in ICP-MS

[85]. Reduced pressure inductively coupled plasm#&ces have been investigated for
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chemical analysis [86-89]. However, the advantagésusing ambient atmospheric
conditions for plasma generation play a decisivie ia selecting plasma gas. For
instance, a micro plasma device that operates attat ambient conditions does not
require noble gases or a vacuum pump [90]. Rembrkaitrinsic conditions of the
Martian atmosphere provide favorable conditionstfier formation of plasma at ambient
conditions. The Martian atmosphere consists of Z&.&arbon dioxide, 2.7% nitrogen,
1.6% argon, and trace amounts of other constitigmis as oxygen, carbon mono oxide,
and water vapour [91]. The atmospheric pressurblars varies from around ~0.2 Torr
on Olympus Mons's peak to over ~8.7 Torr in the loeptf Hellas Planitia, with a mean
surface level pressure of ~4.5 Torr [92].

In this chapter, the development of a miniature I§€firce, operating under gas
compositions and pressures comparable to thoseettist on Mars is reported. The
miniature ICP was generated at frequency of 954 MRl power of ~ 2 to 3 W. Mass
spectrometric measurements of the species generatethe miniature ICP were
performed. Operating conditions such as pressweiep consumption, and skimmer
voltage were optimized. Additionally, the repealipi reproducibility and analytical
performance of the method in the detection of tracentities of methane were
investigated. The calibration curves and limitsdeftection were determined and the

effect of Mach disk on the sensitivity and detegtiinits was investigated.

3.2 - Experimental Setup

The schematics of the experimental setup is ibustt in Figure 3.1. The setup
consisted of a reduced pressure chamber equippbdawyrex tube (4 mm i.d. and 6
mm o.d.), a leak valve, and a vacuum gauge. Thie Vaelve was used to adjust the
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Figure 3.1. Schematics of the experimental setup. The reduced pressure chamber was
interfaced with quadrupole mass spectrometer. The miniature ICP was formed inside the Pyrex
chamber. Sample was introduced via the leak valve.

pressure by limiting the amounts of gas enteririg the reduced pressure chamber. The
miniature ICP was formed inside the Pyrex tube. Pyeex tube was bonded to the
aluminium sampler cone (1.8 mm orifice diameterjaoduadrupole mass spectrometer
(Delsi-Nermag, France) using an O-ring and waseseély vacuum epoxy adhesive
(Loctite 1C Hysol, Henkel). The first stage vacupomping of the mass spectrometer
provided vacuum inside the reduced pressure chariiber differential pumping of the
mass spectrometer and the skimmer’s negative ielgicpotential enabled the extraction
of ions from the ICP in the reduced pressure charthe8, 12, and 16 Torr) and their
introduction into the high vacuum chamber (¥1Xbrr) of the quadrupole mass analyzer.

The interface pressure of the mass spectrometer-@dsTorr. The operating conditions
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of the mass spectrometer are listed in Table 3.Mdefsiled description of the mass
spectrometer is provided in previous publicatio®8,94]. The mass analysis was
performed in the positive ion mode of the mass speweter and in a mass range of 5 to
300 amu. There was no signal detected beyond 45aauuhe results are presented in

the mass range of 5 to 45 amu.

Table 3.1. Mass spectrometer and data acquisition specifications.

Mass spectrometer

Mass spectrometer Quadrupole (Delsi-Nermag) Mass range (5 to

300 amu)
Sampler cone Aluminium, 1.8 mm orifice
Skimmer cone Nickel, 0.60 mm orifice
Sampler-skimmer distance 6 mm
Detector voltage -450 to -650 V
Skimmer voltage 0 to -500 V
Interface pressure 0.4 Torr
Quadrupole pressure fdorr
Polar offset -172V
Deviation voltages -71,-163,-173 V
Data acquisition in Plasmass software
Initial delay 300 msec
Delay per mass 300 psec
Dwell time 5 msec
Number of readings 200
Number of samples per amu 1
Number of replicates 11

A 6-turn copper inductor (0.25 mm wire diametermin spacing between turns)
tightly encircled the Pyrex tube as shown in Figuz The inductor was connected to an
impedance matching network consisting of a 10 pfaro& capacitor and a 1-30 pF
piston trimmer [82]. The front of the inductor (tlsele closer to the sampler) was at
ground potential. The pulse modulated ultrahiglydency (UHF) signal was generated

using a signal generator (8648B, Agilent) and a@generator (132, Wavetek) at carrier
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and pulse frequencies of 954 MHz and 30 KHz, raspeyg. Then, the signal was
amplified (15100B, Ailtech) and directed to the SMnnector of the impedance
matching network. The modulation of the UHF sigmas used only for the plasma
ignition and turned off while obtaining the masgapometric measurements. The high-
frequency electrical behavior of the plasma gef@rnainit, consisting of the inductor and
the matching network was investigated using a nétvaoalyzer (8712ET, Agilent). An
optical emission spectrometer (HR4000, 300 to 780 @cean Optics Inc) was used to
monitor the emission intensity of the miniature 1@Pphotograph of experimental setup
including all the instruments utilized in the exipgents is shown in Figure 3.3.

To replicate the composition of the Martian atmasph two custom mixed gas
cylinders were obtained from Airgas Inc. In bothirgers, carbon dioxide served as the
balance gas. The first mixture (Mixture A) contalri2745% nitrogen and 1.557% argon.
The second mixture (Mixture B) contained 2.6% man, 1.521% argon, and 500 ppm
(v/v) of methane. The concentration errors for botixtures were £ 2%. Mixture A
served as the reference sample with 0 ppm metAde®, the gas mixtures were used to
prepare ~50, 100, 200, 300, and 400 ppm methanplssuny the addition of Mixtures
A and B by a ratio of 9:1, 8:2, 6:4, 4.6, and 2&5pectively. A mass flow meter (Model
8270, Matheson Tri-Gas Inc) was used to fill a di&il with the proper volumes of
Mixtures A and B. The time duration was used totdrihe mixture ratio while keeping

the gas flow and total gas volume constant.
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Figure 3.2. Photograph of the experimental setup, showing the ICP generation circuit, Pyrex
tube and sampler cone. The emission was gathered using an optical fiber.
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Figure 3.3. Photograph of experimental setup showing all the instruments utilized in the
experimental setup.
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3.3 - Sampling and Skimming

When gas molecules penetrate the low pressurefangeregion from the reduced
pressure chamber through the sampler orifice, &jproduced. The Mach disk forms
when the expanding jet meets the background gdbkerinterface region. The region
between the sampler orifice and Mach disk is calledzone of silence [85]. Skimming
the gas in the zone of silence and the upstreatheoMach disk is essential to achieve
the greatest ion throughput into the high vacuunssvanalyzer region. After the Mach
disk, the gas becomes turbulent and skimming sutiirbaulent gas results in reduced
sensitivities in analytical applications. As a fexf the collisional processes after the
Mach disk and the penetration of the interfaceigesthe skimmer, the ions entering the
skimmer are not necessarily representative of dmepted ions from the plasma species
[95,96].

The position of the Mach disk (X is defined as:

X_ =067 D, |0
P

1 (3.1)
where ) is the diameter of the sampling orifice; B the pressure in the reduced
pressure chamber and, B the interface pressure as shown in Figure Bat. the
experiments in this studyo3= 1.8 mm, P = 0.4 Torr, and £= 4, 8, 12, and 16 Torr,
results in X, of 3.8, 5.4, 6.6 and 7.6 mm, respectively. Comgidethe 6-mm distance in
between the sampler and skimmer in this study, Hprequal to 4 and 8 Torr, the

skimming occurred outside of the zone of silence fam R, of 12 and 16 Torr occurred

inside the zone of silence.
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Figure 3.4. Introducing ions from the sampling chamber to the high vacuum. The Mack disk
forms in the interface region.

3.4 - Resonance frequency

The scattering (S) matrix is defined in relationthe incident and reflected voltage
waves. In the case of a one port network, the esiadt matrix simplifies to §= V'1/V'y,
where 93, V1 and Vi are the reflection coefficient, the incident vgka and the
reflected voltage, respectively. A smalk & required for efficient power transmission to
the miniature ICP. The matching network was adplisteobtain the minimal reflection
coefficient while the Pyrex tube was present ingfteinductor. In the best case, an S
of -36 dB at the frequency of 962 MHz was obtainHte experimental measurement of
the reflection coefficient versus the frequencysimwn in Figure 3.5. Removing the
Pyrex tube from the tuned system resulted in amaagged $ (-15 dB) with a slight

shift in the resonance frequency (974 MHz).
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Figure 3.5. Reflection parameter of the miniature ICP generating circuit. Removing the Pyrex
tube resulted in a slight right shift in the resonance frequency and deteriorated reflection
coefficient.

3.5 - ICP Ignition and Operation

The pulse modulation of UHF signals reduces thelired ignition power for UHF
plasmas [90,97], and was utilized to ease the @amgnition. After formation of the
miniature ICP, pulse modulation was switched off firevent mass spectral profile
deformation caused by pulse modulation) and thenpdawas supplied with an amplified
UHF sinusoidal signal. Self-ignition was also fééesiby increasing the UHF power.
However, it was avoided to prevent overheating poskible damage to the setup. The
generated ICP was stable during the course of alewereks without causing discernible
erosion to the chamber. The power absorbed by thature ICP source were changed

based on the supplied power and the pressure itisedeeduced pressure chamber as
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shown in Figure 3.6. The absorbed power was meddwaltering the pressure for the
forward powers of 3, 4, 5, 6, and 7 W.

The formation of plasma inside the Pyrex tube ckarthe overall impedance of the
circuit. Therefore, the frequency was adjusted raftasma formation to achieve
minimum reflected power and maximum optical emissidfter the plasma formation,
the resonance frequency of the circuit occurre@bdt MHz. A shift of approximately -8

MHz in the resonance frequency was observed be@duke ICP formation.

Absorbed Power

8

12
Pressure 16

Figure 3.6. The power absorbed by miniature ICP source were changed based on the
pressure inside the reduced pressure chamber for a constant supplied power.
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3.6 - Background Mass Spectra and Effects of Pressu

A sample background mass spectrum of the minid@#Peoperating at 8 Torr and 2.6
W with mixture A as the plasma gas is shown in Feg8L7 . The spectrum contained the
CO," parent ion along with its fragments such 8s@0", and O. The molecular oxygen
ion (O;") was also present in the spectrum. The other nspiecies observed in the mass
spectrum were Ar NO', H,O", H;O", HCO" and N. The major overlapping signals
were for the pair of BI/CO" at m/zof 28. Furthermore, introduction of methane sample
results in overlapping signalsmafzof 16 for the pair of O CH,". The masking effect of
O (M.W. 15.9994 g/mol) on CH (M.W. 16.042 g/mol) prevents monitoring the ionic
methane peak ah/zof 16 with the current setup because of the 1 essalution of the
mass spectrometer. As an alternative,;Cat anm/z of 15 was used to monitor the

methane concentration.

i

Figure 3.7. Major background species from 1 to 50 amu associated with the reduced
pressure (8 Torr) ICP generated at 2.6 W under simulated Martian atmosphere as plasma gas.
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The variation in the mass spectral profile of thaiature ICP operated at 3 W versus
pressure is shown in Figure 3.8. The spectra wermalized by dividing the signals by
the total sum of signal intensities in the spectrdm avoid detector saturation, the
detector voltage was set to -460, -480, -540, &40 V for the plasma pressures of 4, 8,
12, and 16 Torr, respectively. An increase in thesgure resulted in an increase in
relative intensities of CH, H,O", H;O", NO', HCO" and Q". In contrast, by increasing
the pressure, the intensity of QN*, O", CO", and CQ" was decreased. The general
trend observed with regards to the effect of pressim the mass spectra demonstrated
that an increase in pressure was unfavorable gsodiative ionization and conducive to
molecular ionization.

The observed mass spectral profile can be useaiderstand the plasma species at
the turbulent and jet regions. An unusual trend whserved at 16 Torr for’‘CCO"
(fragments), and CO (parent ion) where an increase in the pressurdtegsin an abrupt
decrease in the intensity of both the parent aaghfient ions. Additionally, at 16 Torr, an
abrupt decrease in the intensity @nd increase in the intensity ob'Cand HO" was
observed. Such abrupt changes in the intensityn@fsignals can be attributed to the
skimming location. By increasing the pressure & tbduced pressure chamber, the
location of the Mach disk moved in relation to #k@mmer tip. As a result, by increasing
the pressure, the skimming region eventually mduaa the turbulent region to the zone
of silence. It is notable that the gHsignal did not exhibit any unusual or abrupt trénd

relation to a change in the skimming location.
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Figure 3.8. Pressure dependence of signal intensity. The spectra are normalized by dividing
the signals by the total sum of signal intensities in the spectrum. The detector voltage was set to -
460, -480, -540, and -610 V for the plasma pressures of 4, 8, 12, and 16 Torr, respectively. The
skimmer voltage was -100 V.

3.7 - Effects of Power on Mass Spectra

To investigate the effects of the plasma net poarrthe background spectrum,
plasma was generated at a pressure of 4 Torr wiktuké B as the plasma gas. The
detector voltage was set to -540, -520,-500, aB6 M for plasma power of 2.6, 2.9, 3.2,
and 3.5 W, respectively. The effect of the plasroagr on the background spectrum is

illustrated in Figure 3.9. The spectra were noreealiby dividing the signals by the total
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Figure 3.9. Power dependence of Mass spectrum. The spectra are normalized by dividing
the signals by the total sum of signal intensities in the spectrum. The detector voltage was set to -
540, -520,-500, and -480 V for plasma power of 2.6, 2.9, 3.2, and 3.5 W, respectively. The
skimmer voltage was -100 V. The spectra were acquired at the pressure of 4 Torr.

sum of signal intensities in the spectrum. By iasieg the plasma power, the fragment
species such as"CN*, 0", and CO exhibited an ascending trend. In contrast, therar
ions such as CH, H,O', NO", O,", and CQ" demonstrated a descending trend. Thus,
enhancing the plasma power favored the dissociatwezation of plasma species.
Accordingly, operating the miniature ICP at low o resulted in higher signal

intensities for CH™ and was preferred in analytical measurements. plasma power
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exhibited an insignificant effect on theAsignal intensity compared to the other species
because argon was not involved in a dissociatigeti@n. In addition, the signal intensity
increase am/zof 28 (as a result of an increase in the plasnveeppindicated that this

peak was dominated by C@fragment ion) rather than,N(parent ion).

3.8 - Effects of Skimmer Voltage on Mass Spectra

The effect of skimmer voltage on the mass speptile is demonstrated in Figure
3.10. The skimmer voltage was decreased from ®B@0 V by 50 V decrements. The
detector voltage was set to -540 V. The plasmaapasated at 2.8 W net power and 4
Torr. For the low mass range (ira/zof 12, 14, and 15) the maximum signal intensity
occurred at approximately -100 and -450 V. FeOH a skimmer voltage of -200 V
resulted in the most intense peak. For all othercigs, skimmer voltage of -150 V

resulted in the maximum signal intensity.
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Figure 3.10. Skimmer voltage versus signal intensity. The detector voltage was set to -540 V.
The plasma was operated at 2.8 W net power and 4 Torr.

3.9 - Analysis of Methane Sample

3.9.1 - Repeatability and Reproducibility

In order to evaluate the repeatability and reprdality, C* and CH" signals were
measured while altering the plasma gas betweenukéixf and Mixture B. A 3-way
valve was connected to the leak valve. The mingat@P was formed at 8 Torr and 2.5
W. The detector voltage was set to -650 V. The $-wave was switched (every 30
seconds over a period of 11 minutes) between MixAuand Mixture B (sample) while
simultaneously monitoring the’@nd CH" signals. The carbon ion was monitored as an
indicator to screen the stability of the backgrospéctrum during the experiment. Data
acquisition parameters are listed in Table 3.2. pitwdiles of the monitored species are
shown in Figure 3.11 with a gain of 3 and 1 forZlHnd C, respectively. The abrupt
pressure decrease while switching resulted in pdasxpansion and signal enhancement.

One example of such overshoot is shown in Figuld Jup). The repeatability was
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calculated from 11 sporadic measurements. The merasuts were repeated after one
week under the same operating conditions for thaeianire ICP and the mass
spectrometer. The results are shown in Figure 8dbivn). Eleven data points were
randomly selected from the central data points a¢hecycle. The signal average,
standard deviation, and RSD values for first arabisd experiments are shown in Table
3.2. The RSD value varied from 0.68% to 1.41% Mar first experiment and from 0.78%
to 2.87% for the second experiment. Reproducibiitys evaluated by using the 22
average signal sets from the first and the secgpdranents. The RSD value was 4.03%.
Similar profiles were obtained for mixtures withrieus methane concentrations under
the similar operating conditions. Based on caledatRSD values, this method

demonstrated acceptable repeatability and reprbdiiyi

Table 3.2. Repeatability and reproducibility for CH;" detection using 11 data set for
repeatability and 22 data sets for reproducibility. The data acquisition parameters are also listed.

Cycle | Day one | Day two
Ave SD %RSD Ave SD %RSD
1 2.7803 0.0254 0.9139 2.7048 0.0284 1.0487
2 2.8327 0.0237 0.8379 2.7324 0.0213 0.7805
3 2.9232 0.0283 0.9688 2.8845 0.0449 1.5568
4 2.9433 0.0209 0.7091 2.9014 0.0833 2.8709
5 2.9434 0.0267 0.9172 2.9716 0.0607 2.0431
6 2.9746 0.0202 0.6769 2.7969 0.0502 1.7960
7 2.9710 0.0420 1.4126 2.8099 0.0384 1.3651
8 2.8443 0.0310 1.0912 2.8890 0.0263 0.9087
9 2.7900 0.0341 1.2218 3.0059 0.0268 0.8917
10 2.7713 0.0247 0.893 3.1747 0.0690 2.1740
11 2.7920 0.0266 0.9536 3.0834 0.0254 0.8225
Cycle Day one and two
All Ave = 2.8873 SD =0.1164 %RSD = 4.0302
Acquisition Parameters
System delay 20 usec
Scan delay 30 msec
Mass jump delay 300 psec
Sampling rate 1
Number of readings 500
Scan time in ms 500
Gain CH" 3
Gain C 1
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Figure 3.11. Profiles of C* and CH;" signals while switching between Mixture A and Mixture
B using a 3-way valve with a gain of 3 and 1 for CH3" and C", respectively: day one (up) and day
two (down). The miniaturize ICP was operated at 8 Torr and 2.5 W. The skimmer and detector
voltages were -100 V and -650 V, respectively.
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3.9.2 - Calibration Curves and Detection Limits

For analytical measurements, the pressure in thecesl pressure chamber was 4, 8,
12, and 16 Torr in order to skim GH The pressure of 16 Torr enabled achieving the
lowest detection limit and largest sensitivity besa the skimming was occurred in the
zone of silence. The statistical results for theadaoints are summarized in Table 3.3.
The net signals were determined by the differeretevéen the signal and blank levels.
Relative standard deviation of the measured signalercent (Yo0RSD) versus methane
sample concentration is presented in Figure 3.kfdr calibration curve (coefficients of
determinations (B = 0.9966) with a working range of approximatelgeoorder of
magnitude was obtained for 16 Torr as shown in feig8.13 (a). Additionally, the
calibration curves were obtained with excelleneéinty for the miniature ICP operating
at 4, 8, and 12 Torr as shown in Figure 3.13 (b¥the values for the detection limits
(Table 3.4) were calculated based on the threestistendard deviation of the blank
(plasma produced with Mixture A) measured for<{Bver eleven replicates using five-
point calibration curves. A detection limit of 0.ppm was obtained for the experiment
conducted at 16 Torr. As expected, the detectiontdi and sensitivities for plasma
operating at 4, 8, and 12 Torr, where the turbulegion was skimmed, were deteriorated
compared to the plasma operating at 16 Torr, wherget was skimmed. The obtained
results were in accordance with calculated posibbrthe Mach disk and the zone of
silence. The results indicate the feasibility o titilization of CH" signal for analytical

measurements.
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Table 3.3. Average signal, net signal, standard deviation, and relative standard deviation
obtained for CH5" at 15 amu. The data was used to obtain the calibration curves and detection
limits.

Pressure Methane Ayerage S.D. % R.S.D. N.Gt
(ppm) Signal* Signal
0 0.0744 0.0016 2.1765 0.0000
50 0.3956 0.0067 1.6896 0.3212
4 Torr 100 0.6849 0.0079 1.1522 0.6105
200 1.2198 0.0074 0.6099 1.1454
300 1.9354 0.0141 0.7266 1.8610
400 2.5604 0.0242 0.9458 2.4861
0 0.0512 0.0020 3.8714 0.0000
50 0.4041 0.0020 0.4836 0.3529
8 Torr 100 0.7214 0.0048 0.6696 0.6702
200 1.3358 0.0059 0.4403 1.2846
300 2.0304 0.0077 0.3783 1.9792
400 2.6242 0.0188 0.7157 2.5730
0 0.0644 0.0011 1.7800 0.0000
50 0.5670 0.0038 0.6779 0.5027
12 Torr 100 1.1570 0.0085 0.7364 1.0926
200 2.2563 0.0164 0.7282 2.1919
300 3.4960 0.0119 0.3393 3.4316
400 4.8451 0.0334 0.6889 4.7808
0 0.1235 0.0011 0.9228 0.0000
50 1.2329 0.0132 1.0712 1.1093
16 Torr 100 2.3387 0.0286 1.2219 2.2151
200 4.2405 0.0510 1.2033 4.1170
300 7.0093 0.1042 1.4866 6.8857
400 9.1743 0.1700 1.8533 9.0508

* The average signal represents an average ofrel@easurements.

Table 3.4. The detection limits (ppm) and sensitivity (V/ppm) for CH;". Eleven data points
were used in the calculation of the values.

Pressure Detection Limits* Sensitivity
(ppm (v/v)) (V/ppm)
4 Torr 0.78 0.0062
8 Torr 0.93 0.0064
12 Torr 0.28 0.0121
16 Torr 0.15 0.0229

* Based on 3 of blank signal (Mixture A) measured at 15 amu.
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Figure 3.12. Methane concentration versus the %RSD of the measured signal.
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Figure 3.13. The calibration curves were obtained from the net signals for miniature ICP
operating at 4, 8, 12, and 16 Torr (a-d). The net signals were taken as the difference between
signal and blank levels.
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3.10 - Conclusions

The development of a miniature ICP source was sstalty achieved, operating at
pressures of 4 to 16 Torr and a power requiremelass than 3.5 W. The miniature ICP
was able to generate a stable plasma under comglitmimicking the Martian
atmosphere. The quantitative analysis of trace atsoof the methane sample was
performed by interfacing the miniature ICP with @adrupole mass spectrometer. The
effects of pressure, plasma power, and skimmergelivas investigated and optimized
for obtaining the analytical results. Excellentiloadtion curves were obtained for gHt
m/z of 15. With this method, a detection limit of 0.Jfpm was achieved using a
quadrupole mass spectrometer. In order to imprbeeanalytical performance of this
method, further experiments with state of the arassn spectrometers is under
investigation. The simplicity of instrumentationr fgenerating a low-power, reduced
pressure miniature ICP should encourage furtheestigation of this method for Mars

exploration missions.
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Chapter 4 - Generation of Atmospheric Pressure Ultra High Fregency
Air Micro Plasmas in a Magnetic Loop and Effects ofPulse Modulation

on Operation

4.1 — Introduction

Micro plasma sources are becoming extensively @opautcause of their interesting
applications in diverse equipment or devices swulplasma-based chemical analyzers
[98,99], and biomedical and dental sterilizers [10Q]. Several micro plasmas are
reported to operate in various plasma gases aréiff pressures and frequencies [102-
104]. The development of portable micro plasma ceviis a major challenge. Power
consumption, plasma gas type, and operating pess@ three major parameters to
optimize for developing portable micro plasmas [[L0%e use of air as the plasma gas at
atmospheric pressure is important to eliminate rdguirement of noble gas, vacuum
pump, and related auxiliary components. Furthestucgon of the power consumption
extends the operation period and utilization ofdrgitbased devices. The required power
for sustaining the plasma is reduced by pulse natidui (PM) of ultra high frequency
(UHF) plasmas [106-109].

An atmospheric pressure air micro plasma (APAMR)re® was developed under
ambient conditions using a magnetic loop at anatpey frequency of 740 MHz. A self-
igniting, stable APAMP was generated at 9.5 Wdtdse modulation (PM) was applied
to the ultra high frequency (UHF) signal. The effeof PM on self-ignition and
operation of the APAMP source were studied by usirggjuare wave modulating signal

in the frequency range of 5 to 30 KHz. The powar delf-ignition and operation was
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reduced by PM. With the application of PM on theAMP, in the best case, the plasma

self ignites and is sustained at 2.5 Watts.

4.2 — Magnetic Loop Antennas

Magnetic loops antennas are well-known antennals igh quality factors at their
resonance frequencies. They are efficient in natvemdwidth operations. However,
their high inductive reactance is unfavorable ftiicently utilizing them in wideband
applications. Magnetic loop antennas are most comynosed by radio amateurs for
receiving and transmitting signals in high freque(idF) band and amplitude modulation
(AM) broadcasting and receiving antennas [110,1MHgnetic loop antennas consist of
a loop of conductor and a tuning capacitor (Figrga)) [112]. Usually, impedance
matching is achieved by using a subsidiary loopaogamma match and a tunable
capacitor. A stepping motor can be used to adjsttining capacitor to the resonance
frequency. Magnetic loop antennas can be considesddlded dipole antennas and are
widely used in applications that the space is detjaate for full size antennas. The main
disadvantage of magnetic loop antennas (when umettansmitting RF signal) is the
occurrence of high RF voltages across the tuninmpa#or [113]. Such high voltages
(although not favorable for transmitting antennai® favorable for producing electrical
breakdown or plasmas. Despite the long historytiiization of magnetic loop antennas
in communication, their capability of such antenmasplasma formation is not well
studied.

The equivalent electrical circuit for a magnetiopaantenna is shown in Figure 4}
[112]. The subsidiary loop provides voltage feedtls tapping point and inductive
coupling to the magnetic loop antenna. The indwsaaf subsidiary loop @), the
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resonanfoop inductance (1), and the tuning capacitor (@fe shown irFigure 4.1b).

The mutual couplindpetween the gamma match and the loop is modeleh mutual
inductance with (1 :j) ratio. The resistive loss and the plasma impeel@nepresented
with Ryt and Ryiasma respectively.The input impedance of th@agnetic loop antenr
without plasma is givehby equation 4.1 where s = 2 f:

Z(s) = sle + 1°[(sL1 + R ™" +SC] ™ 4.1

Coaxial Cable

V4 \ : L,
RN /)
N ] / R

(a) (b)

Figure 4.1. (a) A typical configuration of magnetic loop antenna with a gamma matching, (b)
equivalent circuit for a magnetic loop antenna with gamma matching. The plasma impedance is
noted with Rpjasma in the equivalent circuit.

The current and voltage distribution along the magné&imp antenna is shown
Figure 4.2.The magnetic loop antenna is illustrated in anrekte appearance for mc
clarity. The current at the two ends of the elat®®are zero. Additiony, the voltages
at the two ends are on their maximum absolute vatubde two ends of the electrod
The inner loop with a length «quarterlambda is connected to the tuk quarter-lambda

away from one of the ends to provide a tapping fgointhe votage.
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Figure 4.2. Current and voltage distribution along a half-wave magnetic loop antenna. The
magnetic loop antenna is unfolded for a better illustration.

4.3 -Electromagnetic Waves Simulation

Frequencydomain studies for electromagnetic waves were padd using the R
Module of COMSOL 4. [114]. The electric and magnetic field patterns aroumel
magnetic loop antenna and also the effects of maglm®p antenna parameters on
resonance frequency @rreflection parameter were investigated. Thagnetic loop
antenna geometrfvith radius of 2.5 cm, wire diameter of 1.6 mmpgeidth of 0.5 mm
was constructed using perfectly conducting surfasethe base structuiFigure 4.3) and
altered accordingly for different parameters. Trederial parameters were extracted fr
the material library database of COMSOL 4.1 wheguired. The magnetic loop anter
geometry vas placed in a spherical air domain with a raditis8 @m. A spherica
Perfectly Matched Layer (PML[115] with a radius of 30 cm surrounded the air don
and provided an additional domain to absorb theatms from the magnetic loc
antenna with minimunneflectior (Figure 4.4) The outer surface of PML was definec

the scattering boundary condition to further redtree reflection. The excitation urce
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was defined as a 1 W lumped port coaxial sourch ait impedance of 50 Ohms on the
SMA connector. Then, the geometry was meshed ldyacé as shown in Figure 4.5 (a-

d).

Figure 4.3. Geometry of magnetic loop antenna with diameter of 5 cm, wire diameter of 1.6
mm, and 500 micro meter air gap
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5(6'4

Figure 4.4. Geometry of magnetic loop antenna with diameter of 5 cm, wire diameter of 1.6
mm, and 500 micro meter air gap inside Perfectly Matched Layers

Figure 4.5. Geometry of magnetic loop antenna with diameter of 5 cm, wire diameter of 1.6
mm, and 500 micro meter air gap. Various views of the geometry (a-d) are shown for more clarity
after meshing for finite element simulation.
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The vector Helmholtz equation for the electric dievas used to solve for the
geometry is:

N° m' (N E)- Ki(g - —2)E=0
we,

0 (4.1)
where | is the relative permeability from material, E e telectric field, kis the wave
number of free space, is the relative permittivity from material, j iedé imaginary unit,

is the electric conductivity from material, is the permittivity of free space, andis
the angular frequency.

The effects of the gap width, loop radius, wireckimess, and loop material were
studied and the results are shown in Figure 4.80(#)l). Increasing the gap width from
0.1 mm to 4 mm resulted in an increase in the r@som frequency from 716 MHz to 972
MHz and a decrease in reflection parameter fromiB %0 -27 dB. Resonance frequencies
of 1652, 870, and 454 MHz were obtained for the me#ig loop antenna with radii of
1.25, 2.5 and 5 cm, respectively. The magnetic laopenna circumferences were
approximately equal to half-wavelength of the reswe frequencies. Altering the loop
radius exhibited minimal effects on the reflectimarameter (-12 dB). Reducing the wire
diameter resulted in an increase in resonance drexyuand a decrease in reflection
parameter. Additionally, the simulation results ealed that a magnetic loop antenna
constructed with copper instead of a perfectly cmtidg material exhibits a deteriorated
reflection parameter at the same resonance freguenc

The patterns of the electric and magnetic field mtages around the magnetic loop
antenna (at the resonance frequency) are showrging=4.7 (a) to (c). The ranges for

electric field (Figure 4.7(a)) and magnetic fiekigure 4.7 (c)) are set to 1000 V/m and 2
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A/m, respectively, to provide a better visibilitgrffield distributions. The maximum
value for the electrical field (~40 KV) occurredtime gap of the magnetic loop antenna

as shown in Figure 4.7 (b).
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Figure 4.6 (a)
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Figure 4.6 . Simulation result for demonstrating effects of gap width (b) loop radius, (c)
wire diameter, (d) wire material on reflection paster and resonance frequency of magnetic

loop antenna.
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Figure 4.7 (b)
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Figure 4.7. Electromagnetic wave distribution around the natignloop antenna: (a)
Electrical field distribution in the resonance fuegcy, (b) electric filed distribution in the
vicinity of the magnetic loop’s gap at the resorefrequency, (c) magnetic field distribution in
the resonance frequency.

4.4 — Experimental Setup

A magnetic loop with a diameter of 5 cm was corided using a tin-coated copper
wire with a thickness of 1.6 mm. The gap in the n&ig loop, where the micro plasma
forms, was of the order of 100 micro meters. Thegme#ic loop was connected to an
Ailtech power amplifier (model 15100B, 0.5 — 1.0 gHusing a coaxial cable. A
sinusoidal UHF signal was generated using an AgiE$v8B signal generator and
amplified with a linear amplifier (Figure 4.8 (a)l.he power output of the radio

frequency (RF) amplifier was monitored using aregnated RF power meter on the
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amplifier. The radiated RF signal from the magnétiocp was also monitored using a
simple probe. A hand-held optical spectrometer @nc®ptics, HR4000) was used to
monitor the optical emission from the APAMP. Theicg fiber of the spectrometer was
placed 3 mm away from the micro plasma.

The reflection parameter of the magnetic loop wadisd at frequencies 300 to 1000
MHz using an RF network analyzer (Hewlett-PackardZET, 0.3 to 1300 MHz). With
no plasma, the resonance frequency occurred atvB20 as shown in Figure 4.9. The
APAMP device was supplied with RF power at frequenc00 to 1000 MHz. The
APAMP best performance occurred at 740 MHz basedhernpower consumption and
emission intensity from micro plasma. The resondreguency was shifted after plasma
formation by approximately -80 MHz. The APAMP devits shown in Figure 4.8 (b)
while in operation. At the frequency of 740 MHzeticro plasma self ignited at the
forward and reflected power of 9.5 and 4.2 Watspectively. The minimum forward
and reflected power required for sustaining theroniglasma was 3 and 0.25 Watts,
respectively.

The inner arc of the magnetic loop provides RF poteethe grounded loop. The
location of the connection, where the inner wireosinected to the loop, along with the
loop dimensions defines the resonance frequenahefstructure. This is because the
loop acts as two inductors in parallel and thetpwsiof the inner wire connection defines
the electrical properties of each inductor. Th@nasice frequency shift for the magnetic
loop is due to changes in the overall impedancthefcircuit because of micro plasma

formation.
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Figure 4.8. (Left) Schematics of the experimental setup for generation of micro plasma using

a magnetic loop, (Right) The micro plasmas were generated in air under ambient condition using
a magnetic loop operating at a frequency of 740 MHz.
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Figure 4.9. Experimental measurement of the reflection parameter for the magnetic loop. The

resonance frequency of the magnetic loop was 820 MHz in the absence of the plasma.
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4.5 - Modulation of UHF Signal

For frequencies ranging from DC to KHz, plasmaseagly formed, i.e. self ignition
usually is not challenging. In contrast, the povezuired for ignition of UHF plasmas is
higher than that necessary for operation. Certapoyer may be momentarily increased
to produce adequate seed electrons for ignitioB][1Alternatively, a secondary plasma
[117] can produce the initial seed electrons taucedthe ignition power required to form
UHF plasmas.

While PM has been widely investigated in large-scalHF plasmas [107,108],
minimal information is available regarding its il for operation of UHF micro
plasmas. To explore the effects of PM on APAMP ecesr the UHF signal was
modulated using a square wave with 50% duty cybkfpre amplification, at the
frequencies of 5, 10, 20, and 30 KHz. The amplitofithe pulse was varied from 0.5 to
3 volts in 0.5 volts increments. Both the input @guwave and the modulated UHF
signal were monitored using a mixed signal osalbpe (Agilent Technologies,
MSO7104A). Figure 4.10 shows the wave form of thedotated UHF signal with a
carrier frequency of 740 MHz at the periodic putsgnal frequency of 20 KHz for
different pulse amplitudes. The wave forms weretwaa upon self ignition of each
APAMP. The waveform of the radiated RF from magné&ibop was similar to that from
the signal generator.

The required power for self-ignition of the APAMB plotted in Figure 4.11 (a)
versus pulse amplitude at different modulating teties for a duty cycle of %50. As
the pulse amplitude is increased, the electridfigbduced by the applied peak voltage is

enhanced, and thus the required power for selfiamis reduced. The residual electrons
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during the pulse off time may also reduce the pawgquirement for the plasma ignition

at each cycle. We define the DRP (Difference in lRegl Power) as the difference
between the minimum forward power for plasma sgiition and operation. The DRP is

reduced as the pulse amplitude is increased (Figuté(b)). The increase in pulse
amplitude not only decreases the required powepl@sma ignition and operation, but
also, interestingly, reduces the DRP. Thus, theimum power required for operation

and self ignition are approaching the same value decrease in duty cycle leads to
reduced power consumption and greater dischargdistaas noted for other discharges
[108].

The optical emission spectra from the plasma weassitored during all experiments.
The integration time was set to 500 milliseconds.typical emission spectrum,
representing time and spatially integrated emissensities, is shown in Figure 4.12.
No change in spectrum was observed due to PM. Hemvelie peak and continuum
intensities were enhanced as the plasma operatwgrpwas increased. Only molecular

peaks were observed in the acquired spectrum.
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Figure 4.10. The 20-KHz modulated signal recorded at the output of the UHF signal
generator. The amplitude of pulse is shown on the left column of each waveform. The figure
presents the waveform at the minimum power required for self-ignition of the APAMP.
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Figure 4.11. (a) The self-ignition power versus pulse amplitude (b) The DRP value versus
pulse amplitude for modulation frequencies of 5, 10, 20, and 30 KHz.
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Figure 4.12. Optical emission spectrum of the modulated APAMP at 9.5 Watts.

4.6 - Conclusion

In conclusion, an atmospheric pressure micro plaambHF frequencies was
generated in a magnetic loop for operation inRinse modulation of the plasma power
resulted in reduced power consumption for ignitimgl sustaining the plasma. The nature
of excited species in the plasma was not alteredtdyulse modulation. To unravel the
characteristics of the modulated and non-modulatecro plasmas, the duty cycle
dependencies of power density, electron number itgjenand gas and electron

temperatures must be measured on a time and $padisblved basis.
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Chapter 5 - Tongue-shaped Ultrahigh Frequency Atmospheric Presse

Plasma Jet

5.1 - Introduction

Atmospheric pressure plasma jets are gaining gmpwiterest due to their efficacy in
diverse fields such as nano-particle generatio8,[l19], surface treatment [120,121] and
biomedical applications [122,123]. Spatial separatiof plasma generation and
application zones is remarkable in an applicatiequiring remote generation of ionic
species [124,125]. In the treatment of vulnerabielogical materials including
membranes and skin, plasma sources must offegstrirprovisions such as no risk of
arcing and operation at near room temperaturegegnt a painful sensation or heating of
delicate targets. Various plasma sources have tbeezloped specifically for biomedical
applications [126-134]. For example, plasma jetsegated using pulsed direct current
(DC) power supplies were developed that often dpdrat high voltage [135-138],
raising concerns about the increased risk of etattrshock during operation and
treatment [139]. One alternative approach is the afsradio frequency (RF) power to
form a small, spot-sized plasma at the tip of aathietneedle [140,141]. While RF
plasmas provide higher densities of active specmmpared to DC plasmas, their
medical applications are hindered due to generaigher temperatures and shorter
plasma lengths [142].

In this chapter, we present an ultrahigh frequefiyiF) tongue-shaped plasma jet
(TSPJ) expanding up to 1 cm in ambient air. Theoapheric pressure argon TSPJ

source was constructed using a magnetic loop aateannected to a tube in order to
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provide a directional argon flow. The tongue-shagedmetry was observed only when a
pulse modulated UHF signal was utilized. The UHghal without modulation resulted
in a simple U-shaped plasma jet. The generatednglgst was non-thermal and could be
touched by bare hands for several minutes. Gas fione element simulations were
performed using COMSOL 4.1 software to better usided the plasma formation
mechanism. Fast photography was used to investittedynamics of the TSPJ
formation and propagation by capturing the tempenaission. Plasma formation altered
the radiated signal waveform and power from the metig loop antenna. The radiated
power from the magnetic loop antenna was reducest gfasma formation and was
measured at various modulation frequencies. Adully, the effects of the modulation
frequency and the gas flow rate on the dynamic \iehand shape of the TSPJ were
investigated using fast photography. Plasma spesm® characterized by means of
optical emission spectroscopy. Finally, in order ¢éwaluate the feasibility and
performance of the TSPJ in treating biological slsipan onion membrane was treated

using the TSPJ.

5.2 - Experimental Setup

The schematic of the experimental setup is showFigare 5.1. The plasma jet was
generated between the ends of two electrodes fgrmimagnetic loop antenna. The
design and dimensions of the magnetic loop antan@aliscussed in previous chapters.
The two electrodes were placed inside a plastie {8bmm i.d., 8 mm o.d.) through two
1.6-mm orifices. The magnetic loop antenna gap wap@groximately 2.5 mm wide
compared to 0.1 mm that was used in previous chapke gap rested 4 mm from the
end of the plastic tube along the centerline. Unletherwise stated, argon stream at a
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flow rate of 1.2 L/min was passed through the tabd measured by a mass flow meter
(Model 8270, Matheson Tri-Gas Inc) during the ekpents. A sinusoidal signal at a
frequency of 850 MHz, corresponding to the resomafiequency of magnetic loop
antenna with plasma jet, was generated by a sggradrator (Model 8648B, Agilent). A
pulse generator (Model 132, Wavetek) provided sguweave with 50% duty cycle at a
frequency range of 2.5 to 100 KHz for pulse modafabf the UHF signal. The pulse
modulated signal was then amplified by a UHF an®li{Model 15100B, 0.5-1.0 GHz,
Ailtech) and supplied to the magnetic loop antetimaugh an SMA connector. A mixed
signal oscilloscope (MSO7104A, Agilent Technologiess used to monitor the signals.
The two electrodes were momentarily short circuibgda wire to create seed electrons
required to form a self sustaining TSPJ (Figure (&)2. The produced plasma jet was
nearly 2.5 mm wide, 10 mm long and 0.5 mm thiclg{ife 5.2 (b)). As shown in Figure

5.2 (c), the TSPJ did not harm human skin durirgpsure times of several minutes.

CCD
Camera
Plastic Tube []
Plasma Jet
Macro Lens
l / Quadrupole
Argon lons Mass
M - Spectrometer
Bulse Via ) | Q Optical
gnetic issi
Generator == mission
tor Modilation Loop —> 4 Spectrometer
(Side View) Fiber Optic
[ THF
Signal
Gendrator SMA —>
Connector
POVY?V Front View of Magnetic )|
Amplifier Loop and Plastic Tube

Figure 5.1. The schematics of the experimental setup for generation and characterization of
atmospheric pressure tongue-shaped argon plasma jet.
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Figure 5.2. (a) The atmospheric pressure argon tongue-shaped plasma jet operating at the
carrier and modulation frequency of 850 MHz and 60 KHz, respectively, (b) Side view of the
plasma jet. The diameter of the plasma jet was approximately 500 um, (c) The tongue-shaped
plasma jet was non-thermal and did not harm human skin.

In order to investigate the propagation of the iplaget in open air, a charge coupled
device (CCD) camera (Imager Intense, LaVision Imth a micro lens was used to
capture photographs of the plasma jet at varioysogxe times. In this study, the
minimum and maximum exposure times were 100 psedc5amsec, respectively. The
imaging was performed at a 90 degree incidencesanigh respect to the planar surface
of the TSPJ. Optical emission spectroscopy of tasma jet was performed using a
hand-held custom-made spectrometer (HR4000, OcgdicsOnc) between 300 to 760
nm at an integration time of 500 msec. An optidaéf with a diameter of 0.2 mm was
coupled into the entrance slit of the spectromatel collected the light from the TSPJ in

angular and radial positions from the other enck fidflection parameter of the magnetic
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loop antenna with different gap widths was studisihg a network analyzer (Model

8712ET, Hewlett-Packard).

5.3 - Gas Flow Simulation

The maximum velocity for the laminar flow that ocewat center of a tube Y is
defined by F=A.\{/2, where F is volume flow rate, A is the tube sresction area. For a
flow rate of 1.2 Lit/min and a tube radius of 2.5nnfA= 0.196 crf) the value for V, is
2.04 m/sec. To investigate the patterns of velo@trsurfaces, a three dimensional
compressible gas flow simulation was performed gidime Laminar Flow Model of
COMSOL 4.1 multi-physics software (finite elemenetiod). The geometry for the
simulation was constructed based on the discusspdrimental setup. The gas flow
simulation was performed within a rectangular cebeounding the vicinity where the
TSPJ forms. The required properties for argon ga® wetrieved from material library of
COMSOL 4.1. The boundary conditions were definedragncoming argon laminar flow
of 1.2 Lit/min from “Gas inlet” and an outgoing lamar flow from “Gas outlet” to an
ambient pressure of 1 atm as shown in Figure 5.3Tte meshed geometry is shown in
Figure 5.3 (b). The top view of the gas flow vetg@nd the pressure are shown in Figure
5.4 (a-c). The tongue-shaped gas velocity isosesfasere observed where the gas

outflowed the tube.
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Figure 5.3 (a)

Figure 5.3 (b)

Figure 5.3. (a) The geometry of the tube with the magnetic loop antenna surrounded by a
rectangular cube. The two ends of the magnetic loop antenna were placed inside the tube. The
distance between the two ends was 3 mm and the radius of the tube was 2.5 mm, (b) the meshed
geometry.
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Figure 5.4 (a)

Figure 5.4 (b)

Figure 5.4 (c)

Figure 5.4. The top view of the gas velocity (left column) and pressure (right column) for
argon flow rates of: (a) 0.6 Lit/min, (b) 1.2 Lit/min, and (c) 1.8 Lit/min. the spacing between the
two electrodes were 3 mm.
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5.4 - Resonance Frequency

The experimental measurement of the magnetic lodpnaa resonance frequency
versus the gap width is shown in Figure 5.5. Theuonference of the magnetic loop
antenna was ~15.5 cm, corresponding to half-wavéteofythe UHF sinusoidal signal.
By increasing the gap width from 1 to 4 mm, theoresice frequency of the magnetic
loop antenna shifted from 920 MHz to 970 MHz whdehibiting a decrease in the
reflection parameter. This behavior was consistatit the simulation results presented
in last chapter. The resonance frequency of thenetagloop antenna with a 2.5 mm gap
was approximately 960 MHz. The formation of thespia jet altered the overall
impedance and the resonance frequency of the madoep antenna. After the plasma
jet generation, the resonance frequency was detethby sweeping the UHF signal and
monitoring the plasma jet power and the emissiotensity. At a frequency of
approximately 850 MHz, maximum emission, maximumniard power, and minimum
reflected power occurred. This resulted in a -119z\Mhift in the resonance frequency.
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750 800 850 900 950 1000 1050 1100

. Reflection (dB)
N .
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Figure 5.5. The experimental measurement of the reflection parameter
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5.5 - Power Consumption

The modulated sinusoidal signal from UHF signalegator (-14 dBm) was supplied
to the UHF power amplifier. The radiated signal ederms were captured using an
antenna probe and monitored using an RF power raetkran oscilloscope. The signal
waveform for signal generator output, radiated a@ignom the magnetic loop antenna
without plasma, and radiated signal from the magnebp antenna with plasma are
shown in Figure 5.6. The formation of the plasnstatied the radiated UHF signal. The
radiated powers were monitored at 850 MHz for matioih frequencies of 10 KHz to
100 KHz in 10 KHz increments while the plasma jetswon. Then, the plasma jet was
switched off by blocking the argon flow and theieted power was monitored again.
The radiated power from the magnetic loop antenith mo plasma was 2 to 14 times

greater than the radiated power with the plasmagethown in Figure 5.7.

50 mV/Div

@)

(b)

1 V/IDiv

(c)

20pS/Div

Figure 5.6. The wave form of the 850 MHz UHF signal pulse modulated at 10 KHz, (a) from
the signal generator, (b) radiated from the magnetic loop antenna without plasma, and (c)
radiated from the magnetic loop antenna with plasma.
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Figure 5.7. Ratio of the radiated power from the magnetic loop antenna plasma source
(plasma was on/plasma was off) versus modulation frequency.

5.6 - Plasma Jet Propagation

With the exposure time of the CCD set to 100, 500 4000 ps, the plume of the
TSPJ was imaged (Figure 5.8 (a-d)). The color natibn of the photographs was
performed using DaVis software (LaVision Inc) foora clarity. The images suggested
that the tongue-shaped plasma jet, which is showrigure 5.2 (a), was formed by a fast
moving U-shaped arc between the two electrodesyltieg in a tongue-shaped
appearance of the plasma jet to the naked eyehdédJtshaped arc (Figure 5.8 (a))
travelled from the outlet of the tube towards tpermair, its optical signature generated a
path that was captured by the CCD at a fixed domadf 500 ps (Figure 5.8 (b)) and 1000
us (Figure 5.8 (c,d)). The U-shaped arc vanishedeaend of the plasma jet and the next

U-shaped plasma arc was formed and moved forwasti@sn in Figure 5.8 (d).
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As noted above, the argon laminar velocity of tlhbet was calculated to be
approximately 2 m/s at the flow of 1.2 Lit/min. Thieshaped plasma axial velocity was
calculated to be approximately 2.3 m/s considetimg traveled distance during the
exposure time. Thus, the U-shaped plasma movemast approximately the same
velocity as the plasma gas. This observation suggedifferent mechanism responsible
for the plasma formation and the propagation theat bbserved for bullet-like plasma
clouds moving at velocities much higher than thespla gas velocity for plasma jets,
operating at KHz range [143,144]. We believe thevemoent of the U-shaped plasma
was periodic and the periodicity was dependentath the plasma gas flow rate and the

modulation frequency.

Figure 5.8. Fast photography of the plasma jet. 100, 500, 1000 us CCD exposure times were
used to capture the U-shaped plasma arc propagation.
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5.7 - Effects of Pulse Modulation

The plasma jet was sustained at the carrier freggueh 850 MHz for a 2.5 to 100
KHz pulse modulation frequency. Different plasma geometries were observed
depending on the modulation frequency as showniguré 5.10. At a modulation
frequency of 2.5 KHz, the plasma was observed asUvghaped plasma arcs at a static
location with the naked eye. By increasing the nhaiiton frequency, the number of U-
shaped plasma arcs increased and plasma jet expamdiee open air up to 1 cm. For
modulation frequencies more than 95 KHz, the torgheped plasma jet became
disconnected at the center and a horn-shaped plpknree formed at the end of each
electrode while having a small slope towards th&ereline of the gas flow tube. With
the application of UHF signal at a frequency of 886z with no modulation, a U-
shaped plasma plume at a static position was fotvetsleen the electrodes. The plasma
jet length was dependent on the modulation freguemacreasing the modulation
frequency from 2.5 KHz to 100 KHz resulted in aor@ase in the plasma jet length from

4 to 10 mm as shown in Figure 5.9.
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Figure 5.9. The plasma jet Length versus modulation frequency.
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Figure 5.10. The plasma jet shaped changed based on the modulation frequency. The
camera exposure time was set to 5 ms.
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5.8 - Effects of Gas Flow Rate

To study the effect of the plasma gas flow rateéhlenplasma jet propagation, the
plasma jet photographs were captured with 3 msposxe times as shown Figure 5.11.
The plasma jet was produced at 850 MHz with a 6 Kkbdulation frequency. The
plasma net power was 2 W. Three regions were obdanvthe TSPJ's captured optical
signature. For the gas flow rates of up to 0.7nhit, the tongue-shaped jet was not
observed. Instead, a single U-shaped arc was axkencreasing the flow rate above 0.8
Lit/min resulted in the formation of the tongue-sbd plasma jet. For the argon flow
rates between 0.8 Lit/min to 1.4 Lit/min two distimegions were visible in the captured
images: 1) the dark shading indicated regions whbee U-shaped plasma arc had
traveled once, 2) the light areas occurred whenUdsthaped plasma arc did not travel
during the CCD exposure time. For the increased flates (above 1.4 Lit/min), the U-
shaped plasma arc traveled the whole length opllsema jet once and overlapped with
the optical signature captured during the firstleySuch darker regions (where the U-
shaped arc traveled twice during the CCD exposure)tincreased in length by
increasing the flow rate. This observation demadtstt that the propagation velocity of

the U-shaped arc increased by increasing the plgssméow rate.
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Figure 5.11. The effects of gas flow rate on the plasma jet operating at 850 MHz with 60 KHz
modulation frequency. Plasma net power was 2 W. CCD exposure time was 3 msec.
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5.9 - Optical Emission Spectroscopic Studies

Besides the mass spectrum, an optical emissiorirapeof the argon plasma jet was
recorded between 300 and 760 nm. A hand-held optpectrometer (Model HR4000,
Ocean Optics) was used to identify the major engtspecies that may play a role in
plasma treatment of biological materials. To obtdie emission spectrum shown in
Figure 5.13, the plasma tip was observed lateralityy the spectrometer fiber optics (200
pm diameter) placed 3 mm from the plasma. The UldBrpa jet was more intense than
the counterpart high-voltage pulsed DC plasmas][T@% dominant peaks are attributed
to the argon atomic emission at wavelengths 69®6,7, 714.7, 727.3, 738.4, 750.4, and
751.5 nm. Nitrogen molecular band is also weaklgspnt between 330 and 380 nm.
These results for the argon plasma jet markedlfedifrom the emission spectrum
presented earlier for the air plasma formed imalar magnetic loop antenna, that is, the
spectrum for the air plasma showed only molecuéakp. The emission intensity profiles
for nitrogen and argon at wavelengths of 337 andlr§8 across the plasma jet width are

shown in Figure 5.12.

|
/
| = atalian et

Figure 5.12. The spatial emission intensities of argon and nitrogen along the plasma jet
surface close to tube end at 697 and 337 nm, respectively.
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Figure 5.13. The optical emission spectrum of plasma jet from 300 to 760 nm. Lateral
emission from the tip of the plasma jet was observed with a fiber optic.

5.10 - Treatment of Onion Epidermal Membrane

The interaction mechanism between non-thermal @asamd biological systems is
not fully understood [146-149]. The sterilizatioffieet of plasma treatment is believed to
originate from interaction of ions and bacterissuléng in the damage of the bacteria
structure to a point that bacteria dies [146]. baleatmospheric-pressure cold-plasmas,
similar to the plasma investigated in this work, mot result in the emission of any
appreciable dose of radiation to have a pronouetfedt on sterilization.

In our study, we examined the effects of the plaggh@n the cellular structure and
hydrophobicity of membrane before and after plastreatment. The epidermal
membrane was obtained from fresh onions by pee@lihthe thin transparent layer from
the inner surface. An onion epidermal cell is neaglctangular in shape and contains a

spherical nucleus. To avoid dehydration at roompeature, the membrane was placed

89



on a water-coated glass slide, with the inner iflehe cell layer facing up. The

membrane was then exposed to the plasma jet. Dahegreatment, the membrane
surface repelled the plasma jet, creating a gap lmoundary layer of less than 0.5 mm.
Consequently, the plasma did not arc to the menebsamface. This behavior differs

from that of other plasma jets reported where tlasrpa visibly touches the surface
[135]. Figure 5.14 (a) and Figure 5.14 (c), respebt, show the shapes of the epidermal
cells before and after plasma treatment of 1 minTke contours of cells were slightly
altered after the treatment. These observationsotioeveal whether the cells were alive
after the treatment.

The plasma treatment, however, resulted in a chamdke hydrophobicity of the
onion membrane. This was demonstrated by placidgp of water on the membrane
before [Figure 5.14 (b)] and after [Figure 5.14](dhe plasma treatment. The
hydrophobic epidermal layer showed hydrophilic gmjes after the plasma treatment.

Several factors (such as heat, ultraviolet (UV)iatodn, argon gas flow, UHF
radiation, and reactive species and ions) can taffgdrophobicity of the onion
membrane. To separately study the effects of thesemeters, four epidermal
membranes were placed on water-coated slides. Mdiflasma present, each membrane
was separately exposed to either heat (from a hedi®¥ radiation (from a mercury
lamp), argon gas flow (1.2 L/min), or the UHF rdatia (from the magnetic loop antenna
at 4.2 W). The membrane hydrophobicity was notciée by each of the cited factors.
Thus, the change in the onion membrane hydrophgbisi likely produced by its

interaction with the reactive species and ions fthenplasma.
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Figure 5.14. (a) Onion cells before plasma treatment, (b) drop of water on the onion
membrane placed on water-coated glass slide, exhibiting hydrophobic behavior before plasma
treatment, (c) onion membrane after treatment with plasma jet for 1 minute, and (d) drop of water
on the onion membrane after treatment with plasma for 1 minute.

5.11 - Conclusion

In conclusion, an atmospheric-pressure argon plgsinaas developed. The UHF
plasma jet was produced with a simplified experitaegystem without the requirement
for a high voltage power supply. The plasma jet Weamed by a fast moving U-shaped
plasma arc. The optical emission examination oflasma tip revealed the dominant

species that interact with living tissues. Addiady, treatment of an epidermal onion
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membrane with a plasma jet altered the shape epatermal cell and the hydrophobicity
of onion membrane without destroying the cell siee. The change in hydrophobicity
of the epidermal membrane through plasma treatmesy open new frontiers for

research and applications in food sciences.
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Chapter 6 - Ambient Mass Spectrometry using an Atmospheric

Pressure Ultrahigh Frequency Plasma Jet

6.1 - Introduction

Atmospheric pressure non-thermal plasma sourcebear@ming subject to extensive
investigations because of their wide range of aptibns. Non-thermal plasmas consist
of high-energy electrons, positively and negativeiharged ions, and metastable species
at ambient temperature. These plasmas are forméohimation and excitation of atoms
or molecules as a result of collision with high-ejyeelectrons. The electron temperature
is usually much higher than ion and gas temperaturenon-thermal plasmas, making
them attractive sources for applications such af&e modification, sterilization, and
wound healing at room temperature [150-152].

Mass spectrometry is among the most successfuytazsltechniques, offering high
sensitivity and specificity for chemical analysiie recent development of ambient mass
spectrometry enables ionization of samples in thative environment without sample
preparation [153]. For samples such as living #ssuhe ionization process must not
harm the sample due to overheating or destructiteractions. Further, the ionization
method must provide sufficient ions from the sanmleface to allow analysis by mass
spectrometry. To address the challenge, variougation methods have been developed
such as desorption electro-spray ionization [13Jécent advances in ambient mass
spectrometry have allowed development of novel casifor ion generation at ambient
pressure and temperature. Atmospheric pressurenglgsts have been utilized for

ambient ionization of explosives and biomoleculEsy156]. However, there is no report
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on utilization of ultrahigh frequency (UHF) plasneds as ionization sources for ambient
mass spectrometry.

Recently, we described an atmospheric pressure pleigma jet using a magnetic
loop [157]. This plasma exhibits a non-thermal ratand can be touched by human
finger for several minutes (Figure 6.1). In tregtan onion epidermal membrane with the
plasma jet for one minute, the cell structure watsdestroyed, but the plasma altered the
shape of the cells and the hydrophobicity of thentiane as discussed in chapter 5.

In the present work, the plasma jet is investigatg@ potential source for ionization

of volatile organic molecules.

Figure 6.1. Photograph of the atmospheric pressure ultlrahigh frequency argon plasma jet.
The plasma jet is contact with a finger and does not harm human skin.
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6.2 - Generation of Plasma Jet

The block diagram of the experimental setup is shawFigure 6.2 (a). Tin-coated
copper with diameter of 1.6 mm was used to constiumagnetic loop. The magnetic
loop consisted of a round structure (diameter @n®, having a 2.5-mm gap, and an
inner arc. The loop was connected to the grourel sif Sub-Miniature version A
(SMA) connector at the intersection of the diagdima passing the gap on the other side.
The inner arc of the magnetic loop was connectadiden the male pin of the SMA
connector and one quarter of the loop’s diametexyafrom the gap on the loop (Figure
6.2 (c)). The 2.5-mm gap between the electrodebeimagnetic loop was resided in a
plastic tube (inner and outer diameters of 5 anthr@, respectively). The distance
between the electrodes and end of the plastic wdse 4 mm. For plasma gas, argon
(99.998%, UN1006, GTS Inc) was introduced into tillge at 0.8 L/min using a mass
flow meter (Model 8270, Matheson Tri-Gas Inc). ThdF sinusoidal signal at 850 MHz,
corresponding to the resonance frequency of magloeip, was supplied to the magnetic
loop through the SMA connector. The 850-MHz sindabsignal was generated by UHF
signal generator (Model 8648B, Agilent). The sigwak amplified by the UHF amplifier
(Model 15100B, Ailtech). The reflection parametdrtioe magnetic loop was studied
using a network analyzer (Model 8712ET, Hewlettiad).

The plasma jet was not self igniting. The ignitiointhe plasma jet was initiated by
short circuiting the electrodes inside the plattilee by means of a metallic wire. Upon
ignition, a stable and self sustaining plasmagetntd between electrodes and expanded
to open air up to 1 cm (Figure 6.2 (b)). The fodvand reflected plasma powers were 9

and 3 W, respectively.
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Figure 6.2. (a) Schematics of the experimental system for generation and mass
spectrometric studies of atmospheric pressure argon plasma jet, (b) Photograph of plasma jet
with mass spectrometer. Volatile organic sample (0.40 mL) was placed in microcentrifuge tube
containing Kimwipes®, (c¢) Schematics of the magnetic loop.

6.3 - Mass Spectrometry of the Plasma Jet

All analysis were performed using a quadrupole sresectrometer (Delsi-Nermag,
France) operated in the positive ion mode to retloedmass to charge ratio of up to 300
amu. Operating conditions of the mass spectronmaterlisted in Table 6.1. For mass
calibration, the protonated water clusters in thekiground spectrum were monitored.
The peaks used for calibration were@Hs0", (H,0),H30", (H,0)sH30", (H,0)4Hz0",
(H0)sH30", (H.0)H30", and (HO);HsO" at m/z of 37, 55, 73, 91, 109, 127, and 145,

respectively, as shown in Figure 6.3.
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Each sample vial consisted of a 2.0 mL microcamef tube (Fisherbrafijl Half a
sheet of Kimwipe® was inserted inside each vial. Using a microp&e®t40 mL of
either propan-2-ol, acetonitrile, benzene (HPLCdgre&Fisher Scientific), acetone (HPLC
grade, Acros), or acetic acid (glacial, Fisher Bifie) was deposited inside tube for
adsorption on the Kimwip&s Then, each sample vial was positioned 1 cm belmv
plasma jet, to allow ionization of the sample vapams shown in Figure 6.2 (a). The
interaction of the plasma jet with the sampler cohthe mass spectrometer is shown in

Figure 6.2 (b).

Figure 6.3. Calibration of the mass spectrometer were performed by monitoring the water
clusters present in the background mass spectrum.

Table 6.1. Operating conditions for mass spectrometer and data acquisition

Mass Spectrometer

Mass spectrometer Quadrupole Delsi-Nermag
Sampler cone Aluminum, 0.60 mm orifice
Skimmer cone Nickel, 0.60 mm orifice
Sampler-skimmer distance 6 mm
Detector voltage -650 V
Skimmer voltage -400 V
Interface pressure 9.8 Torr
Data acquisition in Plasmass software
Initial delay 3 msec
Delay per mass 50 psec
Dwell time 20 msec
Numver of readings 10
Number of samples per amu 3
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6.4 - Network Analysis

The circumference of the magnetic loop was ~15.5 corresponding to half-
wavelength of the UHF sinusoidal signal. The rdftet parameter of the magnetic loop
is shown in Figure 6.4. The resonance frequencthefmagnetic loop was 960 MHz.
With the plasma jet, the resonance frequency ofabe was determined by sweeping the
UHF signal frequency while monitoring the plasmiagewer and emission intensity. The
maximum plasma emission intensity and forward poywemimum reflected power)
occurred at the frequency of approximately 850 MH»nrmation of the plasma jet
changed the overall impedance of the circuit, tesgin shift of resonance frequency by

-110 MHz.
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Figure 6.4. Reflection parameter of the magnetic loop, having a 2.5-mm gap.
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6.5 - Optical Emission Spectroscopy

A hand-held spectrometer (HR4000, Ocean Optics imay used to obtain the
emission spectra of the plasma jet between the leagths of 300 to 760 nm. The optical
fiber of the spectrometer, having a diameter of @) was coupled to the entrance slit
of the spectrometer. The plasma was observed ensing the optical fiber placed 3 mm
from the plasma. The integration time was set @ rh@.

The emission spectrum of the plasma jet is showkignre 6.5. The dominant atomic
emission peaks were argon lines at the waveleraft6986.5, 706.7, 714.7, 727.3, 738.4,
750.4, and 751.5 nm. Weak molecular band of nimaged water (OH) were also present

in the emission spectrum.

Figure 6.5. Emission Spectrum of the plasma jet.
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6.6 - Mass spectrometry

The background mass spectrum of the plasma jethdsvis in Figure 6.6. The
dominant peaks were NQOs", and protonated water clusters. Hydrated ozonealgas
detected at m/z of 66. The observed ozone ion tsnaydrated form were in accordance
with the smell of the ozone gas due to plasma tjperal he low proton affinity of ED"
among the protonated water clusters resulted itively smaller peak for #0*. The
observed peaks in the background spectrum of theny jet were also present in the

mass spectra after sample introduction.

Volatile organic compounds with different functibrmgoups were introduced into the
plasma to obtain the mass spectra in Figure 64).(@he letter M denotes the intact
organic molecule. For these experiments, each gawipl was held 1 cm below the
plasma jet to allow the molecular vapor diffuseitiie plasma for ionization. However,
sufficient ions could be detected when the samp@éwas positioned 5 cm below the

plasma.

In the case of benzene (Figure 6.7 (a)), the mpgak of the benzene was the
molecular ion of benzene am/z of 78. This ion results from collision of benzene
molecule with an electron to produce a singly chdrdpenzene molecule. The other
benzene related peaks present in the spectra Werd][ and [M+OHJ, at m/zof 79
and 95, respectively. For acetone, [M+H][M+H]"+H,O, [M+H]"+2H,0, and
[M+H] "+3H,0 were the dominant peaks corresponding to theopabéd acetone and
water clusters containing acetone ions (Figure(B)y. The fragmentation to lose alkyl
groups was also observed for acetone moleculeltiresin small fragment of [M-Ch]*

at m/z of 43. The major species observed for propan-Figure 6.7 (c)) were [M-H]
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[M-H] "+H,0, and [M-OHT in the order of abundance. The formation of [M-OMjs
favorable because of secondary carbo-cation foamais product. As shown in Figure
6.7 (d), the major peaks detected for acetic agcevjM+H] +H,O, [M-OH]", [M+H]",
[M+H] "+2H,0, and [M+H[+3H,0. Formation of [M-OH] is due to detachment of the
OH bond from the carbonyl carbon. Analysis of angétide resulted in detection of

[M+H]"+H,0, [M+H]", and [M+H]+2H,0 in the mass spectrum (Figure 6.7 (e)).

All the organic compounds used in this study preduthe [M-H[ or [M+H]". In
addition, production of hydrated ions was obserfgrdall samples. Fragmentation was
only observed for acetone, propan-2-ol, and a@aid. For these molecules, loss of OH

and CH groups during ionization is well recognized.

nshrsbmseinsmarh——

Figure 6.6. Typical mass spectrum of the background ions generated by UHF plasma jet.
Protonated water clusters, ozone and hydrated ozone were observed in the background
spectrum. H;0" was wealky present because of the low proton affinity.
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Figure 6.7 (a)

Figure 6.7 (b)
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Figure 6.7 (c)
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Figure 6.7 (d)
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Figure 6.7 (e)

Figure 6.7. Mass spectra of (a) benzene, (b) cetone, (c) propan-2-ol, (d) acetic acid, and (e)
acetonitrile vapor in air. The sprectra acuired in positive ion mode using UHF plasma jet. The
protonated wated clusters, ozone positive ion, nitrogen oxide are the most abundant peaks in the
spectra.

6.7 - Conclusions

In sum, an ambient ionization source based on rmosiheric pressure UHF plasma
jet was developed for mass spectrometry. We haweodstrated that the developed
plasma jet is an effective source for ambient iatian of volatile organic compounds.
The results suggest further investigation of theFUplasma source for ionization of
larger organic molecules and biomolecules. Thedogt of fabrication and operation of
the UHF plasma jet, makes this method a suitabdécehfor ionization in the emerging

field of ambient mass spectrometry.
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Chapter 7 - Conclusions and Future Directions

The research in this dissertation presents stddiegevelopment of novel devices for
producing miniature plasmas. Additionally, novelpbgations for such devices are
presented. In the broad sense, the results achievbd dissertation further demonstrate
the advantages that miniature plasmas offer: sinapl@ inexpensive fabrication and
operation, compact and portable design, and immesersatility. In the following, first,
the accomplishments of this work are summarizechs€quently, potential research ideas

and concepts are discussed regarding the futuzetiins.

7.1 - Accomplishments of This Work

First, miniature ICP sources were investigated. Qs operated at a pressure of 1
to 10 Torr and a power requirement of only 2 - 8with carbon dioxide, helium and
argon as the plasma gas. Plasma impedance meastineae carried out using Smith
chart. Background emission spectra of miniaturesli@re investigated. The miniature
carbon dioxide ICP was used to qualitatively idigngithylene, neon, and hydrogen gas.
Then, a micro ICP was produced on a chip usinghdadtor with size of smaller than 1
mm. The results suggested that the developed rf#?csource can be used as real-time,
rapid and portable gas analyzer. Second, a noyeicapon for a miniature ICP source
was demonstrated. The miniature ICP (operatedesspres of 4 to 16 Torr and a power
requirement of less than 3.5 W) was formed undeditions mimicking the Martian
atmosphere. Then, the miniature ICP was interfadgdda quadrupole mass spectrometer
to analyze trace amounts of the methane samplé@n@ption of pressure, plasma power,

and skimmer voltage was performed for obtainingahalytical results. A detection limit
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of 0.15 ppm for methane was achieved. Third, a mtgroop antenna was used to
produce an atmospheric pressure micro plasma at Wetfuencies. Utilizing pulse
modulation reduced power consumption for ignitimgl asustaining the plasma. Finite
element simulations were carried out to study ebachgnetic flied distribution and the
reflection parameter of the magnetic loop antenri&urth, an atmospheric-pressure
argon plasma jet was developed using the magreetjcdntenna. A plastic tube provided
directional argon flow to the gap of the antennastFPhotography revealed that the
plasma jet was formed by a fast moving U-shapesinmdaarc. Additionally, treatment of
an epidermal onion membrane with a plasma jetedtéine shape of an epidermal cell
and the hydrophobicity of onion membrane. Fiftle #imospheric pressure UHF plasma
jet was used as an ambient ionization source fasmspectrometry. It was demonstrated
that the developed plasma jet is an effective sodioc ambient ionization of volatile

organic compounds.

7.2 - Further Directions

7.2.1 — Submicron/Nano Plasmas

In his lecture, “There’s plenty of Room at the Bott' at California Institute of
Technology in 1959, Richard Feynman persuadeddieatsfic community to explore the
potentials of materials at the nano/submicron scaiece then, the emerging field of
nanotechnology has exhibited an increasing inteaadt growth that continues to date.
Although, some progresses has been made in fumi@aturization of plasmas to ~10
micrometer range [158], the plasma science andntdogy has not advanced in

exploiting the submicron-scale benefits [159,168]rther size reduction of plasmas not
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only will reduces the power and fabrication/openatcosts, but also will possibly lead to
new observations and effects. Availability of newolt and new technologies should

encourage further miniaturization of plasma soutoesibmicron levels [161].

7.2.2 — Miniature plasmas in Medicine and Nanotectology

Plasmas are widely used for various purposes inigimed and nanotechnology.
Recent advances in plasma medicine and nano-gagameration with plasmas opens
new frontiers and challenges in these fields. B@n®le, the mechanism of selective
interaction between living tissues and plasmas ao¢ well understood [162].
Additionally, promising results with regards to geaion of nano-materials (such as
carbon nano tubes and graphene) with plasmas g®widah new opportunities for the

applications of plasmas in nanotechnology [163].

7.2.3 - Integrating Micro plasmas with Mini Mass Sgctrometers

The miniature plasmas can be used as efficientzabion sources for mass
spectrometry. Preferably, the plasma can be formed sustained in the ambient
environment. As a complementary analytical metleodpmmercially-available miniature
optical emission spectrometer can also be integretemonitor the emission profile of
the miniature plasmas. Optical emission spectrosdepa non-invasive method for
chemical analysis, i.e. the plasma is not disturbedng analysis. The simultaneous
utilization of OES with MS would improve qualitaéivcapability of the instrument. This
would potentially enhance the performance of a nsgp&Etrometers in several aspects.
First, utilization of the miniature plasma ionizatisource enables ambient ionization at

relatively low powers. This might eliminate the n@agment for sample preparation and
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separation for chemical analysis. Second, ambienization would provide soft

ionization which is essential in searching for engaand bio-molecules. Third, an
improvement in ionization efficiencies is expectegsulting in an increased sensitivity.
Forth, the compact design of the ionization sowvoeld reduce the instrument size and
eliminate the requirement for gas tank and vacuumpgs for operation of plasma-based
ion sources. Fifth, the simultaneous measuremennads and optical spectra would
simplify interpretation of the spectrum in situasowhere conflicting peaks exist in the

spectrum.
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