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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) to develop novel and application-specific 

sources for generation of ultra-high frequency miniature plasmas that operate in a wide 

pressure range (~1 to 760 Torr) with power requirement of less than 10 W, 2) to 

investigate the active species of such miniature plasma sources using mass spectrometry 

and optical emission spectroscopy, and 3) to explore novel applications of such miniature 

plasma sources with an emphasis on their application in chemical analysis for 

identification of gaseous species and volatile organic compounds.  

First, a miniature inductively coupled plasma (ICP) sources was developed, operating 

at a pressure of 1 to 10 Torr and a power requirement of 2 - 8 W with carbon dioxide, 

helium and argon as the plasma gas. The plasma impedance was measured using Smith 

chart. Furthermore, the background emission of the miniature ICP sources was monitored 

to investigate the species in the carbon dioxide, argon, and helium miniature ICPs. 

Ethylene, neon, and hydrogen were introduced separately into the miniature carbon 

dioxide ICP for qualitative identification. Distinguishable peaks were observed at 

approximately 431, 585, and 656 nm for ethylene, neon, and hydrogen, respectively.  

Second, a miniature ICP operating under conditions mimicking the Martian 

atmosphere was investigated. The miniature ICP source was able to generate a stable 

plasma, operating at a pressure range of 4 to 16 Torr and a power requirement of less than 

3.5 W. The quantitative analysis of trace amounts of methane sample was performed by 

interfacing the miniature ICP with a quadrupole mass spectrometer. The effects of 
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pressure, plasma power, and skimmer voltage were investigated and optimized for 

obtaining analytical results. Excellent calibration curves were obtained for CH3
+ at m/z of 

15. A detection limit of 0.15 ppm for CH3
+ at 16 Torr was achieved using a quadrupole 

mass spectrometer.  

In addition, a magnetic loop antenna was used to produce an atmospheric pressure 

micro plasma at ultrahigh frequencies for operation in air. Pulse modulation of the input 

signal resulted in reduced power consumption for igniting and sustaining the plasma. The 

nature of excited species in the plasma was not altered due to pulse modulation. 

Furthermore, an atmospheric-pressure argon plasma jet was produced using the magnetic 

loop. Fast photography revealed that the plasma jet was formed by a fast moving U-

shaped plasma arc. To explore the effects of plasma on biofilms, an epidermal onion 

membrane was treated by the plasma jet. After treatment, the shape and the 

hydrophobicity of the membrane were altered. The optical emission spectroscopy of the 

plasma jet was used to study the dominant species that interact with the surface under 

treatment. Subsequently, the developed plasma jet was used as ambient ionization for 

mass spectrometry of volatile organic compounds. It is demonstrated that the developed 

plasma jet is an effective source for ambient ionization of volatile organic compounds.  
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 1

Chapter 1 - Introduction 

1.1 - Background 

Plasmas, known as the fourth state of the matter, make up an estimated 99.999% of 

all the observable matter in the universe by volume [1]. Plasmas are popular because of 

their wide range of applications in various fields. However, large size, heavy 

instrumentation, and high gas and electrical power consumption can limit the use of 

plasmas exclusively to laboratories. Therefore, miniaturization of plasma sources has 

become one of the most prominent research goals of the plasma science community. Such 

miniature devices for plasma generation resolve problems related to portability and 

operation cost, providing an attractive approach for several applications. The interesting 

applications of miniature plasma sources range from plasma-based chemical analyzers to 

biomedical and dental sterilizers [2-5].  

Non-thermal plasmas consist of high-energy electrons, positively and negatively 

charged ions, and meta-stable species at ambient temperature. These plasmas are formed 

by ionization and excitation of atoms or molecules as a result of collision with high 

energy electrons. The temperature of electrons is usually much higher than ion and gas 

temperatures, making them attractive ionization/excitation sources in analytical 

chemistry. In plasma mass spectrometry, plasma ionizes a sample molecule and the mass 

spectrometer analyzes the generated ions in an electromagnetic field based on the mass to 

charge ratio of the charged molecules. Higher ionization efficiency can be achieved with 

plasmas compared to other ionization methods, such as electron beam ionization [6]. 

Therefore, their application as ionization source for chemical analysis is appealing. In 
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optical emission spectroscopy, the emission from plasma is analyzed using grating-based 

optical spectrometers. The optical emission spectra of plasmas can provide valuable 

qualitative and quantitative information about the plasma species [7-13]. In addition, non-

thermal plasmas exhibit therapeutic applications, such as an antiseptic effect without 

affecting surrounding tissues. Also, they can be effective sterilization, decontamination or 

reprocessing tools for medical applications. Plasma Medicine is an emerging research 

field that aims to explore the potentials of plasmas in the medical field [14-17]. In the 

following, some examples of the developed miniature plasma sources are briefly 

reviewed.  

Hopwood and colleagues have focused on the development of a miniature ICP 

source. In their first work [39], three scaled-down ICPs were investigated using pancake 

shaped inductors of 5, 10 and 15 mm diameter. Spiral inductors were patterned on 1-oz 

copper clad epoxy boards using photo-resist and a contact mask aligner. The plasma was 

ignited and sustained at a power of 0.5 W and a frequency of 460 MHz, compared to 

large scaled ICPs that usually operate at a power of 1 – 2 kW and a frequency of 13.56, 

27.12, or 40.68 MHz. The discharges were tested in both argon and air over a pressure 

range of 0.01 to 10 Torr. Subsequently, a micro electromechanical systems (MEMS) 

compatible fabrication process was utilized in constructing a planar inductor and 

impedance matching network (IMN) [40]. A single-mask fabrication process for the 

surface miniature machined plasma generator was used to make a 7-� m gold layer, 3-turn 

inductor having a diameter of 5 mm on a glass substrate, with a reported lifetime of 

approximately 3 months. The detection of SO2 gas was also examined using an emission 

spectrometer [43,45]. A similar setup, utilizing an aluminum chamber operating at a 
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frequency of 493 MHz with a power of 0.75 to 3.5 W, resulted in detection limits of 45 to 

600 ppb for SO2 gas. In a later publication, Hopwood’s group reported the development 

of a miniature plasma source operating in air at atmospheric pressure [48]. The electrodes 

in this source were fabricated using gold on an alumina substrate in the shape of a split-

ring resonator, operating at a resonance frequency of 895 MHz. Erosion of the miniature 

plasma source (resulting from the sputtering and evaporation) was the main drawback of 

the miniature plasma device. The lifetime of the device was approximately 50 hours at 3 

W [48]. 

Ichiki’s group has developed a miniature atmospheric pressure plasma jet using a 

ceramic chip with an engraved discharge tube and a planar metallic antenna with 

serpentine structure [49]. At the operating frequency of 144 MHz and power of 50 W, a 

detection limit of 5 ppm was achieved for NaCl. Electrospray nebulization at 3 KV was 

used to introduce the sample solution into the plasma.  

1.2 - Contribution of This Work 

This work focuses on novel devices for the generation of ultrahigh frequency 

miniature plasma sources and introduces novel applications for such plasma sources. 

Previously, background investigation and preliminary studies were conducted. High 

voltage DC helium plasmas were formed at reduced pressures. Additionally, RF 

simulations were performed to better understand the electromagnetic field distribution 

around planar inductors. The planar inductor was used later to produce miniature 

inductively coupled plasmas. In this dissertation, an UHF amplifier was acquired that 

enabled to produce both atmospheric pressure and reduced pressure UHF miniature 
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plasmas presented in this dissertation. In the following, a summary of research conducted 

during my PhD program is provided.  

1.2.1 – Reduced Pressure Plasmas 

Miniature plasma sources were studied operating at reduced pressure (~ 1-10 Torr) 

and atmospheric pressure (~760 Torr) for producing ultrahigh frequency micro plasmas. 

First, a miniature ICP source was developed, operating with helium, argon, and carbon 

dioxide at reduced pressures. Background emission studies revealed the active species 

produced inside the plasma. The feasibility of detecting gaseous samples, such as 

ethylene, neon and hydrogen were investigated with optical emission spectroscopy. In 

addition, a novel analytical method was developed, employing a miniature ICP source 

coupled with a mass spectrometer. This method was tested for the quantification of 

methane under gas compositions mimicking the Martian atmosphere. 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 magnetic loop antenna [90]. A stable 

micro plasma was generated operating at ambient conditions with a power requirement of 

9 W.  Pulse modulation was utilized to further reduce the power requirement of the 

plasma source to 2.5 W. The increase in pulse amplitude decreased the required power 

for plasma ignition and operation. In addition, providing a directional argon flow to the 

magnetic loop resulted in the production of a tongue-shaped plasma jet. Fast photography 

of the plasma jet suggested that the tongue-shaped plasma jet was formed by a fast 

moving U-shaped arc between two electrodes, resulting in the tongue-shaped appearance 
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of the plasma jet to the naked eye. Finite element simulation, fast photography, mass 

spectrometry and optical emission spectroscopy were utilized to investigate the 

mechanism of formation and operation of the plasma jet. An epidermal onion membrane 

was treated with the developed plasma jet in order to modify the surface hydrophobicity 

of the membrane. Additionally, the analytical performance of the tongue-shaped plasma 

jet (as an ionization source for mass spectrometry) was examined by identifying a broad 

range of volatile organic compounds as analytical samples. 

 1.3 - Organization of Dissertation   

The logical progression of this dissertation is described as follows (Please see Figure 

1.1). The first chapter outlines a basic description of plasmas, the advantages of the 

miniaturization of plasma sources, and a brief literature review of existing miniature 

plasma sources. The second chapter describes the miniaturization of ICP sources for 

operation at reduced pressures and ultrahigh frequencies (500 MHz to 1 GHz). The 

developed miniature ICP sources were investigated by means of optical emission 

spectroscopy.  In addition, the development of a miniature inductively coupled plasma on 

a chip is explained in second chapter. Chapter 3 explores a novel application for the 

miniature plasma source discussed in Chapter 2. Here, conditions similar to those that 

exist on the Martian surface are created in the lab. A miniature plasma was operated in 

these conditions and was interfaced to a mass spectrometer to study the ionic species that 

were generated by the plasma. Methane, as an analyte of interest for Mars discovery 

missions, was detected and quantified by this technique. Chapter 4 is dedicated to a novel 

ultrahigh frequency atmospheric pressure air micro plasma source using a magnetic loop 

antenna. The effect of pulse modulation on plasma ignition and operation is discussed in 
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this chapter. Finite element simulations of the magnetic loop antenna were also carried 

out using COMSOL. Chapter 5 illustrates the production of a tongue-shaped plasma jet 

using the magnetic loop antenna. Finite element simulations (COMSOL), mass 

spectrometry, optical emission spectroscopy and fast photography were used to study the 

plasma jet. In addition, effects of plasma treatment on hydrophobicity of an epidermal 

onion membrane were investigated.  Chapter 6 expands on the application of the 

developed tongue-shaped plasma jet for chemical analysis of volatile organic compounds. 

Finally, Chapter 7 presents the conclusions and suggests potential research ideas for 

future work.�

�

Figure 1.1.  Organization of Dissertation.  
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�

Chapter 2 - Generation of Reduced Pressure Ultrahigh Frequency 

Miniature Inductively Coupled Plasma Sources 

2.1 - Introduction  

Inductively coupled plasma (ICP) sources are of great importance in numerous 

applications, including but not limited to micro and nanofabrication [18,19], chemical 

analysis [20,21] and plasma processing [22]. Miniaturization of ICP sources can extend 

the utilization of ICP sources to applications where portable and battery-operated ICP 

sources are required. For example, a miniature ICP source can be combined with 

miniature micro fluidic chip or optical emission spectrometers, to provide total 

microanalysis systems [23]. The low-power and the low-voltage requirement of miniature 

ICPs are advantageous for this purpose.  

The most commonly investigated miniature plasmas sources are capacitively coupled 

plasmas (CCP) [24-27], direct current plasmas (DC plasma) [28-33], microwave induced 

plasmas (MIP) [34-37], inductively coupled plasmas (ICP) [38-49], and pulsed DC and 

AC high voltage miniature plasmas [50]. Among various types of plasma sources, ICPs 

are advantageous for miniaturization due to their ability to create intense plasmas, longer 

lifetimes, low power dissipation in plasma boundary, and possible compatibility with 

complementary metal–oxide–semiconductor (CMOS), which is a popular and well 

established fabrication technology for modern electronic devices, such as planar 

inductors and varactors [51,52]. In addition, in ICP sources, the electrodes are not in 

direct contact with plasma, thus preventing cross contamination.  
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Carbon dioxide ICPs have been investigated [53,54] for chemical analysis but no 

report exists on miniaturization of such sources. In this chapter, miniature ICP sources 

operating at a pressure of 1 to 10 Torr and a power requirement of 2 - 8 W with carbon 

dioxide, helium and argon as the plasma gas are developed and investigated. The 

equivalent circuit for a miniature ICP sources is described. A novel method for measuring 

the plasma impedance is introduced using Smith chart. Background emission studies of 

miniature ICP sources are performed to investigate the species in carbon dioxide, argon, 

and helium miniature ICPs. The miniature carbon dioxide ICP coupled with an optical 

emission spectrometer is used to qualitatively identify ethylene, neon, and hydrogen gas 

in the plasma. Finally, generation of a micro ICP on a chip with size of nearly 1 mm 

using a planar inductor with diameter of 800 � m is described. This chip was capable of 

producing stable ICPs at power of 1 W, frequency of 900 MHz, and pressure of 1 Torr of 

helium. 

2.2 - Electrical Model of the Miniature ICP  

A better understanding of the electrical model of ICPs would benefit design 

considerations for ICP generators to achieve the maximum power transfer efficiency. 

Obtaining an electrical model to simulate the behavior of the inductive discharges has 

been subject to many investigations [55-58].  The most widely used equivalent circuit for 

ICP and matching network is shown in Figure 2.1� [59]. The total current of plasma is 

concentrated in the skin layer; therefore plasma can be treated as a single turn inductor.  

This allows the ICP source to be interpreted as a transformer with voltage-decreasing and 

current-increasing characteristics. The plasma inductance consists of two components: 1) 

the electron inertia inductance (L1) for the phase lag between the RF electric field and the 
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RF conduction current due to the limited electron inertia, and 2) the magnetic energy 

storage inductance (L2) which is due to the plasma current and the associated magnetic 

flux. The plasma resistance (RP) (consisting of contributions from the collisional and 

stochastic heating), the inductor resistance (RC), the inductor inductance (LC), and the 

mutual inductance (M) between LC and L2 are shown in Figure 2.1. The capacitors, C1 

and C2, are required for the impedance matching. The plasma resistance and inductance 

are not constant, as they depend on various parameters. For example, during the process 

of plasma ignition, the impedance of the plasma varies from roughly an open circuit to a 

very low impedance in the matter of milliseconds. The impedance matching network 

matches the impedance between the RF power supply, the inductor, and the ICP to 

maximize the power transfer efficiency. Typically, RF power supplies have an output 

impedance of 50 � , requiring an equal input impedance for the ICP source. This 

necessitates a proper matching network to match the input impedance between nodes (b) 

and (b’) to 50 � . The input impedance between the nodes (a) and (a’) of Figure 2.1 is 

given by Equation 2.1: 
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                   (2.1) 

The angular frequency (� ) corresponds to the source frequency (f) by � =2� f. In order 

to match the impedance of the inductor and the plasma to the impedance of the RF power 

supply, the imaginary and real parts of equation 2.1 must be zero and 50 � , respectively. 

The values of the two capacitors (C1 and C2) of the impedance matching network are 
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adjusted based on the operating conditions to match the impedance between the RF 

power supply and ICP generation unit.  

 

  

 

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 illustrated in Figure 2.2. Copper wire 

with a diameter of 0.5 mm was used to construct a 4-turn circular planar inductor with 

diameter of 1 cm and 1-mm spacing between the turns. The planar inductor was placed 

on top of a quartz chamber. Two piston trimmers (1 - 40 pF, Johanson Technology) were 

used for impedance matching. A sinusoidal signal with a frequency of 900 MHz was 

produced using a signal generator (8648B, Agilent) and amplified using a linear power 
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amplifier (45 dB gain, 15100B, Ailtech). A 20-dB dual directional coupler (PE2217-20, 

Pasternack) connected the RF amplifier to the impedance matching network. An RF 

power meter (431B, Agilent) was connected to the dual directional coupler to monitor the 

forward and reflected powers. Plastic tubing was used to provide the gas inlet and outlet 

to the quartz chamber. The space between the plastic tubing and the quartz chamber was 

sealed by silicone adhesive. The plasma gas was supplied to the quartz chamber at flow 

rate of 5 to 20 cm3/min using a mass flow meter (8202-1422, Matheson Tri-Gas). A 

rotary vacuum pump (2033, Alcatel) was connected to the gas outlet to maintain the 

pressure in the range of 1 - 10 Torr inside the quartz chamber. A leak valve was used to 

introduce gaseous sample into the plasma gas. A direct current (DC) high voltage power 

supply (230, Bertan) was utilized to form DC plasma inside the quartz chamber for 

miniature ICP ignition. After ICP formation and stabilization, the DC plasma was 

switched off.  Self-ignition was also feasible by increasing the RF power, but due to 

overheating and possible damage to the circuit or the chamber, the pervious method was 

preferred. The matching network was adjusted at the operating frequency of 900 MHz to 

obtain minimum reflected power. Carbon dioxide, argon and helium miniature ICPs were 

generated as shown in Figure 2.3 (a-d). The miniature ICPs were stable with an observed 

lifetime of several months without discernible electrode erosion. The impedance 

matching network was adjusted during miniature ICP operation to obtain minimal 

reflected power. Subsequently, the impedance matching network and the planar inductor 

were connected to a network analyzer (8712ET, Agilent). High-frequency electrical 

behavior analysis was perfomed. 
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The background emission of the plasma 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. The detector system for the monochromator 

consisted of an 11-stage photomultiplier tube (9558QB, EMI Electronics) cooled to -20 

C, and operated at -800 V. The output current from the photomultiplier tube was 

amplified by a linear current to voltage convertor (427, Kiethly). The data acquisition 

was performed using a custom-made LabView program. The observation distance was 

approximately 5 cm from the entrance slit. The calibration of the monochromator device 

was performed using an argon-mercury lamp at three major peaks (253.6, 435.8, and 

546.1 nm) as shown in Figure 2.4. The emission profile of the miniature ICP upon 

gaseous sample introduction was recorded using a custom-made Ocean Optics 

spectrometer (HR4000) at wavelength of 303 to 760 nm with optical entrance aperture 

width of 50 micron, and integration Time of 300 msec. An optical fiber with a diameter 

of 600 micron was used to direct the plasma emission to the 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. 

�

������ �
(a)                                                  (b) 
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�������� �
(c)                                                     (d) 

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,II), 
inductor (III), 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. 

 

 

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 defined in relation to incident and reflected 

voltage waves. In the case of a one port network, the scattering matrix will simplify to 

S11= V ¯
1/V +

1, where V+
1 and V̄1  are the voltages of the incident wave and the reflected 

wave, respectively. The magnitude and the phase of the S11 parameter of the impedance 

matching network and the planar inductor in the frequency range of 850 MHz to 950 

MHz are shown in Figure 2.5 (a). A shift in resonance frequency (+8 MHz) was observed 

for the circuit adjusted to operate at the frequency of 900 MHz with minimal reflected 

power. The shift in the resonance frequency can be interpreted considering the plasma 

impedance and the stray capacitance after plasma formation. Upon plasma formation, 

inductive and resistive components of the miniature ICP altered the overall impedance of 

the circuit. Additionally, the dielectric window between the inductor and the plasma acted 

as a capacitor. With formation of the miniature ICP, stray capacitance appeared in 

parallel with the plasma impedance between the plasma and chamber wall and between 

the plasma and the planar inductor. The magnitude and the phase of the S11 parameter at 

the resonance frequency were -15 dB (minimum) and 0 degrees, respectively. In the 

absence of the plasma, the impedance of the circuit was measured. The results are shown 

in Figure 2.5 (b). At a resonance frequency of 908 MHz, the minimum impedance of the 

circuit was closely matched to the output impedance of the RF amplifier, thus providing 

maximum power transfer efficiency.  
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(a) 

 

(b) 

Figure 2.5.   (a) The magnitude (blue) and the phase (red) of the S11 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 parameters namely, plasma gas, plasma power 

and pressure. Accordingly, the input impedance of the device changes after plasma 

formation. With plasma operated at 900 MHz and minimal reflected power, the input 

impedance of the circuit was closely matched to the output impedance of the RF power 

source (50 � ). The input impedance of the circuit (without plasma) at the operation 

frequency of 900 MHz is shown by a pink arrow on the Smith chart in Figure 2.6. The 

formation of the plasma altered the input impedance of the circuit (arrow) to 50 � . Thus, 

the contribution of the plasma to the impedance is indicated by the blue arrows that is 

9.51 �  resistive impedance and +108.5 �  inductive impedance at operation frequency.  

 

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 890 nm for miniature ICP using carbon 

dioxide, helium, and argon are shown in Figure 2.7, with the vertical axis showing the 

anode current from the PMT. Above 430 nm, the background spectrum of the carbon 

dioxide plasma exhibited weak spectral peaks in contrast to that of helium and argon, 

where most of the dominant peaks appeared in range of 500 - 800 nm and 420 - 880 nm, 

respectively. In the UV region, miniature carbon dioxide ICP showed forth positive 

system emission, making the UV region less useful for analytical measurements. The 

molecular band and atomic line emission spectra for miniature ICPs were identified based 

on available spectral data [60,61]. 

The most prominent common features observed in the background spectra of the 

generated miniature ICPs were in the range of 280 to 410 nm, which included: 1) OH  

radicals at A2� + – X2�  system in highly excited rotational levels (280 - 330 nm), 2) N2 

second positive system C3 �  u – B3� g (310 - 316 nm), 3) NH bands A3�   – X3 �
-
 (335 - 

337 nm), and 4) N
+
2 first negative system (B2� +

u – X2 � +
g). These were the most easily 

obtained peaks when an air leak was present in low-pressure plasma chambers. 

Three major peaks of OH for the A2� + – X2�  system that occurred readily, were 

observed in all spectra (� ’=1, � ”=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). The � ’=1, � ”=0 peak were not 

observed in carbon dioxide ICP spectrum, in contrast to helium and argon ICP spectra in 

which the peak was quite strong. The 306 - 316 nm range included overlapping OH 

peaks and N2 second positive system (C3 �  u – B3� g) degraded to shorter wavelengths. 

The A3�  – 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. Several peaks of the first negative 

system of N
+
2 (B2� +

u – X2 � +
g) occurred in the range of 345 - 410 nm as a fairly well 

marked sequences degraded while moving towards shorter wavelengths. For miniature 

helium ICP, a small peak of the mentioned system was observable at 470.9 nm associated 

with � ’=0, � ”=2 transition. Three hydrogen peaks from Balmer series, H(� ) at 656.2 nm, 

H(	 ) at 486.1 nm, and H(
 ) at 434.1 nm were observable only for helium and argon 

miniature ICPs. Additionally, the oxygen peak was observable exclusively for helium and 

argon at 777 nm. These results suggested a higher electron temperature for helium and 

argon ICPs compared to carbon dioxide ICP.  

Almost all of the common features observed in the spectra of the generated plasmas 

were most likely due to air leak in the plasma chamber. The special features of each 

miniature ICP can be listed as following: 1) miniature carbon dioxide ICP, the CO forth 

positive system (A1�   – X1� ) degraded to longer wavelengths (190 - 230 nm) was the 

specific peak for the miniature carbon dioxide  ICP, 2) miniature helium  ICP showed 

specific peaks for He(I) at 728.1, 706.5, 667.8, 587.5, 501.5, 447.1, and 388.8 nm, and 3) 

miniature argon  ICP showed specific peaks for Ar(I) at  842.4, 840.8, 826.4, 810.4, 

811.5, 800.6, 801.5,  794.8, 772.4, 763.5, 750.4, 751.5, 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 Spectroscopy 

The optical emission from miniature plasma devices provides valuable information 

with regards to the chemical composition of the plasma gas. Precise wavelengths and 

transition probabilities for atoms and ions can be found in NIST database [60] and 

molecular spectra reference books [61]. Quantitative and qualitative gas analysis of target 
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compounds can be performed by measuring the emission intensities of related spectral 

lines. The emission intensity of plasma (I pk) is directly correlated to the particle density 

in the excited state n(p), with I pk=n(p) • Apk, where Apk is the transition probability. 

Thus, the line intensity depends only on the population density of the excited level, n(p), 

which depends strongly on the plasma parameters n(p)=f(Te, ne, Tn, nn). To account for 

variation of plasma parameters during analysis, an internal standard can be added to the 

plasma gas. In other words, a tracer gas with a known concentration is introduced into the 

plasma and the intensities of the lines related to the tracer gas and the sample are 

simultaneously measured. The concentration of the gaseous sample, nA is obtained by the 

equation nA= CAT • nT • I �  / I � ’, where I �  is the intensity of line related to the gaseous 

sample at the wavelength � , I � ’ is the intensity of line for the tracer gas at the wavelength 

� ’ , nT is the concentration of the tracer gas, and CAT is proportionality constant [62].   

To examine the capability of the miniature ICPs for qualitative analysis, gaseous 

samples of ethylene, neon, and hydrogen were introduced into the miniature carbon 

dioxide plasma, by mixing a small volume of each sample gas with the plasma gas. The 

operating power and pressure for the miniature carbon dioxide were 8 W and 0.4 Torr, 

respectively. The background emission of the miniature carbon dioxide ICP is given in 

Figure 2.8 (a). The emission spectra of the miniature carbon dioxide ICP after sample 

introduction (acquired by a hand-held Ocean Optics spectrometer) are shown in Figure 

2.8 (b-c). While the background emission profile did not change after sample 

introduction, ethylene, neon, and hydrogen samples resulted in a distinguishable peak at 

approximately 431, 585, and 656 nm, respectively.  
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Figure 2.7 (a) 

 

Figure 2.7 (b) 
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Figure 2.7 (c) 

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. 

 

Figure 2.8 (a) 
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Figure 2.8 (b) 

 

Figure 2.8 (c) 

800

900

1000

1100

1200

1300

1400

305 345 385 425 465 505 545 585 625 665 705 745

Wavelength (nm)

In
te

ns
ity

 (
co

un
ts

)

410 415 420 425 430 435 440 445 450

Background

Ethylene Sample 

800

900

1000

1100

1200

1300

1400

305 345 385 425 465 505 545 585 625 665 705 745

Wavelength (nm)

In
te

ns
ity

 (
co

un
ts

)

565 570 575 580 585 590 595 600 605

Background

Neon Sample 



� 24

 

Figure 2.8 (d) 

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 can be advantageous for several reasons. 

First, the fabrication costs can be reduced using mature micro-fabrication technologies 

such as CMOS. Second, the components required for on-chip ICP generation, such as 

matching network, UHF oscillators, and UHF amplifiers, can be fabricated on the same 

chip. Third, auxiliary components for total micro analysis systems can be integrated with 

the on-chip ICP source. Such components may include micro-fluidic chips or on-chip 

emission spectrometers.  

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

with a diameter of less than 1 mm was used to construct a miniature ICP source. The 
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plasma generation chip was constructed using 50-nH planar gold polyimide-coated 

inductors (Figure 2.9) with diameter of 800 � m on a 1.27 × 1.27 × 0.3 mm quartz 

substrate (MicroMetrics, Inc., Londonderry, NH). The planar inductors were bonded with 

gold wire to the 28-pin Ceramic SOIC Package (Spectrum Semiconductor Materials, Inc., 

San Jose, CA). Two piston trimmers (1–40 pF, Johanson Technology, Camarillo, CA) 

were used on a printed circuit board for impedance matching. The same experimental 

setup described at the start of this chapter was used for plasma generation.  Figure 2.10 

(a) shows the micro ICP chip which is placed on a one-cent coin for size comparison. The 

micro ICP chip while operation is shown in Figure 2.10 (b). This chip was operating in a 

reduced pressure chamber to provide suitable conditions for ICP formation. Increasing 

the plasma power to 3 W resulted in expansion of miniature 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 � m on a 1.27 × 1.27 × 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 developed, operating at a pressure of 1 to 10 

Torr and a power requirement of only 2 - 8 W with carbon dioxide, helium and argon as 

the plasma gas. The electrical model of miniature ICP sources was investigated. The 

miniature plasma impedance was measured using Smith chart. Furthermore, background 

emission of miniature ICP sources were monitored and used to investigate the species in 

carbon dioxide, argon, and helium miniature ICPs. The miniature carbon dioxide ICP was 

used to qualitatively identify a small volume of ethylene, neon, and hydrogen gas 

introduced into the plasma, resulting in a distinguishable peak at approximately 431, 585, 

and 656 nm, respectively. In addition, the feasibility of micro ICP generation on a chip 
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using an inductor with size of smaller than 1 mm was demonstrated. The results suggest 

that the developed micro ICP source can be potentially used as real-time, rapid and 

portable gas analyzer. 
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Chapter 3 -  Methane Quantification in a Mixture of Gases Mimicking 

the Martian Atmosphere by Miniature Inductively Coupled Plasma 

Mass Spectrometry 

3.1 - Introduction  

The existence of organic molecules on the Martian surface is of fundamental 

importance to understand the origins of life and the possible existence of extraterrestrial 

living organisms. Methane (CH4) is the simplest organic molecule and has been sought 

on Mars for many years. The remote detection of trace amounts of methane gas (10 ppb 

by volume) using a ground-based Fourier transform spectrometer was reported for the 

first time in 2004 and was confirmed again in the later investigations [63-67]. The 

lifetime of methane in the Martian atmosphere was suggested to be in the order of ~350 

or ~670 years according to photochemical processes [68,69]. Alternatively, the 

observation of temporal and spatial variations of the methane concentration on the 

Martian surface suggested an even shorter life time of <1 year [64,67]. Such a lifetime 

indicates that an active process must be involved in the production of methane on Mars. 

The potential mechanisms responsible for methane production and sink were summarized 

elsewhere [70]. The remote observations from the earth and the Martian orbit indicate 

seasonal variations in the methane concentration on Mars.  

However, understanding the mechanism behind these variations requires landed Mars 

missions to overcome the limits of the observation methods from earth (offering very 

high resolution but suffering from interferences from the earth’s atmosphere) or Martian 

orbit (relatively low resolution due to payload constraints). Future landed Mars missions, 
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such as ExoMars mission scheduled for 2016, have been planned in order to further 

investigate the concentration, distribution, and the possible chemical reactions of methane 

on the Martian atmosphere [71]. 

A great deal of resources have been invested by National Aeronautics and Space 

Administration (NASA) to develop miniature instruments for in situ chemical analysis.  

As a result, small and analytically powerful mass and ion mobility analyzers have been 

developed specifically for space applications [72]. The Viking, Phoenix, and Mars 

Science Laboratory missions are the most famous examples of the utilization of miniature 

mass analyzers for Mars exploration missions. A variety of ionization techniques have 

been investigated to produce the ions that enter the mass and ion mobility analyzers. Such 

ionization techniques can be classified in several distinct ionization processes [73]. 

Electron impact ionization is a well-established ionization method and has been widely 

used in space missions, such as the Viking and Cassini missions, because of stability, 

ease of operation and control of the electron beam intensity, high sensitivity, and library-

searchable spectra. The major drawbacks of this ionization method are fragmentation of 

large mass compounds and the requirement for volatile samples. To eliminate these 

limitations, alternative ionization sources have been developed for analyte-specific 

ionization. For example, a hollow cathode ionizer has been designed specifically to 

operate under ambient Martian atmosphere at the Jet Propulsion Lab of NASA to address 

the problem associated with the fragmentation of large organic species during the 

ionization process [74]. This ionizer consists of a direct current discharge at the Martian 

surface pressure. A stream of (H2O)nH
+ is produced by introducing gas phase H2O 

molecules from a reservoir into the discharge. 
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The recent developments in ambient ionization techniques enable the ionization of 

samples in their native environment, without sample preparation or separation, providing 

sensitive, selective, rapid, direct and high throughput analysis of a wide range of 

compounds [75-77]. Various ionization methods have been developed such as desorption 

electro-spray ionization [78], direct analysis in real time [79], and desorption atmospheric 

pressure photo-ionization [80]. Although these sources have been widely investigated for 

several applications on earth, the potential of utilizing such methods for space exploration 

missions has not been fully investigated. In this work, a miniature inductively coupled 

plasma ionization source was developed and investigated for ambient ionization on the 

Martian surface. 

Plasmas can be generated using various methodologies. Among the various types of 

plasma sources, ICP sources exhibit several advantages for miniaturization such as: 1) the 

ability to create intense plasmas, 2) longer lifetimes, 3) low power dissipation in the 

plasma boundary, 4) no requirement for high voltage power supplies, and 5) 

compatibility with micro-fabrication. In addition, in ICP sources electrodes are not in 

direct contact with plasma. For example, the plasma can be generated inside an isolated 

glass or quartz chamber while the electrodes are positioned outside.  This is important in 

chemical analysis because any possible cross contamination is eliminated [81]. Miniature 

ICP sources may operate at reduced power and pressures with noble gases or air [82,83]. 

Such sources operate at higher frequencies compared to conventional ICP sources. A 

detailed description of miniature ICP sources may be found elsewhere [84].  

Generally, noble gases such as argon or helium are used as the plasma gas in ICP-MS 

[85]. Reduced pressure inductively coupled plasma sources have been investigated for 
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chemical analysis [86-89]. However, the advantages of using ambient atmospheric 

conditions for plasma generation play a decisive role in selecting plasma gas. For 

instance, a micro plasma device that operates with air at ambient conditions does not 

require noble gases or a vacuum pump [90]. Remarkably, intrinsic conditions of the 

Martian atmosphere provide favorable conditions for the formation of plasma at ambient 

conditions. The Martian atmosphere consists of 95.32% carbon dioxide, 2.7% nitrogen, 

1.6% argon, and trace amounts of other constituents such as oxygen, carbon mono oxide, 

and water vapour [91]. The atmospheric pressure on Mars varies from around ~0.2 Torr 

on Olympus Mons's peak to over ~8.7 Torr in the depths of Hellas Planitia, with a mean 

surface level pressure of ~4.5 Torr [92].  

In this chapter, the development of a miniature ICP source, operating under gas 

compositions and pressures comparable to those that exist on Mars is reported. The 

miniature ICP was generated at frequency of 954 MHz and power of ~ 2 to 3 W. Mass 

spectrometric measurements of the species generated in the miniature ICP were 

performed. Operating conditions such as pressure, power consumption, and skimmer 

voltage were optimized. Additionally, the repeatability, reproducibility and analytical 

performance of the method in the detection of trace quantities of methane were 

investigated. The calibration curves and limits of detection were determined and the 

effect of Mach disk on the sensitivity and detection limits was investigated. 

3.2 - Experimental Setup  

The schematics of the experimental setup is illustrated in Figure 3.1. The setup 

consisted of a reduced pressure chamber equipped with a Pyrex tube (4 mm i.d. and 6 

mm o.d.), a leak valve, and a vacuum gauge. The leak valve 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 entering into the reduced pressure chamber. The 

miniature ICP was formed inside the Pyrex tube. The Pyrex tube was bonded to the 

aluminium sampler cone (1.8 mm orifice diameter) of a quadrupole mass spectrometer 

(Delsi-Nermag, France) using an O-ring and was sealed by vacuum epoxy adhesive 

(Loctite 1C Hysol, Henkel). The first stage vacuum pumping of the mass spectrometer 

provided vacuum inside the reduced pressure chamber. The differential pumping of the 

mass spectrometer and the skimmer’s negative electrical potential enabled the extraction 

of ions from the ICP in the reduced pressure chamber (4, 8, 12, and 16 Torr) and their 

introduction into the high vacuum chamber (~10-6 Torr) of the quadrupole mass analyzer. 

The interface pressure of the mass spectrometer was ~0.4 Torr. The operating conditions 
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of the mass spectrometer are listed in Table 3.1. A detailed description of the mass 

spectrometer is provided in previous publications [93,94]. The mass analysis was 

performed in the positive ion mode of the mass spectrometer and in a mass range of 5 to 

300 amu. There was no signal detected beyond 45 amu and the 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 10-6 Torr 
Polar offset -172 V 
Deviation voltages -71, -163, -173 V 

Data acquisition in Plasmass software 
Initial delay 300 msec 
Delay per mass 300 µsec 
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 diameter, 1 mm spacing between turns) 

tightly encircled the Pyrex tube as shown in Figure 3.2. The inductor was connected to an 

impedance matching network consisting of a 10 pF ceramic capacitor and a 1-30 pF 

piston trimmer [82]. The front of the inductor (the side closer to the sampler) was at 

ground potential. The pulse modulated ultrahigh frequency (UHF) signal was generated 

using a signal generator (8648B, Agilent) and a pulse generator (132, Wavetek) at carrier 
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and pulse frequencies of 954 MHz and 30 KHz, respectively. Then, the signal was 

amplified (15100B, Ailtech) and directed to the SMA connector of the impedance 

matching network. The modulation of the UHF signal was used only for the plasma 

ignition and turned off while obtaining the mass spectrometric measurements. The high-

frequency electrical behavior of the plasma generation unit, consisting of the inductor and 

the matching network was investigated using a network analyzer (8712ET, Agilent). An 

optical emission spectrometer (HR4000, 300 to 760 nm, Ocean Optics Inc) was used to 

monitor the emission intensity of the miniature ICP. A photograph of experimental setup 

including all the instruments utilized in the experiments is shown in Figure 3.3. 

To replicate the composition of the Martian atmosphere, two custom mixed gas 

cylinders were obtained from Airgas Inc. In both cylinders, carbon dioxide served as the 

balance gas. The first mixture (Mixture A) contained 2.745% nitrogen and 1.557% argon. 

The second mixture (Mixture B) contained 2.6% nitrogen, 1.521% argon, and 500 ppm 

(v/v) of methane. The concentration errors for both mixtures were ± 2%. Mixture A 

served as the reference sample with 0 ppm methane. Then, the gas mixtures were used to 

prepare  ~50, 100, 200, 300, and 400 ppm methane samples by the addition of Mixtures 

A and B by a ratio of 9:1, 8:2, 6:4, 4:6, and 2:8, respectively. A mass flow meter (Model 

8270, Matheson Tri-Gas Inc) was used to fill a balloon with the proper volumes of 

Mixtures A and B. The time duration was used to control the mixture ratio while keeping 

the gas flow and total gas volume constant. 



� 36

 

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. 

�

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 pressure interface region from the reduced 

pressure chamber through the sampler orifice, a jet is produced. The Mach disk forms 

when the expanding jet meets the background gas in the interface region. The region 

between the sampler orifice and Mach disk is called the zone of silence [85]. Skimming 

the gas in the zone of silence and the upstream of the Mach disk is essential to achieve 

the greatest ion throughput into the high vacuum mass analyzer region. After the Mach 

disk, the gas becomes turbulent and skimming such a turbulent gas results in reduced 

sensitivities in analytical applications. As a result of the collisional processes after the 

Mach disk and the penetration of the interface gas into the skimmer, the ions entering the 

skimmer are not necessarily representative of the sampled ions from the plasma species 

[95,96]. 

The position of the Mach disk (Xm) is defined as: 

1

0
067.0

P
P

DXm ´=
           (3.1)

 

where D0 is the diameter of the sampling orifice, P0 is the pressure in the reduced 

pressure chamber and P1 is the interface pressure as shown in Figure 3.4. For the 

experiments in this study D0 = 1.8 mm, P1 = 0.4 Torr, and P0 = 4, 8, 12, and 16 Torr, 

results in Xm of 3.8, 5.4, 6.6 and 7.6 mm, respectively. Considering the 6-mm distance in 

between the sampler and skimmer in this study, for P0 equal to 4 and 8 Torr, the 

skimming occurred outside of the zone of silence and for P0 of 12 and 16 Torr occurred 

inside the zone of silence. 



� 38

 

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 relation to the incident and reflected voltage 

waves. In the case of a one port network, the scattering matrix simplifies to S11= V-
1/V

+
1, 

where S11, V+
1 and V-

1 are the reflection coefficient, the incident voltage, and the 

reflected voltage, respectively. A small S11 is required for efficient power transmission to 

the miniature ICP. The matching network was adjusted to obtain the minimal reflection 

coefficient while the Pyrex tube was present inside the inductor. In the best case, an S11 

of -36 dB at the frequency of 962 MHz was obtained. The experimental measurement of 

the reflection coefficient versus the frequency is shown in Figure 3.5. Removing the 

Pyrex tube from the tuned system resulted in an aggravated S11 (-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 the required ignition power for UHF 

plasmas [90,97], and was utilized to ease the plasma ignition. After formation of the 

miniature ICP, pulse modulation was switched off (to prevent mass spectral profile 

deformation caused by pulse modulation) and the plasma was supplied with an amplified 

UHF sinusoidal signal. Self-ignition was also feasible by increasing the UHF power. 

However, it was avoided to prevent overheating and possible damage to the setup. The 

generated ICP was stable during the course of several weeks without causing discernible 

erosion to the chamber. The power absorbed by the miniature ICP source were changed 

based on the supplied power and the pressure inside the reduced pressure chamber as 
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shown in Figure 3.6. The absorbed power was measured by altering the pressure for the 

forward powers of 3, 4, 5, 6, and 7 W. 

The formation of plasma inside the Pyrex tube changes the overall impedance of the 

circuit. Therefore, the frequency was adjusted after plasma formation to achieve 

minimum reflected power and maximum optical emission. After the plasma formation, 

the resonance frequency of the circuit occurred at 954 MHz. A shift of approximately -8 

MHz in the resonance frequency was observed because of the ICP formation.  

 

 

 

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 Pressure 

A sample background mass spectrum of the miniature ICP operating at 8 Torr and 2.6 

W with mixture A as the plasma gas is shown in Figure 3.7 . The spectrum contained the 

CO2
+ parent ion along with its fragments such as C+, CO+, and O+. The molecular oxygen 

ion (O2
+) was also present in the spectrum. The other major species observed in the mass 

spectrum were Ar+, NO+, H2O
+, H3O

+, HCO+ and N+. The major overlapping signals 

were for the pair of N2
+/CO+ at m/z of 28. Furthermore, introduction of methane sample 

results in overlapping signals at m/z of 16 for the pair of O+/ CH4
+.  The masking effect of 

O+ (M.W. 15.9994 g/mol) on CH4
+ (M.W. 16.042 g/mol) prevents monitoring the ionic 

methane peak at m/z of 16 with the current setup because of the 1 amu resolution of the 

mass spectrometer. As an alternative, CH3
+ at an m/z of 15 was used to monitor the 

methane concentration. 

 

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 the miniature ICP operated at 3 W versus 

pressure is shown in Figure 3.8. The spectra were normalized by dividing the signals by 

the total sum of signal intensities in the spectrum. To avoid detector saturation, the 

detector voltage was set to -460, -480, -540, and -610 V for the plasma pressures of 4, 8, 

12, and 16 Torr, respectively. An increase in the pressure resulted in an increase in 

relative intensities of CH3
+, H2O

+, H3O
+, NO+, HCO+ and O2

+. In contrast, by increasing 

the pressure, the intensity of C+, N+, O+, CO+, and CO2
+ was decreased.  The general 

trend observed with regards to the effect of pressure on the mass spectra demonstrated 

that an increase in pressure was unfavorable for dissociative ionization and conducive to 

molecular ionization.  

The observed mass spectral profile can be used to understand the plasma species at 

the turbulent and jet regions. An unusual trend was observed at 16 Torr for C+, CO+ 

(fragments), and CO2
+ (parent ion) where an increase in the pressure resulted in an abrupt 

decrease in the intensity of both the parent and fragment ions. Additionally, at 16 Torr, an 

abrupt decrease in the intensity O+ and increase in the intensity of O2
+ and H3O

+ was 

observed. Such abrupt changes in the intensity of the signals can be attributed to the 

skimming location. By increasing the pressure at the reduced pressure chamber, the 

location of the Mach disk moved in relation to the skimmer tip. As a result, by increasing 

the pressure, the skimming region eventually moved from the turbulent region to the zone 

of silence. It is notable that the CH3
+ signal did not exhibit any unusual or abrupt trend in 

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 power on the background spectrum, 

plasma was generated at a pressure of 4 Torr with Mixture B as the plasma gas. 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 effect of the plasma power on the background spectrum is 

illustrated in Figure 3.9. The spectra were normalized by 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 increasing the plasma power, the fragment 

species such as C+, N+, O+, and CO+ exhibited an ascending trend. In contrast, the parent 

ions such as CH3
+, H2O

+, NO+, O2
+, and CO2

+ demonstrated a descending trend. Thus, 

enhancing the plasma power favored the dissociative ionization of plasma species. 

Accordingly, operating the miniature ICP at low powers resulted in higher signal 

intensities for CH3
+ and was preferred in analytical measurements. The plasma power 
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exhibited an insignificant effect on the Ar+ signal intensity compared to the other species 

because argon was not involved in a dissociative reaction. In addition, the signal intensity 

increase at m/z of 28 (as a result of an increase in the plasma power) indicated that this 

peak was dominated by CO+ (fragment ion) rather than N2
+ (parent ion).  

3.8 - Effects of Skimmer Voltage on Mass Spectra 

The effect of skimmer voltage on the mass spectral profile is demonstrated in Figure 

3.10. The skimmer voltage was decreased from 0 to -500 V by 50 V decrements. The 

detector voltage was set to -540 V. The plasma was operated at 2.8 W net power and 4 

Torr. For the low mass range (i.e. m/z of 12, 14, and 15) the maximum signal intensity 

occurred at approximately -100 and -450 V. For H2O
+, a skimmer voltage of -200 V 

resulted in the most intense peak. For all other species, 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 reproducibility, C+ and CH3
+ signals were 

measured while altering the plasma gas between Mixture A and Mixture B. A 3-way 

valve was connected to the leak valve. The miniature ICP was formed at 8 Torr and 2.5 

W. The detector voltage was set to -650 V. The 3-way valve was switched (every 30 

seconds over a period of 11 minutes) between Mixture A and Mixture B (sample) while 

simultaneously monitoring the C+ and CH3
+ signals.  The carbon ion was monitored as an 

indicator to screen the stability of the background spectrum during the experiment. Data 

acquisition parameters are listed in Table 3.2. The profiles of the monitored species are 

shown in Figure 3.11 with a gain of 3 and 1 for CH3
+ and C+, respectively. The abrupt 

pressure decrease while switching resulted in plasma expansion and signal enhancement. 

One example of such overshoot is shown in Figure 3.11 (up). The repeatability was 
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calculated from 11 sporadic measurements. The measurements were repeated after one 

week under the same operating conditions for the miniature ICP and the mass 

spectrometer. The results are shown in Figure 3.11 (down). Eleven data points were 

randomly selected from the central data points of each cycle. The signal average, 

standard deviation, and RSD values for first and second experiments are shown in Table 

3.2. The RSD value varied from 0.68% to 1.41% for the first experiment and from 0.78% 

to 2.87% for the second experiment. Reproducibility was evaluated by using the 22 

average signal sets from the first and the second experiments. The RSD value was 4.03%. 

Similar profiles were obtained for mixtures with various methane concentrations under 

the similar operating conditions. Based on calculated RSD values, this method 

demonstrated acceptable repeatability and reproducibility. 

Table 3.2.  Repeatability and reproducibility for CH3
+ 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 µsec  
Scan delay 30 msec 
Mass jump delay 300 µsec  
Sampling rate 1 
Number of readings 500 
Scan time in ms 500 
Gain CH3

+ 3 
Gain C+ 1 
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�

�

�

Figure 3.11.  Profiles of C+ and CH3
+ 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 the reduced pressure chamber was 4, 8, 

12, and 16 Torr in order to skim CH3
+. The pressure of 16 Torr enabled achieving the 

lowest detection limit and largest sensitivity because the skimming was occurred in the 

zone of silence. The statistical results for the data points are summarized in Table 3.3. 

The net signals were determined by the difference between the signal and blank levels. 

Relative standard deviation of the measured signal in percent (%RSD) versus methane 

sample concentration is presented in Figure 3.12. Linear calibration curve (coefficients of 

determinations (R2) = 0.9966) with a working range of approximately one order of 

magnitude was obtained for 16 Torr as shown in Figure 3.13 (a). Additionally, the 

calibration curves were obtained with excellent linearity for the miniature ICP operating 

at 4, 8, and 12 Torr as shown in Figure 3.13 (b-d). The values for the detection limits 

(Table 3.4) were calculated based on the three times standard deviation of the blank 

(plasma produced with Mixture A) measured for CH3
+ over eleven replicates using five-

point calibration curves. A detection limit of 0.15 ppm was obtained for the experiment 

conducted at 16 Torr. As expected, the detection limits and sensitivities for plasma 

operating at 4, 8, and 12 Torr, where the turbulent region was skimmed, were deteriorated 

compared to the plasma operating at 16 Torr, where the jet was skimmed. The obtained 

results were in accordance with calculated position of the Mach disk and the zone of 

silence. The results indicate the feasibility of the utilization of CH3
+ signal for analytical 

measurements. 
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Table 3.3.  Average signal, net signal, standard deviation, and relative standard deviation 
obtained for CH3

+ at 15 amu. The data was used to obtain the calibration curves and detection 
limits. 

Pressure Methane 
(ppm) 

Average 
Signal* 

S.D. % R.S.D. Net 
Signal 

4 Torr 

0 0.0744 0.0016 2.1765 0.0000 
50 0.3956 0.0067 1.6896 0.3212 
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 

8 Torr 

0 0.0512 0.0020 3.8714 0.0000 
50 0.4041 0.0020 0.4836 0.3529 
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 

12 Torr 

0 0.0644 0.0011 1.7800 0.0000 
50 0.5670 0.0038 0.6779 0.5027 
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 

16 Torr 

0 0.1235 0.0011 0.9228 0.0000 
50 1.2329 0.0132 1.0712 1.1093 
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 of eleven measurements. 
 

Table 3.4.  The detection limits (ppm) and sensitivity (V/ppm) for CH3
+. Eleven data points 

were used in the calculation of the values. 

Pressure Detection Limits*  
(ppm (v/v)) 

Sensitivity  
(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.   

 

         (a)                                                                 (b) 

                 

                                      (c)                                                                   (d) 

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 successfully achieved, operating at 

pressures of 4 to 16 Torr and a power requirement of less than 3.5 W. The miniature ICP 

was able to generate a stable plasma under conditions mimicking the Martian 

atmosphere. The quantitative analysis of trace amounts of the methane sample was 

performed by interfacing the miniature ICP with a quadrupole mass spectrometer. The 

effects of pressure, plasma power, and skimmer voltage was investigated and optimized 

for obtaining the analytical results. Excellent calibration curves were obtained for CH3
+ at 

m/z of 15. With this method, a detection limit of 0.15 ppm was achieved using a 

quadrupole mass spectrometer. In order to improve the analytical performance of this 

method, further experiments with state of the art mass spectrometers is under 

investigation. The simplicity of instrumentation for generating a low-power, reduced 

pressure miniature ICP should encourage further investigation of this method for Mars 

exploration missions.  
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Chapter 4 - Generation of Atmospheric Pressure Ultra High Frequency 

Air Micro Plasmas in a Magnetic Loop and Effects of Pulse Modulation 

on Operation 

4.1 – Introduction 

Micro plasma sources are becoming extensively popular because of their interesting 

applications in diverse equipment or devices such as plasma-based chemical analyzers 

[98,99], and biomedical and dental sterilizers [100,101]. Several micro plasmas are 

reported to operate in various plasma gases at different pressures and frequencies [102-

104]. The development of portable micro plasma devices is a major challenge. Power 

consumption, plasma gas type, and operating pressure are three major parameters to 

optimize for developing portable micro plasmas [105]. The use of air as the plasma gas at 

atmospheric pressure is important to eliminate the requirement of noble gas, vacuum 

pump, and related auxiliary components. Further, reduction of the power consumption 

extends the operation period and utilization of battery-based devices. The required power 

for sustaining the plasma is reduced by pulse modulation (PM) of ultra high frequency 

(UHF) plasmas [106-109].  

An atmospheric pressure air micro plasma (APAMP) source was developed under 

ambient conditions using a magnetic loop at an operating frequency of 740 MHz. A self-

igniting, stable APAMP was generated at 9.5 Watts. Pulse modulation (PM) was applied 

to the ultra high frequency (UHF) signal. The effects of PM on self-ignition and 

operation of the APAMP source were studied by using a square wave modulating signal 

in the frequency range of 5 to 30 KHz. The power for self-ignition and operation was 
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reduced by PM. With the application of PM on the APAMP, 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 antennas with high quality factors at their 

resonance frequencies. They are efficient in narrow-bandwidth operations. However, 

their high inductive reactance is unfavorable for efficiently utilizing them in wideband 

applications. Magnetic loop antennas are most commonly used by radio amateurs for 

receiving and transmitting signals in high frequency (HF) band and amplitude modulation 

(AM) broadcasting and receiving antennas [110,111]. Magnetic loop antennas consist of 

a loop of conductor and a tuning capacitor (Figure 4.1(a)) [112]. Usually, impedance 

matching is achieved by using a subsidiary loop or a gamma match and a tunable 

capacitor. A stepping motor can be used to adjust the tuning capacitor to the resonance 

frequency. Magnetic loop antennas can be considered as folded dipole antennas and are 

widely used in applications that the space is not adequate for full size antennas. The main 

disadvantage of magnetic loop antennas (when used for transmitting RF signal) is the 

occurrence of high RF voltages across the tuning capacitor [113]. Such high voltages 

(although not favorable for transmitting antennas) are favorable for producing electrical 

breakdown or plasmas. Despite the long history of utilization of magnetic loop antennas 

in communication, their capability of such antennas in plasma formation is not well 

studied.  

The equivalent electrical circuit for a magnetic loop antenna is shown in Figure 4.1�b) 

[112]. The subsidiary loop provides voltage feed at the tapping point and inductive 

coupling to the magnetic loop antenna. The inductance of subsidiary loop (L2), the 
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resonant loop inductance (L

The mutual coupling between the gamma match and the loop is modeled wit

inductance with (1 : ra) ratio. The resistive loss and the plasma impedance are 

with Rtot and Rplasma, respectively. 

without plasma is given by

Z(s) = sL2 + ra
-2[(sL1 + Rtot

 

   

 (a)                                                      

Figure 4.1. (a) A typical configuration of magnetic loop antenna with a 
equivalent circuit for a magnetic loop antenna with gamma matching.
noted with Rplasma in the equivalent circuit. 

The current and voltage distribution along the magnetic loop antenna is shown in 

Figure 4.2. The magnetic loop antenna is illustrated in an extended appearance for more 

clarity. The current at the two ends of the electrodes are zero. Additionall

at the two ends are on their maximum absolute value at the two ends of the electrodes. 

The inner loop with a length of 

away from one of the ends to provide a tapping point for the vol
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loop inductance (L1), and the tuning capacitor (C) are shown in 

between the gamma match and the loop is modeled wit

) ratio. The resistive loss and the plasma impedance are 

, respectively. The input impedance of the magnetic loop antenna 

by equation 4.1 where s = j�  = 2� f: 

tot)
-1 +SC1]

-1      

       

(a)                                                                  (b)  

(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 

in the equivalent circuit.    

current and voltage distribution along the magnetic loop antenna is shown in 

The magnetic loop antenna is illustrated in an extended appearance for more 

clarity. The current at the two ends of the electrodes are zero. Additionall

at the two ends are on their maximum absolute value at the two ends of the electrodes. 

The inner loop with a length of quarter-lambda is connected to the tube a

away from one of the ends to provide a tapping point for the voltage.  

are shown in Figure 4.1�b). 

between the gamma match and the loop is modeled with mutual 

) ratio. The resistive loss and the plasma impedance are presented 

magnetic loop antenna 

    (4.1��

 

gamma matching, (b) 
The plasma impedance is 

current and voltage distribution along the magnetic loop antenna is shown in 

The magnetic loop antenna is illustrated in an extended appearance for more 

clarity. The current at the two ends of the electrodes are zero. Additionally, the voltages 

at the two ends are on their maximum absolute value at the two ends of the electrodes. 

lambda is connected to the tube a quarter-lambda 
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Figure 4.2. Current and voltage distribution along 
magnetic loop antenna is unfolded for a better illustration.

4.3 - Electromagnetic

Frequency domain studies for electromagnetic waves were performed using the RF 

Module of COMSOL 4.1

magnetic loop antenna and also the effects of magnetic loop antenna parameters on the 

resonance frequency and reflection parameter were investigated. The m

antenna geometry (with radius of 2.5 cm, wire diameter of 1.6 mm, gap width of 0.5 mm) 

was constructed using perfectly conducting surfaces as the base structure (

altered accordingly for different parameters. The material parameters were extracted from 

the material library database of COMSOL 4.1 where required. The magnetic loop antenna 

geometry was placed in a spherical air domain with a radius of 8 cm. A spherical 

Perfectly Matched Layer (PML) 

and provided an additional domain to absorb the radiation from the magnetic loop 

antenna with minimum reflection

the scattering boundary condition to further reduce the reflection. The excitation so
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and voltage distribution along a half-wave magnetic loop
magnetic loop antenna is unfolded for a better illustration. 

Electromagnetic Waves Simulation 

domain studies for electromagnetic waves were performed using the RF 

Module of COMSOL 4.1 [114]. The electric and magnetic field patterns around the 

magnetic loop antenna and also the effects of magnetic loop antenna parameters on the 

d reflection parameter were investigated. The m

(with radius of 2.5 cm, wire diameter of 1.6 mm, gap width of 0.5 mm) 

was constructed using perfectly conducting surfaces as the base structure (

altered accordingly for different parameters. The material parameters were extracted from 

the material library database of COMSOL 4.1 where required. The magnetic loop antenna 

as placed in a spherical air domain with a radius of 8 cm. A spherical 

Perfectly Matched Layer (PML) [115] with a radius of 30 cm surrounded the air domain 

and provided an additional domain to absorb the radiation from the magnetic loop 

reflection (Figure 4.4). The outer surface of PML was defined as 

the scattering boundary condition to further reduce the reflection. The excitation so

�

wave magnetic loop antenna. The 

domain studies for electromagnetic waves were performed using the RF 

. The electric and magnetic field patterns around the 

magnetic loop antenna and also the effects of magnetic loop antenna parameters on the 

d reflection parameter were investigated. The magnetic loop 

(with radius of 2.5 cm, wire diameter of 1.6 mm, gap width of 0.5 mm) 

was constructed using perfectly conducting surfaces as the base structure (Figure 4.3) and 

altered accordingly for different parameters. The material parameters were extracted from 

the material library database of COMSOL 4.1 where required. The magnetic loop antenna 

as placed in a spherical air domain with a radius of 8 cm. A spherical 

with a radius of 30 cm surrounded the air domain 

and provided an additional domain to absorb the radiation from the magnetic loop 

. The outer surface of PML was defined as 

the scattering boundary condition to further reduce the reflection. The excitation source 
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was defined as a 1 W lumped port coaxial source with an impedance of 50 Ohms on the 

SMA connector. Then, the geometry was meshed by software 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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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

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
after meshing for finite element simulation.
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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  

Geometry of magnetic loop antenna with diameter of 5 cm, wire diameter of 1.6 
and 500 micro meter air gap. Various views of the geometry (a-d) are shown 

g for finite element simulation. 

 

Geometry of magnetic loop antenna with diameter of 5 cm, wire diameter of 1.6 

 

Geometry of magnetic loop antenna with diameter of 5 cm, wire diameter of 1.6 
shown for more clarity 
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The vector Helmholtz equation for the electric field was used to solve for the 

geometry is: 

0)() (
0

2
0

1 =--´Ñ´Ñ - E
j

kE rr we
s

em
         (4.1) 

where µr is the relative permeability from material, E is the electric field, k0 is the wave 

number of free space, � r is the relative permittivity from material, j is the imaginary unit, 

�  is the electric conductivity from material, � 0 is the permittivity of free space, and �  is 

the angular frequency.  

The effects of the gap width, loop radius, wire thickness, and loop material were 

studied and the results are shown in Figure 4.6 (a) to (d). Increasing the gap width from 

0.1 mm to 4 mm resulted in an increase in the resonance frequency from 716 MHz to 972 

MHz and a decrease in reflection parameter from -5 dB to -27 dB. Resonance frequencies 

of 1652, 870, and 454 MHz were obtained for the magnetic loop antenna with radii of 

1.25, 2.5 and 5 cm, respectively. The magnetic loop antenna circumferences were 

approximately equal to half-wavelength of the resonance frequencies. Altering the loop 

radius exhibited minimal effects on the reflection parameter (-12 dB). Reducing the wire 

diameter resulted in an increase in resonance frequency and a decrease in reflection 

parameter. Additionally, the simulation results revealed that a magnetic loop antenna 

constructed with copper instead of a perfectly conducting material exhibits a deteriorated 

reflection parameter at the same resonance frequency.  

The patterns of the electric and magnetic field magnitudes around the magnetic loop 

antenna (at the resonance frequency) are shown in Figure 4.7 (a) to (c). The ranges for 

electric field (Figure 4.7(a)) and magnetic field (Figure 4.7 (c)) are set to 1000 V/m and 2 
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A/m, respectively, to provide a better visibility for field distributions. The maximum 

value for the electrical field (~40 KV) occurred in the gap of the magnetic loop antenna 

as shown in Figure 4.7 (b). 

 

 

 

Figure 4.6 (a) 
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Figure 4.6 (b) 
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Figure 4.6 (c) 
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Figure 4.6  (d) 

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

 

Figure 4.7 (b) 



� 65

 

Figure 4.7 (c) 

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

4.4 – Experimental Setup 

A magnetic loop with a diameter of 5 cm was constructed using a tin-coated copper 

wire with a thickness of 1.6 mm. The gap in the magnetic loop, where the micro plasma 

forms, was of the order of 100 micro meters. The magnetic loop was connected to an 

Ailtech power amplifier (model 15100B, 0.5 – 1.0 GHz) using a coaxial cable. A 

sinusoidal UHF signal was generated using an Agilent 8648B signal generator and 

amplified with a linear amplifier (Figure 4.8 (a)). The power output of the radio 

frequency (RF) amplifier was monitored using an integrated RF power meter on the 
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amplifier. The radiated RF signal from the magnetic loop was also monitored using a 

simple probe. A hand-held optical spectrometer (Ocean Optics, HR4000) was used to 

monitor the optical emission from the APAMP. The optical fiber of the spectrometer was 

placed 3 mm away from the micro plasma.  

The reflection parameter of the magnetic loop was studied at frequencies 300 to 1000 

MHz using an RF network analyzer (Hewlett-Packard 8712ET, 0.3 to 1300 MHz). With 

no plasma, the resonance frequency occurred at 820 MHz as shown in Figure 4.9. The 

APAMP device was supplied with RF power at frequencies 500 to 1000 MHz. The 

APAMP best performance occurred at 740 MHz based on the power consumption and 

emission intensity from micro plasma. The resonance frequency was shifted after plasma 

formation by approximately -80 MHz. The APAMP device is shown in Figure 4.8 (b) 

while in operation. At the frequency of 740 MHz, the micro plasma self ignited at the 

forward and reflected power of 9.5 and 4.2 Watts, respectively. The minimum forward 

and reflected power required for sustaining the micro plasma was 3 and 0.25 Watts, 

respectively. 

The inner arc of the magnetic loop provides RF power to the grounded loop. The 

location of the connection, where the inner wire is connected to the loop, along with the 

loop dimensions defines the resonance frequency of the structure. This is because the 

loop acts as two inductors in parallel and the position of the inner wire connection defines 

the electrical properties of each inductor. The resonance frequency shift for the magnetic 

loop is due to changes in the overall impedance of the circuit 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. 

�

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, plasmas are easily formed, i.e. self ignition 

usually is not challenging.  In contrast, the power required for ignition of UHF plasmas is 

higher than that necessary for operation. Certainly, power may be momentarily increased 

to produce adequate seed electrons for ignition [116]. Alternatively, a secondary plasma 

[117] can produce the initial seed electrons to reduce the ignition power required to form 

UHF plasmas.   

While PM has been widely investigated in large-scale UHF plasmas [107,108], 

minimal information is available regarding its utility for operation of UHF micro 

plasmas. To explore the effects of PM on APAMP sources, the UHF signal was 

modulated using a square wave with 50% duty cycle, before amplification, at the 

frequencies of 5, 10, 20, and 30 KHz. The amplitude of the pulse was varied from 0.5 to 

3 volts in 0.5 volts increments. Both the input square wave and the modulated UHF 

signal were monitored using a mixed signal oscilloscope (Agilent Technologies, 

MSO7104A). Figure 4.10 shows the wave form of the modulated UHF signal with a 

carrier frequency of 740 MHz at the periodic pulse signal frequency of 20 KHz for 

different pulse amplitudes. The wave forms were captured upon self ignition of each 

APAMP. The waveform of the radiated RF from magnetic loop was similar to that from 

the signal generator.  

The required power for self-ignition of the APAMP is plotted in Figure 4.11 (a) 

versus pulse amplitude at different modulating frequencies for a duty cycle of %50. As 

the pulse amplitude is increased, the electric field produced by the applied peak voltage is 

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

at each cycle. We define the DRP (Difference in Required Power) as the difference 

between the minimum forward power for plasma self ignition and operation. The DRP is 

reduced as the pulse amplitude is increased (Figure 4.11(b)). The increase in pulse 

amplitude not only decreases the required power for plasma ignition and operation, but 

also, interestingly, reduces the DRP. Thus, the minimum power required for operation 

and self ignition are approaching the same value. The decrease in duty cycle leads to 

reduced power consumption and greater discharge stability, as noted for other discharges 

[108].  

The optical emission spectra from the plasma were monitored during all experiments. 

The integration time was set to 500 milliseconds. A typical emission spectrum, 

representing time and spatially integrated emission intensities, is shown in Figure 4.12. 

No change in spectrum was observed due to PM. However, the peak and continuum 

intensities were enhanced as the plasma operating power was increased. Only molecular 

peaks were observed in the acquired spectrum. 



� 70

�

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 plasma at UHF frequencies was 

generated in a magnetic loop for operation in air. Pulse modulation of the plasma power 

resulted in reduced power consumption for igniting and sustaining the plasma. The nature 

of excited species in the plasma was not altered due to pulse modulation. To unravel the 

characteristics of the modulated and non-modulated micro plasmas, the duty cycle 

dependencies of power density, electron number density, and gas and electron 

temperatures must be measured on a time and spatially-resolved basis.  
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Chapter 5 - Tongue-shaped Ultrahigh Frequency Atmospheric Pressure 

Plasma Jet 

5.1 - Introduction 

Atmospheric pressure plasma jets are gaining growing interest due to their efficacy in 

diverse fields such as nano-particle generation [118,119], surface treatment [120,121] and 

biomedical applications [122,123]. Spatial separation of plasma generation and 

application zones is remarkable in an application requiring remote generation of ionic 

species [124,125]. In the treatment of vulnerable biological materials including 

membranes and skin, plasma sources must offer stringent provisions such as no risk of 

arcing and operation at near room temperature to prevent a painful sensation or heating of 

delicate targets. Various plasma sources have been developed specifically for biomedical 

applications [126-134]. For example, plasma jets generated using pulsed direct current 

(DC) power supplies were developed that often operated at high voltage [135-138], 

raising concerns about the increased risk of electrical shock during operation and 

treatment [139]. One alternative approach is the use of radio frequency (RF) power to 

form a small, spot-sized plasma at the tip of a metallic needle [140,141]. While RF 

plasmas provide higher densities of active species compared to DC plasmas, their 

medical applications are hindered due to generally higher temperatures and shorter 

plasma lengths [142].  

In this chapter, we present an ultrahigh frequency (UHF) tongue-shaped plasma jet 

(TSPJ) expanding up to 1 cm in ambient air. The atmospheric pressure argon TSPJ 

source was constructed using a magnetic loop antenna connected to a tube in order to 
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provide a directional argon flow. The tongue-shaped geometry was observed only when a 

pulse modulated UHF signal was utilized. The UHF signal without modulation resulted 

in a simple U-shaped plasma jet. The generated plasma jet was non-thermal and could be 

touched by bare hands for several minutes. Gas flow finite element simulations were 

performed using COMSOL 4.1 software to better understand the plasma formation 

mechanism. Fast photography was used to investigate the dynamics of the TSPJ 

formation and propagation by capturing the temporal emission. Plasma formation altered 

the radiated signal waveform and power from the magnetic loop antenna. The radiated 

power from the magnetic loop antenna was reduced after plasma formation and was 

measured at various modulation frequencies. Additionally, the effects of the modulation 

frequency and the gas flow rate on the dynamic behavior and shape of the TSPJ were 

investigated using fast photography. Plasma species were characterized by means of 

optical emission spectroscopy. Finally, in order to evaluate the feasibility and 

performance of the TSPJ in treating biological samples, an onion membrane was treated 

using the TSPJ.  

5.2 - Experimental Setup 

The schematic of the experimental setup is shown in Figure 5.1. The plasma jet was 

generated between the ends of two electrodes forming a magnetic loop antenna. The 

design and dimensions of the magnetic loop antenna are discussed in previous chapters. 

The two electrodes were placed inside a plastic tube (5 mm i.d., 8 mm o.d.) through two 

1.6-mm orifices. The magnetic loop antenna gap was approximately 2.5 mm wide 

compared to 0.1 mm that was used in previous chapter. The gap rested 4 mm from the 

end of the plastic tube along the centerline. Unless otherwise stated, argon stream at a 
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flow rate of 1.2 L/min was passed through the tube and measured by a mass flow meter 

(Model 8270, Matheson Tri-Gas Inc) during the experiments. A sinusoidal signal at a 

frequency of 850 MHz, corresponding to the resonance frequency of magnetic loop 

antenna with plasma jet, was generated by a signal generator (Model 8648B, Agilent). A 

pulse generator (Model 132, Wavetek) provided square wave with 50% duty cycle at a 

frequency range of 2.5 to 100 KHz for pulse modulation of the UHF signal. The pulse 

modulated signal was then amplified by a UHF amplifier (Model 15100B, 0.5-1.0 GHz, 

Ailtech) and supplied to the magnetic loop antenna through an SMA connector. A mixed 

signal oscilloscope (MSO7104A, Agilent Technologies) was used to monitor the signals. 

The two electrodes were momentarily short circuited by a wire to create seed electrons 

required to form a self sustaining TSPJ (Figure 5.2 (a)). The produced plasma jet was 

nearly 2.5 mm wide, 10 mm long and 0.5 mm thick (Figure 5.2 (b)). As shown in Figure 

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

 

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 µm, (c) The tongue-shaped 
plasma jet was non-thermal and did not harm human skin. 

In order to investigate the propagation of the plasma jet in open air, a charge coupled 

device (CCD) camera (Imager Intense, LaVision Inc) with a micro lens was used to 

capture photographs of the plasma jet at various exposure times. In this study, the 

minimum and maximum exposure times were 100 µsec and 5 msec, respectively. The 

imaging was performed at a 90 degree incidence angle with respect to the planar surface 

of the TSPJ. Optical emission spectroscopy of the plasma jet was performed using a 

hand-held custom-made spectrometer (HR4000, Ocean Optics Inc) between 300 to 760 

nm at an integration time of 500 msec. An optical fiber with a diameter of 0.2 mm was 

coupled into the entrance slit of the spectrometer and collected the light from the TSPJ in 

angular and radial positions from the other end. The reflection parameter of the magnetic 
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loop antenna with different gap widths was studied using a network analyzer (Model 

8712ET, Hewlett-Packard).  

5.3 - Gas Flow Simulation 

The maximum velocity for the laminar flow that occurs at center of a tube (Vm) is 

defined by F=A.Vm/2, where F is volume flow rate, A is the tube cross section area. For a 

flow rate of 1.2 Lit/min and a tube radius of 2.5 mm (A= 0.196 cm2) the value for Vm is 

2.04 m/sec. To investigate the patterns of velocity iso-surfaces, a three dimensional 

compressible gas flow simulation was performed using the Laminar Flow Model of 

COMSOL 4.1 multi-physics software (finite element method). The geometry for the 

simulation was constructed based on the discussed experimental setup. The gas flow 

simulation was performed within a rectangular cube surrounding the vicinity where the 

TSPJ forms. The required properties for argon gas were retrieved from material library of 

COMSOL 4.1. The boundary conditions were defined as an incoming argon laminar flow 

of 1.2 Lit/min from “Gas inlet” and an outgoing laminar flow from “Gas outlet” to an 

ambient pressure of 1 atm as shown in Figure 5.3 (a). The meshed geometry is shown in 

Figure 5.3 (b). The top view of the gas flow velocity and the pressure are shown in Figure 

5.4 (a-c). The tongue-shaped gas velocity isosurfaces were 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 loop antenna resonance frequency 

versus the gap width is shown in Figure 5.5. The circumference of the magnetic loop 

antenna was ~15.5 cm, corresponding to half-wavelength of the UHF sinusoidal signal. 

By increasing the gap width from 1 to 4 mm, the resonance frequency of the magnetic 

loop antenna shifted from 920 MHz to 970 MHz while exhibiting a decrease in the 

reflection parameter. This behavior was consistent with the simulation results presented 

in last chapter. The resonance frequency of the magnetic loop antenna with a 2.5 mm gap 

was approximately 960 MHz. The formation of the plasma jet altered the overall 

impedance and the resonance frequency of the magnetic loop antenna. After the plasma 

jet generation, the resonance frequency was determined by sweeping the UHF signal and 

monitoring the plasma jet power and the emission intensity. At a frequency of 

approximately 850 MHz, maximum emission, maximum forward power, and minimum 

reflected power occurred. This resulted in a -110 MHz shift in the resonance frequency.  

 

Figure 5.5.  The experimental measurement of the reflection parameter  
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5.5 - Power Consumption 

The modulated sinusoidal signal from UHF signal generator (-14 dBm) was supplied 

to the UHF power amplifier. The radiated signal wave forms were captured using an 

antenna probe and monitored using an RF power meter and an oscilloscope. The signal 

waveform for signal generator output, radiated signal from the magnetic loop antenna 

without plasma, and radiated signal from the magnetic loop antenna with plasma are 

shown in Figure 5.6. The formation of the plasma distorted the radiated UHF signal. The 

radiated powers were monitored at 850 MHz for modulation frequencies of 10 KHz to 

100 KHz in 10 KHz increments while the plasma jet was on. Then, the plasma jet was 

switched off by blocking the argon flow and the radiated power was monitored again. 

The radiated power from the magnetic loop antenna with no plasma was 2 to 14 times 

greater than the radiated power with the plasma jet as shown in Figure 5.7.  

�

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 and 1000 µs, the plume of the 

TSPJ was imaged (Figure 5.8 (a-d)). The color modification of the photographs was 

performed using DaVis software (LaVision Inc) for more clarity. The images suggested 

that the tongue-shaped plasma jet, which is shown in Figure 5.2 (a), was formed by a fast 

moving U-shaped arc between the two electrodes, resulting in a tongue-shaped 

appearance of the plasma jet to the naked eye. As the U-shaped arc (Figure 5.8 (a)) 

travelled from the outlet of the tube towards the open air, its optical signature generated a 

path that was captured by the CCD at a fixed duration of 500 µs (Figure 5.8 (b)) and 1000 

µs (Figure 5.8 (c,d)). The U-shaped arc vanished at the end of the plasma jet and the next 

U-shaped plasma arc was formed and moved forward as shown in Figure 5.8 (d).   
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As noted above, the argon laminar velocity of the tube was calculated to be 

approximately 2 m/s at the flow of 1.2 Lit/min. The U-shaped plasma axial velocity was 

calculated to be approximately 2.3 m/s considering the traveled distance during the 

exposure time. Thus, the U-shaped plasma movement was approximately the same 

velocity as the plasma gas. This observation suggests a different mechanism responsible 

for the plasma formation and the propagation than that observed for bullet-like plasma 

clouds moving at velocities much higher than the plasma gas velocity for plasma jets, 

operating at KHz range [143,144]. We believe the movement of the U-shaped plasma 

was periodic and the periodicity was dependent on both the plasma gas flow rate and the 

modulation frequency.��

� 

Figure 5.8.  Fast photography of the plasma jet. 100, 500, 1000 µs 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 frequency of 850 MHz for a 2.5 to 100 

KHz pulse modulation frequency. Different plasma jet geometries were observed 

depending on the modulation frequency as shown in Figure 5.10. At a modulation 

frequency of 2.5 KHz, the plasma was observed as two U-shaped plasma arcs at a static 

location with the naked eye. By increasing the modulation frequency, the number of U-

shaped plasma arcs increased and plasma jet expanded to the open air up to 1 cm. For 

modulation frequencies more than 95 KHz, the tongue-shaped plasma jet became 

disconnected at the center and a horn-shaped plasma plume formed at the end of each 

electrode while having a small slope towards the center line of the gas flow tube. With 

the application of UHF signal at a frequency of 850 MHz with no modulation, a U-

shaped plasma plume at a static position was formed between the electrodes. The plasma 

jet length was dependent on the modulation frequency. Increasing the modulation 

frequency from 2.5 KHz to 100 KHz resulted in an increase in the plasma jet length from 

4 to 10 mm as shown in Figure 5.9. 

 

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 rate on the plasma jet propagation, the 

plasma jet photographs were captured with 3 msec exposure times as shown Figure 5.11. 

The plasma jet was produced at 850 MHz with a 60 KHz modulation frequency. The 

plasma net power was 2 W. Three regions were observed in the TSPJ’s captured optical 

signature. For the gas flow rates of up to 0.7 Lit/min, the tongue-shaped jet was not 

observed. Instead, a single U-shaped arc was observed. Increasing the flow rate above 0.8 

Lit/min resulted in the formation of the tongue-shaped plasma jet. For the argon flow 

rates between 0.8 Lit/min to 1.4 Lit/min two distinct regions were visible in the captured 

images: 1) the dark shading indicated regions where the U-shaped plasma arc had 

traveled once, 2) the light areas occurred when the U-shaped plasma arc did not travel 

during the CCD exposure time. For the increased flow rates (above 1.4 Lit/min), the U-

shaped plasma arc traveled the whole length of the plasma jet once and overlapped with 

the optical signature captured during the first cycle. Such darker regions (where the U-

shaped arc traveled twice during the CCD exposure time) increased in length by 

increasing the flow rate. This observation demonstrated that the propagation velocity of 

the U-shaped arc increased by increasing the plasma gas flow 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 emission spectrum of the argon plasma jet was 

recorded between 300 and 760 nm. A hand-held optical spectrometer (Model HR4000, 

Ocean Optics) was used to identify the major emitting species that may play a role in 

plasma treatment of biological materials. To obtain the emission spectrum shown in 

Figure 5.13, the plasma tip was observed laterally, with the spectrometer fiber optics (200 

µm diameter) placed 3 mm from the plasma. The UHF plasma jet was more intense than 

the counterpart high-voltage pulsed DC plasmas [145]. The dominant peaks are attributed 

to the argon atomic emission at wavelengths 696.5, 706.7, 714.7, 727.3, 738.4, 750.4, and 

751.5 nm. Nitrogen molecular band is also weakly present between 330 and 380 nm. 

These results for the argon plasma jet markedly differ from the emission spectrum 

presented earlier for the air plasma formed in a similar magnetic loop antenna, that is, the 

spectrum for the air plasma showed only molecular peaks. The emission intensity profiles 

for nitrogen and argon at wavelengths of 337 and 697 nm across the plasma jet width are 

shown in Figure 5.12. 

 

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 plasmas and biological systems is 

not fully understood [146-149]. The sterilization effect of plasma treatment is believed to 

originate from interaction of ions and bacteria, resulting in the damage of the bacteria 

structure to a point that bacteria dies [146]. Indeed, atmospheric-pressure cold-plasmas, 

similar to the plasma investigated in this work, do not result in the emission of any 

appreciable dose of radiation to have a pronounced effect on sterilization.  

In our study, we examined the effects of the plasma jet on the cellular structure and 

hydrophobicity of membrane before and after plasma treatment. The epidermal 

membrane was obtained from fresh onions by peeling off the thin transparent layer from 

the inner surface. An onion epidermal cell is nearly rectangular in shape and contains a 

spherical nucleus. To avoid dehydration at room temperature, the membrane was placed 
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on a water-coated glass slide, with the inner side of the cell layer facing up. The 

membrane was then exposed to the plasma jet. During the treatment, the membrane 

surface repelled the plasma jet, creating a gap or a boundary layer of less than 0.5 mm. 

Consequently, the plasma did not arc to the membrane surface. This behavior differs 

from that of other plasma jets reported where the plasma visibly touches the surface 

[135]. Figure 5.14 (a) and Figure 5.14 (c), respectively, show the shapes of the epidermal 

cells before and after plasma treatment of 1 minute. The contours of cells were slightly 

altered after the treatment. These observations do not reveal whether the cells were alive 

after the treatment.  

The plasma treatment, however, resulted in a change in the hydrophobicity of the 

onion membrane. This was demonstrated by placing a drop of water on the membrane 

before [Figure 5.14 (b)] and after [Figure 5.14 (d)] the plasma treatment. The 

hydrophobic epidermal layer showed hydrophilic properties after the plasma treatment.   

Several factors (such as heat, ultraviolet (UV) radiation, argon gas flow, UHF 

radiation, and reactive species and ions) can affect hydrophobicity of the onion 

membrane. To separately study the effects of these parameters, four epidermal 

membranes were placed on water-coated slides. With no plasma present, each membrane 

was separately exposed to either heat (from a heater), UV radiation (from a mercury 

lamp), argon gas flow (1.2 L/min), or the UHF radiation (from the magnetic loop antenna 

at 4.2 W). The membrane hydrophobicity was not affected by each of the cited factors. 

Thus, the change in the onion membrane hydrophobicity is likely produced by its 

interaction with the reactive species and ions from the plasma. 
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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 plasma jet was developed. The UHF 

plasma jet was produced with a simplified experimental system without the requirement 

for a high voltage power supply. The plasma jet was formed by a fast moving U-shaped 

plasma arc. The optical emission examination of the plasma tip revealed the dominant 

species that interact with living tissues. Additionally, treatment of an epidermal onion 
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membrane with a plasma jet altered the shape of an epidermal cell and the hydrophobicity 

of onion membrane without destroying the cell structure. The change in hydrophobicity 

of the epidermal membrane through plasma treatment may 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 sources are becoming subject to extensive 

investigations because of their wide range of applications. Non-thermal plasmas consist 

of high-energy electrons, positively and negatively charged ions, and metastable species 

at ambient temperature. These plasmas are formed by ionization and excitation of atoms 

or molecules as a result of collision with high-energy electrons. The electron temperature 

is usually much higher than ion and gas temperatures in non-thermal plasmas, making 

them attractive sources for applications such as surface modification, sterilization, and 

wound healing at room temperature [150-152]. 

Mass spectrometry is among the most successful analytical techniques, offering high 

sensitivity and specificity for chemical analysis. The recent development of ambient mass 

spectrometry enables ionization of samples in their native environment without sample 

preparation [153]. For samples such as living tissues, the ionization process must not 

harm the sample due to overheating or destructive interactions. Further, the ionization 

method must provide sufficient ions from the sample surface to allow analysis by mass 

spectrometry. To address the challenge, various ionization methods have been developed 

such as desorption electro-spray ionization [154]. Recent advances in ambient mass 

spectrometry have allowed development of novel sources for ion generation at ambient 

pressure and temperature. Atmospheric pressure plasma jets have been utilized for 

ambient ionization of explosives and biomolecules [155,156]. However, there is no report 
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on utilization of ultrahigh frequency (UHF) plasma jets as ionization sources for ambient 

mass spectrometry.  

Recently, we described an atmospheric pressure UHF plasma jet using a magnetic 

loop [157]. This plasma exhibits a non-thermal nature and can be touched by human 

finger for several minutes (Figure 6.1). In treating an onion epidermal membrane with the 

plasma jet for one minute, the cell structure was not destroyed, but the plasma altered the 

shape of the cells and the hydrophobicity of the membrane as discussed in chapter 5.  

In the present work, the plasma jet is investigated as a 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 shown in Figure 6.2 (a). Tin-coated 

copper with diameter of 1.6 mm was used to construct a magnetic loop. The magnetic 

loop consisted of a round structure (diameter of 5 cm), having a 2.5-mm gap, and an 

inner arc.  The loop was connected to the ground shell of Sub-Miniature version A 

(SMA) connector at the intersection of the diagonal line passing the gap on the other side. 

The inner arc of the magnetic loop was connected between the male pin of the SMA 

connector and one quarter of the loop’s diameter away from the gap on the loop (Figure 

6.2 (c)). The 2.5-mm gap between the electrodes of the magnetic loop was resided in a 

plastic tube (inner and outer diameters of 5 and 8 mm, respectively). The distance 

between the electrodes and end of the plastic tube was 4 mm. For plasma gas, argon 

(99.998%, UN1006, GTS Inc) was introduced into the tube at 0.8 L/min using a mass 

flow meter (Model 8270, Matheson Tri-Gas Inc). The UHF sinusoidal signal at 850 MHz, 

corresponding to the resonance frequency of magnetic loop, was supplied to the magnetic 

loop through the SMA connector. The 850-MHz sinusoidal signal was generated by UHF 

signal generator (Model 8648B, Agilent). The signal was amplified by the UHF amplifier 

(Model 15100B, Ailtech). The reflection parameter of the magnetic loop was studied 

using a network analyzer (Model 8712ET, Hewlett-Packard). 

The plasma jet was not self igniting. The ignition of the plasma jet was initiated by 

short circuiting the electrodes inside the plastic tube by means of a metallic wire. Upon 

ignition, a stable and self sustaining plasma jet formed between electrodes and expanded 

to open air up to 1 cm (Figure 6.2 (b)). The forward and reflected plasma powers were 9 

and 3 W, respectively.  
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Figure 6.2 (a) 

�

Figure 6.2 (b) 
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�

Figure 6.2 (c) 

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  mass spectrometer (Delsi-Nermag, 

France) operated in the positive ion mode to record the mass to charge ratio of up to 300 

amu. Operating conditions of the mass spectrometer are listed in Table 6.1. For mass 

calibration, the protonated water clusters in the background spectrum were monitored. 

The peaks used for calibration were (H2O)H3O
+, (H2O)2H3O

+, (H2O)3H3O
+, (H2O)4H3O

+, 

(H2O)5H3O
+, (H2O)6H3O

+, and (H2O)7H3O
+ 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 microcentrifuge tube (Fisherbrand®). Half a 

sheet of Kimwipes® was inserted inside each vial. Using a micropipette, 0.40 mL of 

either propan-2-ol, acetonitrile, benzene (HPLC-grade, Fisher Scientific), acetone (HPLC 

grade, Acros), or acetic acid (glacial, Fisher Scientific) was deposited inside tube for 

adsorption on the Kimwipes®. Then, each sample vial was positioned 1 cm below the 

plasma jet, to allow ionization of the sample vapor, as shown in Figure 6.2 (a). The 

interaction of the plasma jet with the sampler cone of the 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 µsec 
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 cm, corresponding to half-

wavelength of the UHF sinusoidal signal. The reflection parameter of the magnetic loop 

is shown in Figure 6.4. The resonance frequency of the magnetic loop was 960 MHz. 

With the plasma jet, the resonance frequency of the loop was determined by sweeping the 

UHF signal frequency while monitoring the plasma jet power and emission intensity. The 

maximum plasma emission intensity and forward power (minimum reflected power) 

occurred at the frequency of approximately 850 MHz. Formation of the plasma jet 

changed the overall impedance of the circuit, resulting in shift of resonance frequency by 

-110 MHz.  

 

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 Inc) was used to obtain the 

emission spectra of the plasma jet between the wavelengths of 300 to 760 nm. The optical 

fiber of the spectrometer, having a diameter of 200 µm, was coupled to the entrance slit 

of the spectrometer. The plasma was observed end-on using the optical fiber placed 3 mm 

from the plasma. The integration time was set to 100 ms.  

The emission spectrum of the plasma jet is shown in Figure 6.5. The dominant atomic 

emission peaks were argon lines at the wavelengths of 696.5, 706.7, 714.7, 727.3, 738.4, 

750.4, and 751.5 nm. Weak molecular band of nitrogen and 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 jet is shown in Figure 6.6. The 

dominant peaks were NO+, O3
+, and protonated water clusters. Hydrated ozone was also 

detected at m/z of 66. The observed ozone ion and its hydrated form were in accordance 

with the smell of the ozone gas due to plasma operation. The low proton affinity of H3O
+ 

among the protonated water clusters resulted in relatively smaller peak for H3O
+. The 

observed peaks in the background spectrum of the plasma jet were also present in the 

mass spectra after sample introduction.  

Volatile organic compounds with different functional groups were introduced into the 

plasma to obtain the mass spectra in Figure 6.7 (a-e). The letter M denotes the intact 

organic molecule. For these experiments, each sample vial was held 1 cm below the 

plasma jet to allow the molecular vapor diffuse into the plasma for ionization. However, 

sufficient ions could be detected when the sample vial was positioned 5 cm below the 

plasma. 

In the case of benzene (Figure 6.7 (a)), the major peak of the benzene was the 

molecular ion of benzene at m/z of 78. This ion results from collision of benzene 

molecule with an electron to produce a singly charged benzene molecule. The other 

benzene related peaks present in the spectra were [M+H]+ and [M+OH]+, at  m/z of 79 

and 95, respectively. For acetone, [M+H]+, [M+H]++H2O, [M+H]++2H2O, and 

[M+H] ++3H2O were the dominant peaks corresponding to the protonated acetone and 

water clusters containing acetone ions (Figure 6.7 (b)). The fragmentation to lose alkyl 

groups was also observed for acetone molecule, resulting in small fragment of [M-CH3]
+ 

at m/z of 43. The major species observed for propan-2-ol (Figure 6.7 (c)) were [M-H]+, 
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[M-H] ++H2O, and  [M-OH]+ in the order of abundance. The formation of [M-OH]+ was 

favorable because of secondary carbo-cation formation as product. As shown in Figure 

6.7 (d), the major peaks detected for acetic acid were [M+H]++H2O, [M-OH]+, [M+H]+, 

[M+H] ++2H2O, and [M+H]++3H2O. Formation of [M-OH]+ is due to detachment of the 

OH bond from the carbonyl carbon. Analysis of acetonitrile resulted in detection of 

[M+H] ++H2O, [M+H]+, and [M+H]++2H2O in the mass spectrum (Figure 6.7 (e)).  

All the organic compounds used in this study produced the [M-H]+ or [M+H]+. In 

addition, production of hydrated ions was observed for all samples. Fragmentation was 

only observed for acetone, propan-2-ol, and acetic acid. For these molecules, loss of OH 

and CH3 groups during ionization is well recognized. 

�

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. H3O

+ was wealky present because of the low proton affinity. 
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Figure 6.7 (a) 
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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 an atmospheric pressure UHF plasma 

jet was developed for mass spectrometry. We have demonstrated that the developed 

plasma jet is an effective source for ambient ionization of volatile organic compounds. 

The results suggest further investigation of the UHF plasma source for ionization of 

larger organic molecules and biomolecules. The low cost of fabrication and operation of 

the UHF plasma jet, makes this method a suitable choice for 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 studies for development of novel devices for 

producing miniature plasmas. Additionally, novel applications for such devices are 

presented. In the broad sense, the results achieved in this dissertation further demonstrate 

the advantages that miniature plasmas offer: simple and inexpensive fabrication and 

operation, compact and portable design, and impressive versatility. In the following, first, 

the accomplishments of this work are summarized. Consequently, potential research ideas 

and concepts are discussed regarding the future directions.  

7.1 - Accomplishments of This Work 

First, miniature ICP sources were investigated. The ICPs operated at a pressure of 1 

to 10 Torr and a power requirement of only 2 - 8 W with carbon dioxide, helium and 

argon as the plasma gas. Plasma impedance measurement was carried out using Smith 

chart. Background emission spectra of miniature ICPs were investigated. The miniature 

carbon dioxide ICP was used to qualitatively identify ethylene, neon, and hydrogen gas. 

Then, a micro ICP was produced on a chip using an inductor with size of smaller than 1 

mm. The results suggested that the developed micro ICP source can be used as real-time, 

rapid and portable gas analyzer. Second, a novel application for a miniature ICP source 

was demonstrated. The miniature ICP (operated at pressures of 4 to 16 Torr and a power 

requirement of less than 3.5 W) was formed under conditions mimicking the Martian 

atmosphere. Then, the miniature ICP was interfaced with a quadrupole mass spectrometer 

to analyze trace amounts of the methane sample. Optimization of pressure, plasma power, 

and skimmer voltage was performed for obtaining the analytical results. A detection limit 
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of 0.15 ppm for methane was achieved. Third, a magnetic loop antenna was used to 

produce an atmospheric pressure micro plasma at UHF frequencies. Utilizing pulse 

modulation reduced power consumption for igniting and sustaining the plasma. Finite 

element simulations were carried out to study electromagnetic flied distribution and the 

reflection parameter of the magnetic loop antenna.  Fourth, an atmospheric-pressure 

argon plasma jet was developed using the magnetic loop antenna. A plastic tube provided 

directional argon flow to the gap of the antenna. Fast Photography revealed that the 

plasma jet was formed by a fast moving U-shaped plasma arc. Additionally, treatment of 

an epidermal onion membrane with a plasma jet altered the shape of an epidermal cell 

and the hydrophobicity of onion membrane. Fifth, the atmospheric pressure UHF plasma 

jet was used as an ambient ionization source for mass spectrometry. It was demonstrated 

that the developed plasma jet is an effective source for 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 Bottom” at California Institute of 

Technology in 1959, Richard Feynman persuaded the scientific community to explore the 

potentials of materials at the nano/submicron scale. Since then, the emerging field of 

nanotechnology has exhibited an increasing interest and growth that continues to date. 

Although, some progresses has been made in further miniaturization of plasmas to ~10 

micrometer range [158], the plasma science and technology has not advanced in 

exploiting the submicron-scale benefits [159,160]. Further size reduction of plasmas not 



� 108

only will reduces the power and fabrication/operation costs, but also will possibly lead to 

new observations and effects. Availability of new tool and new technologies should 

encourage further miniaturization of plasma sources to submicron levels [161]. 

 7.2.2 – Miniature plasmas in Medicine and Nanotechnology 

Plasmas are widely used for various purposes in medicine and nanotechnology.  

Recent advances in plasma medicine and nano-particle generation with plasmas opens 

new frontiers and challenges in these fields. For example, the mechanism of selective 

interaction between living tissues and plasmas are not well understood [162].  

Additionally, promising results with regards to generation of nano-materials (such as 

carbon nano tubes and graphene) with plasmas provides with new opportunities for the 

applications of plasmas in nanotechnology [163].  

7.2.3 - Integrating Micro plasmas with Mini Mass Spectrometers 

The miniature plasmas can be used as efficient ionization sources for mass 

spectrometry. Preferably, the plasma can be formed and sustained in the ambient 

environment. As a complementary analytical method, a commercially-available miniature 

optical emission spectrometer can also be integrated to monitor the emission profile of 

the miniature plasmas. Optical emission spectroscopy is a non-invasive method for 

chemical analysis, i.e. the plasma is not disturbed during analysis. The simultaneous 

utilization of OES with MS would improve qualitative capability of the instrument. This 

would potentially enhance the performance of a mass spectrometers in several aspects. 

First, utilization of the miniature plasma ionization source enables ambient ionization at 

relatively low powers. This might eliminate the requirement for sample preparation and 
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separation for chemical analysis. Second, ambient ionization would provide soft 

ionization which is essential in searching for organic and bio-molecules. Third, an 

improvement in ionization efficiencies is expected, resulting in an increased sensitivity. 

Forth, the compact design of the ionization source would reduce the instrument size and 

eliminate the requirement for gas tank and vacuum pumps for operation of plasma-based 

ion sources. Fifth, the simultaneous measurement of mass and optical spectra would 

simplify interpretation of the spectrum in situations where conflicting peaks exist in the 

spectrum. 
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