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Abstract 

 Plasmas are partially ionized gases that find wide utility in the processing 

of materials, especially in integrated circuit fabrication.  Most industrial 

applications of plasma occur in near-vacuum where the electrons are hot (>10,000 

K) but the gas remains near room temperature.  Typical atmospheric plasmas, 

such as arcs, are hot and destructive to sensitive materials.  Recently the emerging 

field of microplasmas has demonstrated that atmospheric ionization of cold gases 

is possible if the plasma is microscopic.  This dissertation investigates the 

fundamental physical properties of two classes of microplasma, both driven by 

microwave electric fields.  The extension of point-source microplasmas into a 

line-shaped plasma is also described.  The line-shape plasma is important for 

atmospheric processing of materials using roll-coating. 

 Microplasma generators driven near 1 GHz were designed using 

microstrip transmission lines and characterized using argon near atmospheric 

pressure. The electrical characteristics of the microplasma including the discharge 

voltage, current and resistance were estimated by comparing the experimental 

power reflection coefficient to that of an electromagnetic simulation. The gas 

temperature, argon metastable density and electron density were obtained by 

optical absorption and emission spectroscopy. The microscopic internal plasma 

structure was probed using spatially-resolved diode laser absorption spectroscopy 

of excited argon states. The spatially resolved diagnostics revealed that argon 
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metastable atoms were depleted within the 200µm core of the microplasma where 

the electron density was maximum.  Two microplasma generators, the split-ring 

resonator (SRR) and the transmission line (T-line) generator, were compared. The 

SRR ran efficiently with a high impedance plasma (>1000 Ω) and was stabilized 

by the self-limiting of absorbed power (<1W) as a lower impedance plasma 

caused an impedance mismatch.  Gas temperatures were <1000 K and electron 

densities were ~1020 m-3, conditions which are favorable for treatment of delicate 

materials. The T-line generator ran most efficiently with an intense, low 

impedance plasma that matched the impedance of the T-line (35 Ω). With the T-

line generator, the absorbed power could exceed 20W, which created an electron 

density of 1021 m-3, but the gas temperature exceeded 2000 K. Finally, line-shaped 

microplasmas based on resonant and non-resonant configurations were developed, 

tested, and analyzed. 
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1. Introduction 

 A ‘microplasma’ is non-rigorously defined as a plasma with one of the 

characteristic dimensions less than a millimeter. Normally, microplasmas are 

sustained near atmospheric pressure and are non-thermal, i.e. the gas temperature 

(<1000 K) is much lower than the electron temperature (~10000 K).  This type of 

plasma is called a cold plasma. In a non-thermal plasma, the electrons have high 

energy but the heavy particles such as neutral atoms have low energy. This 

implies that only a small fraction of the input power to the plasma is partitioned to 

the gas heating and most of the power is dissipated in processes that sustain the 

plasma such as ionization and excitation. Due to the high energy electrons, 

excited neutral atoms and high energy photons are generated and these species 

may be used to enhance both gas phase and surface reactions.  These enhanced 

reactions can be applied to various applications such as thin film deposition 

(Vogelsang et al., 2010; Benedikt et al., 2006), textile surface modification 

(Pichal and Klenko, 2009), and biomedical treatment (Stoffels et al., 2002).. Due 

to these potential applications, microplasmas have been actively researched. 

 In this work, microwave microplasmas were exclusively examined. 

Microwave frequency plasmas have advantages such as lower discharge voltage 

(10s of volts) which reduce the ion-induced sputtering damage to the electrodes 

and prolong the device’s lifetime compared to DC and RF microplasmas. Both 

DC and RF discharge voltages are nominally 100s to 1000s of volts. Unlike DC 
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and RF voltages, however, the microwave voltages are not directly measurable. 

With microwave circuits, the forward and the reflected powers are usually 

measured. With more sophisticated systems, the phases of the signal are also 

measured by using a vector analyzer. In this work the plasma resistance was 

estimated by matching the measured power reflection with the simulated power 

reflection over a range of typical plasma resistances.  Then the discharge current 

and voltage were obtained from the measured power and the simulated plasma 

resistance as estimated from 𝑃𝑝𝑙𝑎𝑠𝑚𝑎 = 𝑉2

2𝑅𝑝
 , Eq. (4.11) as described in section 4.3. 

 Microwave microplasma devices can be broadly categorized into either 

resonant devices or non-resonant devices (see Chapter 2 for the further details).  

In this work, the resonant and the non-resonant devices were compared to 

determine both the basic physics of each device as well as the engineering trade-

offs. The split-ring resonator (SRR) source and other microwave resonators are 

well-suited for plasma ignition, because even with only a watt of power, the 

unloaded resonator generates an electrode voltage on the order of 200 volts. This 

is sufficient to initiate breakdown in a small discharge gap. The resonator-style 

source is designed to match the 50 Ω power supply impedance with either no 

plasma or a relatively high plasma impedance (> 1000 Ω). However, as discharge 

power is increased and the plasma impedance becomes smaller, the resonator 

starts to resonate poorly due to resistive loading by the plasma, and the power 

reflection from the resonator circuit becomes large. While this limits the net 
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power deposition into the plasma to less than a few watts, we show that this also 

makes the SRR source inherently stable. By placing a ground electrode close to 

the SRR source, however, the SRR discharge attaches to ground and we can 

deliver 10s of watts into the plasma. This is shown to be made possible by 

matching the characteristic impedance of transmission line (35 Ω) to the high-

density plasma impedance. Throughout the study we refer to this as the 

transmission line mode (T-line mode). After describing these two different 

operating modes in detail, this work compares the SRR and T-line modes by 

microwave circuit analyses and spatially-resolved optical plasma diagnostics. 

 In order to develop microplasma sources, diagnostics to measure the 

fundamental properties of the plasma such as the electron density, electron 

temperature, gas temperature are indispensable.  However, due to the small size of 

microplasma, the conventional diagnostic methods such as Langmuir probes 

cannot be applied. The perturbation to the microplasma by inserting a physical 

probe is too large. Therefore, less invasive optical diagnostics are used. In this 

work, diode laser absorption spectroscopy was setup to measure the gas 

temperature and the argon excited state densities. Also using optical emission 

spectroscopy, the electron densities were estimated from the Stark broadening of 

the Hβ emission line, and the excitation temperature was estimated from the 

Boltzmann plot of the argon emission spectrum. 

 Large gradients within the microplasma make the physical plasma 

parameters quite sensitive to the precise measurement location. Often, 
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microplasmas are simply diagnosed in zero spatial dimensions, i.e. the results are 

given as an average over the whole plasma volume (Miura, Xue, and Hopwood, 

2010; Ogata and Terashima, 2009; Zhu, Chen, and Pu, 2008; Iza and Hopwood, 

2004).  This global diagnostic is adequate for knowing a general trend of plasma 

behavior, but the difference between the peak and the average values of many 

microplasma properties can be large. Some spatially resolved diagnostics provide 

information in one or two dimensions (Miura and Hopwood, 2011; Belostotskiy et 

al., 2010; Niermann et al., 2010; Wang et al., 2005), but not in three dimensions. 

For example, a photograph of a plasma is resolved in 2 dimensions (x and y), 

giving the integrated optical emission intensity along the z dimension. If the 

measured physical value is not uniform in the z direction, the actual peak value 

will not be accurately obtained. Local densities can be obtained, however, if the 

plasma is axi-symmetric and Abel inversion is applied. 

 Knowledge of physical properties in the small central core of a 

microplasma may be quite important. For example, in plasma enhanced chemical 

vapor deposition (PECVD) thermal cracking of the precursor molecules partially 

determines the film quality and the deposition rate, and these reaction rates will 

depend on the core gas temperature. Another critical example arises in the 

measurement of electron density from Stark broadening of the Hβ line (Ogata and 

Terashima, 2009; Zhu, Chen, and Pu, 2008; Wang et al., 2005). The 

experimentally obtained line broadening profiles are fitted by instrumental, 

collisional and Stark broadening. This is straight forward if the electron density 
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exceeds 1022 m-3, as Stark broadening dominates the profile, but microplasmas are 

less dense and an accurate knowledge of temperature-dependent collisional 

broadening becomes critical when deconvolving Stark line profiles. 

 The final chapter of this dissertation examines scaling of microplasma 

technology.  Most atmospheric microwave plasmas are point-type sources. For 

applications such as roll-to-roll thin film deposition or surface treatment, a line or 

a sheet of plasma are more suitable.  These plasma line generators using pulsed 

corona discharge or dielectric barrier discharge (DBD) have already been 

commercialized. Microwave discharges have advantages over the pulsed 

discharges or DBDs, such as the higher time-averaged electron and ion density 

and lower operating voltages.  The increased plasma density of microwave 

sources is primarily due to their continuous operation, as opposed to the low duty 

cycle of DBD-type sources. The disadvantage of microwave plasmas is the 

difficulty in the scaling of the device. While dealing with a point-type plasma, the 

size of the plasma is much smaller than the wavelength of the microwave signals, 

and so the electromagnetic (EM) field is more or less uniformly applied to the 

plasma. If the size of the plasma is larger than the wavelength, the applied EM 

field can be non-uniform due to the wave nature of voltage propagation within the 

device.  In this work, both resonant-type and non-resonant-type line plasma 

generators were developed with an emphasis on overcoming the wavelength 

limitation. 
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 This dissertation is organized as follows. Chapter 2 reviews the various 

types of microplasma devices in order to understand the pros and cons of these 

devices. Chapter 3 describes the microplasma sources used in this work, the 

experimental setups, and the theory of the optical diagnostic methods. Chapter 4 

presents the experimental results showing the physical properties of the 

microwave microplasmas using the experimental setup and diagnostic methods 

described in Chapter 3. Chapter 5 describes the development of wide line-shaped 

plasma sources. The performance of the devices is predicted by microwave 

simulation (HFSS) and some proto-type devices are described and tested. 

 Some of the work presented in this dissertation is available in the 

following peer-reviewed journal papers. 

• Miura N., Xue J., and Hopwood J. (2010) "Argon microplasma 

diagnostics by diode laser absorption," IEEE Transactions on Plasma 

Science, 38, 2458-2464 

• Miura N., and Hopwood J. (2011) "Spatially resolved argon microplasma 

diagnostics by diode laser absorption," Journal of Applied Physics, 109, 

013304 

• Miura N., and Hopwood J. (2011) “Internal structure of 0.9 GHz 

microplasma,” Journal of Applied Physics, 109, 113303 

• Miura N., and Hopwood J. “Instability control in microwave-frequency 

microplasma,”  submitted to European Physical Journal D 
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 The measurement of metastable atoms by optical absorption spectroscopy 

was an extension of my previous work on a helium metastable probe in a low 

pressure remote plasma and it is available in 

• Miura N., and Hopwood J. (2009) “Metastable helium density probe 

for remote plasmas,” Review of Scientific Instruments, 80, 113502 
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2.  Background 

 In this chapter, various types of microplasma sources are briefly described. 

Understanding the advantages and the problems of such existing devices is a good 

starting point for developing any new source design.   

2.1 Direct current (DC) discharge 

 Direct current (DC) discharges are driven by DC electric field applied 

between a positive electrode (anode) and a negative electrode (cathode).  The 

simplest DC plasma setup can be made of a high voltage (or high current 

capacity) supply and metal electrodes, but controlling the DC plasma is not a 

simple task.  The major difficulty comes from the heavily non-linear plasma 

impedance and the changing plasma shape with respect to the applied voltage.  

 DC plasmas are categorized into three different modes; corona, glow and 

arc discharges.  The discharge modes are categorized by their properties, such as 

the ionization mechanism, cathode secondary electron emission mechanism and 

spatial distribution as summarized in Table 2-1.  Figure 2-1 shows a typical 

voltage-current (V-I) curve of a DC discharge (Roth et al., 2005). Generally as the 

discharge current increases, the discharge mode changes from corona discharge, 

to glow discharge to arc discharge.  

Corona discharges are sustained by a locally high electric field. Usually, a 

needlelike electrode is used for one of the electrodes to generate such an electric 

field.  The electron density needs to be low enough at one of the electrodes not to 
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modify the electric field. The higher electron density generates a high electric 

field by forming a thinner sheath and the plasma transits to a glow. Corona 

discharges are fairly non-uniform and non-equilibrium, i.e. high electron 

temperature and low gas temperature (near room temperature). The high electron 

energy of the corona discharge is used to treat gas by breaking molecular bonds of 

the gas or enhancing the chemical reactions by creating dangling bonds, for 

example.  

Increased current causes the corona to transition to a glow.  Glow 

discharges are more spatially uniform and the gas temperature is normally much 

lower than the electron temperature. Glow discharges are suitable for large area 

material processing, surface treatment, sterilization of medical equipment, etc.    

By further increasing the current, the glow discharge transits to an arc 

which has a filament like discharge, locally high plasma density and gas 

temperature as high as the electron temperature. The plasma impedance is 

significantly decreased and therefore the arc nearly shorts the driving circuit.  The 

gas temperature of the arc is around 10000 oC which is much higher than 3000 oC 

of cooking gas flame and this high temperature is useful for gas treatment by 

thermally enhancing chemical reactions. 
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Table 2-1 DC discharge modes and the properties. (Japan Society for the Promotion of Science 2000) Te: 
electron temperature, Tg: gas temperature, Vc: cathode fall voltage, Vi: ionization voltage 

Discharge 
mode 

Ionization 
mechanism 

Cathode 
secondary 
electron 
emission 

Properties 

Corona Electron impact 
(Te>>Tg) 

Due to ion impact 
and etc. 
(Vc >>Vi) 

*High electron energy 
*Heavily spatially  non-
uniform 
*Ion, gas temperatures 
near room temperature 

Glow *High volume, spatially 
uniform 
*Ion, gas temperature 
lower than the electron 
temperature 

Arc Thermal ionization 
(Te~Tg Thermal 
equilibrium) 

Thermal emission 
(Vc=Vi) 

*High temperature, high 
density 
*Electron, ion, gas 
temperatures near 
equalized 

 

 

Figure 2-1.  DC discharge voltage-current (V-I) characteristics (Roth et al., 2005). 

As described above, each discharge mode has its own advantages and applications, 

but sustaining stable corona and glow discharges is challenging. Under many 
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conditions, corona and glow discharges could easily transit into the more stable 

arc mode.  Figure 2-2 shows an example of the glow-arc transition at 5.5 Torr in 

dry air by Takaki et. al. The discharge is driven by a charged high voltage 

capacitor. After the breakdown, the plasma looks uniform (Figure 2-2, ○1 -

Figure 2-2

○3 ), 

and then the plasma starts to dissipate more current and concentrate into a 

cylindrical part ( , ○4 -

Figure 2-3

○8 ). They observed that the glow-arc transition 

starts near the cathode fall region where the gas is heated by high energy ions 

accelerated by the high electric field near the cathode. As shown in , 

spatial non-uniformity in the gas temperature creates the increase in the ionization 

rate within the core of the discharge and this makes the central electron density 

non-uniform.  The dense electron core further heats the gas. This feedback loop is 

believed to be a reason for the glow-arc instability and this is called ionization 

overheating thermal instability (IOI) (Staack et al., 2009). The instability is more 

enhanced at higher pressure (near atmospheric pressure), since the molecular 

motion is more restricted by an increased number of collisions and so the heat and 

the plasma are not as diffusive as at lower pressure. 

 Glow to arc transitions can be avoided in various ways.  One way is to 

place a ballast resistor in series with the discharge so that the discharge current 

can be limited to less than the current required for an arc. Should the current begin 

to increase toward arc formation, the ballast resistance causes the discharge 

voltage to decrease, cooling the electron temperature as outlined in Figure 2-3. 

Figure 2-4 shows the atmospheric DC glow discharge in air generated with a 
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ballast resistor (Staack et al., 2005). Even at atmospheric pressure, the discharge 

is made of a positive column, Faraday dark space and negative glow as is seen 

with a classic low pressure DC discharge. Although it is a glow discharge, the 

discharge is fairly confined in a small spot at the anode and intense emission is 

observed near the cathode due to the high electric field and secondary electrons 

generated by ion impact on the cathode. This indicates the discharge concentrates 

on a single small spot even if broader (larger area) electrodes are used instead. 

Another way to induce stability is to use a pulsed power supply so that the electric 

field shuts off before the discharge transitions to an arc. Finally, by creating a 

needle array, many microplasmas are generated in parallel and a larger plasma 

can be formed as shown in Figure 2-5 and Figure 2-6. 

. 

Anode

Cathode

 

Figure 2-2. Glow discharge to arc discharge transition. The discharge is at 5.5 Torr in dry air. The 
discharge is driven by a charged high voltage capacitor (Takaki, Kitamura, and Fujiwara, 2000). 
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∆Tg ↑
∆N ↓

∆ne ↑

Ε/Ν ↑

Increase in gas temperature
= Decrease in gas density

Increase in reduced electric field

ki

Increase in ionization rate constant

Increase in electron density

Local gas heating

 

Figure 2-3. Ionaization overheating thermal instability feedback 

(a) 0.1 mm (b) 0.5 mm (c) 1 mm
Electrode spacing

Anode

Cathode

Negative glow

Faraday dark space

Positive column

 

Figure 2-4. DC atmospheric glow discharge in air (Staack et al., 2005). 

Plasma

 

Figure 2-5. Atmospheric pusled DC needle array device (Takaki et al., 2005). 
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Figure 2-6. Atmospheric corona discharge array (Vetaphone, Denmark) 
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2.2 Dielectric barrier discharge (DBD) 

 Dielectric barrier discharges, also called silent discharges are first reported 

by Siemens in 1857 (Siemens, 1857). DBD sources are made of two electrodes 

and at least one of the electrodes has an insulating layer between the plasma and 

the electrode. The source is typically driven at frequencies of the order of a 

kilohertz to a megahertz. The discharge current is self-limited by the insulating 

layer which charges up with the discharge current and cancels the discharge 

voltage. This suppresses the glow-to-arc transition. For specific gas mixtures, 

atmospheric glow-like discharges can be generated (Starostin et al., 2008), but for 

the other cases the discharge becomes filamentary (Guikema et al., 2000).  DBDs 

are the most popular atmospheric glow discharges, because of scalability, stability 

against glow-to-arc transition and affordable solid-state power supplies. One of 

the well-known applications is an ozone generator as shown in Figure 2-10 

(Kogelschatz, 2003), which requires a large reaction volume and a non-

equilibrium plasma with cold gas temperature for cost effective production. By 

using transparent dielectrics and electrodes such as indium tin oxide (ITO), the 

DBD is also applied to lighting devices such as plasma display panel (PDP), 

lamps and lasers. 

  Figure 2-7 shows an example of a DBD (Starostin et al., 2008; Starostin 

et al., 2009). Figure 2-7(a) is the driving circuit and Figure 2-7(b) shows the 

discharge voltage and current of an atmospheric plasma in Ar:O2: N2 mixture. The 

driving frequency is 120~130 kHz or the period is 7.1~8.3 µs. The total current is 
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composed of the harmonic component, i.e. displacement current  (dashed line) 

plus the conductive current due to the charge motion of the plasma. The 

conductive current flows in a short pulse less than a microsecond before the 

charge builds up on the dielectric surface, and so the plasma is only on about 10% 

of the period.  To the human eyes, this discharge looks like a uniform glow as 

shown in Figure 2-7(c) which photograph was taken with 10 ms exposure, since 

the eyes are not able to resolve a microsecond pulse. However, with a fast-

response intensified charge coupled device (ICCD), it was confirmed that the 

discharge initiates at a small spot and propagates along the electrodes as shown in 

Figure 2-7(d). 

 Figure 2-8 shows an example of a filamentary DBD (Guikema et al., 

2000). The discharge is driven at 17 kHz and the photograph is a frame of the 

video recording. The exact exposure time was not described, but the regular video 

camera is about 20 fps and so the exposure time will be about 50 ms. Therefore 

the photographs show filaments which ignite at more or less the same spots every 

cycle.  Although these are pulsed filaments, these look like stationary filaments to 

our eyes. This figure also shows the self-organized filaments pattern which 

changes with the applied voltage. The filament separation is as long as 1cm as 

shown in Figure 2-8(a) and the filamentation is problematic for generating a 

uniform glow discharge.  A DBD microplasma array shown in Figure 2-9 gives 

one solution to the uniformity concern (Eden and Park, 2005). As shown in Figure 

2-9(a), each microplasma is 50 µm x 50 µm which is smaller than a filament size. 
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Each microsplasma is semi-isolated, so the array generates a number of 

microplasmas which have more or less uniform emission intensity as shown in 

Figure 2-9(b). Later, it was discovered that these pixels are not completely 

isolated from the others (Waskoenig et al., 2008). Fast response ICCD images in 

Figure 2-9(c) shows that a plasma first ignited at one pixel and then propagates to 

the adjacent pixels, instead of igniting a random pixel at a random time. 

Delay (ns)

(d) ICCD photos  (5 ns exposure)
(c) Photo (10 ms exposure)

V(+)
V(-)

(b)

(a)

 

Figure 2-7. Dielectric barrier discharge (DBD) (a) circuit (b)time evolution of the discharge voltage and 
current, dashed line is the harmonic component of the current (c) photograph with 10 ms exposure (d) 
ICCD images with 5 ns exposure in Ar:O2: N2 mixture at 1 atm (Starostin et al., 2008; Starostin et al., 
2009). 
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Figure 2-8. Self-organized filaments in DBD in He-Ar mixture at 1 atm (Guikema et al., 2000). 

50 µm

(a) (b)

(c)  

Figure 2-9. DBD microplasma array. (a) 50 µm x 50 µm microplasma pixel(Eden and Park, 2005) (b) 
photographs of array plasma (c)ICCD images of array plasma(Waskoenig et al., 2008) 

 

Figure 2-10. Ozone generator (Kogelschatz, 2003). 
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2.3 Radio frequency discharge (typ. 13.56 MHz) 

 Radio frequency (RF) discharges are often used for low pressure material 

processing.  13.56 MHz or one of the other industrial, scientific and medical 

(ISM) frequency bands are used for a power supply. The discharges are further 

categorized into a capacitively coupled plasma (CCP) or an inductively coupled 

plasma (ICP) according to the dominant energy coupling mechanism between the 

electric field and the electrons. At low pressure (few mTorr),  RF discharges are 

preferred because the energy coupling maximizes near this pressure (where the 

electron-neutral collision frequency ~ driving frequency) and the electric field can 

be coupled through a dielectric material for cleaner, metal-free processing. 

 Atmospheric RF discharge devices have been developed by various 

groups.  Both CCP and ICP have been reported.  Most atmospheric discharges 

reported are a point type or a plasma jet formed through a small tube. At 

atmospheric pressure, however, the electron-neutral collision frequency is much 

higher than the driving frequency, and so the power coupling advantage 

diminishes.  Figure 2-11 shows a 140 MHz argon ICP plasma jet (Ichiki, 

Koidesawa, and Horiike, 2003).  The estimated electron density by Hβ line 

broadening was approximately 1.0x1015 cm-3 with 50 W of RF power. Figure 2-12 

shows an rf plasma needle (Stoffels et al., 2002).  The device generates a plasma 

by high electric field near the sharp needle, and this appears to be an rf version of 

the corona discharge. 
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 Generating a large scale plasma seems to be difficult for reasons similar to 

the DC glow to arc instability shown in Figure 2-3.  Although the arc is normally 

defined for a DC discharge, the instability loop should also take part in the RF 

discharges as well. Low pressure CCP is known to be run in two different glow 

discharge modes: α and γ mode.  α mode is mainly sustained by bulk-electron 

heating and γ mode is sustained by high energy secondary electrons from the 

electrodes that are emitted due to high energy ion bombardment. The two 

discharge modes were also observed at atmospheric pressure as shown in Figure 

2-13 (Laimer and Stori, 2006). From Figure 2-13(a), the plasma impedance is 

higher in α mode than in γ mode, even though the size of the plasma is much 

smaller in γ mode. This implies the plasma density is much higher in γ mode.  The  

power density in γ mode is also much higher than in α mode. The higher heat 

generation seems to enhance the instability feedback in Figure 2-3 and localize 

the plasma. 

 

Figure 2-11. 140 MHz ICP source (Ichiki, Koidesawa, and Horiike, 2003). The plasma jet is sustained 
with 50 W of rf power and 1 slm of argon flow. 
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(a) (b)  

Figure 2-12. 13.56 MHz plasma needle (Stoffels et al., 2002). 

 

α mode 140 W

α mode 360 W

γ mode 450 W

(a) (b)  

Figure 2-13. 13.56 MHz capacitively coupled plasma in helium at 1 atm with  2.5 mm discharge gap.  
(a) voltage-current characteristics (b) photographs of the plasma (Laimer and Stori, 2006). 
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2.4 Microwave frequency discharge (>300 MHz) 

 Microwave frequencies are defined as 300 MHz to 300 GHz. The major 

difference between the RF discharge and microwave discharge is the wavelength 

of the electromagnetic (EM) field. At rf frequencies, the wavelength is usually 

much larger than the plasma. At microwave frequencies, however, the wavelength 

becomes comparable or smaller than the plasma and plasma source. The wave 

nature has to be carefully considered to design a specific plasma source. At 

microwave frequencies, the EM wave typically cannot penetrate the plasma which 

is a conductor, and so the EM field is only applied to the surface of the plasma. 

The EM field penetration depth is called a skin depth and it depends on the 

conductivity of the material and the frequency of the EM wave as a surface wave. 

Another difference is the discharge voltage. With microwave atmospheric 

discharges, the discharge voltage is typically of the order of a volt to tens of volts, 

and this is considerably smaller than with RF discharges which require a few 

hundred volts. The lower electrode voltage is expected to lower the average 

plasma potential with respect to the electrodes and reduce the ion acceleration 

toward the electrodes. This reduces the ion Joule heating, ion sputtering of the 

electrodes and prolongs the electrode lifetime.  

 Atmospheric microwave microplasma sources have been reported since 

2000 (Bilgic et al., 2000). Microwave sources are less popular due to their 

complex microwave circuitry and so only a few devices have been developed up 

to this date. Most of them are designed at 2.45 GHz, since a magnetron supply 
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generates power at this frequency and it is cheap, i.e. it is used for microwave 

ovens. The plasma sources can be made of solid metal pieces with air as the wave 

propagating medium such as a conventional microwave waveguide  (Figure 2-14 

to Figure 2-17) or can be made of a microstrip lines fabricated with a high 

frequency laminate such as Figure 2-18 to Figure 2-21. From the microwave point 

of view, the sources can be categorized into either resonant operation or non-

resonant operation.  

 Resonant sources are made of a microwave resonator, which amplifies the 

EM field strength. Figure 2-18 shows a half wavelength resonator design with 

both ends open (Bilgic et al., 2000).  With this source, the plasma is run near the 

center of the resonator where the voltage is zero and the current is the maximum. 

The energy is expected to couple through induction due to the high surface 

current. The source uses an external plasma igniter, since the electric field 

generated by the device is not high enough to start a plasma. This design is good 

for sustaining a low impedance plasma, i.e. high electron density. 

  If the open end is used as a discharge gap, the voltage is maximized and 

the current is minimized at the gap. This is good for igniting a plasma which 

requires more than 100 volts with 100 µm gap or sustaining a high impedance 

plasma, i.e. low electron density.  A ¾ wavelength coaxial resonator shown in 

Figure 2-17 (Choi et al., 2009), a microstrip split ring resonator (MSRR) shown in 

Figure 2-19 (Iza and Hopwood, 2003) and an L-shape half wavelength resonator 

shown in Figure 2-20 (Kim and Terashima, 2005) are such examples. 
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 Non-resonant sources are made of a transmission line terminated with a 

plasma. The EM wave generated at the power supply propagates through the 

transmission line, the partial wave is absorbed by the plasma and the rest reflects 

back to the power supply. All the power is absorbed in the plasma only if the 

transmission line impedance equals the plasma impedance. The typical 

transmission line impedance is of the order of 50 Ω and this is a small value for 

plasma impedance, i.e. impedance matching requires a rather high electron 

density.  A waveguide source shown in Figure 2-14 (Kono et al., 2001) is the 

same as a straight microstrip resonator design except for the input feed, which is 

placed a quarter wavelength away from the short end. Because of the feed 

position, the device is non-resonant and merely acts as a waveguide.  Figure 2-17 

shows another example using a coaxial transmission line (Hrycak, Jasinski, and 

Mizeraczyk, 2010).  The plasmas in these examples are ignited by applying high 

forward power (above 50 W) produced by a magnetron power supply. Figure 2-15 

shows a source with moveable shorts (Gregorio et al., 2009). This device is able 

to match the impedance, whether in a resonant or a non-resonant mode, depending 

on the short position. 

 Microwave microplasma sources described above generate a small plasma 

with dimensions smaller than the wavelength at the driving frequency. In this case 

the electric field is more or less uniformly applied to the plasma. Generating a 

longer plasma than the wavelength is challenging, since the field has to be 

uniform over the plasma length. Figure 2-21 shows a line plasma generated by an 
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array of resonators (Wu, Hoskinson, and Hopwood, 2011). The resonators are 

strongly coupled and so electromagnetic energy supplied from a single input is 

uniformly distributed over the array. No other large scale atmospheric microwave 

sources are reported to my knowledge. 

(a) Source design (b) Photograph of  the plasma  

Figure 2-14. 2.45 GHz waveguide microplasma source (Kono et al., 2001).  (a) source design (b)plasma 
in atmospheric air 
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(c)

(d)

 

Figure 2-15. 2.45 GHz waveguide microplasma source (Gregorio et al., 2009). (a) a photograph of type 1 
source, using Teflon as a dielectric material  (b) schematic of type 1 device (c) a photograph of type 2 
source, using air as a dielectric material (d) schematic of type 2 device 

Short endOpen end(discharge gap)

¾ λ resonator

 

Figure 2-16.  2.45 GHz waveguide microplasma source (Choi et al., 2009). 



27 
 

 
 

(a)

(b) (c)

 

Figure 2-17. Coaxial microwave microplasma source (a) source design (b) argon plasma at 1 atm (c) 
nitrogen plasma at 1 atm (Hrycak, Jasinski, and Mizeraczyk, 2010). 

λ/2 resonator

Open end

Open end

 

Figure 2-18. 2.45 GHz microstrip line microplasma source (Bilgic et al., 2000). 

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

Figure 2-19. 900 MHz microstrip split ring resonator (MSRR) (Iza and Hopwood, 2003). 
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L shape resonator

Open end

 

Figure 2-20.  2.45 GHz microstrip line microplasma source (Kim and Terashima, 2005).  The plasma 
runs in atmospheric air. 

 

Figure 2-21. 2.3 GHz resonator array (Wu, Hoskinson, and Hopwood, 2011). 

2.5 Summary 

 Atmospheric glow discharges generated in various ways are described.  

DC discharges are the simplest, but are known to have glow-to-arc instability.  

Ballasted DC discharge, pulsed DC discharge, DBD and an arraying of DBD 

microdischarges are reported to prevent the instability.  Microwave discharges are 

a relatively new technology which requires knowledge of microwave engineering 

and plasma engineering.  The instability of the microwave discharges has not yet 

been examined and large scale microwave discharges are still to be developed.  
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These two topics and the underlying plasma physics are examined in this 

dissertation. 
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3. Experimental configurations and Plasma diagnostics 

3.1 Microplasma devices 

 In this dissertation several different microplasma generators were designed 

and analyzed.  The following sections describe the basic experimental 

configuration and the designs of the microplasma generator circuits.   

The designs include a microwave split ring resonator, a hybrid resonator that is 

capable of transitioning to a transmission line style source, and finally a 

transmission line source that is also configured as an array of generators. 

3.1.1 Microwave setup 

 All of the microplasma sources were driven at microwave frequencies. 

The microwave power was supplied by a 50 ohm microwave system showed in 

Figure 3-1.  The signal generator and power sensors have 50 ohm characteristic 

impedances and these components were connected by 50 ohm coaxial 

transmission lines. The frequency and the forward power were controlled by the 

signal generator and the power amplifier. The forward and the reflected powers 

were measured by microwave power sensors coupled thorough a -20 dB bi-

directional coupler. For the high power experiment, the coupled signals were 

further attenuated 10 dB in order to keep the power under 300 mW which is the 

maximum handling power of the power sensors. Ideally, the powers should be 

measured at the plasma source, but the actual setup requires a coaxial cable 

between the directional coupler and the plasma source for which loss is not 
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negligible.  The cable loss from the coupler to the plasma source, αl, is frequency 

dependent. It can be estimated by measuring the power from the signal generator 

with and without the cable, such that 

 
𝛼𝑙 =  

Power entering cable
Power exiting cable

. (4.1)  

The forward and the reflected power at the plasma source, Pf and Pr, are 

 𝑃𝑓 = 𝛼𝑙 × 𝑃𝑓0 (4.2)  

 
𝑃𝑟 =

𝑃𝑟0
𝛼𝑙

 (4.3)  

where Pf0 and Pr0 are the forward and reflected powers measured at the directional 

coupler. Then the power reflection coefficient corrected for the cable loss 

becomes 

 
|𝑠112 | =

𝑃𝑟
𝑃𝑓

=
1
𝛼𝑙2

𝑃𝑟0
𝑃𝑓0

. (4.4)  

The actual power dissipated in the device is 

 
𝑃𝑓 − 𝑃𝑟 = 𝑃𝑓 ×

𝑃𝑓 − 𝑃𝑟
𝑃𝑓

= 𝛼𝑙𝑃𝑓0 �1−
𝑃𝑟0

𝛼𝑙2𝑃𝑓0
�. (4.5)  

The correction factor is inversely proportional to the square of the cable loss and 

this becomes rather large for a long cable.  
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Figure 3-1 Microwave setup 

 The s-parameter is used to express the coupling between multiple ports of 

an arbitrary linear device. For an N port device with ports of the same port 

impedance, the s-parameter is given by an NxN matrix where the component sij is 

the outward voltage of jth port, when normalized inward voltage (1V) is only 

applied to the ith port. Here i and j are the port number specified by the user. By 

linearity, the outward voltage of jth port can be obtained by superposition, such 

that  

 
𝑉𝑗,𝑜𝑢𝑡 = �𝑠𝑖𝑗𝑉𝑖,𝑖𝑛

𝑁

𝑖=1

. (4.6)  

Conventionally, port number 1 is assigned to an input port of a device. Therefore 

s11 is the voltage ratio, the reflected voltage over the forward voltage, and |s11
2| is 

the reflected power over the forward power.  

3.1.2 Microstrip split-ring resonator (MSRR) 

 A microstrip split-ring resonator (MSRR) is made of a microstrip split-

ring which circumference is a half wavelength at the driving frequency (Iza and 

Hopwood, 2004; Iza and Hopwood, 2003; Iza and Hopwood, 2005b; Iza and 
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Hopwood, 2005a; Hopwood et al., 2005; Xue and Hopwood, 2009). The 

microwave power is fed to a position on the ring where the input impedance 

roughly matches the feedline impedance, 50 Ω. The magnitude of the voltages at 

both ends of the gap (the split of the ring) becomes large due to resonance, and 

the phases of the voltages are 180 degree out of phase due to a half wavelength. 

The large voltage drop across the narrow split creates a high electric field which is 

sufficient to ignite and sustain a plasma. Figure 3-2 shows the electric and the 

magnetic fields of a 900 MHz MSRR simulated in HFSS. The magnitudes of the 

electric and the magnetic fields are the maximum and the minimum at the open 

ends, respectively. The cross sectional plots show that the fields propagate 

through a large cross sectional area, i.e. the fringing field is important for the 

device. 

Dielectric material (Duroid 6010.2)

(a) E field (b) H field
50 Ω power input

Cross section

50 Ω microstrip line

70 Ω microstripline

Ground plane

 

Figure 3-2 Temporal electric and magnetic fields of a 900 MHz MSRR simulated in HFSS 
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  In order to design an MSRR, the effective wavelength at the design 

frequency needs to be calculated to determine the circumference of the ring. Since 

the wave propagates both in the air and the dielectric material, the actual 

wavelength is between the values in the air and the dielectric material. The 

effective wavelength is given by 

 
𝜆𝑒𝑓𝑓 =

𝜆0
�𝜖𝑟,𝑒𝑓𝑓

=
𝑐0

𝑓�𝜖𝑟,𝑒𝑓𝑓
 (4.7)  

where λ0, c0 are the wavelength and the speed of light in the vacuum, f is the 

driving frequency and εr,eff is the effective permittivity given by an equation in a 

reference book (Zakarevicius and Fooks 1990) or by online microstrip  calculator.  

The impedance of a microstrip line Z0 depends on the height, the width and the 

dielectric constant. If the stripline is taller, narrower and/or the dielectric constant 

of the substrate is smaller, the characteristic impedance Z0 becomes higher. For a 

fixed quality factor Q, and input power, a higher impedance Z0 produces a higher 

electrode voltage and it is easier to ignite a plasma with low input power. On the 

other hand, a very thin dielectric gives very small impedance and this is more 

difficult to ignite. The angle of the power line input position (power feed angle 

shown in Figure 3-3) also depends on the line impedance. For a smaller 

impedance line, the angle needs to be made larger in order to match ring’s input 

impedance to the power supply. Finally, the design is verified by 3-D 

electromagnetic simulation in HFSS and the actual device is fabricated. 
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Figure 3-3 MSRR sources 

 Two 900 MHz MSRRs, type A and type B were fabricated. The MSRRs 

were micro-machined on a high frequency copper laminate (Rogers, RT/duroid 

6010.2, εr=10.2, 2.54 mm thick) using a circuit board milling machine (LPKF, 

S62 Protomat). The radius and width of the rings were 10 mm and 1 mm, 

respectively. The angle of the power line position (power feed angle) was 7 

degree and an SMA connector was soldered at the input port for the power 

coupling. Type A and type B devices have different discharge gaps and cut-out 

shapes to accommodate a diode laser path used in the absorption spectroscopy as 

shown in Figure 3-3.  Type A device has a 400 µm discharge gap and a 200 µm 

diameter cut-out in the middle of the gap. Type B device has a 500 µm discharge 

gap and most of the dielectric material in the gap was cut-out for the spatially 

resolved absorption spectroscopy. Type B device has a 50 µm laser alignment 

hole attached near the cut-out. The laser was focused by maximizing the 
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transmission through the hole. This allowed the waist of the laser beam to be 

initially located and calibrated at the hole prior to each measurement. 

3.1.3 Hybrid MSRR 

 In order to accomplish coupling of higher powers into a plasma, a hybrid 

MSRR source was designed as shown in Figure 3-4. This is a combination of a 

resonant and non-resonant devices. An MSRR is a resonant source, and it is 

optimized for ignition or driving a high impedance plasma. On the other hand, a 

non-resonant source is optimized for driving a low impedance (~50 Ω) plasma 

and is able to couple more power to a plasma with high electron density than a 

resonator. The device is made of an MSRR with a ground pin placed 5 mm away 

from the SRR discharge gap. The device ignites a plasma at the SRR gaps shown 

in Figure 3-4(c) and Figure 3-5(a). This is referred to as the SRR mode of 

operation.  As more power couples to the plasma, the SRR gap becomes nearly 

shorted by the dense plasma. The electrode tip voltage with respect to the ground 

becomes larger than the SRR tip-to-tip voltage and so the plasma couples to the 

ground pin.  This is called the T-line mode (transmission-line mode) and is shown 

in Figure 3-4(d) and Figure 3-5(b). The MSRR was made of a 70 Ω microstrip 

line. When the microplasma virtually shorts the MSRR, the device can be 

considered as two parallel 70 Ω lines which feed  the plasma in T-line mode.  

This is equivalent to a single 35 Ω line fed to the plasma as shown in Figure 

3-5(b). 
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Figure 3-4  Hybrid MSRR (a)-(b) Photographs (c) Argon plasma in SRR mode (d) Argon plasma in T-
line mone 
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Figure 3-5 Operating modes of hybrid MSRR 

 Machinable ceramic, Macor (relative permittivity = 5.67, Corning) was 

used as a dielecrtic substrate of the plasma source.  Dielectric material used in the 

other designs, RT/duroid (Rogers) was not able to handle the higher temperature 

in this experiment, i.e. it decomposed at high temperature. Aluminum oxide is 

probably one of the best dielectric materials in terms of the dielectric loss and 

thermal conductivity, but it is hard to machine. A 100 µm thick, 1 mm wide 
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copper split-ring was clamped between 1.77 mm thick Macor sheets, and a 500 

µm thick copper sheet was used as an rf ground. A 1 mm diameter copper wire 

(ground pin) with a sharp tip was connected to the ground sheet, and the tip of the 

wire was located 5 mm from the split of the ring. A 0.5 mm x 5 mm hole was cut 

out between the split and the ground pin for a laser path used in diode laser 

absorption. A 100 µm copper slit was placed 5 mm away from the cut-out for 

laser focusing. 

3.1.4 Resonant wide plasma source 

Short end

Open end

¼ λ

Power feed

Discharge gap (Plasma)

10 cm

(a)

(b)

(c)

 

Figure 3-6 Resonant wide plasma source (a) Concept (b)-(c) 900 MHz source run in helium at 760 Torr 

 Wide resonant sources are made of a wide microstrip line resonator. For 

example, a 900 MHz, 10 cm wide quarter wavelength resonator is shown in 

Figure 3-6. In order to generate a long line of plasma, a uniform electric field is 

generated along the discharge gap by propagating the EM field across the device 

by multiple reflections at the open and short ends as shown in Figure 3-6(a). 

Figure 3-6(b)-(c) show a 10 cm long helium plasma at atmospheric pressure. The 
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device needs to be resonant with the plasma loading, and so the wave reflects at 

the boundaries and distributes the energy across the device. The device is 

described more in detail in chapter 5. 

3.1.5 Non-resonant wide plasma source 

(b) Prototype device, 4 tapers

x N

x N

Taper array

Power divider

1. Ignite resonator2. Ignite taper array

(a) Concept, N tapers

Power for taper array
(2.45 GHz)

Power for ignition
resonator 
(0.9 GHz)

Ignition resonator

Power for taper array
(2.45 GHz)

Plasma limiter

(c) Argon plasma  

Figure 3-7 Non-resonant wide plasma source 

 Non-resonant wide sources can be made using arrays of transmission lines. 

In order to generate spatially continuous plasma and isolate the inputs of the 

transmission lines, the transmission lines are made in a taper shape. Since the 

tapers are non-resonant, the power coupling between tapers is much smaller than 

between equivalent resonator structures. The EM field generated by each taper is 

more or less independent of the field of the adjacent taper, and so the plasma can 

be made indefinitely long by arraying the elements.  Practically, the source is 
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made of an N-way power divider, an N-taper array and a plasma igniter as shown 

in Figure 3-7(a). The input power is evenly split to N outputs by the power divider 

and they are fed to N tapers. The tapers are not suitable for plasma ignition, and 

so an ignition device is required, i.e. a spark generator, a UV light or a 

microplasma source. For the prototype devices, a 900 MHz quarter wavelength 

resonator was used as the igniter. Figure 3-7(b)-(c) shows a 4-element taper array 

device which is driven at 2.45 GHz and a 6-cm long plasma generated with the 

device in argon at 700 Torr. The device is described more in detail in chapter 5. 

3.2 Optical absorption spectroscopy 

 Figure 3-8 shows argon energy levels of selected excited states and optical 

transitions relevant to this work. The energy levels are relative to the ground state 

argon Ar(G). The ground state argon ions (Ar+) have 15.76 eV which is the 

ionization energy. There are 3 lumped energy levels, 4s, 4p and 5p and each has 

fine energy levels 1s2 to 1s5, 2p1 to 2p10 and 3p1 to 3p10, respectively. The blue 

and red lines are the optical transitions near 420 nm and 800 nm. The 420 nm 

band is a visible blue band, and the 800 nm band is an invisible infra-red (IR) 

band. The thick red lines are the transitions used for the absorption spectroscopy 

in this work. The blue dash lines 104.8nm and 106.7 nm are the resonance lines 

which correspond to the resonance transitions, Ar(G)-Ar(1s2) and Ar(G)-Ar(1s4). 

These lines are in the vacuum ultra violet (VUV) band which are normally only 

detected in vacuum. When the atoms transitions from the high to low energy level, 

the atoms emit photons which corresponds to the energy level difference and the 
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emission intensity is proportional to the density of the upper state of the transition. 

On the other hand, if the atoms are illuminated by photons which have the 

specific energy for the transition, the atoms absorb the photons and are excited to 

the upper state, and the absorption is proportional to the density of the lower state 

of the transition. In these experiments, emission or absorption over an optical path 

is obtained and this corresponds to the line-integrated emission or line-integrated 

absorption of the particular atomic state. Therefore, the line-integrated density of 

the excited state is directly obtained from the experiments. Furthermore, the local 

density was estimated by Abel inversion assuming an axial symmetry of the 

plasma. Abel inversion is described in Section 3.4. 

 The transitions in Figure 3-8 correspond to a specific wavelength. Actual 

transition lines, however, are distributed near the wavelengths due to various 

physical processes. The careful analysis of the distribution (i.e., broadening) 

yields physical parameters such as the gas temperature and the electron density 

under specific conditions. Laser diode absorption spectroscopy is an optical 

absorption method using a tunable wavelength diode laser. The lasing wavelength 

is scanned near the optical transition and the absorption lineshape is obtained by 

measuring the transmitted photon flux. The linewidths of single mode laser diodes 

are on the order of 10-14 m which is much smaller than the physical line 

broadening under our experimental conditions, and so the laser absorption 

lineshape is obtained with minimal distortion. 
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 In general, the lower energy states are more populated, and 4s is the most 

populated argon excited state. The 1s3 and 1s5 states within the 4s group cannot 

radiatively decay to the ground state, and so they are called metastable atoms. On 

the other hand, the 1s2 and 1s4 levels are called resonant states and do decay to the 

ground state as they emit VUV emission. The 4s density can be measured by the 

VUV emission, or by visible or IR absorption. In atmospheric argon, however, the 

VUV emission is reabsorbed by the abundant ground state atoms, since the lower 

state of the transition is the highly populated ground state atom. This virtually 

traps the VUV photons near the discharge and is called resonance trapping or 

imprisonment. Therefore, absorption is the only way to estimate the 4s density 

under our plasma conditions. In this work, the IR lines were chosen for the 

absorption measurement, since the laser diode used as the illuminating light 

source is more affordable. 
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Figure 3-8 Argon energy diagram 

3.2.1 Types of absorption light sources 

 Many varieties of light sources have been used in atomic absorption 

spectrometry.  The following sections review the literature on absorption lamps 

and provide a rationale for the experimental choices made in this work. 

3.2.1.1 Lamps 

 Conventionally, spectral lamps are used for atomic absorption 

spectroscopy. A lamp is filled with a gas containing the same molecules as 

measuring molecules. A measuring transition can be chosen by an optical 

bandpass filter or a monochromator. The advantage of this method is the 
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wavelength of light is almost exactly at the measuring wavelength. However, the 

line broadening of light from a lamp is different from the line broadening of 

measuring discharge, because the gas temperature and the pressure are different. 

This makes it hard to estimate the actual absorbance of light. When optically 

collimated, the intensity of light from a lamp can be weak so that the competing 

emission intensity from the discharge is not negligible. To solve this problem, 

usually, the light from the lamp is modulated by a chopper and detected with a 

lock-in amplifier. 

 Broadband lamps such as the xenon arc lamp or deuterium lamp, emit 

broadband light. As a detector, usually a high resolution scanning monochromator 

is used in conjunction with broadband lamps. With this method, multiple lines can 

be simultaneously measured similarly to optical emission spectroscopy. Absolute 

plasma specie densities can be estimated from absorption, instead of the relative 

density measured with optical emission spectroscopy. The lowest detection limit 

is determined by the stability of the lamp. For example, if the lamp intensity 

fluctuates 1 % over the measuring period, at least 1 % will be an error bar for the 

experiment. The resolution of high end monochromators is about 0.1 Å or 10 pm. 

This is larger than line broadening in most cases, so the line broadening 

information may not be obtained.  

 Recently, light emitting diodes are used as a light source. Linewidths of 

LEDs are of the order of a few nanometers. This is much broader than spectral 

line widths in a cold plasma, so a LED is used as a broadband light source and it 
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requires a monochromator in conjunction with the photodetector. Light from a 

LED can be stable, i.e. intensity fluctuates only 10-4 over a typical experimental 

period, provided that an appropriate diode temperature and current controller are 

used. 

3.2.1.2 Tunable lasers 

 Dye lasers emit light at 300-1200 nm depending on the particular  dye 

employed (Demtröder 2003). A dye is pumped by a shorter wavelength (higher 

photon energy) laser and the dye then emits a broadband fluorescent light. With 

an optical resonator, a narrowband lasing light is obtained.   

 Titanium:Sapphire (Ti+:Al2O3) lasers emit light at 650-1000 nm 

(Demtröder 2003). Titanium ions implanted in sapphire have many vibronic states. 

Due to these states, Ti:Sapphire generally pumped by an argon laser produces 

broadband fluorescence. This methodology is like a solid state alternative of a dye. 

These lasers can be tuned continuously over a wide range of wavelengths, but 

they are expensive. 

 Since the 1980s, semiconductor diode lasers have been applied to atomic 

spectroscopy. A common type of the laser is a Fabry-Perot laser. A solid state 

material has a specific band gap depending on a material. Due to this band gap, a 

diode emits light with linewidth of the order of a few nanometers. If the diode is 

also structured to have a simple optical cavity, then the linewidth is narrowed 

down to the order of 10-14 m due to Fabry-Perot interference. The wavelength of 



46 
 

 
 

the laser can be tuned by varying the diode temperature or current. The diodes can 

be run without optical feedback (i.e. free-running mode). However, the diode in 

free-running mode tends to mode-hop (i.e. wavelength jump) and switch between 

a single and multiple modes. With the addition of an external cavity, however, the 

wavelength can be tuned over a hundred GHz without a mode-hop. 

 Distributed Bragg reflector (DBR) or distributed feedback (DFB) diodes 

are made of a solid state diode and a high Q (quality factor) optical resonator that 

is made of many layers of thin films. The diodes will operate in single mode, have 

linewidths of the order of 10-15 m and the wavelength may be tuned over a few 

hundreds of GHz (a few nanometers at 800 nm) without a mode-hop.  Like other 

diode lasers, the tuning is accomplished by changing the diode temperature or 

current. The performance of the laser is great, but it is costly. 

3.2.2 Fabry-Perot interferometer 

 A Fabry-Perot interferometer is an optical cavity resonator. The optical 

interference was observed both intentionally and unintentionally during the diode 

laser experiment. Here, the interferometer is briefly described due to the 

importance in the experiments. Figure 3-9(a) shows a conceptual drawing of the 

interferometer.  An optically transparent slab which length and refractive index 

are l and n forms an optical cavity. The reflectivity at the inner boundary of the 

slab is defined as R.  When coherent light passes through the slab, some portion of 

the light comes out without a reflection such as OUT1 in Figure 3-9 and the other 

portion of the light comes out after multiple reflections such as OUT2 and OUT 3. 
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These lights have different phases due to the additional optical path with 

reflections. The phase difference due to one reflecting loop, δ is 

 
𝛿 = 2𝜋 ⋅

2𝑛𝑙 cos 𝜃
𝜆0

. (4.8)  

where λ0 is the wavelength of the light in vacuum (air) and θ is the light 

propagating angle in the slab with respect to the surface normal direction. If δ is 

integer multiple of 2π, the transmission is maximized due to constructive 

interference. On the other hand, if δ is π plus an integer multiple of 2π, the 

transmission is minimized due to destructive interference. The transmission of the 

interferometer is given by, 

 
Transmission =

1

1 + 𝐹 sin2 �𝛿2�
 (4.9)  

where 

 
𝐹 =

4𝑅
(1 − 𝑅)2.

 (4.10)  

When l >> λ, the transmission is given in periodic peaks which period, ∆λ is 

called the free spectral range (FSR) and given by 

 
Δλ ≈

λ02

2𝑛𝑙 cos𝜃
 . (4.11)  

The small changes in the wavelength and the frequency are related by 

 λ0 =
c0
𝜈  (4.12)  
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 dλ
𝑑𝜈

= −
𝑐0
𝜈2

= −
𝜆02

𝑐0
    𝑜𝑟    Δ𝜆 = −

𝑐0
𝜈2
Δ𝜈 = −

𝜆02

𝑐0
Δ𝜈. (4.13)  

where c0 is the speed of light in vacuum and ν is the frequency of light. 

Then the FSR in the frequency unit, ∆ν is  

 Δν =
c0
𝜆02
Δ𝜆 =

𝑐0
2𝑛𝑙 cos𝜃

. (4.14)  

The FSR in frequency is often used as a specification of a commercial 

interferometer, since it is independent of the wavelength and it only depends on 

the length and the refractive index of the cavity. The sharpness of the peaks of the 

transmission curve is given by the finesse,  

 
Finesse =

δλ
Δ𝜆

=
𝜋

2 sin−1 � 1
√𝐹

�
 (4.15)  

where δλ is the half width at half maximum of the peak. 

Figure 3-9(b) shows an example of the transmission curve of a 1.5 GHz 

interferometer made of an air cavity such as a commercial interferometer 

(Thorlabs, SA200-7A). The length of the cavity is 10 cm calculated by equation 

(4.22). The transmission curve was calculated by equations (4.8),(4.9) and (4.10) 

for λ0 = 810 nm to 810 nm + 15 pm. The FSR in wavelength is 3.3 pm at 810 nm 

by equation (4.11). Three curves in the figure were plotted for different 

reflectivity, R = 0.05, 0.50 and 0.95. R=0.05 is a typical value for a glass-air 

boundary, and the curve shows noticeable interference ripples just due to a piece 

of glass. With a highly reflective boundary, R=0.95, the cavity has a high finesse 
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and this is the case for the commercial interferometer.  The high reflectivity is 

realized by special reflective coating and the reflectivity depends on the 

wavelength as showed in Figure 3-9(c). Therefore, different coating needs to be 

used for another wavelength band in order to obtain high finesse. 

0 5 10 15
0

0.25

0.5

0.75

1

λ0 - 810 nm, pm

Tr
an

sm
iss

io
n

FSR (∆λ)

R=0.95(F=61)

R=0.50
(F=4.3)

R=0.05

δλ

l

OUT1

OUT2

OUT3nReflectivity = R

θ

IN

(a)

(b)

700 750 800 850 900 950 1000
0

50

100

Wavelength, nm

Re
fle

ct
iv

ity

(c)

 

Figure 3-9 Fabry-Perot interferometer (a) Conceptual drawing (b) Transmission curves of 1.5 GHz 
interferometer with different reflectivity (c) Wavelength response of reflective coating for Thorlabs 
SA200-7A 
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3.2.3 Experimental setups 

3.2.3.1 Diode laser absorption spectroscopy 

Fiber to SPEX spectrometer

Wedged windows

Plasma source

LD

BS

M1ND2

ND1

L2M2

PD2

FP

Diode current & temperature controller

LD
L1

FP

PD1

PD2

BPF
ND1

BS

M1
M2

ND2L2

Wedged window

Plasma

SPEX spectrometer
(a)

(b)

 

Figure 3-10 Laser diode absorption setup. LD: laser diode, ND: neutral density filter, BS: beam splitter, 
M: mirror, L: lens,  PD: photo diode, FP: Fabry-Perot interferometer, BPF: bandpass filter 

 Figure 3-1(a)-(b) show the experimental schematic and the photograph of 

the diode laser absorption spectroscopy. The MSRR type A microplasma source 

described in section 3.1.2 was placed inside a 2-3/4" stainless steel Con-Flat cube 
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and powered through a copper coaxial cable. High purity (99.99 %) argon was 

connected to the cube and pumped by a small mechanical pump. Con-Flat flanges 

and VCR connectors were used to construct the vacuum system. The chamber 

pressure was measured by two MKS Baratron capacitance manometers (max. 

sensing pressure 10 Torr and 1000 Torr). Two wedged optical windows (CVI 

Melles Griot, LW-3-2050-UV) were attached to half nipples and connected to the 

cube to create an interference-free optical path. With wedged windows, beam 

trajectories with or without reflections at the window boundaries are different and 

so these beams don’t superimpose, i.e. the optical path is interference-free.  

 Figure 3-11 shows an interference effect when regular Con-Flat vacuum 

windows were used instead of the wedged windows. As shown in Figure 3-11(a), 

the laser beam was split by a neutral density filter. The beam intensity reflected 

by the neutral density filter was monitored by photodiode 1(PD1), and the other 

beam which goes through the neutral density filter and the vacuum windows was 

detected by photodiode 2 (PD2). The lasing wavelength was changed over 90 pm 

around 810 nm by linearly changing the diode current. The blue and red lines in 

Figure 3-11(b)-(d) correspond to the beam intensity at different chamber pressures, 

0 Torr and 760 Torr, respectively, and Figure 3-11(c)-(e) show the difference of 

the two signals. PD1 signal nearly linearly changed due to the linear increase in 

the diode current. PD2 signal has large ripples due to interference in the windows. 

The interference peak positions were also found to be sensitive to the chamber 

pressure. The difference signals show that PD1 signal didn’t change with the 
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chamber pressure, which means the laser was stable during the experiment. The 

FSR of the interference was about 90 pm as showed in Figure 3-11(e), and this 

corresponds to a cavity length of 2.4 mm using equation (4.11), assuming the 

refractive index is 1.5 which is for the glass. The estimated cavity length was 

close to the thickness of the windows and so the interference was due to the 

windows.  As a result of these tests, the chamber was equipped with wedge 

windows as described earlier. 
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Figure 3-11 Optical interference due to glass windows (a) Experimental setup (b) PD1 signal (c) PD2 
signal (d) PD1 signal difference (e) PD2 signal difference. 
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 A diode laser (Thorlabs, L808P010 or L780P010) was mounted on a 

thermoelectric cooler (Thorlabs, TCLDM9, 3oC-75oC) and driven by a diode laser 

current and temperature controller (Thorlabs, ITC502-IEEE).  The diodes were 

run without optical feedback (i.e., the free running mode).   The approximate 

lasing wavelength was measured by an optical emission spectrometer (0.6 m 

SPEX Triple, 0.5 Å instrumental broadening at 800 nm). Their wavelength was 

tuned coarsely by the diode case temperature and more finely by the driving 

current. The diodes in free running mode tend to mode-hop, so the available 

lasing wavelengths are discontinuous.  In addition to the wavelength discontinuity, 

the diodes change between single-mode and multi-mode operation with changes 

in the case temperature and diode current.  
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Figure 3-12 Laser diode setup  (a) Connection between diode and diode mount (TCLDM9) (b) Circuit 
diagram of laser diode (Thorlabs, L780P010) 

 Figure 3-12 shows the laser diode mount. The laser diode has 3 pins for 

two devices: a laser diode and a power monitoring photo-diode as shown in 



54 
 

 
 

Figure 3-12(b). The diode was mounted on a diode driver (Thorlabs, TCLDM9) 

which can drive the laser diode and internally monitor the photo current generated 

by the photo-diode. The copper plate on the diode driver controls the diode 

temperature. The emitter aperture of the laser diode is 1 µm x 5 µm, and the 

output beam is fairly diverging because of the diffraction through the small 

aperture (see Section 3.2.3.2.1). The cross-section of the collimated beam was 

oval due to the asymmetric aperture. 

 Figure 3-13 shows measured lasing wavelengths of the diodes by the 

SPEX spectrometer. The red lines are the optical transition wavelengths of argon 

excited states, and the lasing wavelength needs to be available near these 

wavelengths for the absorption spectroscopy. The available lasing wavelengths 

are random in free-running mode, and so many devices were tested in order to 

find a laser diode which covers these required wavelengths. The green and blue 

dots in the figure correspond to the data taken while increasing and decreasing the 

case temperature. The difference of these two is due to the difference of the actual 

diode junction temperature and the case temperature. Most of the time only a 

single lasing peak was observed by the SPEX, i.e. single mode operation. At 

specific conditions, multiple lasing peaks were observed as shown in Figure 

3-13(c). The multiple peaks were equally spaced in wavelength due to Fabry-

Perot interference in the lasing cavity, and the spacing in this case was 2.7 Å.  The 

cavity length is estimated to be 330 µm by equation (4.11) assuming the refractive 

index was 3.68 which is a value for the diode material, AlGaAs at 810 nm.  
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Figure 3-13 Lasing wavelengths of laser diodes (a) L780P010 (b) L808P010 (c) L808P010 zoomed. The 
diode current was fixed at 57.0 mA. 

 

 A scanning Fabry-Perot interferometer (Thorlabs, SA200-7A, FSR=1.5 

GHz, finesse > 200, resolution < 7.5 MHz) was used to estimate the linewidth of 

the laser diode. Figure 3-14 shows the actual linewidth measurement. As seen in 

Figure 3-14(a), the collimated laser was aligned to go through the interferometer 

and the transmitted signal was detected by a photodiode. The diode current and 

temperature were fixed at a steady state and the data was obtained by slightly 

changing the cavity length which changes the transmission peak wavelengths of 

the interferometer, i.e. a scanning Fabry-Perot interferometer. The cavity length 
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was changed by applying linearly changing voltages to an internal piezoelectric 

transducer of the interferometer. In single mode, the measured linewidth was 70 

fm (32 MHz) as shown in Figure 3-14(b) and this is much smaller than the line 

broadening dealt with in the absorption experiments. By monitoring the 

interferometer signal, single and multi modes can be distinguished as shown in 

Figure 3-14(b)-(c). The operating conditions of diode lasers for measuring each 

absorption line are summarized in  

Table 3-1. 
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Figure 3-14 Linewidth measurement of laser diodes by a 1.5 GHz scanning Fabry-Perot interferometer 
(a) Experimental setup (b) Single mode result (b) Multimode result 
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Table 3-1 OPERATING CONDITIONS OF LASER DIODES FOR THE ABSORPTION 
TRANSITIONS USED IN THE EXPERIMENT 

Line 

(nm) 

Transition 

(Low-High) 

Energy 

(eV) 

Temperature 

(oC) 

Current 

(mA) 

Laser 

794.8 1s3-2p4 11.72-13.28 45 57 L780P010 

801.4 1s5-2p8 11.54-13.09 72 57 P780L010 

810.4 1s4-2p7 11.62-13.15 27 57 L808L010 

 The laser output was collimated by an aspheric lens (Thorlabs, C330TME-

B) and aligned to go through the microplasma using the 200 µm hole between the 

discharge electrodes.  The transmitted light was detected by a Si photodiode with 

a Keithley current amplifier. Neutral density filters were placed in the laser path 

to avoid too much optical pumping of the argon excited states (see Figure 3-21), 

and bandpass filters (810 nm or 800 nm, FWHM=10 nm) were placed in front of 

the detector to block the light emitted by the plasma and other light sources. 

Diode current & temperature controller
(ITC502-IEEE)

Signal generator
Triangular wave, 3Hz

Variable attenuator

Diode current
modulation input

Bias set (manual knob)
Diode current

Bias set (manual knob)
Diode temperature

LD SPEX spectrometer

Synchronizing trigger signal A/D converter
(NI6009) PC

Optical system

PD1 PD2

Current amplifier Current amplifier

USB

USB

 

Figure 3-15 Diagram of data acquisition for diode laser absorption 

 Figure 3-15 shows the diagram of the data acquisition for the laser diode 

absorption. The laser output was scanned between -50 and +50 pm around the 
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absorption peaks by linearly modulating the diode driving current (3 Hz, 4 mA). 

The modulation signal is supplied from a signal generator and a variable 

attenuator to the modulation input of the diode controller (ITC502-IEEE). The 

output signals from the Fabry-Perot etalon (PD1) and the photodiode (PD2) were 

synchronized by the trigger output of the signal generator and recorded 

simultaneously by an analog-to-digital converter (10k samples/sec, National 

Instruments, NI6009). The laser was typically scanned 200 times through the 

absorption line and the optical data were then averaged to improve the signal to 

noise ratio. 

 The incident light intensity, I0 and the transmitted light intensity, It were 

obtained by, 

 𝐼0 = 𝐼1 − 𝐼2 (4.16)  

 𝐼𝑡 = 𝐼3 − 𝐼4 (4.17)  

where I3 and I1 were the laser light intensities with or without a plasma, and I4 and 

I2 were the constant background light intensities with or without a plasma.  

Figure 3-16 shows a typical experimental result at 1 Torr of gas pressure and 1 W 

microwave power for the 801.4 nm transition. The absorption line width was 

calibrated by the periodic peaks of the transmitted signal through the 1.5 GHz 

Fabry-Perot etalon (Figure 3-16 (c)). 
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Figure 3-16 Typical experimental absorption data for 801.4 nm transition in argon at 1 Torr 

3.2.3.2 Spatially resolved diode laser absorption spectroscopy 

 Spatially resolved absorption spectroscopy can be implemented using one 

of two methods as shown in Figure 3-17. The first method is a ‘collimate and 

image’ method as shown in Figure 3-17(a). The laser light is first collimated to 

illuminate the entire plasma and the transmitted light is detected by an imaging 

sensor such as a charge-coupled device (CCD) camera. Various groups have 
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applied this method and successfully measured spatially resolved absorption 

(Kunze et al., 2002; Belostotskiy et al., 2009). However, this method has a few 

issues for measuring a microplasma near atmospheric pressure. One issue is the 

deflection of the laser light due to the non-uniform refractive index of the plasma 

caused by the non-uniform gas temperature. The measurement requires one to 

find the optical depth, ln(I0/It) which is the ratio of the light intensity with and 

without a plasma through the same optical path, and so the deflection of the laser 

by refraction in the microplasma is problematic. Another issue is the diffraction of 

the laser light.  Diffraction is severe when light goes through an abrupt small 

aperture. Diffraction is similar to a spatial Fourier transform, and it can be 

inversely transformed by a lens. However, small ripples are produced on the 

reconstructed image due to the finite aperture of the lens, i.e. the Gibb’s 

phenomenon. The small ripples which are a few percent of the total signal can be 

a problem, because the laser absorption signal due to the plasma is also a few 

percent near atmospheric pressure, i.e. the signal-to-noise ratio is too small.  

 The second method is a ’focus and translate’ method.  The laser light is 

focused to a small spot at the plasma, such that it transmits through only a small 

cross-section of the plasma. All of the transmitted light is focused onto a large-

area photo detector. Different parts of the plasma can be measured by simply 

translating the focuser by a micro-drive. This method eliminates the deflection 

and diffraction problems because the detector is large. A small deflection is not a 

problem since the area of the photo-detector has a sufficiently large detecting area 
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compared to the beam size. Diffraction is not a problem since all the light is 

collected to the photo-detector.  There are some limitations to this method, 

however, and they are described in Section 3.2.3.2.1. 

CCD Camera
Collimator

SM fiber
801.4 nm laser

(a) collimate and image

Plasma

Without plasma
With plasma (deflected)

Plasma filament Laser focuser
SM fiber

Translate laser across the filament
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801.4 nm laser

(b) this work: focus and translate

 

Figure 3-17 Two methods of spatially resolved absorption spectroscopy 

 The MSRR was placed inside a 2-3/4" Con-Flat cube chamber with rf 

power supplied through a coaxial cable feedthrough. High purity (99.99 %) argon 

gas was supplied to the chamber that was first evacuated by a small mechanical 

pump. A 2-3/4" Con-Flat glass window and a wedged window were attached to 

the chamber for the input and the output of the laser. The Con-Flat window was 

used for the input port of the laser, because wedge window makes the laser spot 

size larger due to refraction. The interference effect was not strong because the 

laser was not collimated. 
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Figure 3-18 Experimental setup of spatially resolved diode laser absorption spectroscopy (a) Schematic 
(b) Photograph 

 Figure 3-18 shows the spatially resolved laser absorption setup. Photons 

from a single-mode (SM) laser diode (Thorlabs, L780P010, 10 mW, 780 nm,) 
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with a diode temperature and current controller (Thorlabs, ITC502-IEEE) were 

coupled into a SM fiber (5/125 µm, core/cladding) by a laser diode to fiber 

coupler (OZ Optics). A pre-selected diode was shipped to OZ optics and it was 

mounted to the diode-fiber coupler in the factory. This procedure is difficult 

without the proper equipment, since the laser light is coupled to a SM fiber by 

focusing the light to a tiny 5 µm aperture of the fiber. Laser light from the SM 

fiber was focused at the plane of the plasma to a 30 µm spot by a factory aligned 

focuser (OZ Optics, object distance = 20 cm), and the transmitted light intensity 

was measured by a silicon photodiode (Thorlabs, SM05PD1B) with a Keithley 

current amplifier. The focuser was mounted on an xyz translation stage (Thorlabs, 

PT3A) and translated to obtain the spatially resolved absorption profiles. All the 

SM fibers were connected by FC/APC type connectors to minimize the back 

reflection of the light to the laser diode, since the diode performs more stably with 

less back reflection. The end of the fiber with FC/APC connectors is polished 

slightly angled to reduce the back reflection. By passing through a SM fiber, the 

irregular output profile of the laser diode was reshaped into a smooth Gaussian 

beam.  This is crucial since the Gaussian beam can be easily focused to a small 

spot on the order of a few microns. Another advantage to this configuration is that 

a fiber-coupled laser can be positioned more flexibly than a free-space laser. A 

neutral density filter was inserted into the optical path to reduce the power density 

of the laser light and avoid optical pumping of the plasma. A bandpass filter was 

used on the photodiode to block wavelengths outside those of the laser in some 
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experimental runs. This filter mainly blocks the light emitted by the plasma. The 

bandpass filter, however, added about 0.5% ripple to the absorbance curves due to 

interference effects, and so it was eliminated during the more sensitive 

experiments. 

 The lasing wavelength of the diode was tuned coarsely by its case 

temperature and then more finely by adjusting the diode current as described in 

Section 3.2.3.1. The laser wavelength was scanned +/- 40 pm around the center 

wavelength by superimposing a 10 Hz triangular wave on the DC diode current. 

In order to increase the lasing wavelength to 801.4 nm, the diode case temperature 

was elevated to 78.0 oC and the driving current was 58.5 mA. The absorption data 

were acquired similarly to the method described in Section 3.2.3.1. 

3.2.3.2.1 Limitations of focused laser method 

 There are a few trade-offs to be considered when using a focused laser for 

absorption spectroscopy. One must balance the spot size and the depth of focus 

(DOF) of the laser. Another issue is the spot size and its effect on the power 

density of the laser.  

 For the TEM00 mode, the spot size of a Gaussian beam d0 and the beam 

divergence angle θ are related by (O'shea 1985) 

 
𝑑0 =

4𝜆
𝜋𝜃

 (4.18)  
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where λ is the wavelength of the beam. This means a perfectly collimated beam 

doesn’t exist and a beam always diverges in a different degree depending on the 

spot size. 

The depth of focus, which is defined by the distance where the beam width is less 

than √2𝑑0 is given by (O'shea 1985) 

 
DOF =

𝜋𝑑02

2𝜆
. (4.19)  

The beam width, d is given by 

 
𝑑 = 𝑑0�1 + �

𝑧
DOF/2

�
2
 (4.20)  

where z is the distance from the beam waist in the beam propagating direction. 

 Figure 3-19 shows theoretical beam widths of 801.4 nm laser, focused to 

different spots, 10 µm, 30 µm and 100 µm. The solid lines show the beam widths. 

The dashed lines show the divergence angle and the beam width converges to the 

dashed line at large |z|. The circular marks show where the beam width is √2𝑑0 

where the DOF is defined. When the beam is focused to a smaller spot, the 

divergence angle becomes larger and the DOF becomes shorter as shown in the 

figure. The choice of the spot size depends on the thickness of the plasma to be 

measured, i.e. the DOF should be longer than the plasma thickness. For example, 

if measuring a sheet of a plasma which thickness is 100 µm, the 10 µm beam spot 

size which DOF is 190 µm can be used. 
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Figure 3-19 Theoretical beam widths of 801.4 nm laser 

 Figure 3-20(b) shows the experimental beam profile near its focal point 

obtained by scanning through a 5 µm optical slit (Thorlabs, S5R) as shown in 

Figure 3-20(a). Although the beam profile was less than ideal due to the 

imperfection of the focuser lens and its alignment, the full width at half maximum 

(FWHM) of the spot diameter was about 30 µm and the beam width was less than 

50 µm over a path length of 2 mm.  This DOF is sufficient to completely traverse 

the microdischarge with minimal loss of resolution. 
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Figure 3-20 Beam profile measurement (a) Experimental setup (b) Measured beam profile of 801.4 nm 
laser near the focal point: Projected dashed lines show the FWHM of the beam width and the peak 
intensity. 

 The power of the laser light P is related to the power density PD by, 

 𝑃 = 𝑃𝐷 × (Area). (4.21)  

In order to avoid measurable optical pumping of the absorbing atoms, the power 

density has to be kept under a certain experimentally determined value. If the 

beam is focused to a smaller spot, the laser power must be reduced. Unfortunately, 

for smaller laser powers a higher gain is required of the detector. This results in a 

slower acquisition time since the gain-bandwidth product of the detector's 

amplifier is generally constant. The longer acquisition time requires that both the 

microplasma and the laser be stable for a longer time, and this is a fundamental 

limitation of the present technique.  

 Figure 3-21 shows the absorption experiment with various laser powers in 

argon at 1 Torr.  The laser light is absorbed by the lower state atom of the 

transition Ar(1s5) and excites the atom to the upper state Ar(2p8). Therefore, the 
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lower state density is reduced and the higher state density is increased by the laser, 

depending on the laser power. This is called optical pumping. In order to 

accurately measure the lower state density, the optical pumping needs to be 

minimized. As one lowered the laser power, the apparent lower state density 

(proportional to the optical depth) increased as shown in Figure 3-21(b). The 

optical pumping becomes negligible if the optical density (OD) of the neutral 

density filter is above 6 under the experimental condition. Figure 3-22 shows the 

measured frequency response of the current amplifiers used in this work. The 

response degraded with high gain of the amplifier as expected.  Using a neutral 

density filter of OD=6 with a gain of 108 provided sufficient bandwidth to acquire 

200 samples in 20 second (10 Hz).  These conditions proved to give accurate and 

repeatable density measurements. 
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Figure 3-21 Absorption experiment with various laser power in argon at 1 Torr. OD is the optical 
density of the neutral density filter, i.e. output intensity = 10-OD. 
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Figure 3-22 Frequency response of the amplifiers used in the experiment (a) Thorlabs, PDA36A (b) 
Keithley current amplifier 

3.2.4 Theory 

3.2.4.1 Line-integrated density of excited species 

 The Beer-Lambert law, the fundamental law of absorption, states that the 

incident light intensity I0 is attenuated exponentially, while the light transmits 

through an absorbing medium. The transmitted light intensity It is, 

 𝐼𝑡 = 𝐼0 exp(−𝜎𝑎𝑏𝑠𝑁𝑖𝑙) = 𝐼0 exp(−𝑘𝑙). (4.22)  

The optical depth is a dimensionless value and given by taking log of equation 

(4.22), 

 Optical depth =  𝑘𝑙 = ln �
𝐼0
𝐼𝑡
� (4.23)  

where σabs is the absorption cross section, Ni is the density of absorbing atoms, l is 

the plasma length and k is the absorption coefficient. The optical depth is linearly 

proportional to the line integrated density of the absorbing atoms Nil, and so the 
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optical depths are usually plotted against the wavelengths, instead of the 

absorbance defined by 𝐼0−𝐼𝑡
𝐼0

. 

 The line integrated density in the lower energy state Nil is given by 

(Mitchell and Zemansky 1971), 

 𝑁𝑖𝑙 =
8𝜋𝑔𝑖𝑐
𝜆04𝑔𝑘𝐴𝑘𝑖

�𝑘𝑙 𝑑𝜆. (4.24)  

where i and k denote the lower and upper energy states of the transition at the 

wavelength λ0 in meter, gi and gk (unitless) are the degeneracies of these states, Aki 

is the spontaneous emission probability in s-1 and c is the speed of light in m ⋅ s−1. 

In equation (4.24), the integral of optical depth kl is obtained by experiment. The 

other parameters are constants and obtained from NIST database (NIST). The 

constants used in this work are listed in Table 3-2. 

Table 3-2 Parameters for computing line integrated density (NIST) 

λ0 (nm) Ei (eV) Aki (s-1) gi gk 
𝟖𝝅𝒈𝒊𝒄
𝝀𝟎
𝟒𝒈𝒌𝑨𝒌𝒊

 (m-3) 

794.8 11.72 1.86 × 107 1 3 3.39 × 1026 

801.4 11.54 9.28 × 106 5 5 1.97 × 1027 

810.4 11.62 2.50 × 107 3 3 6.99 × 1026 

 

3.2.4.2 Absorption line broadening 

 An absorption lineshape is defined by a curve of optical depths kl plotted 

against wavelength λ. Since optical depth kl is linearly proportional to the line-
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integrated density Nil, the lineshape shows the distribution of the absorbing atoms 

over the wavelengths. Generally, an absorption lineshape can be expressed by a 

Voigt profile which is convolution of a Gaussian and Lorentzian profiles. 

Dominant broadening mechanisms are described in the following sections.  

 It may be helpful to note that Fourier transform of a Gaussian and a 

Lorentzian functions in frequency domain are a Gaussian and an exponential 

decay in time domain, respectively. Gaussian functions are collective behavior of 

random events such as a Maxwellian distribution. Exponential decay functions are 

also common such that they are often a time dependent solution of a differential 

equation which describes a physical phenomenon. A convolution in frequency 

domain corresponds to a multiplication in time domain.  Fourier transform of a 

narrower function corresponds to a broader function in the other domain. For 

example, the faster decaying exponential in time domain, i.e. the shorter lifetime 

corresponds to the broader Lorentzian in frequency domain.  

3.2.4.2.1 Doppler broadening 

 The Gaussian profile results from Doppler broadening. This is due to the 

Doppler effect, i.e. the absorbing atoms have velocities with respect to the 

detecting system and this results in changing the observed wavelength. Under our 

experimental condition, the gas atoms are assumed to have a Maxwellian 

distribution which is a Gaussian profile, and therefore the lineshape broadening 

results in a Gaussian profile. The full width at half maximum (FWHM) of 

Doppler broadening ∆λG in meters is given by (Mitchell and Zemansky 1971), 
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𝛥𝜆𝐺 = 7.16 × 10−7𝜆0�

𝑇
𝑀

 (4.25)  

where T is the temperature of the absorbing atoms in Kelvin and M is the atomic 

mass of the absorbing atoms in a.m.u. 

 The Lorentzian profile results from both collisional and Stark broadening. 

The FWHM of the Lorentzian profile, ∆λL can be obtained by a simple addition of 

these broadening types, i.e. 

 𝛥𝜆𝐿 = 𝛥𝜆𝐶𝑜𝑙𝑙 + 𝛥𝜆𝑆𝑡𝑎𝑟𝑘 (4.26)  

where ∆λColl and ∆λStark are the FWHM of collisional and Stark broadening, 

respectively.  

 Usually, the total linewidth is not the sum of the components. For instance, 

the FWHM of a Voigt profile, ∆λV is approximately given by an empirical 

formula (Olivero and Longbothum, 1977), 

 
𝛥𝜆𝑉 ≈ 0.5346𝛥𝜆𝐿 + �0.2169𝛥𝜆𝐿2 + 𝛥𝜆𝐺2 . (4.27)  

3.2.4.2.2 Collisional broadening 

 Collisional broadening is due to collision between the absorbing atoms 

and the other atoms, and this broadening depends on the collision pair. Atoms in 

different excited states are considered different species and results in different 

amount of broadening. For instance, collision pairs Ar(1s5)-Ar(G) and Ar(1s4)-
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Ar(G) give different amount of collisional broadening. Ar(G) denotes an argon 

atom in the ground state. 

 The FWHM of collisional broadening ∆λColl is given by an empirical 

formula, 

 𝛥𝜆𝐶𝑜𝑙𝑙 = 𝐶𝑁 = 𝐶
𝑃
𝑘𝑇

  (4.28)  

where N is the neutral gas density given by the ideal gas law, C is the collisional 

broadening parameter, P is the gas pressure and k is the Boltzmann constant. For 

the 810.4 nm transition, C is assumed to be independent of the gas temperature. 

For 794.8 nm and 801.4 nm transitions, however, C is assumed to have T0.3 

dependence on the temperature described by the Lindholm-Forley theory 

(Tachibana, Harima, and Urano, 1982), 

 
𝐶 = �

𝐶0
𝑇00.3�𝑇

0.3 (4.29)  

where C0 is the collisional broadening parameter measured at gas temperature T0. 

Collisional broadening parameters are listed in Table 3-3 (Tachibana, Harima, and 

Urano, 1982; Copley and Camm, 1974; Aeschliman, Hill, and Evans, 1976; 

Moussounda and Ranson, 1987; Vallee, Ranson, and Chapelle, 1977). The 

measurement of the collisional broadening parameters is described in Section 

3.2.4.2.5.  
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Table 3-3 Collisional broadening parameters 

C0 (10-36 m4) 

[ C0/T0
0.3 (10-37 m4 K-0.3) ] 

 (Vallee, 

Ranson, and 

Chapelle, 

1977) 

(Copley and 

Camm, 

1974) 

(Aeschliman, 

Hill, and 

Evans, 1976) 

(Tachibana, 

Harima, and 

Urano, 

1982) 

(Moussounda 

and Ranson, 

1987) 

This work 

TemperatureT0 (K) 3900 1100 300 300 2250 340 

Wavelength (nm)       

794.8 1.77[1.48] 1.9[2.32]   2.19[2.16] 2.01[3.5] 

801.4 1.8[1.51] 1.86[2.28]   2.28[2.26] 1.46[2.54] 

810.4 2.63 2.82 2.44 1.84  2.63 

 

3.2.4.2.3 Stark broadening 

 Stark broadening can be considered as a special case of collisional 

broadening, where the absorbing atoms interact with charged particles, electrons 

and ions. The name came from the Stark effect, i.e. an atomic energy level splits 

under influence of an electric field E.  Electrons and ions create electric fields 

around them, which strength depends on the distance. Linear Stark effects only 

exist for hydrogen atoms, and the magnitute of the level splitting is linearly 

proportional to E. Quadratic Stark effects exist for the other atoms except 

hydrogen, and the magnitude of the level splitting is quadratic to E, i.e. 

proportional to E2.  For argon excited states, the FWHM of Stark broadening in 

pm is given by (Jonkers, Bakker, and van, 1997) 
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𝛥𝜆𝑆𝑡𝑎𝑟𝑘 = 2 × 10−22𝑁𝑒𝜔 �1 + 5.5 × 10−6𝛼  �𝑁𝑒

4

× �1− 6.8 × 10−3
�𝑁𝑒
3

�𝑇𝑒
�� 

(4.30)  

where ω is the electron impact width in pm, α is the ion broadening parameter 

(unitless). Here α and ω were interpolated from the parameters in Table 3-4 

(Griem, 1962), and Ne in m-3 and Te in Kelvin are the electron density and electron 

temperature of the plasma, respectively. 

Table 3-4 Parameters for Stark broadening (Griem, 1962) 

Wavelength (nm) Te (K) 5000 10000 20000 40000 

794.8 ω (pm) 3.2 4.2 5.5 6.9 

 α 0.04 0.033 0.027 0.023 

801.4 ω (pm) 3.7 4.9 6.5 8.0 

 α 0.038 0.031 0.025 0.021 

810.4 ω (pm) 3.7 4.7 6.0 7.2 

 α 0.041 0.034 0.028 0.024 

  

3.2.4.2.4 Magnitude of the broadenings 

 The electron density estimated previously (Xue and Hopwood, 2009) was 

7 × 1017m-3 at 1 Torr and less than 1021 m-3 at 760 Torr. Figure 3-23 shows the 

magnitude of Doppler, collisional and Stark broadenings for the experimental 

conditions of this work. At 1 Torr, Doppler broadening is dominant and Stark 

broadening is below the detection limit. At 760 Torr, Stark broadening will be 

about 10-12 m. This is much smaller than the collisional broadening of 20 × 10−12 
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m. Therefore based on previous data, Stark broadening was neglected in this work 

without loss of accuracy. 
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Figure 3-23 Magnitude of the broadenings (a) Doppler broadening (b) Collisional broadening (c) Stark 
broadening 

 

3.2.4.2.5 Voigt fit of absorption profile 

  The absorption profile k(λ)l is a convolution of the Doppler and collisional 

broadenings which results in a Voigt profile, and the area under the profile is 

proportional to the line-integrated density of the absorbing atoms. The Doppler 

and collisional broadenings have only a single variable, the gas temperature T as 

in Equations (4.25), (4.28).  Therefore, the profile can be fit with 4 parameters: 

magnitude of the profile a, gas temperature T, a wavelength offset λ’ and a 

baseline offset of the experimental profile b, 
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 𝑘(𝜆)𝑙 = 𝑎𝑉(𝜆 − 𝜆′;𝑇) + 𝑏. (4.31)  

where 𝑉(𝜆 − 𝜆′;𝑇) is the Voigt profile against 𝜆 − 𝜆′ with a parameter T. 

Since the Voigt profile is a normalized distribution function, such that 

 �𝑉 (𝜆)𝑑𝜆 = 1, (4.32)  

the parameter a gives the line-integrated absorption ∫ 𝑘𝑙 𝑑𝜆. Then using equation 

(4.24), the line-integrated density Nil is obtained. 

  In order to fit the absorption profile using equation (4.31), the Voigt 

function is numerically computed.  A Voigt function is a convolution of a 

Gaussian function characterized by the standard deviation σ and a Lorentzian 

function characterized by the scale parameter γ, and generally expressed by the 

complex error function ω(z) with the two parameters σ and γ,  

 
𝑉(𝜆;𝜎, 𝛾) =

𝑅𝑒[𝜔(𝑧)]
𝜎√2𝜋

 

𝑧 =
𝜆 + 𝑖𝛾
𝜎√2

 

(4.33)  

The complex error function was approximated by a fifth order rational polynomial 

(Hui, Armstrong, and Wray, 1978). 

The standard deviation of a Gaussian function σ and the scale parameter of a 

Lorentzian function γ are related to the FWHM of the Gaussian and Loranzian 

functions by 
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 𝛥𝜆𝐺 = 2𝜎�2 ln (2) (4.34)  

 𝛥𝜆𝐿 = 2𝛾. (4.35)  

Finally, equation (4.31) is computed, using equations (4.25), (4.28), (4.33), (4.34), 

(4.35). 

 Equation (4.31) cannot be used when the collisional broadening parameter 

in Equation (4.28) is not determined, since the collisional broadening cannot be 

expressed in terms of the gas temperature T without the broadening parameter. In 

such cases, it is still possible to fit to a general Voigt profile with σ and γ instead 

of T. Then the absorption profile is fit with 5 parameters: magnitude of the profile 

a, the standard deviation of the Gaussian profile σ, the scale parameter of the 

Lorentzian profile γ, a wavelength offset λ’ and a baseline offset of the 

experimental profile b, 

 𝑘(𝜆)𝑙 = 𝑎𝑉(𝜆 − 𝜆′;𝜎, 𝛾) + 𝑏. (4.36)  

where 𝑉(𝜆 − 𝜆′;𝜎, 𝛾) is the Voigt profile against 𝜆 − 𝜆′ with parameters σ and γ. From 

the obtained σ by the fit and Equations (4.25), (4.34), the gas temperature T is obtained. 

From the obtained γ by the fit and Equations (4.35), the collisional broadening is obtained. 

The collisional broadening parameters were estimated using this procedure at a pressure 

less than 10 Torr as shown in Figure 3-24.  The gas temperature estimated from the 

Doppler broadening was around 340 K under the conditions and it was assumed to be 

constant. Stark broadening was negligible, and so the Lorentzian broadening only 

consisted of the collisional broadening. The collisional broadening parameters were 

estimated from the slope of the curves and summarized in Table 3-3. The collisional 
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broadening was not exactly zero at zero gas density, and the slight offset may be due to 

the small instrumental broadening (0.7 x 10-13 m) of the diode laser shown in Figure 3-14. 

 If Equation (4.36) is used instead of Equation (4.31), the gas temperature is 

estimated in two ways from σ and γ. The two gas temperatures generally don’t 

match since too many (σ,γ) pairs give a similar fit profile near atmospheric 

pressure. Small changes in σ greatly change the estimated T as shown in Figure 

3-23(a). 
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Figure 3-24 Collisional broadening of Ar* absorption lines 

 Figure 3-25 shows examples of Voigt fit.  Figure 3-25(a)-(b) shows results 

at 10 Torr and 760 Torr in argon, respectively. The blue and red lines in the figure 

show the optical depth obtained by the 801.4 nm (Ar 1s5-2p8) diode laser 

absorption experiment and the Voigt fit, respectively. The bottom subplots show 

the residues, i.e. the difference between the experimental curve and the Voigt 

curve, and show the goodness of the fit. From the broadening and the area under 

the curve, the gas temperature T and the line-integrated density Nil of argon 
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metastable atoms (1s5) were estimated as shown in the figure. The x and y scale of 

Figure 3-25(a)-(b) are different. x and y axes in (a) are 1/5 and 5 times of the axes 

in (b).  The estimated line-integrated densities of these cases were same order of 

magnitude. The profile (a) has a large narrower shape, the profile (b) has a small 

broader shape, and so the areas under the curve are similar values. At 10 Torr, the 

collisional broadening was small due to the low pressure, and Doppler broadening 

was dominant, i.e. ∆λG(1.7 pm)~∆λV(1.9 pm). On the other hand, at 760 Torr, 

Doppler broadening stays similar value to the value at low pressure, and the 

collisional broadening became dominant due to the increasing number of 

collisions, i.e. ∆λL(15.4 pm)~∆λV(15.9 pm). 
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Figure 3-25 Examples of Voigt fit. The experimental optical depth obtained by 801.4 nm (Ar 1s5-2p8) 
laser diode absorption in argon at (a) 10 Torr and (b) 760 Torr. The gas temperature T and the line-
integrated density of metastable argon (1s5) Nil were obtained from the fit. 

3.3 Optical emission spectroscopy 

3.3.1 Experimental setups 

3.3.1.1 Plasma imaging through bandpass filter 

 Spatially resolved profiles of Ar(4p) and electron density were estimated 

by imaging the optical emission from the microplasma. This configuration was 

used to diagnose MSRR type B described in Section 3.1.2. Tracking of lumped 

energy states (i.e., 4p) is often used for simplification in computer simulations 

(Kushner, 2005; Shon and Kushner, 1994; Farouk et al., 2006). Figure 3-26 

shows the experimental configuration of the optical emission experiment.  Images 
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of the plasma were focused on a back-illuminated charge-coupled device (CCD) 

detector (Horiba Jobin Yvon, Synapse CCD-2048x512-BIUV) with 2x 

magnification using a 2.5 cm O.D. fused silica lens (Thorlabs, LB4096, f=5 cm). 

The CCD detector is linear with light intensity and it has a relatively uniform 

spectral response over wavelengths of 200 nm to 1000 nm. The CCD detector was 

mounted on an XYZ translation stage (Thorlabs, PT3) to focus the image. Due to 

chromatic aberration, the focus needed to be adjusted for each wavelength band. 

A reflective lens, however, is known to eliminate chromatic aberration (Zhu et al., 

2009a) and this would be a future improvement for the experiment.  Three 

different sets of optical bandpass filters (see Table 3-5) were placed between the 

lens and the CCD detector in order to record emission images due to specific 

plasma species described below.  

CCD camera

xyz translation stage

Bandpass filter
Fused silica lens
(f=50 mm)

Iris
CF cube chamber

Plasma

Microwave power

 

Figure 3-26 Experimental setup of plasma imaging 

 

 



83 
 

 
 

Table 3-5 Bandpass Filters: Optical transitions, the passband wavelengths and the corresponding 
emitter species 

Transition λ (nm) Species Bandpass filter 

𝐀𝐫𝟐+ + 𝐞 → 𝐀𝐫𝟐∗ → 𝐀𝐫∗ + 𝐀𝐫 + 𝐡𝛎 480-490 [e]2 Edmund, 488NM 

𝐀𝐫(𝟒𝐩) → 𝐀𝐫(𝟒𝐬) + 𝐡𝛎 780-820 [Ar(4p)] Thorlabs, FB800-40 

𝐍𝟐∗ → 𝐍𝟐∗ + 𝐡𝛎 330-390 [N2] Edmund, UG1-UV 

+Thorlabs, FGB37 

 

 Argon emission spectra and the filtered spectra were obtained by an 

emission spectrometer (SPEX triple, 0.6m). The wavelength dependent intensity 

response was corrected by a calibration lamp (Ocean optics, LS-1-CAL) as shown 

in Figure 3-27. Figure 3-27(a) shows the measurement setup. Figure 3-27(b) 

shows the measured spectrum and the linear spectrum provided by Ocean optics. 

Figure 3-27(c) shows the normalized calibration factor given by, 

 
Calibration factor =

Measured nonlinear spectrum
Linear spectrum

. (4.37)  

The calibration factor is mainly due to the non-linearity of the spectrometer, but 

also slightly affected by the measuring setup. In this case, transmission 

coefficients of the multi-mode fiber and the lenses are not completely constant 

over the wavelengths. Also, the focus of the lenses change with the wavelength 

due to chromatic aberration and this probably changes the calibration factor. The 

same optical setup was used throughout the experiment and so the measured 

calibration factor was more or less accurate. 
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Figure 3-27 Measurement of the calibration factor of the optical emission spectrometer (SPEX, 0.6 m) 
(a) Experimental setup (b) Measured non-linear spectrum and linear spectrum provided by Ocean 
optics (c) Calibration factor 

 Figure 3-28 shows optical emission spectra taken by the SPEX. In Figure 

3-28(a), the upper curve shows an argon emission spectrum at 760 Torr with 0.4 

W of input power and the lower trace shows the bandpass portion of the spectrum 

to be imaged using the 480 nm filter. Although the intensity has a large dynamic 

range, the bandpass filter blocks the out-of-band emission below the noise limit of 

the detector, even in the intense infrared region.  

 The emission spectrum is dominated by continuum radiation for 

wavelengths less than 700 nm, and a portion of this emission will be used to 

image the electron distribution within the plasma filament.  The integrated 

intensity below the dashed line labeled Continuum in Figure 3-28(a), is much 
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greater than the integrated intensity of all discrete emission lines, and so the 

filtered visible image will represent continuum emission under these conditions. 

Continuum radiation may be due to free-free or free-bound radiation (Ghosh Roy 

and Tankin, 1972; Wilbers et al., 1991). Free-free radiation is due to electron 

acceleration mainly during collisions with neutral atoms or ions. Free-bound 

radiation is due to electron-ion recombination. The observed photons in the 

visible continuum spectral range have 2-3 eV energy, and so it is doubtful that 

low-energy electrons in this atmospheric microplasma efficiently decelerate 2-3 

eV by collisions. Therefore we focus on free-bound emission.  Two ion species 

are known to dominate in argon microplasmas.  Recombination with the argon ion, 

e+Ar+Ar*, has a rate constant of 3 × 10−13 cm3 ⋅ s−1  when the electron 

temperature is 1 eV.  The dissociative recombination with molecular ions, 

e+Ar2
+Ar2

*Ar*+Ar, has a rate constant of 1 × 10−7 cm3 ⋅ s−1 under the same 

conditions (Fridman 2008). The dissociative recombination rate is higher than the 

atomic recombination rate. Also, molecular ions are typically the majority ion 

species in cold atmospheric microdischarges as simulated by various authors 

(Kushner, 2005; Farouk et al., 2006). Therefore, the dissociative recombination of 

electrons is believed to be responsible for the observed continuum emission. In 

this case, the emission intensity is roughly proportional to square of the electron 

density, assuming the plasma is quasi-neutral, i.e. [e] ~ [Ar2
+]. In the case of free-

free radiation due to e-Ar collisions, the emission would be proportional to the 

electron density. The information in the literature under similar conditions is 
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somewhat limited, and therefore the actual radiation mechanism is not absolutely 

clear.  In any event, the continuum emission gives a reasonable spatial mapping of 

the microplasma's electrons.  Finally it is important to note that Ar+ emission lines 

were not observed in this microplasma near 488 nm. 
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Figure 3-28  (a) Argon microplasma spectrum with and without a 480 nm filter (760 Torr with 0.4 W 
power)  (b) Argon(760 Torr)/air(0.76 Torr) spectrum. 

 

3.3.1.2 Optical emission imaging spectrometry 

 Optical emission imaging spectroscopy was used to diagnose the hybrid 

MSRR described in Section 3.1.3. The entire plasma source is placed inside a 

vacuum chamber with glass viewports to allow access for the optical diagnostics. 

The chamber is evacuated by a mechanical pump and a mixture of high purity 

argon and 0.05 % hydrogen is back filled to near atmospheric pressure. The actual 



87 
 

 
 

experimental pressure fluctuates from 750 Torr to 800 Torr due to gas heating by 

the T-line mode discharge. The substrate, when heated by the plasma, outgases 

enough water vapor for OH emission diagnostics. 

 For measurements of OH rotational temperature, electron density (Hβ 

Stark broadening), and excitation temperature, a 0.5 m imaging spectrometer 

(Princeton Instruments, 1200 grooves/mm, blazed at 500 nm, 0.1 nm resolution) 

and  intensified charge-coupled device (ICCD) camera (PI-MAX, Princeton 

instruments) were used to take discharge spectra. The camera is specified to have 

at most 5 % non-linear intensity response which is critical for optical emission 

diagnostics such as excitation temperature of the plasma.  The spectral intensity 

response of the spectrometer over 300-850 nm was corrected using a calibration 

lamp (Ocean Optics, LS-1-CAL) as shown in Figure 3-29.  The details of the 

calibration are described in Section 3.3.1.1. Three different cross-sections of the 

plasma filament (denoted as A, B and C in Figure 3-4(b)) were imaged on the 

entrance slit of the spectrometer through a fused-silica lens with 2x magnification 

(Figure 3-30).  A variable aperture (nominally 2 mm) was placed adjacent to the 

lens to minimize spherical and chromatic aberration. This improved the spectral 

resolution and the image focus over all of the experimentally-measured optical 

emission wavelengths. Figure 3-31 shows an example of the imaging spectrum 

near Hβ line. The x and y axes of the figure are the wavelength and the position 

across the plasma filament, and the color shows the emission intensity. The 

continuum emission was observed as shown as a uniform emission band over the 
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wavelengths. The intensity of the continuum was comparable to the other atomic 

emission lines near 480 nm. Figure 3-32 shows an example of the argon emission 

spectrum in the T-line mode.  Continuum emission was observed in the entire 

experimental range of 300 to 850 nm as shown by the dashed line in Figure 3-32. 

The emission mechanism of the continuum is described in Section 3.3.1.1. In 

experiments measuring the spectral line intensity, the continuum signal was first 

determined (blue line in Figure 3-32) and subtracted. This subtraction is 

especially critical when estimating the excitation temperature which is sensitive to 

weak emission line intensities. 
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Figure 3-29 Measurement of the calibration factor of the optical emission spectrometer (Princeton 
instruments, 0.5 m) (a) Experimental setup (b) Measured non-linear spectrum and linear spectrum 
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Figure 3-30 Experimental setup of the imaging emission spectrometer 
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Figure 3-31 Imaging emission spectrum of an argon plasma at 760 Torr.  
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Figure 3-32 Argon emission spectrum at 760 Torr 

3.3.2 Theory 

3.3.2.1 OH rotational temperature 

 Rotational temperature of OH molecules is estimated by fitting the 

experimental rotational band emission spectrum in a 306 to 313 nm band with a 

synthetic spectrum as showed in Figure 3-33. Rotational temperatures are often 

used as estimates of the gas temperature, since the closely spaced rotational 

energy states are more likely to be thermalized with the neutral gas at atmospheric 

pressure. The synthetic spectrum was computed by LIFBASE (Luque and Crosley, 

1999)  and it was convolved with the instrumental lineshape.  
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 LIFBASE doesn’t have a curve fitting function to an experimental 

spectrum nor a function to communicate directly with other computational 

software. The synthetic spectra computed by LIFBASE every 100 K from 300 K 

to 3000 K were exported as a table. The table was imported to MATLAB, and 

each spectrum was convolved with the instrumental lineshape. A function to 

produce a synthetic spectrum at arbitrary temperature was defined such that a 

spectrum was linearly interpolated from the convolved table.  Using this function, 

the best fit spectrum to the experimental spectrum was found numerically.   
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Figure 3-33 OH rotational emission band spectra and the theoretical fit with a parameter Trot 

3.3.2.2 Electron density estimation by Hβ Stark broadening 

 Electron densities are estimated from the Stark broadening of Hβ line 

emission at 486.1 nm. Experimentally obtained spectrum is a convolution of 

instrument, Doppler, Van der Waals and Stark broadenings. The electron density 
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is deduced once the instrumental broadening, the gas pressure and temperature are 

obtained. Figure 3-34 shows the experimental spectrum. 

 The instrumental broadening was obtained from an argon discharge 

emission line at 0.5 Torr. Under the condition, Doppler broadening is dominant 

which is much smaller than the instrumental broadening. The experimentally 

obtained instrumental line shape was fit with a Voigt profile to de-convolve into a 

Gaussian and a Lorentzian profiles. Computation of the Voigt profile is described 

in Section 3.2.4.2.5. The full-width at half maximum (FWHM) of the Gaussian 

and Lorentzian broadening of the instrument ∆λGi and ∆λLi were, 

 𝛥𝜆𝐺𝑖 = 0.061 nm (4.38)  

 𝛥𝜆𝐿𝑖 = 0.063 nm. (4.39)  

 Doppler broadening due to the motion of the emitter is Gaussian and the 

FWHM ∆λGd in meters is given by 

 
𝛥𝜆𝐺𝑑 = 7.16 × 10−7𝜆�

𝑇
𝑀

 (4.40)  

where λ is the wavelength in meters, T is the gas temperature in Kelvin and M is 

the atomic mass of hydrogen atom in a.m.u. The gas temperature was assumed to 

be equal to the rotational temperature of OH molecules. 

 Van der Waals (collisional) broadening due to collisions between emitter 

(H*) and the ground state argon (Ar) is Lorentzian and the FWHM ∆λLc in nm is 

given by (Belostotskiy et al., 2010) 
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 𝛥𝜆𝐿𝑐 = 6.8 × 10−3
𝑃
𝑇0.3  (4.41)  

where P is the gas pressure in Torr and T is the gas temperature in Kelvin. 

 Stark broadening due to collisions between emitter (H*) and charged 

species is Lorentzian and the FWHM ∆λLs in nm is given by (Belostotskiy et al., 

2010; Griem, 1962)  

 
𝛥𝜆𝐿𝑠 = 1.92 × 10−11𝑛𝑒

2
3 (4.42)  

where ne is the electron density in cm-3. 

 The total FWHM of Gaussian component ∆λG is given by 

 
𝛥𝜆𝐺 = �Δ𝜆𝐺𝑖2 + Δ𝜆𝐺𝑑2 . (4.43)  

The total FWHM of Lorentzian component ∆λL is given by 

 ΔλL = ΔλLi + ΔλLc + ΔλLs. (4.44)  

The FWHM of the Voigt profile ∆λV is approximated by (Olivero and 

Longbothum, 1977), 

 
ΔλV ≅ 0.5346ΔλL + �0.2166Δ𝜆𝐿2 + Δ𝜆𝐺2 . (4.45)  

 The FWHM of the Voigt profile ∆λV is the FWHM of the experimental profile, 

and the FWHM of Stark broadening ∆λLs is obtained by solving a set of Equations 

(4.43), (4.44) and (4.45). Finally, the electron density ne is estimated by Equation 

(4.42). 
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 Figure 3-34 shows examples of the experimental Hβ emission lines in 

argon at 760 Torr. The plasma was generated by the hybrid MSRR described in 

Section 3.1.3. The blue and red markers show the experimental data points in T 

line mode with 15.0 W and SRR mode with 0.15 W, respectively. The blue and 

red solid lines show the smoothed curves by fitting with the Voigt profile 

described in Section 3.2.4.2.5.  The black solid line shows the instrumental 

broadening. ∆λV is the FWHM of the experimental lineshape.  ∆λGd and ∆λLd 

were obtained by the gas temperature (OH rotational temperature, Trot) and 

Equations (4.40), (4.41). Then, ∆λLs and the electron density ne were obtained as 

described above. The table in the Figure 3-34 shows the values of each 

broadening. The instrumental broadenings ∆λGi and ∆λLi are fixed under the same 

optical setup and ∆λGg has small variation relative to the other broadenings. The 

most uncertainty of the stark broadening estimation comes from the Van der 

Waals (collisional) broadening ∆λLc which depends on the gas temperature and 

the collisional broadening parameter. The accurate estimate of ∆λLc becomes 

more important when the electron density is less than 1020 m-3. 



95 
 

 
 

485.6 485.7 485.8 485.9 486 486.1 486.2 486.3 486.4 486.5 486.6
Wavelength, nm

In
te

ns
ity

, a
rb

. u
ni

t

 

 
(1) T  line mode, Pplasma = 15.0 W

(2) SRR mode, Pplasma = 0.15 W

Instrumental broadening

Data ∆λV
(pm)

Trot
(K)

∆λGi
(pm)

∆λGd
(pm)

∆λLi
(pm)

∆λLc
(pm)

∆λLs
(pm)

ne
(m-3)

(1) 313 1480 61 13.4 63 31.2 205.6 1.1x1021

(2) 179 490 61 7.7 63 67.6 26.1 4.9x1019

1 nm = 1,000 pm

∆λV (FWHM)

 

Figure 3-34 Experimental Hβ lineshapes in SRR mode with 0.15 W and T-line mode with 15.0 W in 
argon at 760 Torr. The markers are the experimental data and the solid lines are the smoothed curve 
by the Voigt fit. 

3.3.2.3 Excitation temperature 

 Excitation temperature is a measure of population distribution of Ar 

excited species (Ar*).  𝐼𝑘𝑖𝜆𝑘𝑖
𝑔𝑘𝐴𝑘𝑖

  is proportional to the upper state density of the 

transition Nk corrected for the degeneracy gk. The density distribution can often 

approximated in the Arrhenius form, such that (Wiese, 1991) 

 
ln �

𝐼𝑘𝑖𝜆𝑘𝑖
𝑔𝑘𝐴𝑘𝑖

� = −
𝐸𝑘
𝑘𝑇𝑒𝑥𝑐

+ 𝐶 (4.46)  

where the subscripts k and i denote the upper and lower states of the transition, Iki, 

λki and Aki are the emission intensity, the wavelength and the Einstein coefficient 

of the transition, k is the Boltzmann constant, Ek is the upper state energy level 
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and Texc  is the excitation temperature and C is a constant. The constants for the 

atomic emission are obtained from NIST database (NIST). 𝐼𝑘𝑖𝜆𝑘𝑖
𝑔𝑘𝐴𝑘𝑖

 plotted against Ek 

is a Boltzmann plot and the excitation temperature is obtained from the slope of 

the linear fit. 

 Figure 3-35 and 3-24 show an example of the excitation temperature 

measurement. Figure 3-35 shows argon emission spectra of the hybrid MSRR 

described in Section 3.1.3, in SRR mode with 0.15 W and T-line mode with 15.0 

W, respectively.  The emission spectra were normalized to the highest measured 

peak in each mode. The most emission came from the IR band (> 700 nm) and the 

visible peaks were very small. The markers in Figure 3-35 show the argon 

emission peaks used for the Boltzmann plot in Figure 3-36. Emission peaks were 

detected by a peak detecting routine with a pre-determined threshold and the  

argon lines were selected from the peaks. The visible and IR argon emission 

spectra correspond to the argon excited states which have high and low potential 

energies above 14 eV or below 14 eV. In SRR mode, only a few visible peaks 

were observed as shown in Figure 3-35(a1) and so the low energy states (< 14 eV) 

were populated in SRR mode. On the other hand, many visible peaks were 

observed in T-line mode as shown in Figure 3-35(a2) and so both the low and 

high energy states were populated in T-line mode. The Boltzmann plot in Figure 

3-36 shows the logarithm of the weighted population of the excited states against 

the potential energy of the excited states. The population was more or less 

exponentially dependent on the potential energy and so the slope of the linear fit 
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(-1/Texc) gives how it’s distributed. The estimated excitation temperatures Texc 

were 0.32 eV and 0.52 eV in SRR mode and T-line mode, respectively. The 

higher Texc corresponds to the less steep slope of the Boltzmann plot and so the 

higher energy states are more populated. 
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Figure 3-35 Argon emission sptctra in SRR and T-line mode at 760 Torr. The markers are the argon 
peaks used for estimating the excitation temperature. 
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Figure 3-36 Boltzmann plot of argon emission spectra in Figure 3-35. The markers show the weighted 
experimental argon emission peaks and the solid lines are the linear fit. The slope gives the excitation 
temperature as shown. 

3.4 Abel inversion 

 Experimental data are often line-integrated, such as line-integrated 

emission and absorption discussed above. If the density profile is known, i.e. 

uniform profile or the solution of the diffusion equation, local density can be 

obtained. At atmospheric pressure, a plasma can be non-uniform and the density 

profile is difficult to guess. If the density profile is axially symmetric, the local 

density is obtained from the line-integrated density measured across the profile. 

This operation is called Abel inversion as shown in Figure 3-37. 
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Figure 3-37 Abel transform and Abel inversion 

3.4.1 Definition 

 Abel transform F(x) of f(r) is the integrated projection of a axially 

symmetric function f(r) and given by 

 
𝐹(𝑥) = � 𝑓(𝑟)𝑑𝑦 = � 𝑓 ��𝑥2 + 𝑦2�𝑑𝑦

∞

−∞

∞

−∞
. (4.47)  

Inverse Abel transform or Abel inversion is an operator which finds the axially  

symmetric function f(r) from the integrated projection F(x) and given by, 

 
𝑓(𝑟) = −

1
𝜋
�

𝑑𝐹
𝑑𝑥

𝑑𝑥
√𝑥2 − 𝑟2

.
∞

𝑟
 (4.48)  

Abel transform can be calculated by numerical integration of Equation (4.47). On 

the other hand, Abel inversion cannot be obtained by numerical integration of the 

definition Equation (4.48), because the integrant has a singularity at x = r.  
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3.4.2 Numerical method 

 Various numerical methods of the Abel inversion have been established 

(Dasch, 1992). In this work, an onion-peeling de-convolution method is used and 

described below. 

 By the onion-peeling de-convolution method (Dasch, 1992), the axially 

symmetric function f(ri) is obtained from the integrated projection F(xj), such that 

 

�

𝐹(𝑥1)
𝐹(𝑥2)
⋮

𝐹(𝑥𝑁)

� =
1
Δ𝑟

𝑫𝒇 =
1
Δ𝑟 �

𝐷11
𝐷21

⋯ 𝐷1𝑁
𝐷2𝑁

⋮ ⋱ ⋮
𝐷𝑁1 ⋯ 𝐷𝑁𝑁

� �

𝑓(𝑟1)
𝑓(𝑟2)
⋮

𝑓(𝑟𝑁)

� (4.49)  

 𝑥𝑗 = (𝑗 − 1)𝛥𝑟 

𝑟𝑗 = (𝑗 − 1)𝛥𝑟 
(4.50)  

where D is the de-convolution matrix, ∆r is the data sampling spacing. 

The de-convolution matrix D is the inverse of a matrix W, such that 

 𝑫 = 𝑾−1 (4.51)  

where 

 
𝑾𝑖𝑗 = �

0
�(2𝑗 + 1)2 − 4𝑖2

�(2𝑗 + 1)2 − 4𝑖2 − �(2𝑗 − 1)2 − 4𝑖2
�
      𝑗 < 𝑖
      𝑗 = 𝑖
      𝑗 > 𝑖

. (4.52)  

3.4.3 Examples 

 The numerical method described above was first tested using known Abel 

transform pairs shown in Table 3-6, where Π𝑎(𝑟) is the unit step function given 

by, 
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 Πa(r) = � 1       for 0 < 𝑥 < 𝑎
 0 otherwise

�. (4.53)  

Figure 3-38 shows the numerically computed Abel transform and inversion of the 

transform pairs in Table 3-6. Figure 3-38(a) and (b) correspond to the inversion 

pairs (1) and (2) in Table 3-6. The axially symmetric functions f(r) plotted in a 

green line in the top subplots were Abel transformed by numerical integration of 

Equation (4.47) and the transformed profile F(x) was plotted in red dots shown in 

the bottom subplots. The green line in the bottom subplots were the analytical 

Abel transform given in Table 3-6. Then, the profile F(x) were Abel inverted 

using Equation (4.49) and the inverted profiles were plotted in blue dots shown in 

the top subplots. This shows the profile becomes the original profile f(r) after 

performing numerical Abel transform and Abel inversion in sequence and 

validates the numerical Abel inversion. It is interesting that the Abel transform of 

the Gaussian function is a scaled Gaussian function with the same profile width as 

shown in the transform pair (2) in Table 3-6. 

Table 3-6 Abel transform pairs. 

 f(r) F(x) Conditions 

(1) 
1
2
Π𝑎(𝑟) �𝑎2 − 𝑥2 0 ≤ 𝑥 ≤ 𝑎 

(2) exp �−
𝑟2

𝜎2�
 𝜎√𝜋exp�−

𝑥2

𝜎2�
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(a) Step function,  a = 0.5 (b) Gaussian function,  σ = 0.25
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Figure 3-38 Examples of numerical Abel transform and inversion. 

 When performing Abel inversion to an actual experimental data, the data 

needs to be pre-processed.  The input data for Equation (4.49) needs to be 

symmetric at x = 0 and the sampling spacing needs to be constant. Experimental 

data are never completely symmetric and the sampling spacing is not necessarily 

constant. Figure 3-39 shows an Abel inversion procedure of actual experimental 

data. The blue dots in Figure 3-39(a) are the line-integrated density of argon 

metastable atoms measured across the plasma filament by diode laser absorption. 

The experimental data don’t go to zero at the end points, and so the wing part was 

extrapolated by fitting the end points with a Gaussian profile as shown with a 

green line in Figure 3-39(a). Then the experimental data with the extrapolated 

wing points were fitted with a spline to generate smoothed and equi-spaced data 
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as shown with a blue line in Figure 3-39(a). The profile was symmetrized by first 

shifting the center of the profile to the x origin, taking the FFT (Fast Fourier 

Transform), and then finding the real part of the IFFT (Inverse FFT) as shown in 

Figure 3-39(b).  This data where x > 0 shown with a solid line in Figure 3-39(b) 

were Abel inverted, using Equation (4.49) and the inverted profile is shown in 

Figure 3-39(c).  
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Figure 3-39 Abel inversion of the experimental laser diode absorption data. 
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3.5 Microwave simulation setup (HFSS) 

 For the hybrid MSRR described in Section 3.1.3, we wish to determine the 

discharge current and voltage for the two modes of operation.  Therefore, the 

electromagnetic (EM) behavior of the plasma source is modeled using a 3-D 

simulator, HFSS (Ansoft Corp.) which uses the finite element method. Figure 

3-40 shows the modeled geometry of the plasma source. HFSS computes the 

fields at specified driving frequencies, once the volume and boundary conditions 

are given. The EM properties such as permittivity, permeability, loss tangent and 

conductivity for each material were input as volume conditions. For the boundary 

condition, the outer boundaries of the box surrounding the device (not shown in 

the figure) were set as radiative, i.e. the waves were not reflected back to the 

device. Three electrical ports were defined in the model. Port 1 is the 50 Ω co-

axial line used as a power inlet. Port 2 is a rectangle region spanning the gap in 

the ring that simulates a plasma load in SRR mode. Port 3 is a rectangle from the 

split in the ring to the ground pin that simulates a plasma load in T-line mode. The 

impedances of port 2 and 3 were changed within HFSS to simulate various 

plasma conditions. For example, if both Port 2 and Port 3 are infinite impedances, 

the simulation solves the electromagnetic fields present prior to plasma ignition.  

The colormap on the split-ring in Figure 3-40 shows the magnitude of the surface 

current density in the T-line mode. In this particular case Port 2 is set to model the 

minimum impedance of the SRR plasma (100 Ω) and Port 3 represents the T-line 

discharge (typically 35 Ω).  
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Figure 3-40 HFSS model of hybrid MSRR 

 

3.6 Summary 

 In this chapter, the microplasma generators and the optical diagnostic 

methods used in this work were described. In particular, the experimental details 

and troubleshooting were emphasized. Similar experiments including the 

fabrication of the microplasma generators, diode laser absorption and optical 

emission spectroscopy should be able to be conducted by the reader with the 

information provided here. Of course, interested readers should find more 

advanced materials in the references. In chapter 4, the microplasmas driven by the 

plasma generators were characterized by the diagnostic methods described in this 

chapter.  
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4. Experimental results and discussions 

4.1 MSRR type-A 

 In this chapter, we report the basic plasma parameters of the three types of 

microplasma generators described earlier in Chapter 3. First, the most basic 

MSRR (type-A) described in Section 3.1.2 was experimentally analyzed in the 

following sections. The atomic absorption spectroscopy method described in 

Section 3.2 was applied to argon microplasma from 1 Torr to 760 Torr and was 

used to estimate the spatially averaged gas temperature and the argon excited state 

densities. 

4.1.1 Ar excited state density 

 Figure 4-1 shows representative photographs of the plasma from low to 

high pressure. At high pressure (> 300 Torr), the plasma was mostly confined 

between the electrodes due to low diffusion rates and volume recombination. At 

low pressure (< 100 Torr), however, the plasma extends over the electrodes.  At 

50 and 100 Torr, the plasma was composed of multiple plasma balls. This 

phenomenon is called static striation. The size of the plasma ball was always 

observed to decrease with increasing pressure. The exact position of the plasma 

balls was slightly changed in each experiment, however. The plasma length was 

estimated from the side view photographs in Figure 4-1(right). The FWHM of the 

visible emission intensity along the laser path was defined to be the plasma length 

and this length is plotted in Figure 4-2 as a function of pressure. Figure 4-3(a) 
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shows the experimental line integrated density of argon excited states, 1s3, 1s4 and 

1s5, estimated using Equation (3.24). The density of argon excited states was then 

calculated by dividing the line integrated density by the plasma length (see Figure 

4-3(b)).  Note that in Section 4.2.1, this method is improved to include spatial 

resolution of the laser path and subsequent Abel inversion to more precisely 

measure the excited state density. 

 The densities of excited states were found to decrease with the following 

ordering: n1s5 > n1s4 > n1s3. This is partially due to the difference in degeneracy of 

the states, such that it is more probable for an upper level state to decay to a 

highly degenerate lower level state. The degeneracies of 1s5, 1s4 and 1s3 are 5, 3 

and 1, respectively. When the excited state densities were divided by the 

degeneracy for each state, the normalized densities were nearly equal of the range 

of experimental conditions from 1 to 760 Torr as shown in Figure 4-3(c). This 

suggests that it is not necessary to measure all the 4s state densities (1s2-1s5), but 

the measurement of only one state is sufficient for order of magnitude estimates. 

The effect of degeneracy is also observed by Zhu et al by optical emission 

spectroscopy of argon 4p-4s transitions (Zhu et al., 2009b).  At 50 and 100 Torr, 

the densities for each state are not consistent due to the inconsistent position of 

the static striation as shown in the photograph (Figure 4-1). At high pressure (100-

760 Torr), the excited state density increases with increasing pressure due to 

higher power density within the constricting microplasma. At low pressure (1-50 

Torr), the density also increases with decreasing pressure. This is believed to be 
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due to an increase in electron temperature in the lower pressure discharge and the 

longer effective lifetime of the excited states.  For example, the reaction rate Ar* 

+ Ar  Ar2* increases with increasing argon neutral density and this reduces the 

effective lifetime of the excited states at higher pressures.  

 Belostotskiy et al measured spatially resolved argon 1s5 density of DC 

microplasmas at 100-300 Torr (Belostotskiy et al., 2009). The 1s5 density had a 

sharp maximum near the DC cathode due to atomic excitation by energetic 

secondary electron emission from the cathode. The 1s5 densities at this peak 

location and in the middle of the discharge gap were 2 × 1020 m−3  and 1 ×

1019 m−3 at 300 Torr, respectively. Zhu et al showed that excited state densities 

of an MSRR microplasma at 1 atm are spatially nonuniform, such that the 

densities peak around the edges of the discharge gap (Zhu et al., 2009a). In this 

work, the densities were measured in the middle of discharge gap, and the 1s5 

density was found to be 5 × 1018 m−3 at 300 Torr which is comparable to that of 

the DC microplasma. 
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Figure 4-1 Left: Photographs of MSRR plasma taken from the top and side. Right: Ar emission 
intensity along the laser path obtained from the photographs. The microwave power (Pfwd - Pref) was 
1W (not corrected for cable loss). 
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Figure 4-2 Length of plasma estimated by the peak width in Figure 4-1(right). 
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Figure 4-3 (a) Line-integrated density of argon excited states (b) Density of argon excited states (c) 
Density divided by the degeneracy.  The microwave power (Pfwd - Pref) was 1W (not corrected for cable 
loss). 
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 As just described, a comparison of excited state density in various high 

pressure microdischarges can be difficult due to spatial non-uniformity.  In 

addition, however, the presence of small levels of contamination can also have a 

dramatic effect by quenching the excited states.  Figure 4-4 shows the argon 1s4 

density in an Ar+N2 discharge. The total gas pressure was 760 Torr and the 

amount of nitrogen was changed between zero and 0.2 %. These data demonstrate 

that a small amount of nitrogen strongly quenches the excited argon atoms by 

nearly an order of magnitude. 
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Figure 4-4 Density of argon 1s4 in an Ar+N2 mixture at a total pressure of 760 Torr.  The microwave 
power (Pfwd - Pref) was 1W (not corrected for cable loss). 

 

4.1.2 Gas temperature 

 Figure 4-5 shows the estimated gas temperature as determined from 

absorption profile broadening. As shown in Figure 4-5, the gas temperatures 
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estimated from both the metastable line (801.4 nm) and the resonance line (810.4 

nm) are consistent. Gas temperature always increases as gas pressure increases. 

At higher pressure, the electron-Ar elastic collision frequency increases, and more 

energy transfers from hot electrons (1 eV) to the cold neutral atoms. In addition, 

the microplasma is not confined, and the volume of microplasma decreases as the 

gas pressure goes up (Figure 4-1), therefore the power density within the 

microplasma increases, which results in higher gas temperatures. 

 Wang et al measured the spatially resolved gas temperature of an argon 

DC microplasma from the N2 rotational emission spectrum (Wang et al., 2007). 

The gas temperature was maximum near the DC cathode and minimum near the 

anode. The peak and minimum temperatures were 1200 K and 700 K at 760 Torr 

without flow. This is comparable to our results which were also obtained without 

gas flow. However, the DC microplasma is confined by two electrodes and has 

much higher conductive heat loss to the electrodes.  In addition, the ion Joule 

heating in a microwave microplasma should be less because the drive frequency 

greatly exceeds the ion plasma frequency, making the ions immobile.  The plasma 

potential of the MSRR is only a few tens of volts, and therefore ions leaving the 

discharge should contribute less to ion Joule heating of the gas than DC 

discharges which typically have plasma potentials of 100's of volts. 
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Figure 4-5 Gas temperature estimated from the broadening of absorption line profiles.  The microwave 
power (Pfwd - Pref) was 1W (not corrected for cable loss). 

4.1.3 Section summary 

 The densities of excited states and the gas temperature of argon 

microplasma were measured by diode laser absorption. The excited state density 

was minimum around 50 Torr and the density increased with either decreasing or 

increasing pressure. The gas temperature increased from 300 to 900 K as the gas 

pressure was increased from 1 to 760 Torr.  Argon 1s4 atoms were effectively 

quenched by a small addition of nitrogen, therefore the characteristics of the 

argon microdischarge are sensitive to the purity of the feedgas. 

 The microplasmas were found to be spatially nonuniform, especially at 

high pressure. In these experiments, the excited state density and gas temperature 

were only measured within a cylindrical volume (φ=200 µm) which was located 

in the middle of the microplasma between the two RF electrodes. Spatially 
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resolved measurement will give more comprehensive information, and this is 

investigated in the following section. 

4.2 MSRR type-B 

 In this section, the internal structure of an argon microplasma is examined 

using spatially-resolved laser diode absorption and by images of the plasma 

emission taken through two different bandpass filters. MSRR type-B described in 

Section 3.1.2 was used for the results shown in this section. The bandpass filters 

chosen for the study will pass plasma emission bands that correspond to electron 

density and excited state densities:  [e]2 and Ar(4p). Continuum emission 

dominates the short wavelength spectrum and this is shown to be proportional to 

[e]2 (see Section 3.3.1.1). Classic line emission is used to document Ar(4p) 

species.  Finally, argon metastable (4s) densities were measured by optical 

absorption since the metastable does not radiate. After Abel inversion of these 

measurements, the spatially resolved profiles of [e]2 and Ar(4s) show an electron 

rich core that is depleted of metastables. Abel inversion cannot be applied to gas 

temperature measurements based on line broadening, so a thermal transport model 

is used to extrapolate core gas temperatures from measurements of the 

microplasma's peripheral regions. In the final section, core gas temperatures 

determined by absorption spectroscopy are compared with rotational temperatures 

estimated from molecular nitrogen band spectra (Iza and Hopwood, 2004). The 

large discrepancy between these two temperature diagnostics is explored in the 

context of the distribution of emitting species in the microplasma's central region. 
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4.2.1 Spatially resolved absorption and emission spectroscopy 

 For the spatially resolved absorption spectroscopy diagnostic, the highly-

focused laser was scanned through the length and width of the microplasma as 

described in Section 3.2.3.2. At each point the gas temperature and line integrated 

argon metastable density were measured.   

 Figure 4-6 illustrates the experimental data as well as the procedure used 

to estimate the temperature and the line-integrated density. Figure 4-6(a) shows 

the laser intensity with and without a plasma (I3 and I1 in Equations (3.16), (3.17). 

The constant difference between the two surfaces is due to the light emitted from 

the plasma. Figure 4-6(b) shows the experimental absorption lineshapes defined 

in Equation (3.23) and the corresponding Voigt fits as defined in Eq. (3.31). 

Figure 4-6(c) shows the root-mean-square (RMS) value of the difference between 

the experimental data and the Voigt fit at each position. Figure 4-6(d)-(e) show 

the spatially resolved temperatures and the Ar 1s5 line-integrated densities 

estimated from the Voigt-fitted profiles. 
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Figure 4-6 Experimental results in argon at 760 Torr with 0.40W RF power (a) Photodiode signals 
measured across the discharge width (b) Optical depth and the Voigt fit (d) RMS error of the fit (d)  
Estimated Ar 1s5 line-integrated density from the Voigt fit (e) Estimated gas temperature from the 
Voigt fit 
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  Typical operating conditions for an argon microplasma were examined to 

better understand its internal structure. The net RF power was varied from 0.05 W 

to 1.2 W at 760 Torr and the pressure was swept from 100 - 950 Torr at 0.4 W.  

Figure 4-6 to Figure 4-9 show the argon 1s5 densities and the gas temperature 

obtained by spatially resolved diode laser absorption. The line-integrated densities 

of argon 1s5 measured across the plasma’s width (shown in blue lines) were Abel 

inverted to obtain the local densities of argon 1s5 (shown in red lines). The 

numerical procedure of Abel inversion is described in Section 3.4. Figure 4-7 and 

Figure 4-8 show the measured values in the electrode-to-electrode direction and 

across the plasma filament, while the gas pressure changed from 100 to 760 Torr 

with 0.4 W of RF power. Figure 4-9 shows the measured values across the plasma 

filament, while the RF power changed from 0.05 to 1.2 W at 760 Torr.  

 At the lowest power (0.05 W), the Ar(4s) densities are center-peaked. At 

0.25 W and above, the metastable density becomes increasingly depleted in the 

central core of the microplasma. The maximum Ar(4s) density saturates near 

1 × 1019 m−3  above 0.4 W but the radial position of these maxima moves 

outward with increased plasma power. The saturation of metastable density is 

partially due to this increasing volume of the dense Ar(4s) region.  Higher power 

and electron density also enhance the loss rate of Ar(4s) due to ionization. A 

similar transition from center-peaked to center-depleted is observed with respect 

to increasing the pressure. The Ar(4s) density grows with pressure due to higher 

power densities achieved as the microplasma volume shrinks.  The peak densities 
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at 760 Torr and 950 Torr, however, are almost the same despite different power 

densities. This indicates the loss rate of Ar(4s) noticeably increases above 760 

Torr. Finally, the gas temperature correlates with input power as expected. At 

high power (0.8-1.5 W), the temperature profile appears to become rather flat 

across the core region and this erroneous observation is corrected in Section 

4.2.1.2 
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Figure 4-7 Experimental results (pressure sweep, electrode-to-electrode) for diode laser absorption of 
the Ar 801.4 nm transition (1s5-2p8)  (a) Line-integrated density (b) Gas temperature (RF power = 0.40 
W) 
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Figure 4-8 Experimental results (pressure sweep, across plasma’s width) for diode laser absorption of 
the Ar 801.4 nm transition (1s5-2p8):  (left) line-integrated densities in blue lines and the Abel inverted 
densities in red lines; (right) gas temperature (rf power = 0.40 W, argon) 
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Figure 4-9 Experimental results (power sweep, across plasma width) for diode laser absorption of the 
Ar 801.4 nm transition (1s5-2p8):  (left) line-integrated density in blue line and the Abel inverted 
density in red line; (right) gas temperature (Pressure = 1 atm, argon) 
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 Figure 4-10 shows images of the microplasma taken through the different 

bandpass filters in Table 3-5 in Section 3.3.1.1 using three power levels of 0.2, 0.4 

and 1.2 W at 760 Torr. The nitrogen emission image was taken with the addition 

of air (100 mTorr) to the argon. As expected, the size of the plasma becomes 

larger with additional power. There were some significant differences in the 

distribution of species which become more distinct after Abel inversion of these 

images of line-integrated emission as discussed in Section 4.2.1.1. 
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Figure 4-10 Microplasma images taken through the bandpass filters in Table 3-5 represent the 
distribution of electrons, Ar(4p), and nitrogen molecules. The displayed intensities within each spectral 
band were normalized to the peak emission level at 1.2 W of input power. 

4.2.1.1 Spatial distribution of argon microplasma 

 To better quantify the emission data in Figure 4-10, the image intensity 

across the microplasma filament is extracted from the filtered CCD camera 

images.  The data in Figure 4-11 shows this cross sectional intensity along the 
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mid-line between the two electrodes of the MSRR.  These emission data are line-

integrated intensities through the plasma, so the red lines in the figure shows the 

relative radial density after Abel inversion.  For completeness, the absorption data 

for Ar(4s) are also included (extracted from Figure 4-9). The continuum emission 

due to electrons is always concentrated at the center of the filament regardless of 

the input power. On the other hand, the excited species are found to spread 

outward at higher powers. The Ar(4p) and Ar(4s) states are both center-peaked at 

low power (Figure 4-11(a)).  At high power, Ar(4p) states are partially center 

depleted and Ar(4s) states are heavily center depleted (Figure 4-11(b)). 

 If electron impact excitation, Ar+eAr*+e, is the dominant generation 

process then Ar(4s) and Ar(4p) might be expected to have similar profiles. This is 

not observed for the microplasma.  Simulations of DC microhollow cathode 

discharges can provide some insight (Kushner, 2005). These simulations at 250 

Torr show that the Ar(4s) metastable atoms spread out a few hundred microns 

more than Ar(4p) due to their longer lifetime in the convective flow away from 

the hot core of the microplasma. 
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Figure 4-11 Normalized emission and absorption profiles across the mid-line of the microplasma.  

 

4.2.1.2 Comparison of gas temperature with heat transfer model 

 The depletion of argon metastable states in the central core of the 

discharge makes the determination of the gas temperature in this region difficult. 

To illustrate the problem, Figure 4-12 shows the Ar(4s) density and the apparent 

gas temperature at 760 Torr with 1.2 W of microwave power. The solid line 

represents the measured gas temperature and the dashed line shows the results 

obtained from a heat transfer simulation. The experimental temperature profile is 

suspiciously flat near the center. This is because the gas temperature was 

estimated from the spectral broadening of an Ar atomic absorption line and the 
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obtained profile is a weighted-average over the optical path of the laser. The laser 

photons are absorbed in proportion to the Ar(4s) density, which is now known to 

be depleted in the core.  Therefore, the measured temperature using the absorption 

method will be close to the temperature at r=200 µm where the Ar(4s) atoms are 

most dense. Since the core of the filament is surrounded by a dense layer of 

Ar(4s) atoms, the temperature at the center cannot be measured accurately.  This 

is the reason that the temperature profile appears to be flat inside the core region. 
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Figure 4-12 (a) Ar(4s) densities across the plasma filament (b) Gas temperature determined from 
absorption line broadening and the modeled temperature profile which is fitted to the wings of the 
experimental result. 

 

 To overcome the measurement error, the gas temperature was simulated 

using a three-dimensional finite element model that solves the following set of 

heat transfer equations. Equations (4.54), (4.55) describe the flow model. 

Equation (4.54) is simply the mass continuity equation. Equation (4.55) is the 

Navier-Stokes equation which is essentially the Newton’s second law. The 
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term 𝜌𝒖 ⋅ ∇𝒖 is the product of mass flow and acceleration in space (convective 

acceleration). The right hand side of the equation has three force terms, due to the 

pressure gradient, divergence of the tensile convective shear stress and the 

buoyant force. Equation (4.56) is the common ideal gas law. Equation (4.57) is 

the continuity equation for the heat flux, such that the divergence of the heat flux 

equals the heat generation Q. There are two heat flux terms: (1) 𝜌𝐶𝑝𝑇𝒖 is the 

convective heat flux that is transferred by the gas flow and it is proportional to the 

gas flow velocity u, (2) −𝑘𝑐∇𝑇 is the conductive heat flux due to the temperature 

gradient. 

 ∇ ⋅ (𝜌𝒖) = 0 (4.54)  

 𝜌𝒖 ⋅ ∇𝒖 = −∇𝑝 + ∇ ⋅ 𝜏 + (𝜌 − 𝜌0)𝒈 (4.55)  

 𝑝 = 𝑛𝑘𝐵𝑇 (4.56)  

 ∇ ⋅ �𝜌𝐶𝑝𝑇𝒖� + ∇ ⋅ (−𝑘𝑐∇𝑇) = 𝑄 (4.57)  

where ρ is the gas density, ρ0 is the gas density at 300 K at 1 atm, u is the flow 

velocity vector, p is the gas pressure, τ is the tensile stress, g is the gravity vector, 

n is the gas number density, kB is the Boltzmann constant, T is the gas temperature, 

Cp is the specific heat capacity, kc is the heat conductivity and Q is the heat source. 

 The simulation geometry is shown in Figure 4-13(a). The model for the 

heat source was defined as a cylinder that is 200 µm in diameter and 1 mm in 

length. This is roughly the plasma filament size observed in Figure 4-10. Heat 

was assumed to be generated uniformly inside this cylinder. As a boundary 

condition, all surface temperatures were set to 300 K in accordance with 
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observations. The input heat source (Q) was swept from 0.1 W to 0.3 W in 

increments of 0.01 W. Figure 4-13(b)-(c) show the simulated temperature 

distribution at 0.2 W.  Figure 4-14(a) shows the simulated velocity field. Figure 

4-14(b)-(c) show the convective and conductive heat fluxes in log scale. The 

conductive heat flux is much greater than the convective heat flux, due to the 

large temperature gradient near the microplasma. Figure 4-15 shows the larger 

scale simulation which includes the entire MSRR made of Duroid and the 

chamber. Figure 4-15(a) shows the model setup. Figure 4-15(b)-(f) show the 

simulated result when the heat generation was 0.2 W. Figure 4-15(b) shows the 

flow velocity field. The maximum flow velocity was around 8 cm s-1. Figure 

4-15(c)-(d) show the conductive and convective heat fluxes, respectively. First, 

the generated heat from the microplasma flows to the substrate due to the high 

temperature gradient, and the heat conducts through the substrate. Then, the heat 

was carried to the chamber walls from the entire substrate surface by convection. 

Figure 4-15(e)-(f) show the temperature distributions on the front side (plasma’s 

side) and the backside of the substrate. The substrate temperature was slightly 

elevated to 350 K near the microplasma.  

 The goal is to find a good fit between the wings of the simulated 

temperature profile and the reliable measurement of microplasma temperature in 

regions that exclude the metastable-depleted core.  The dashed curve in Figure 

4-12 shows  a simulated heat input of 0.20 W which provides the best-fit.  Under 

these specific conditions, the core temperature is shown to be 1650 K, not 1000 K 
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as measured. Even though the peak temperature is rather high, the temperature of 

the surfaces in contact with the microplasma remains near the ambient 

temperature because only 0.2 W of the total microwave power (1.2 W) is 

partitioned into gas heating. 

 An air microplasma was run by an MSRR made of sapphire at 

atmospheric pressure with 3 W of RF input (Hopwood et al., 2005) and the 

measured substrate temperature reached 100 oC. In order to estimate the heat 

generation under this experimental condition, it was simulated in a 3D heat 

transfer simulation as shown in Figure 4-16. Figure 4-16(b) shows the 

temperature distribution on the sapphire substrate surface. The temperature was 

much more uniform over the surface due to the higher thermal conductivity than 

Duroid. The substrate temperature was elevated to 100 oC above ambient with 1.5 

W of gas heating power.  This indicates 1.5 W out of 3 W input power was 

partitioned to the heat. As described in Section 4.3, the actual power can be much 

smaller than 3 W after correction for the various losses. This means more than 

50 % of the power is partitioned to heat with the atmospheric air discharge. Inert 

gases are much more efficient at converting discharge power into ionization and 

remain cooler than air discharges.  This is predicted by Macheret et al who report 

that more than 90 % of the discharge power may be coupled into molecular 

vibrational states if the electron temperature is low (∼1–2 eV) (Macheret, 

Shneider, and Miles, 2002). 
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 Figure 4-17 shows the transient peak gas temperature using the model in 

Figure 4-15. This result was simulated for argon at 1 atm. The heat source (0.2 W) 

was turned on at t = 0 and the temperature distributions at t = 0 to t = 1 ms were 

computed, neglecting the convection. The resulting time-dependent temperature 

was fitted with the exponential function as shown by the dashed line. The heating 

time constant was found to be 81 µs.  This transient time is much less than 

ionization and excitation frequencies, and is an important consideration when 

considering transient plasma operation such as pulsing, instabilities, or plasma 

ignition. 
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Figure 4-13 Small scale heat transfer simulation (a) Simulation setup (b)-(c) Temperature distributions 
on planes (electrode-to-electrode and across plasma width) with a 0.2 W heat generation in the 
cylindrical volume. 
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Figure 4-14 Small scale convection and conduction (a) Gas flow velocity (gravity is applied sideward) 
(b) Convective heat flux (c) Conductive heat flux 
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Figure 4-15 Large scale heat simulation (a) Simulation setup (b) Gas flow velocity (c) Conductive heat 
flux (d) Convective heat flux (e) Substrate temperature (front side) (f) Substrate temperature 
(backside) with a 0.2 W heat generation in the heat source shown in (a) 
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Figure 4-16 Heat simulation with a sapphire substrate (a) Setup (b) Temperature distribution on the 
substrate surface with 1.5 W of heat generation in the heat source shown in (a) 
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Figure 4-17 Simulated transient gas temperature while the heat (0.2 W) is turned on at t = 0 s using the 
geometry in Figure 4-15(a). 

 

4.2.1.3 Comparison of gas temperature with spatially averaged nitrogen 

rotational temperature 

 Microplasma gas temperatures are often estimated from the total rotational 

spectra of diatomic molecules.  The steep density gradients reported here, 
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however, suggest that this spatially-averaged method may not accurately 

determine core temperatures.  As an example, the nitrogen rotational temperature 

measured for an MSRR at 760 Torr in argon with 1W of input power was near 

350 K (Iza and Hopwood, 2004). This is considerably lower than the temperature 

measured by laser absorption in this work, which exceeded 1000 K in the core 

region. The discrepancy is partly due to a differing geometry of the discharge 

gaps between the two experiments: The rotational temperature was reported from 

the emission of five filaments formed in a narrower (120 µm) and wider (2.5 mm) 

gap (Iza and Hopwood, 2005a). In this work, the discharge gap was 500 µm wide 

and tapered to support only one filament. Even adjusting for power density, 

however, does not explain the higher temperatures measured here.   Evidence 

suggests that the rotational spectrum method underestimates temperatures because 

the emission is averaged over the microplasma volume. Other possibilities include 

differing relaxation or excitation mechanisms of nitrogen.  For example, Wang et 

al have suggested that energy transfer from Ar* to N2 results in preferential 

population of high rotational levels (Wang et al., 2007), but this actually 

overestimates the gas temperature and therefore is not a reasonable cause in the 

present case.  In order to understand the significance of spatial resolution, the 

nitrogen emission image in Figure 4-10 was examined more closely.  Figure 

4-18(a) shows the line-integrated emission intensity across the midline of the 

filament.  This emission is from the nitrogen second positive system which is 

often used to estimate gas temperature by modeling the rotational band spectrum. 
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Figure 4-18(b) shows the same profile after Abel inversion. In order to 

demonstrate the significance of highly localized emission, ε(r), with respect to the 

total emission, the local emission was volume integrated (∫ 𝜀 2𝜋𝑟′𝑑𝑟′𝑟
0 ) and 

plotted in Figure 4-18(c)-(d). This figure shows that only 30 % of the total 

nitrogen emission originates from the hot core region (r < 200 µm) and the 

majority of photons originate from the cold outer part of the microplasma. 

Therefore, the temperature derived from zero-dimensional measurements of 

diatomic molecules will typically be too low.  Such measurements, however, are 

still useful when determining the effect of microplasmas on sensitive substrates, 

such as biomaterials, because these surfaces typically experience only the colder 

interfacial gases. 
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Figure 4-18 (a) Emission profile across the plasma filament at 360 nm, representing [N2
*](b) the 

relative N2
*density after Abel inversion (c) Weighted emission (d) The cumulative emission shows that 

only 30 % of the N2
* photons originate from the hot microplasma core. 

 

4.2.2 Section summary 

 A single non-equilibrium argon microplasma is shown to have a 200 µm-

wide filamental core of dense electrons at 1 atm.  Except for very low argon 



137 
 

 
 

pressures and low powers, long-lived Ar(4s) states occupy a tube shaped region 

that surrounds the core and short-lived Ar(4p) states are found primarily just 

within the Ar(4s) region.  The precise mechanism for the depletion of excited 

argon is not known.  Several possible reasons include (1) the rapid ionization of 

the excited states, (2) decreased excited state production due to gas rarefaction in 

the hot core, and (3) enhanced resonance radiation trapping by the cooler argon 

atoms found just outside the core. 

 The steep density gradients within the microplasma present challenges to 

spectroscopic diagnostics.  With the aid of a heat transfer model, we show that the 

core gas temperature is masked by the dense ring of metastable states.  A similar 

cautionary result is demonstrated for rotational temperatures derived from 

volume-averaged diatomic molecular emission.   

4.3 Hybrid MSRR  

 The hybrid MSRR device described in Section 3.1.3 was used for the 

experiments in this section. The device operates in the resonant mode (SRR 

mode) or the non-resonant mode (T-line mode). The SRR mode is optimized for 

the unloaded condition (without plasma) and for high plasma impedance (> 1000 

Ω), and the T-line mode is optimal when the plasma impedance equals the 

transmission line impedance (35 Ω). In this section the plasma impedance was 

first estimated by comparing the experimental power reflection measurement with 

that of the HFSS simulation. In the latter half of the section the gas temperature, 
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the excitation temperature and the electron density in each mode were measured 

by optical spectroscopy. Figure 4-19 shows the photographs of the plasma in the 

SRR and the T-line modes.  In the first two figures, the microplasma is seen to 

exist only in the discharge gap of the split ring.  As power is increased, the 

microplasma attaches to the ground pin visible in the lower section of the 

photograph.  This T-line mode has much lower reflected power and higher plasma 

intensity. 

A

B
C

3x intensity
SRR mode

3x intensity
SRR mode T-line mode T-line mode T-line mode

Pfwd = 2.6 W
Pref = 2.3 W

Pfwd = 10.4 W
Pref = 9.3 W

Pfwd = 6.8 W
Pref = 3.2 W

Pfwd = 13.5 W
Pref = 0.5 W

Pfwd = 22.5 W
Pref = 0.4 W

 

Figure 4-19 Photographs (a)-(b) show the SRR mode discharge within the discharge gap and (c)-(e) 
show the T-line mode discharge extending to the ground pin.  All microplasmas are operating in argon 
at one atmosphere with forward and reflected power as noted (1 GHz). 

4.3.1 Microwave circuit analysis 

 To investigate the transitions between the SRR and T-line modes, we 

begin by accurately measuring the forward and reflected power from the 

microplasma source. Figure 4-20 shows the experimental power reflection 

coefficient (Pref /Pfwd) as a function of forward power. Starting with only 15 mW 

of power, we observe that most of the forward power is absorbed by the device.  

This is expected because the SRR is designed to have input impedance that 



139 
 

 
 

matches the power source (50 Ω) when no plasma is present. As the forward 

power is increased, the discharge gap voltage increases to 150 V(0-pk) which 

subsequently ignites an argon plasma at 1 atm. Ignition occurs at 0.7 watts of 

forward power. The plasma is sustained in the SRR mode while the forward 

power remains under 13 watts.  Note that once the SRR-mode discharge is 

established, however, the power reflection coefficient instantly increases to well 

above 0.5.  Any attempt to force the SRR plasma to absorb addition power results 

in a higher reflection coefficient.  This is due to an impedance mismatch with the 

power supply that is induced by the low plasma resistance within the discharge 

gap. Decreasing the forward power to less than 0.7 W, however, will decrease the 

reflection coefficient and allow the plasma to operate more efficiently, even down 

to 10's of mW.  In this manner, the resonator's impedance acts similar to a ballast.  

Any attempt to overheat the plasma with additional power results in more 

reflected power which then provides the critical reduction in the reduced electric 

field needed to prevent the ionization overheating instability (Staack et al., 2009).  

In fact, the discharge voltage remains nearly constant over a wide range of power 

(see Figure 4-20(d)).   

 So far, the description above represents SRR behavior in the absence of 

the ground pin.  With a current path to ground provided by this pin, a plasma can 

extend to the ground pin near 13 watts, creating the T-line mode. The plasma 

remains in this mode while the forward power is above 4 watts. We will show in 

the following sections that the T-line mode is a much more intense discharge.  
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The high electron density of the T-line mode creates a low impedance discharge 

which optimally matches the device when Zp = 35 Ω.  Hence, the power reflection 

coefficient is observed to fall to <0.1 once the T-line discharge is established.  In 

addition, the plasma power increases from an SRR-mode maximum of 1 W to 

approximately 10 W (Figure 4-20(b)). As with much plasma behavior, the mode 

transition is hysteretic so arrows in the Figure 4-20 show the direction of the 

mode transitions.  
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Figure 4-20 Electrical characteristics of the SRR and T-line microdischarges (a) Measured microwave 
power reflection coefficient (b) Power dissipated in plasma (c) Plasma resistance (Rp) (d) Discharge 
voltage (zero-to-peak) (e) Discharge current (zero-to-peak). 

  



142 
 

 
 

 The measurements of the power reflection coefficient were next correlated 

to the plasma load impedance using the HFSS EM model. By systematically 

computing the model’s reflection coefficients for all reasonable plasma load 

impedances, and then comparing these reflection coefficients to the measurements, 

the actual plasma resistance was determined and reported in Figure 4-20(c). In 

this method, the plasma impedance was assumed to be a real value, i.e. plasma 

resistance, Rp, although the actual impedance is generally a complex value. In 

order to find the imaginary part of Zp, another experimental value is required such 

as the phase of the reflection coefficient. This measurement was not available, but 

the impedance of an atmospheric Ar plasma is dominated by resistance (Iza and 

Hopwood, 2005b), and so the model's assumption is a good approximation to the 

actual discharge.  

 To simulate SRR mode operation, the Port 2 resistance was modeled from 

102 Ω to 105 Ω while keeping Port 3 open (see Section 3.5 for the port definitions). 

To simulate the T-line mode, the Port 2 resistance was fixed at 102 Ω and Port 3 

resistance was changed from 1 Ω to 104 Ω.  

 Accurately correlating the measured powers with the model requires 

precise accounting of power loss due to finite conductivity, dielectric loss tangent, 

and radiation. These three terms allow one to find the efficiency with which 

power is coupled to the discharge from external measurements.  HFSS computes 
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power coupling between the three ports in our model in terms of s-parameters, 

such that 

 |𝑠11|2 =
𝑃𝑟𝑒𝑓
𝑃𝑓𝑤𝑑

 (4.58)  

 
|𝑠12|2 =

𝑃𝑝𝑙𝑎𝑠𝑚𝑎  (SRR mode)
𝑃𝑓𝑤𝑑

 (4.59)  

 
|𝑠13|2 =

𝑃𝑝𝑙𝑎𝑠𝑚𝑎  (T line mode)
𝑃𝑓𝑤𝑑

 (4.60)  

where Pfwd, Pref and Pplasma are the forward power, reflected power, and power 

dissipated in the plasma, respectively. 

The total power loss including the dielectric, conductor and radiation losses is 

determined from power conservation, such that 

 |𝑠11|2 + |𝑠12|2 + |𝑠13|2 + Loss = 1. (4.61)  

Due to the power loss, the power dissipated in the plasma is not exactly the 

forward minus reflected powers as is often assumed. The actual power delivered 

to the plasma can be expressed as, 

 𝑃𝑝𝑙𝑎𝑠𝑚𝑎 = �𝑃𝑓𝑤𝑑 − 𝑃𝑟𝑒𝑓� × 𝜂 (4.62)  

where η is the power efficiency (which is load dependent) and can be estimated 

by equations (4.58)-(4.60),  

 

𝜂�𝑅𝑝� =
𝑃𝑝𝑙𝑎𝑠𝑚𝑎

𝑃𝑓𝑤𝑑 − 𝑃𝑟𝑒𝑓
=

⎩
⎪
⎨

⎪
⎧ |𝑠12|2

1 − |𝑠11|2      (SRR mode)

|𝑠13|2

1 − |𝑠11|2    (T line mode)

� (4.63)  
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Figure 4-21 Efficiency of power coupling to the discharge (top) and partitioning of forward power 
between the plasma, reflection, and loss (bottom) as a function of plasma resistance as simulated using 
HFSS: (a) SRR mode (b) T-line mode 

 

 Figure 4-21(bottom) shows how the microwave power is partitioned using 

plasma resistance as a parameter.  The input power is either reflected, dissipated 

in the plasma or lost as heat and radiation. Figure 4-21(top) shows the 

corresponding efficiency of coupling power to the discharge, η. The loss in the 
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SRR mode is found to monotonically increase as the plasma resistance increases. 

This is understood by noting that with large plasma resistance, the EM wave is 

highly reflected by the discharge in the gap. This means the average traveling 

distance of the wave - as it experiences multiple reflections from end-to-end along 

the SRR - is quite long at resonance, and therefore the energy loss is large within 

the device.  

 Once the T-line mode is established, the device loss is small [Figure 4-21 

(b)] since the wave is either absorbed by the low-impedance plasma or reflected 

back to the power supply without multiple internal reflections along the SRR. 

Therefore the wave's traveling distance is small, reducing loss. The maximum 

power is absorbed when the plasma resistance is equal to 35 Ω which is the 

characteristic impedance of the two 70 Ω  transmission lines when nearly-shorted 

by the intense SRR microplasma.  This result is as expected from the maximum 

power transfer theorem of transmission line theory. 

 Using the simulation results for efficiency from Figure 4-21, the actual 

experimental power dissipated within the plasma and the plasma resistance were 

deduced as shown in Figure 4-20(b)-(c). The discharge voltage and current, V0-pk 

and I0-pk, in Figure 4-20(d)-(e) were then obtained by, 

 
𝑃𝑝𝑙𝑎𝑠𝑚𝑎 =

𝑉0−𝑝𝑘2

2𝑅𝑝
=
𝑅𝑝𝐼0−𝑝𝑘2

2
. (4.64)  

The zero-to-peak discharge voltage was near 15 V and 35 V in SRR and T-line 

mode, respectively. The voltage of each discharge mode was nearly independent 
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of the input power. The difference in discharge voltage between the two modes is 

likely dependent on the two different discharge gap lengths, 0.1 mm and 5 mm, in 

the SRR and T-line modes.  With increasing power, the plasma resistance 

decreases as expected, making a discontinuous transition to ~35-ohms when the 

T-line mode ignited. Consequently, the discharge current increased with absorbed 

power. The current also exhibits a jump as the T-line mode begins.  While the 

voltage is expected to depend on the particular gas, it is important to note that 

these microwave discharge voltages are an order of magnitude lower those found 

in DC microplasmas in Ar with a 1 mm discharge gap (Arkhipenko et al., 2010). 
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Figure 4-22 Simulated instantaneous voltage along the split-ring’s circumference in the SRR mode 
(Pfwd = 1 W).  The discharge gap is located at λ = 0.  Small plasma resistance short-circuits the 
resonator, distorts the standing wave, and reduces the electrode potential (denoted by the arrows). 
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 Finally, with the aid of the model we investigate our hypothesis that the 

SRR-mode discharge acts to short-circuit the resonator.  Figure 4-22 shows the 

instantaneous simulated voltage along the circumference of the split-ring for three 

different load resistances (100k, 1k and 100 Ω) With decreasing plasma resistance 

models, the magnitude of the voltage decreases as expected (Pfwd = 1 W).  This 

prevents the reduced electric field from precipitating the IOI (Staack et al., 2009) 

and this is another interpretation how the absorbed power is limited.  As the 

voltage decreases, however, the phase of the discharge gap potential also 

transitions from nearly 180 degrees out of phase to in-phase. With low load 

resistance, the voltage across the SRR discharge gap becomes smaller than the 

voltage from the resonator to the ground pin.  Using electrons or photo-ionization 

from the SRR discharge, the SRR mode triggers the T-line mode.  It is necessary 

to note that the T-line mode is not able to ignite independently of the resonator-

driven discharge due to the low electrode voltages associated with non-resonant 

wave transmission.  Once established, however, the T-line mode improves the 

impedance mismatch inherent in the SRR mode, increases the absorbed power 

and creates a discharge that is an order of magnitude denser as described in the 

next section. Figure 4-23 shows images of the plasma at 1 atm in argon taken by a 

fast-response ICCD camera (Princeton instruments, PI-max2). A hybrid MSRR 

made of DuroidTM was used for the experiment. The forward power was pulsed 

from ~5W to ~15 W to induce the transition. The images were taken by repetitive 

pulsing while changing the length of the ICCD delay time to show the change 
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from the SRR mode to the T-line mode. It took roughly 500 µs to start the T-line 

mode. This is much slower than the propagation of the photons, but comparable to 

the heating time constant of 81 µs simulated in Section 4.2.1.2. Therefore, this 

result suggests that transient gas temperature may be an important factor for 

understanding the dynamic behavior of the microplasma. Specifically, the 

transition to T-line mode requires that the gas become heated and rarified prior to 

the establishment of the full, high density T-line plasma.  This theoretical and 

experimental work shows that the transition requires a heating period on the order 

of 100 microseconds. 

0 µs 100 µs 200 µs 300 µs 400 µs 500 µs

Power input, 900 MHz

Ground pin
5 mm

RT/duroid 6010.2

Photographed area

 

Figure 4-23 ICCD images of the transition from the SRR mode (Pfwd ~ 5 W) to the T-line mode (Pfwd ~ 
15 W) at 1 atm in argon. 
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4.3.2 Optical diagnostics 

 Imaging spectra were taken across the x-direction of the microplasma 

following lines A, B and C as denoted in Figure 4-19. In the SRR mode, please 

note that the plasma was sustained only at position A. The line-integrated plasma 

parameters, described in a previous section, were measured along the x direction. 

Often the maximum values are found in the central core of the microplasma and 

these maxima are first plotted in Figure 4-24(a)-(c). The axes of the subfigures are 

the actual power dissipated in the plasma, including efficiency and loss, as 

estimated by the method described in section 4.3.10 
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Figure 4-24 Plasma parameters measured in the central core using spatially-resolved optical 
diagnostics (a) Electron density (b) OH rotational temperature (c) Excitation temperature (d) 
Correlation between rotational and excitation temperatures 



151 
 

 
 

 The OH rotational temperature in the SRR mode changed from 490 K to 

760 K with increasing power. In the T-line mode, the temperature is much higher 

(850 K to 1480 K) at position A. Notably, the rotational temperature is even hotter 

still (1580 K to 2230 K) at position B. The temperature in the middle of the 

microdischarge (position B) is higher than at either position A or C where the 

plasma is closer to a solid surface. This indicates that heat conduction due to the 

high internal temperature gradient is an important heat loss mechanism.  In the T-

line mode, the electron density increased from 1.8 × 1020 m−3 to 1.1 × 1021 m−3 

with increasing power. The electron density was the highest at position A where 

the plasma is most confined and the lowest at position C where the plasma is 

more diffuse as shown in Figure 4-19. Hrycak et al reported a comparable 

electron density of 1.4 × 1021 m−3 at 15 W in argon, using a 2.45 GHz co-axial 

waveguide needle type source (Hrycak, Jasinski, and Mizeraczyk, 2010). The 

excitation temperature shown in Figure 4-24(c) has a similar trend to the 

rotational temperature.  Both plasma properties show a significant increase 

between the SRR and T-line modes.   Figure 4-24 (d) shows the correlation 

between the rotational and excitation temperatures, and this demonstrates a more 

or less linear dependence.  The SRR mode maintains a stable, relatively cold 

microplasma for absorbed powers less than a few watts.  The transition to the T-

line mode, however, exhibits a much more dense plasma with higher gas 

temperatures. Although approaching the characteristics of an arc, the T-line mode 

discharge does not melt the copper electrodes.  We believe that the T-line mode, 
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while no longer ballasted by the resonator, is controlled against IOI by limiting 

the power from the microwave amplifier.  Given sufficient input power, however, 

trends indicate that the T-line microplasma would eventually create a thermal arc. 
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Figure 4-25 The spatially-resolved emission intensities of various species measured across the discharge 
at position B (Abel inverted profiles are shown as dashed lines). The Ar(1s5) metastable density profile 
is obtained by laser diode absorption. 
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Figure 4-26 (a) A comparison of spatially-resolved gas temperature estimated by the OH rotational 
temperature at position B (Pplasma=9 W) and by Ar(1s5) absorption linewidths measured through the 
cut-out near position B (Pplasma=6.5 W) (b) Spatial variation of excitation temperature at position B 
(Pplasma =9 W). 

 The previous section discusses the plasma parameters that were measured 

in the central core of both SRR and T-line mode microplasmas.  The intensity of 

the T-line mode, however, warrants further investigation of the spatially-resolved 

profiles.  Figure 4-25 shows the line-integrated emission and absorption of 

various excited species across the width of the plasma filament in T-line mode at 

position B. All data are for a high power input of Pplasma= 15 W.  Assuming the 

plasma is cylindrically symmetric at this position, the line-integrated profiles were 

also Abel inverted to reveal the local emission and absorption. The inverted 
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profiles are plotted with dashed lines in Figure 4-25 and show that some species 

are heavily depleted from the core region. The cylindrical approximation has not 

been rigorously validated, so the inverted profiles give a coarse estimate of the 

interior species’ behavior. The details of Abel inversion are described in Section 

3.4. As seen in the figure, the various species have clearly different spatial 

distributions. Electrons and argon ions have center-peaked profiles. On the other 

hand, OH and Ar(1s5) excited states have center-depleted profiles. Due to this 

center-depletion, OH emission and Ar(1s5) absorption spectra are not good 

indicators of the central gas temperature.  This phenomenon results in an overly 

flat temperature profile measurement near the center as plotted in Figure 4-26(a). 

The actual temperature profile is expected to be center-peaked, since the gas 

heating originates from the charged species.  The true center temperature is 

estimated to be above 3000 K for this particular case. The core temperature was 

estimated from the wings of the temperature profile, assuming the radial 

temperature profile was similar to the one previously simulated with a simple heat 

transfer model described in Section 4.2.1.2. Therefore, the line-integrated 

measurement of the OH rotational temperature underestimates the center 

temperature because the OH species are depleted from the core by dissociation. 

The excitation temperature is primarily deduced from short-lived excited states 

[Ar(4p) and Ar(5p)] that are centrally-peaked.  Therefore the spatial distribution 

of the excitation temperature [Figure 4-26(b)] is believed to be more 

representative of the actual plasma core.   
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 The maximum gas temperature in the T-line mode was estimated to 

exceed 3000 K at the core. Ion Joule heating near the sheath should be minimal 

due to the low applied voltage. The high temperature of the 5 mm-long T-line 

mode discharge is partially due to slow heat conduction through the relatively 

long distance from the plasma's core to the ground electrode. There is also 

believed to be considerable heat generation from sources other than ion Joule 

heating such as e-Ar momentum transfer or e-Ar2
+ dissociative recombination 

which couple kinetic energy to Ar atoms in atmospheric discharges (Ramos et al., 

1995).   

 Finally, the Hβ line profile is also found to be centrally-peaked and is 

slightly broader than the continuum (electron) distribution.  It is therefore 

believed that the Hβ Stark broadening measurement is a reasonable determination 

of core electron density as reported in Figure 4-24.  Note, however, that the Hα 

emission is slightly center-depleted and therefore may provide less accurate peak 

electron density data. 

4.3.3 Section summary 

 In this work the inherent stability of resonator-driven microplasmas is 

investigated.  Even if microwave power exceeding 10 watts is applied to a split-

ring resonator (SRR) with a 0.1 mm discharge gap, the severe plasma loading of 

the resonator causes large reflected power.  In this manner, the power absorbed by 

the discharge is limited and the sudden drop in plasma resistance due to the 
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ionization overheating instability is avoided as the resonator circuit rejects excess 

power.    

 A modified SRR plasma source is shown to operate in two modes: a low 

density SRR mode and a high density T-line mode.  The addition of a ground 

electrode in the vicinity of the SRR discharge gap allows the sudden transition to 

the high density state.  Using microwave circuit analysis, we report the plasma 

resistance, discharge voltage and discharge current in both modes.  As expected, 

the high density T-line mode exhibits a low plasma resistance.  Unlike the SRR 

mode which couples power to the plasma most efficiently for Rp on the order of 

10 kΩ, the T-line mode optimally couples power to the plasma when the plasma 

impedance matches that of the transmission line (typically 35 Ω).  In addition, 

plasma parameters such as the gas temperature, electron density and excitation 

temperature were measured by optical emission. These diagnostics reveal a 

substantial increase in plasma density and temperature when the plasma 

transitions from SRR mode to T-line mode.  The sudden change in plasma 

parameters, however, is clearly related to the jump in discharge power made 

possible by the ground path in the T-line mode. 

 The estimated discharge voltages were low: 15 V in SRR mode and 35 V 

in the T-line mode. The low electrode voltages limit the ionization energy 

available from secondary electron emission at the electrodes’ surface.  In contrast, 

one observes that 13.56 MHz RF capacitive microdischarges have much larger 

electrode potentials. Those high voltage microdischarges may have stability issues 
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due to the transition from the E-field driven α mode to the secondary electron 

driven γ mode (Laimer and Stori, 2006). In this work, only the α discharge mode 

was observed and there is never an intense plasma layer near the electrodes due to 

secondary electrons which might have been back-accelerated through the plasma 

sheath region.  Therefore both the SRR and T-line modes were free of stability 

issues due to energetic secondary electrons. 

 The gas temperature, excitation temperature and electron densities were 

estimated from the line-integrated emission spectra of OH*, Ar* and H*, 

respectively. Similarly to the discussions on the spatial averaging in Section 4.2.1, 

the line-averaged estimations could be considerably differed from the peak values. 

OH* molecules were heavily center depleted and the line-averaged rotational 

temperature could be much lower than the peak temperature. Ar* and H* atoms 

were center-peaked and the line-averaged excited temperature and electron 

density should be close to the peak values. The spatial distributions of the sensing 

species (OH*, Ar* and H*
 in this case) can be very different from the plasma 

emission we observe by the naked eyes which leads to the misinterpretation of the 

data, and so it is best to measure the spatial distribution whenever possible. 
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5. Development of wide microplasma generators 

 In Section 4.3, the point-type resonant and non-resonant microplasma 

generators were characterized by microwave circuit analysis and optical 

diagnostics. The resonant generator was efficient when driving a high impedance 

plasma and also good for igniting a plasma. On the other hand the non-resonant 

generator was efficient when driving a low impedance plasma (~35 Ω). The 

measured electron density produced by the non-resonant generator exceeded 1015 

cm-3 which is approximately an order of magnitude greater than the resonant 

device. Some applications of microplasma require a broader area of coverage.  

One possible method of achieving this goal is to create a narrow line-shaped 

microplasma with extended width.  A workpiece can then be scanned over this 

line of plasma to cover large areas.  In this chapter, line plasma generators based 

on both the resonant and non-resonant generators are developed and tested.  

5.1 Resonant wide microplasma generators 

 Wide line-shaped resonant microplasma generators were designed based 

on microwave cavity models applied to the microstrip lines. Some rectangular 

cavity modes produce a uniform electric field along an open boundary.  It is along 

this boundary where the line-shaped discharge gap is defined in this work. First, 

this device’s operation is explained by a rectangular quarter wavelength cavity in 

Section 5.1.1, and some prototype devices of the quarter wavelength generator are 

shown in Section 5.1.2.  The cavity is not restricted to a quarter wavelength nor a 
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rectangular shape, however. Other microwave cavity configurations such as a half 

wavelength cavity and a circular cavity are described in Section 5.1.3. 

5.1.1 Quarter wavelength resonators 

5.1.1.1 Microwave cavity model 

 The analytical solutions of a quarter wavelength resonant cavity are 

deduced in this section. The cavity model used here is a simplified representation 

of the actual devices, but it is sufficient to estimate the field configuration modes 

and the corresponding frequencies. In this section, the cavity model is briefly 

described. The further details are found in the textbooks (Balanis 1989; Balanis 

2005). 

x

y

z

① Hz = 0

② Ez = 0
(Via connector)

③ Hy = 0

④ Hy = 0

⑤ Ex = 0

⑥ Ey = 0

h

W
L

 

Figure 5-1 Microwave cavity model and the boundary conditions 

 Figure 5-1 shows the rectangular cavity to be analyzed. The cavity’s width, 

length and height are W, L and h, respectively. The top and the bottom surfaces 

are perfect conductors, and the surface at y = 0 is the via conductor which shorts 
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the top and the bottom surfaces. Here, only the transverse magnetic (TM) modes 

are considered, i.e. Hx = 0. If the height of the cavity is much smaller than the 

wavelength, the top and bottom conductors will force the magnetic field to be 

parallel to the conductors. The EM field in the cavity can be found by solving the 

wave equation (Helmholtz equation), 

 ∇2𝐴𝑥 + 𝑘2𝐴𝑥 = 0 (4.65)  

where Ax is the x component of the vector potential. The vector potential is 

defined by 𝑩 = 𝛻 × 𝑨, where B is the magnetic field. The general solution to the 

second order differential equation can be expressed by sine and cosine functions 

such that 

 𝐴𝑥 =  [𝐴1 cos(𝑘𝑥𝑥) + 𝐵1 sin(𝑘𝑥𝑥)] 

�𝐴2 cos�𝑘𝑦𝑦� + 𝐵2sin (𝑘𝑦𝑦)�[𝐴3 cos(𝑘𝑧𝑧) + 𝐵3sin (𝑘𝑧𝑧)] 
(4.66)  

where kx, ky and kz are the wavenumbers in the x, y and z directions, respectively. 

Once the boundary conditions are given, more specific modal solutions are 

obtained. 

The electric and magnetic fields are related to the vector potential Ax by 

 
𝐸𝑥 = −𝑗

1
𝜔𝜇𝜖 �

𝜕2

𝜕𝑥2
+ 𝑘2�𝐴𝑥             𝐻𝑥 = 0 

𝐸𝑦 = −𝑗
1
𝜔𝜇𝜖

𝜕2𝐴𝑥
𝜕𝑥𝜕𝑦

                              𝐻𝑦 =
1
𝜇
𝜕𝐴𝑥
𝜕𝑧

 

𝐸𝑧 = −𝑗
1
𝜔𝜇𝜖

𝜕2𝐴𝑥
𝜕𝑥𝜕𝑧

                              𝐻𝑧 = −
1
𝜇
𝜕𝐴𝑥
𝜕𝑦.

 

(4.67)  
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 The boundary conditions are (a) the electric field parallel to the conductor 

surface is zero (surfaces 2, 5, 6), and (b) the magnetic field parallel to the 

insulator surface is equal to zero (1, 3, and 4) as shown in Figure 5-1.  

Applying the boundary conditions, Ey = 0 at the surfaces ⑤ and ⑥ in Figure 5-1 

and plugging Equation (4.66) into Equation (4.67), one finds that B1 = 0 and 

 𝑘𝑥 =
𝑚𝜋
ℎ

,     𝑚 = 0,1,2,⋯ (4.68)  

Similarly, applying the boundary conditions, Hz = 0 at the surface ① and Ez = 0 at 

the surface ② will set A2 = 0 and 

 𝑘𝑦 =
𝜋

2𝐿
+
𝑛𝜋
𝐿

,      𝑛 = 0,1,2,⋯ (4.69)  

Applying the boundary conditions, Hy = 0 at the surfaces ③ and ④, gives B3 = 0 

and 

 𝑘𝑧 =
𝑝𝜋
𝑊

,     𝑝 = 0,1,2,⋯ (4.70)  

After applying the boundary conditions, the general solution in Equation (4.66) 

becomes the modal solution given by, 

 𝐴𝑥 = 𝐴𝑚𝑛𝑝cos (𝑘𝑥𝑥)sin (𝑘𝑦𝑦)cos (𝑘𝑧𝑧) (4.71)  

where m, n, p are the mode numbers in the x, y, z directions given in Equations 

(4.68)-(4.70) and Amnp is the amplitude of the mnp mode which is determined by 

the external input amplitude and cavity losses, if any. 

Also, the x, y and z components of the wavenumber k have to satisfy 
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 𝑘𝑥2 + 𝑘𝑦2 + 𝑘𝑧2 = 𝑘2 (4.72)  

The wavenumber is given by 

 
𝑘 = 2𝜋𝑓�𝜇𝜖 =

2𝜋𝑓√𝜖𝑟
𝑐0

=
2𝜋√𝜖𝑟
𝜆0

=
2𝜋
𝜆

 (4.73)  

where f is the frequency of the wave, ε is the permittivity of the cavity’s volume, 

εr is the relative permittivity,  µ is the permeability, c0 and λ0 are the speed of 

light and the wavelength in vacuum and λ is the wavelength in the dielectric 

material. Then, Equation (4.72) can be expressed by 

 𝑓𝑥2 + 𝑓𝑦2 + 𝑓𝑧2 = 𝑓2 (4.74)  

where fx, fy and fz are the x, y and z components of the frequency.  

 Finally, by Equations (4.68)-(4.70) and (4.74), the modal field 

configuration and the corresponding driving frequency are obtained. 

 As an example, a rectangular cavity made of RT/duroid 6010.2 (εr = 10.2) 

with L=2.61 cm, W = 10 cm and h = 0.25 cm is considered. The length was 

designed to be a quarter wavelength at 900 MHz, such that 

 
𝐿 =

λ
4

   @900 MHz =
𝑐0
𝑓√𝜖𝑟

. (4.75)  

The height is much shorter than the wavelength near 1 GHz and so only m = 0 is 

considered. Then, cos(kxx) = 1 = constant  in Equation (4.71) and Ey = Ez = 0 in 

Equation (4.67). Therefore, for the electric field, only the x component Ex needs to 

be calculated and is given by 
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𝐸𝑥 = −𝑗

𝑘2

𝜔𝜇𝜖
𝐴𝑥 ∝  sin (𝑘𝑦𝑦)cos (𝑘𝑧𝑧) (4.76)  

Figure 5-2 shows the calculated electric field configurations using Equation (4.76). 

In the lowest order mode TM000 (Figure 5-2(a)) at 900 MHz, the electric field is a 

quarter wavelength standing wave in the y direction and uniform in the z direction. 

In this mode, a uniform plasma might be generated at y = L where the electric 

field is maximum, provided that the plasma does not affect the field configuration.  

In the TM010 mode (Figure 5-2(d)) at 2700 MHz, the electric field is also uniform 

in the z direction and 3 quarters wavelength in the y direction. TM000 mode is 

always guaranteed to have the lowest resonant frequency and does not overlap 

with the higher modes. On the other hand, TM010, TM020 and the higher modes 

may overlap with the other higher mode and the electric field may be perturbed by 

these other modes. The frequency separation between the lowest mode TM000 

(Figure 5-2(a)) and the second lowest mode TM001 (Figure 5-2(b)) depends on the 

width W of the cavity which affects the resonant frequency in the z direction fz. As 

the width W increases, fz for TM001 decreases and the mode frequency f computed 

by Equation (4.74) decreases. Therefore, for very large W, fz becomes small, the 

TM001 frequency becomes close to the TM000 frequency and the TM001 mode may 

perturb the TM000 mode. 
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Figure 5-2 Field configurations of microwave cavity modes 

 

5.1.1.2 HFSS model 

5.1.1.2.1 Mode electric field configurations 

 Figure 5-3 shows a microwave resonator simulated by HFSS. The 

resonator is made of RT/duroid 6010.2 (εr = 10.2). The length, the width and the 

height of the cavity are 2.6 cm, 10 cm and 2.5 mm which are the same as the 

dimensions used for the analytical cavity model in the previous section. The 

cavity model predicts all the possible resonant modes without a power input, i.e. 

the homogeneous solutions. On the other hand, the actual device and the HFSS 
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model need to have a power input port. This is accomplished using a 50 Ω coaxial 

line that was connected at the bottom surface. The outer conductor and the inner 

conductor were soldered  to the bottom and the top surfaces, respectively. The 

input impedance of the device depends on the position of the input coax and the 

specific driving mode. In this example, the position was selected to match the 

input impedance of the TM000 mode. 

Dielectric material
(RT/duroid 6010.2, εr = 10.2)

Top surface (copper)

Bottom surface (copper)

10 cm

2.6 cm

2.5 mm

Via conductor (copper)

Power input (50 Ω coaxial line)

 

Figure 5-3 An HFSS model of a 900 MHz quarter wavelength resonator 
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 Figure 5-4(a) shows the magnitude of s11 computed by HFSS. Figure 

5-4(b)-(h) show the electric field configurations of the resonant modes. The 

lowest frequency mode was TM000 at 905 MHz (Figure 5-4(b)) as predicted by the 

cavity model (Figure 5-2(a)). The second lowest frequency mode predicted by the 

cavity model was TM001 at 1015 MHz (Figure 5-2(b)), but this mode was not 

observed in the HFSS result. The odd order z modes have a zero electric field 

(Figure 5-2(b), (e)) and therefore zero input impedance at the position of z where 

the power line was connected. Because of the impedance mismatch, no power was 

coupled to the odd z modes. If the power line were connected at an off- center 

location, however, these modes can be driven. Other than the odd z modes, the 

mode configurations and the resonant frequencies given by the cavity model and 

the HFSS model matched well. The cavity model is able to give the expected 

mode configurations and dimensions in a short time and the HFSS model gives 

more complete results such as the impedance matching, but with more 

computational time. 

 According to the cavity model, both TM000 at 900 MHz and TM010 at 2700 

MHz produce a completely uniform electric field at y = L. By the HFSS model, 

however, the electric field was not completely uniform.  This is due to the power 

loss during the wave propagation along the structure and the fringing field near 

the edges of the structure. The higher order mode TM010 at 2721 MHz slightly 

overlapped with TM012 at 2940 MHz (Figure 5-4(a)) and this mode interference 

produced some additional non-uniformity in the electric field. 
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5.1.1.2.2 Impedance matching 
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Figure 5-5 (a) An HFSS model of 950 MHz quarter wavelength resonator (b) Magnitude of s11 with 
various power input position (LF) 

 Figure 5-5(a) shows a HFSS model of a 950 MHz quarter wavelength 

resonator. The length, the width and the height of the resonator were 21 mm, 100 

mm and 2.5 mm, respectively. The top and bottom conductors (copper) were 

extended around the front edges of the device to form a 100 µm discharge gap. 

The power line was connected at the center of the width, and the distance from the 

input via conductor (LF) was varied in order to match the input impedance with 

the 50 Ω power source. As shown in Figure 5-4(b), the magnitude of the electric 

field is minimum at the via conductor (short end) and maximum at the discharge 

gap (open end). On the other hand, the surface current (which is more or less 

proportional to the magnetic field) is maximum at the via conductor and minimum 

at the discharge gap.  The unit of impedance is V ⋅ A−1 and so this demonstrates 

that the input impedance is zero at the via conductor and maximum at the 
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discharge gap. Figure 5-5(b) shows the magnitude of s11 calculated by HFSS. For 

this device, the impedance was matched at LF = 6 mm. 

5.1.1.2.3 Scaling of the device 

 Figure 5-6(a) shows a HFSS design of a 700 MHz quarter wavelength 

resonator made of RT/duroid 6010.2 copper laminate. The length and the height 

of the resonator were 40 mm and 2.5 mm, respectively. Resonators with four 

different widthsof 3cm, 6 cm, 12 cm and 24 cm were simulated. Unlike the 

previous design, the 500 µm discharge gap was created on the top surface of each 

device, which was 9.5 mm and 30 mm away from the two vertical via conductors. 

The length of 30 mm is close to the desired quarter wavelength. The shorter 

distance of 9.5 mm is much smaller than the wavelength and therefore only a 

weak electric field was observed inside that segment of the plasma generator. The 

reason for modifying the location of the discharge gap to the top surface was that 

it is easier to fabricate by the LPKF milling machine than the case of fabricating a 

discharge gap on the edge of the Duroid circuit board. The discharge gap was 

placed 9.5 mm away from the near-side via conductor in order to leave a space for 

soldering the via conductor to the top and bottom conductors. Figure 5-6(b) shows 

the computed electric configurations. For each resonator, the position of the 

power input LF was changed to match the input impedance to 50 Ω as shown in 

the previous section. The wider transmission line carries more current with the 

same applied voltage and so the line impedance becomes lower. Therefore LF 

must be placed further away from the via conductor for the wider resonator. 
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Figure 5-6(c) shows the magnitude of s11 for each resonator. The resonant 

frequency decreased with the wider resonator, since the EM fields were more 

confined in the dielectric material and the effective dielectric constant was higher. 

Figure 5-6(d) shows the magnitude of the electric field at the mid points of the 

discharge gap with 1 W of RF power. The black lines are the curve fits with a 

function 𝑓 = 𝑎𝑥2 + 𝑏  with two parameters a and b. Figure 5-6(f) shows the 

center-to-edge electric field variation given by, 

 
Variation =

E(Center)− E(Edge)
E(Center)

× 100   (%). (4.77)  

The variation was calculated using the fitted curves shown in Figure 5-6(d). The 

field variation was increased from less than 1 % with a 3 cm-wide resonator to 

above 10 % with a 24 cm-wide resonator. Figure 5-6(e) shows the magnitude of 

the electric field with same input power per unit resonator width (power density), 

such that 1 W, 2 W, 4 W and 8 W for the 3 cm, 6 cm, 12 cm and 24 cm-wide 

resonators, respectively. The electric field strengths became comparable if the 

power densities were the same. Normally, ignition of a plasma requires a higher 

power or a higher voltage than sustaining a plasma as shown in Section 4.3.1. The 

difference between the ignition and the sustaining powers becomes large for a 

wider resonator. For example, a narrow resonator ignites at 3 W and sustains at 1 

W and a wide resonator ignites at 60 W and sustains at 20 W. For wide resonators, 

the radiation and the heating that occurs due to high input power before ignition 

may be a problem, and so an additional plasma ignition device may be required. 
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Figure 5-6 (a) A HFSS model of a 700 MHz quarter wavelength resonator (b) Electric field 
configurations (c) Magnitude of s11 (d) Magnitude of electric field along the discharge gap with 1 W (e) 
Magnitude of electric field along the discharge gap with same power par resonator width (f) Center-to-
edge electric field variation 
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5.1.1.2.4 Electric field configurations with plasma loading 

Discharge gap (100 µm)

500 µm500 µm

Via conductor

Power input

21 mm

10 cm

Plasma (conductivity, σ)

 

Figure 5-7 HFSS model of a 950 MHz quarter wavelength resonator with a 10 cm plasma 

 Up to this point, all of the field configurations were simulated without 

plasma present in the discharge gap. Although a self-consistent plasma and 

microwave simulation may give a more comprehensive behavior of the device, 

such computation takes a long time and so it is left for the future work. In this 

section, the plasma is defined as a conductive box with the dimensions, 500 µm x 

500 µm x plasma length. Figure 5-7 shows the HFSS model of a 950 MHz quarter 

wavelength resonator with a 10 cm conductive box placed adjacent to the 

discharge gap in order to model an actual plasma. The resonator itself is the same 

as the one in Figure 5-5 with LF = 6 mm which is optimized without a plasma. 

Figure 5-8(a) shows the magnitude of s11 with the conductivity of the plasma 

varied from 0.01 to 5 S/m. At s = 0.01 S/m, the plasma in the discharge gap was 

close to an open circuit and the s11 curve had a sharp peak which indicates a high 

quality resonance. As one increased the conductivity, the peak became broader 

which means poor resonance.  This is similar to the s11 characteristic with an 

MSRR in Section 4.3.1. Figure 5-8(b)-(d) show the temporal electric field 
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configurations (phase = 0o to 180o) with various plasma conductivities of σ = 0.01, 

1 and 5 S/m, respectively. At σ = 0.01 S/m (Figure 5-9 (b)), the electric field 

changed more or less uniformly along the discharge gap, because it was highly 

resonant (as s11 indicated) and the resonance allows for the superposition of many 

reflected waves producing a near perfect mode field.  At s = 1 S/m (Figure 5-8(c)), 

however, the field is observed to propagate from the input with a vector 

component in both the y- and the z-directions (i.e., perpendicular and parallel to 

the discharge gap).  This is because the more highly conducting plasma absorbs 

the incident power more. The decreased reflections  at the device-plasma 

boundary limit the number of traveling waves that are superimposed within the 

device and distort the mode pattern. At σ = 5 S/m (Figure 5-8(d)), the field 

produced at the input was almost perfectly absorbed at the plasma without much 

reflection. This result indicates that a near uniform plasma can be generated if the 

plasma impedance per unit length is sufficiently large. As the plasma impedance 

per unit length becomes smaller, the plasma becomes more absorptive and this 

effect will localize the electric field and the discharge to a smaller spot. The 

plasma impedance depends on the type of gas, gas pressure, absorbed power, and 

driving frequency.  Xue et al estimated the plasma impedance using an MSRR 

with respect to the driving frequency (0.45 to 1.8 GHz) and the type of gas (argon 

and helium) (Xue and Hopwood, 2009). It was shown that the plasma impedance 

decreased with the increasing driving frequency. Also the plasma impedance was 

higher with the helium plasma. From the given data by Xue, it is predicted that 
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this resonant generator will produce more uniform plasma in helium at lower 

driving frequency.  That is, the most uniform discharge occurs when the line-

shaped plasma is least conductive. 
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Figure 5-8 (a) Magnitude of s11 with various plasma conductivity (b) Electric configurations with σ = 
0.01 S/m (c) Electric configurations with σ = 1 S/m (d) Electric configurations with σ = 5 S/m 
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 In order to investigate how the presence of a non-uniform plasma distorts 

the electric field, additional simulations were performed. In the previous example, 

perfectly uniform plasmas along the discharge gap were considered. Here, the 

electric field configurations were investigated when the plasma was localized.  

Figure 5-9(a) shows the HFSS model of a 950 MHz quarter wavelength resonator 

with a 0.5 cm plasma placed at the left end of the discharge gap.  For a plasma 

conductivity of σ = 0.1 S/m (Figure 5-9(b)), the electric field near the plasma 

became slightly weaker. At σ = 5 S/m (Figure 5-9(c)), the plasma absorbed more 

incoming waves and produced less reflected waves, but the electric field at the 

right side of the resonator where there was no plasma was stronger due to 

resonance. Therefore the electric field becomes stronger where there is no plasma 

and the plasma may move around the electrode by ‘chasing’ the stronger electric 

field. 

 In the simulations, the plasma was assumed to be a conductive block. 

However, as shown in Figure 4-20 in Section 4.3.1, the discharge voltage stayed 

nearly constant for a given discharge gap and only the discharge current changed 

with the absorbed power. If such a boundary condition is used in HFSS, more 

realistic field configurations can be obtained, but this is left for the future work. 
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Figure 5-9 (a) 5-10 HFSS model of a 950 MHz quarter wavelength resonator with a 0.5 cm plasma on 
the far left side of the gap (b) Electric configurations with σ = 0.1 S/m (c) Electric configurations with σ 
= 5 S/m 
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5.1.2 Experimental results 

 Figure 5-11(a) shows a 10 cm wide resonator designed at 950 MHz. The 

HFSS simulation model and results of this device are shown in Figures 5-5, 5-8 

and 5-9. Figure 5-11(b)-(c) show photographs of a helium plasma at 760 Torr 

with 5-10 W of absorbed power. The exposure time was 0.8 ms. The photographs 

(b) and (c) were taken with high and low ISO settings. Figure 5-11(d) shows the 

emission intensities along the discharge gap which were extracted from Figure 

5-11(b)-(c). The emission intensity was more uniform in the high sensitivity 

photograph. Although the maximum intensity is 255, the intensity might be 

heavily non-linear above the intensity of 150. A linear-response CCD camera 

should be used for more reliable measurement. Anyways, Figure 5-11(d) shows 

the emission intensity at the center was roughly twice as high as the intensity at 

the edge. This was predicted by the HFSS simulation shown in Figure 5-8 which 

indicated the EM field was weaker at the edge of the resonator due to the power 

absorption in the plasma. Figure 5-11(e) shows an argon plasma at 700 Torr with 

5-10 W of absorbed power (accurate powes were not recorded for the prototype 

experiments). The plasma was heavily localized at the left side of the resonator in 

this case, but a plasma localized at the right side was also observed. The plasma 

extended over the electrode at the intense plasma part, and this was expected to 

change the electric field configuration of the resonator. 

 Figure 5-12(a) shows a 6 cm wide resonator designed at 700 MHz. The 

HFSS simulation model and results of this device are shown in Figure 5-6. Figure 
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5-12(b) shows a 6 cm long argon plasma at 700 Torr with 3-5 W of absorbed 

power. Figure 5-12(d) shows an argon plasma generated with a 12 cm wide 

resonator designed at 700 MHz at 700 Torr with 5-10 W of absorbed power. The 

plasma was confined close to the discharge gap by placing a plasma limiter shown 

in Figure 5-12(c). The plasma limiter was made of two strips of machinable 

ceramic (Macor) which were separated about 0.5 mm. The plasma was confined 

between the two strips. The photographs show that the plasma did not cover the 

entire 12 cm discharge gap and was observed to oscillate from the left to right. 

Perhaps more power was required to ignite plasma over the entire gap. The 

plasma became heavily non-uniform without a plasma limiter, and the plasma 

looked similar to the plasma shown in Figure 5-11(e). 
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Figure 5-11 10 cm wide resonator designed at 950 MHz (a) Photograph of a helium plasma at 760 Torr 
with 5-10 W absorbed power (b) 0.8 ms exposure, high ISO (c) 0.8 ms exposure, low ISO (d) Emission 
intensities of the plasma along the discharge gap (e) Photographs of an argon plasma at 700 Torr with 
5-10W absorbed power. 
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Figure 5-12 (a) Photograph of a 6 cm wide resonator designed at 700 MHz (b) 6cm long argon plasma 
at 700 Torr with 3-5 W absorbed power (c) Plasma limiter (d) Photographs of plasmas generated by a 
12 cm wide resonator designed at 700 MHz with 5-10 W absorbed power. 

5.1.3 Other configurations 

 In the previous section, quarter wavelength resonators are described. 

However, the cavity model is not limited to a quarter wavelength structure. The 

cavity model can be applied to a half wavelength resonator, to a cylindrical or a 
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spherical geometry. In this section, a half wavelength resonator, a half wavelength 

resonator in a tube and circular resonators are simulated by HFSS. 

5.1.3.1 Half wavelength resonators 

10 cm

42 mm

32 mm

100 µm discharge gap

Open end (no electrode extension)

Dielectric material
(RT/duroid 6010.2
εr = 10.2, 2.5 mm thick)

Power input (50 Ω coaxial line)

 

Figure 5-13 HFSS model of 1 GHz half wavelength resonator 

 Figure 5-13 shows an HFSS model of 1 GHz half wavelength resonator 

made of RT/duroid 6010.2 (εr = 10.2). The length, the width and the height of the 

resonator were 42 mm, 100 mm and 2.5 mm, respectively. The top and bottom 

conductors (copper) were extended to form a 100 µm discharge gap. The power 

line was connected at the center in the width and the distance from the discharge 

was 10 mm to match the input impedance with 50 Ω in the half wavelength mode 

TM010. Figure 5-14(a) shows the magnitude of s11. Figure 5-14(b)-(i) show the 

electric field configurations of each mode. The lowest frequency mode was a full 

wavelength mode in the z direction TM002 at 0.82 GHz. The second lowest 

frequency mode was a half wavelength mode in the y direction TM010 at 1.014 

GHz, and this mode produces a uniform electric field along the discharge gap. 

The two modes TM002 and TM010 may overlap which depends on the width of the 
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resonator, and so it is necessary to design the resonator to separate the high order 

z mode TM00x frequencies and TM010 frequency. On the other hand, the quarter 

wavelength generator was guaranteed to have an isolated uniform discharge mode 

TM000 as shown in Figure 5-4 due to the strong boundary at the via conductor. 

One advantage of the half wavelength resonator over the quarter wavelength 

resonator is the ability to bias the electrode using a bias-T. The higher order y 

mode TM020 at 2.04 GHz interfered with the TM014 at 2 GHz and therefore the 

electric field along the discharge gap was heavily distorted.  Similarly to the 

quarter wavelength resonator, it is harder to drive an isolated higher order mode, 

because the resonant frequencies of the higher order modes are close. 
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Figure 5-14 (a) s11 of the resonator (b)-(i) Electric field configurations of each mode 
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5.1.3.2 Half wavelength resonators in tube geometry 

(a) (b)

10 mm

40o

Dielectric material
(RT/duroid 6010.2,
εr = 10.2, 2.5 mm thick)

Power input
(50 Ω coaxial line)

5 cm

 

Figure 5-15 (a)HFSS model of 620 MHz half wavelength resonator (b) Electric field configuration 

 Figure 5-15(a) shows an HFSS model of 620 MHz half wavelength 

resonator in a tube shape. The tube was made of RT/duroid 6010.2 (εr = 10.2) 

which inner, outer diameters and length were 20 mm, 25 mm and 50 mm, 

respectively. The inner and outer surfaces of the tube were defined as copper. A 

500 µm discharge gap was defined on the outer surface which was placed 140o 

from the power input position. Figure 5-15(b) shows the electric field 

configurations at 620 MHz. The electric field was the maximum at the discharge 

gap and was uniform along the gap. This design can be more compact than the 

planar designs shown in the previous section. The discharge gap can be either 

placed inside or outside. By placing the discharge gap inside and flowing a gas 

through the tube, the tube can be used as a reaction chamber or a cavity of a gas 

laser. 
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5.1.3.3 Circular resonators 

 Figure 5-16 shows HFSS models of circular resonators. Figure 5-16(a1) 

shows a 1.04 GHz resonator with the outer edge of the disk shorted and the 

discharge gap was placed at the center of the disk. The disk was made of 

RT/duroid 6010.2. The radius and the thickness of the disk were 35 mm and 2.5 

mm, respectively. Figure 5-16(a2) shows the electric field configuration at 1.04 

GHz. The field was nearly axi-symmetric and was the maximum at the center of 

the disk where the discharge gap was located. Figure 5-16(b1) shows a 0.82 GHz 

resonator with the center of the disk shorted and the discharge gap was placed 

along the outer edge of the disk. The radius and the thickness of the disk were 17 

mm and 2.5 mm, respectively. Figure 5-16(b2) shows the electric field 

configuration at 0.82 GHz. The field was nearly axi-symmetric and was the 

maximum at the outer edge of the disk where the discharge gap was located. 

 A cavity model in the cylindrical coordinates can be used to predict the 

mode field configurations, similarly to the procedure described in Section 5.1.1.1. 

In the cylindrical coordinates, the general solutions in the radial direction are 

written in terms of Bessel functions of the first and second kinds. 
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Figure 5-16 (a1) HFSS model of 1.04 GHz circular resonator (outer edge shorted) (a2) Electric field 
configuration (b1) HFSS mode of 0.82 GHz circular resonator (center shorted) (b2) Electric field 
configuration 
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5.2 Non-resonant wide microplasma generators 

 As described in Section 4.3, non-resonant generators can generate more 

intense plasmas by matching the plasma impedance to the transmission line 

impedance. Non-resonant generators minimize the power loss due to the wave 

propagation. Non-resonant generators are optimized for low impedance plasmas, 

but are not good for plasma ignition. Non-resonant generators with separate 

power supplies can be arrayed to produce a long line plasma. Since each generator 

in the array is non-resonant, the power coupling between the adjacent generators 

is much smaller than between resonant generators. Because each generator in the 

array is more or less independent, the plasma may be made indefinitely long by 

increasing the number of generators in the array. 

5.2.1 Prototype device 

 Figure 5-17 shows an example of a non-resonant wide plasma generator. 

The plasma generator is composed of two power supplies, a power divider, an 

array of transmission line tapers and an ignition resonator.  Two power supplies 

are used to drive the taper array and the ignition resonator, respectively. The 

power divider splits the power evenly to each taper. Figure 5-17(a)-(b) show the 

conceptual schematic and a photograph of the prototype device, respectively. A 

plasma is ignited by the ignition resonator and then the plasma propagates to the 

taper array. The taper is not able to start a plasma by itself and so the ignition 

resonator is required. Conceptually, by increasing the number of the tapers, the 

length of the plasma can be made longer. As a prototype device, a 4-taper array 
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device was fabricated (Figure 5-17(b)). The power divider was designed to split 

2.45 GHz power and the microwave power was supplied to the tapers from the 

power divider. A 900 MHz quarter wavelength resonator fabricated closed to the 

taper array was used to ignite a plasma. The details of the power divider and taper 

array are described in Sections 5.2.2.2 and 5.2.2.3, respectively. Figure 5-18 

shows photographs of the plasmas produced by the prototype device in argon at 

700 Torr. Figure 5-18(a),(c), and (b),(d) were photographs exposed for 0.8 ms and 

100 ms, respectively. The short exposure pictures were taken to avoid 

overexposure by the plasma emission. The long exposure pictures are to see the 

surrounding structures, i.e. the tapers and the resonator.   

(b) Prototype device, 4 tapers

Power divider

x N

x N

Taper array

Power divider

1. Ignite resonator2. Ignite taper array

(a) Concept, N tapers

Power for taper array
(2.45 GHz)

Power for ignition
resonator
(0.9 GHz)

Ignition resonator

Power for taper array
(2.45 GHz)

Plasma limiter

 

Figure 5-17 Taper array plasma generator (a) Concept (b) Prototype device 
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Figure 5-18 Photographs of the plasmas at 700 Torr in argon. The forward and reflected powers were 
15 W and 4 W respectively. 
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5.2.2 HFSS model 

5.2.2.1 Tapered transmission line 

 A tapered transmission line was used to run a plasma in the T-line mode 

described in Section 4.3. By using a taper shape, a longer plasma per power input 

than a straight transmission line is generated. In this section, how to decide the 

length and width of the taper is described. Figure 5-19 shows an HFSS model of a 

2-port tapered transmission line made of a TMM3 (εr = 3.27, 2.5 mm thick) 

substrate. At port 1, the linewidth W1 was set to 5.7 mm which corresponds to the 

line impedance of 50 Ω. At port 2, the linewidth W2 was set to 15 mm which 

corresponds to the line impedance of 25 Ω. The lengths of the straight 

transmission lines at port 1 and 2, L1 and L2 were 10 mm. The transmission lines 

were connected by a linear taper which length was L2. Figure 5-20 shows the 

magnitude of s11 with various taper length L2. As shown in the figure, tapered 

transmission lines are high-pass devices. The frequency of the first local 

minimum of |s11| is near λ/2 = L2. For 15 mm wide, 2.5 mm thick TMM3 

transmission line, a half wavelength at 1 GHz is about 88 mm. This agrees with 

the simulated |s11| shown in a black line (L2 = 7 cm) and a green line (L2 = 9 cm) 

in Figure 5-19. Therefore, the longer the taper line, the power transmits more at 

lower frequencies. Figure 5-20 shows the magnitude of s11 with various taper 

width W2, while the taper length L2 was fixed at 70 mm. As the taper became 

wider, the reflection coefficient |s11| increased. From the results in Figures 5.17 

and 5.18, the longer and the narrower taper gives smaller |s11|. When designing a 
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taper array of a given plasma length, the narrower taper means that it requires 

more power dividers. 

W2 (15 mm)

W1(5.7 mm)

Port 1 (50 Ω)

Port 2 (25 Ω)

Dielectric material
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Figure 5-19  2-port tapered transmission line 
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Figure 5-20 Magnitude of s11 with various taper length L2 
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Figure 5-21 Magnitude of s11 with various taper width W2. L2 was fixed at 70 mm. 

 

5.2.2.2 Power dividers 

 A power divider evenly splits and provides the power to each taper in the 

taper array. In this section, a T-junction, a Wilkinson power divider and a hybrid 

coupler are considered. For the taper array plasma generator, the total handling 

power could be above 100 watts depending on the array width, and the power 

reflection could be high when the impedance is not well matched. The isolation 

between the output ports of the power divider is important for generating a 

uniform discharge as discussed in Section 5.2.2.3. A T-junction power divider 

evenly splits the power, but the output ports are not isolated. In order to isolate the 

output ports, a resistive component must be included. A Wilkinson power divider 

is a popular commercially available power divider, and the output ports are 

isolated. The resistor in the Wilkinson power divider needs to be much smaller 

than the wavelength. If the high power is dissipated in such a small resistor, it 

could thermally damage the divider. A hybrid coupler is a 4-port device which 
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can be used as a power divider, such that port 1 as the input, ports 2 and 3 as the 

output and port 4 as 50 Ω termination which is equivalent to the resistor in the 

Wilkinson power divider. An advantage of the hybrid coupler is the 50 Ω 

termination load can be connected externally. If a commercially available high 

power rated 50 Ω load which comes with a heat sink is used, then power handling 

is not a problem. A disadvantage of the hybrid coupler is the asymmetry of the 

device, and so the power is not always evenly split. This problem may be solved 

by adding a 5th port 50 Ω termination to symmetrize the device. In the following 

sections, each power divider is described more in detail. 

5.2.2.2.1 T-junction power divider 

 Figure 5-22 shows an HFSS model of a 2.45 GHz T-junction power 

divider made of RT/duroid 6010.2 (εr = 10.2, 2.5 mm thick). Port 1 is the input. 

Port 2 and 3 are the output. The stripline impedance needs to be transformed from 

50 Ω at port 1 to 25 Ω due to parallel connection of two 50 Ω lines at port 2 and 3, 

and a quarter wavelength impedance transformer was used for this. Figure 5-23 

shows the magnitude of s-parameters of the T-junction divider. |s11| was 

minimized around 2.45 GHz because the quarter wavelength transformer was 

designed for the frequency. The divider almost evenly split power, such that 

|s12| = |s13|~�1
2

 ~ 0.7. The output ports were not isolated, and |s22| =

|s23|~ �1
4

 ~0.5.  Figure 5-24(a) shows the electric field configuration when the 
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input power was provided to port 1. The electric field was evenly split and 

propagated to port 2 and 3. Figure 5-24(b) shows the electric field configuration 

when the input power was provided to port 2. The electric field propagated to port 

1 and 3. Also 50 % of the electric field was reflected back to port 2 at the T-

junction, such that |s22| = 0.5. 

Port 1
(50 Ω)

Port 2
(50 Ω)

Port 3
(50 Ω)

Dielectric material
(RT/duroid 6010.2
εr = 10.2, 2.5 mm thick)

2.2 mm
¼ λ transformer

 

Figure 5-22 2.45 GHz T-junction power divider 
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Figure 5-23  S-parameters of a T-junction power divider 



197 
 

 
 

Port 1
Power input (2.45 GHz)

Port 2 Port 3 Power input

(a) (b)

-1 10

Electric field Ex, arb. unit

 

Figure 5-24 Electric field configurations of T-junction power divider (a) Power input to port 1 (b) 
Power input to port 2 

5.2.2.2.2 Wilkinson power divider 

 Figure 5-25 shows an HFSS model of a 2.45 GHz Wilkinson power 

divider made of RT/duroid 6010.2 (εr = 10.2, 2.5 mm thick). Port 1 is the input. 

Port 2 and 3 are the output. The Wilkinson divider is made of a half wave split 

ring terminated with a 100 W resistor, and so the odd mode field is absorbed in 

the resistor and only the even mode field propagates in and out of the power 

divider. Figure 5-26 shows the magnitude of S-parameters. The S-parameters for 

the ideal Wilkinson power divider are given by, 

 
𝑆 = −𝑗�

1
2 �

0 1 1
1 0 0
1 0 0

�. (4.78)  
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The S-parameters of the HFSS model were less than ideal, such that |s11|, |s22| and 

|s23| were not very close to zero. The resistor used in the model was not small 

enough compared to the wavelength and this was expected to degrade the 

performance. A smaller resistor is not practical for this application which needs to 

handle large power. Figure 5-27(a) shows the electric field configuration when the 

input power was provided to port 1. The electric field was evenly split and 

propagated to port 2 and 3. Figure 5-27(b) shows the electric field configuration 

when the input power was provided to port 2. The electric field propagated to port 

1 and dissipated in the 100 Ω resistor. Only a weak field propagated to port 3, 

which means port 2 and 3 were isolated. 

Port 1 (50 Ω)

Port 2 (50 Ω)

Port 3 (50 Ω)

2.2 mm
½ λ

Dielectric material
(RT/duroid 6010.2
εr = 10.2, 2.5 mm thick)

100 Ω thin film resistor  

Figure 5-25 2.45 GHz Wilkinson power divider 
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Figure 5-26 S-parameters of a Wilkinson power divider 
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Figure 5-27 Electric field configurations of Wilkinson power divider (a) Power input to port 1 (b) 
Power input to port 2 

5.2.2.2.3 Hybrid coupler 

 Figure 5-28 shows an HFSS model of a 2.45 GHz hybrid coupler made of 

RT/duroid 6010.2 (εr = 10.2, 2.5 mm thick). The hybrid coupler is made of a 

microstrip ring which circumference is 6 quarters wavelengths. For this particular 
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substrate, the inner radius and the width of the ring were 11 mm and 1 mm 

respectively. The hybrid coupler is a 4-port device and the transmission line to 

each port is placed with a quarter wavelengths separation which corresponds to a 

60o arc of the ring. Ports 1-4 were defined as shown in Figure 5-28. For the taper 

array plasma generator, the ports were configured as following. Port 1 was the 

input. Port 2 and 3 were the output. Port 4 was terminated with a 50 Ω resistor. 

The S-parameters of the ideal hybrid coupler is given by, 

 
𝑆 = 𝑗�

1
2

 �
0 −1 −1 0
−1 0 0 1
−1
0

0
1

0 −1
−1 0

�. (4.79)  

Figure 5-29 shows the S-parameters of the HFSS model. |s12| and |s13| were close 

to �1
2

~0.7 which means the input power is evenly split to ports 2 and 3. |s22|, |s23| 

and |s33| were close to zero, which means the output ports were well isolated. 

Figure 5-30(a) shows the electric field configuration of the hybrid coupler when 

the power is provided to port 1. The field was evenly split and propagated to port 

2 and 3. Figure 5-30(b) and (c) show the electric field configurations when the 

power is provided to port 2 and 3, respectively. The even mode field propagated 

back to port 1 and the odd mode field propagated to port 4. 

 Figure 5-31 shows an HFSS model of a 4-way power divider made of 

RT/duroid 6010.2 (εr = 10.2, 2.5 mm thick).  This power divider was fabricated 

and used in the prototype device shown in Section 5.2.1. The power divider was 

made by cascading the hybrid couplers. The interconnects of the hybrid couplers 
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became a little complex and therefore required another duroid layer. The ground 

planes of the two duroid substrates were bonded by silver epoxy.  The power 

reflection at the via connectors is a function of the cutout size of the ground 

copper, and so the cutout size has to be designed carefully for the best 

performance. Commercial SMA 50 Ω resistors were used for the 50 Ω 

termination.  50 Ω coaxial lines for port 2-5 were only for the HFSS simulation in 

order to isolate the simulated port EM fields.  Figure 5-32(a) shows the electric 

field configuration of the 4-way power divider when the power was provided to 

port 1. The power was evenly split and propagated to the 4 output ports. Figure 

5-32(b) shows the electric field configuration of the power divider when the 

power is provided to port 5. The even mode field propagated back to port 1 and 

the odd mode field was dissipated in the termination resistors.  Almost no field 

propagated to the other output ports, which indicates the good output port 

isolation. 

Port 1 (50 Ω)

Port 2 (50 Ω)

Port 3 (50 Ω)

Port 4 (50 Ω)

Dielectric material
(RT/duroid 6010.2
εr = 10.2, 2.5 mm thick)

11 mm

1 mm
2.2 mm

λ/4
λ/4

λ/4

 

Figure 5-28  2.45 GHz hybrid coupler 
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Figure 5-29 S-parameters of 2.45 GHz hybrid coupler 
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Figure 5-30 Electric field configurations of hybrid coupler (a) Power input to port 1 (b) Power input to 
port 2 (c) Power input to port 3 
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Figure 5-31 4-way power divider 

Power in (2.45 GHz)

Power out

(a)
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50 Ω termination
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Figure 5-32 Electric field configurations of 4-way power divider (a) Power input to port 1 (b) Power 
input to port 5 
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5.2.2.3 Taper array  

 

50 Ω input

Ground plane, copper
(Backside)

Width for 50 Ω transmission line (5.7 mm)

Dielectric material
(TMM3,
εr = 3.27, 2.5 mm thick)

Taper, copper

Ground via strip, copper

100 µm discharge gap
Plasma (0.5x0.5x15 mm)

L2 = 70 mm

 

Figure 5-33 Single taper plasma generator 

 Figure 5-33 shows an HFSS model of a taper plasma generator made of 

TMM3 (εr = 3.27, 2.5 mm thick). The length and width of the taper are 70 and 15 

mm, respectively. The 15 mm wide transmission line has line impedance of 25 Ω 

in this case. A 100 mm discharge gap was formed between the end of the taper 

line and the ground electrode. A conductive box (conductivity = σ S/m) with 

dimensions 0.5x0.5x15 mm was placed on the discharge gap to simulate the 

plasma loading effect on the electric field configuration. Figure 5-34(a) shows a 

magnitude of |s11| at 2.45 GHz against the plasma conductivity. Without plasma 

(σ = 0 S/m), about 90 % of the electric field reflected back to the input. |s11| was 

minimized around σ = 2.5 S/m and increased as σ was increased above 2.5 S/m. 

This indicates the plasma impedance becomes close to the line impedance of 25 Ω 

at σ = 2.5 S/m. Figure 5-34(b) shows the electric field configurations at σ = 0 S/m. 
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A standing wave was clearly observed due to the high reflection at the discharge 

gap. Figure 5-34(c) shows the electric field configurations at σ = 2.5 S/m. A 

traveling wave was observed since almost all the power was absorbed in the 

plasma. Figure 5-34(d) shows the electric field strength along the discharge gap. 

The electric field was fairly uniform over the taper width of 15 mm, regardless of 

the plasma conductivity. The electric field strength at σ = 0 S/m was nearly two 

times as high as the field as σ = 2.5 S/m, due to the constructive interference of 

the incoming and reflected waves. 
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Figure 5-34 (a) Magnitude of s11 with various plasma conductivity (b) Electric configurations at σ = 0 
S/m (c) Electric field configurations at σ = 2.5 S/m (d) Electric field along the discharge gap 
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Figure 5-35 4-element taper array with a 900 MHz ignition resonator 

 Figure 5-35 shows an HFSS model of a 4-element taper array with a 900 

MHz ignition resonator, and it was made of TMM3 (εr = 3.27, 2.5 mm thick). The 

taper array was fabricated and used in the prototype device shown in Section 5.2.1. 

Each taper had the same dimensions as the single element taper shown in Figure 

5-33. Each taper was connected to the separate input port and they were placed 

with 100 µm separation. The ignition resonator was a 900 MHz quarter 

wavelength resonator which length and width were 47 mm and 1 mm, 

respectively.  A 50 Ω transmission line was connected near the ground via of the 

resonator and the input impedance was well matched to 50 Ω. The power was 

expected to be coupled to the resonator by the high magnetic field around the 

ground via due to the high surface current through the via. A 100 µm discharge 

gap was formed between the end of the tapers and the ground electrode.  
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 Figure 5-36(a) shows the electric field configuration without a plasma 

when one taper was powered. Figure 5-36(b) shows the electric field 

configuration when all 4 tapers were powered. Figure 5-36(a2) and (b2) show the 

electric field along the discharge gap. Figure 5-36(a2) indicated that about 20 % 

of the electric field was coupled to the adjacent taper. Figure 5-36(b2) shows a 

nearly uniform electric field along the discharge gap and the non-uniformity 

resulted from the weak coupling between tapers. 

 Figure 5-37(a) and (b) shows the electric field configurations with a 5 mm 

plasma and a 61 mm long plasma, respectively. The plasmas were defined by 

conductive boxes which dimensions were 0.5 mm x 0.5 mm x length and 

conductivity was 5 S/m. Figure 5-37(a2) and (b2) show the electric field along the 

discharge gap. Figure 5-37(a) shows the electric field of the taper with a plasma 

was reduced, but the electric field of the tapers without a plasma was not changed 

due to the isolation between the tapers. The electric field was near uniform along 

the taper with the plasma, even though only 1/3 of the 15mm discharge gap was 

connected with a 5mm plasma. This was because the taper width was much 

smaller than the wavelength. Figure 5-37(b) shows a uniform electric field along 

the discharge gap if the gap was connected with a uniform plasma. The electric 

field is near uniform regardless of the plasma conductivity and this is an 

advantage over the resonant device shown in Figure 5-8 which field uniformity 

depended on the plasma conductivity. 
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 Finally, one of the examples which doesn’t work well is given. Figure 

5-38 shows a 4-element taper array with T-junction power dividers, made of 

RT/duroid 6010.2 (εr = 10.2, 2.5 mm thick). Each taper was 20 mm wide and 70 

mm long. Figure 5-38(a) shows the electric field configuration without a plasma. 

Figure 5-38(b) shows the electric field along the discharge gap. As shown in 

Section 5.2.2.2.1, the output ports of the T-junction power divider were not 

isolated. Due to the poor isolation, the reflected waves interfered with each other 

and the electric field along the discharge gap became non-uniform. The electric 

field became more uniform if the plasma absorbs the most incoming waves, and 

so fewer reflected waves were produced. Figure 5-38(b) shows the electric field 

was not uniform inside the left and right tapers. This was because the wavelength 

was shorter in RT/duroid 6010.2 than in TMM3, and the wavelength became 

more comparable to the taper width of 20 mm. 
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Figure 5-36 Electric field configuration of 4 element taper array without plasma (a) Power provided to 
one taper (b) Power provided to 4 tapers.  (a2) and (b2) are the electric field along the discharge gap. 
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Figure 5-37 Electric field configuration of 4 element taper array with plasma (σ = 5 S/m) (a) 5 mm long 
plasma (b) 61 mm long plasma.   (a2) and (b2) are the electric field along the discharge gap. 
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Figure 5-38 4-element taper array with T-junction power dividers (a) Electric field configuration (b) 
Electric field along the discharge gap 

 

5.3 Summary 

 Resonant and non-resonant wide microplasma generators were developed. 

It was found that both the resonant and non-resonant devices have their 

advantages and disadvantages.  
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 The resonant generators are able to generate a longer plasma per unit 

power than the non-resonant generator. The designs are fairly simple and only 

simple circuit board  pattering is required. The plasma uniformity of the resonant 

generators depends on the plasma impedance and the uniformity is better when 

the plasma impedance is higher. The plasma impedance is known to be higher at 

lower driving frequency. Also the impedance is higher in helium or air than in 

argon. It is relatively easy to design a 3-5 cm long resonant generator and this will 

be an easy replacement of an MSRR if a little longer plasma is required. 

 The non-resonant generators are made of an array of tapered transmission 

lines. The taper shape has to be determined carefully as described in Section 

5.2.2.1. The taper array generator produces a uniform electric field along the 

discharge gap regardless of the plasma impedance. The taper transmission line 

delivers the power efficiently to a high density plasma as the line impedance 

matches with the plasma impedance. The difficult part of the generator design is 

the power divider which needs to split the power evenly and to isolate the output 

ports which may have high reflected power. A power divider based on the hybrid 

coupler is able to handle the highest power by dissipating the reflected power in 

the external load resistors, but the design is more complex. 
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6. Conclusions 

 In chapter 1, general properties and applications of microplasmas are 

described. Microplasmas are non-thermal and are run near atmospheric pressure. 

‘Non-thermal’ means the gas temperature (<1000 K) is much lower than the 

electron temperature (~10000 K). The operation near atmospheric pressure 

removes the expensive vacuum system required for low pressure plasma 

processing.  These properties are suitable for treating temperature sensitive 

materials.  For example, deposition on a polymer sheet requires low gas 

temperature or the polymer surface is thermally deformed or melted (Vogelsang 

et al., 2010; Benedikt et al., 2006). The deposition reactions are enhanced non-

thermally by the energetic electrons. Another example is biomedical treatment. Of 

course, the live tissues will be burnt and die if the gas is too hot. Treating diseased 

tissues by ions, electrons, radicals and/or photons produced by microplasmas is an 

active research topic (Stoffels et al., 2002). 

 Various types of microplasma generators including DC discharge, DBD, 

RF and microwave are described in chapter 2. This work focused on 

characterization of microplasmas operating at microwave frequency. One of the 

advantages of a microwave plasma generator is the lower discharge voltage of the 

order of 10s of volts, compared to 100s of volts with a DC or an RF discharges. 

The low voltage operation prolongs the electrode lifetime by reducing the ion 

energy toward the electrodes. The low voltage operation was verified with the 

experiments and models described in this dissertation. Glow-to-arc instability is a 
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concern for the glow discharge cold plasma applications, and the control of this 

instability using the microwave device was also discussed. 

6.1 The relevance of major findings in this dissertation 

 In this dissertation, major properties of argon microplasmas at microwave 

frequencies, including the gas temperature, excitation temperature, metastable 

atom density, and electron density were successfully measured by optical 

diagnostics. Also, the electrical properties of the plasma, including the discharge 

voltage, current and plasma resistance were estimated by comparing the 

experimental power reflection to the power reflection simulated by HFSS. In 

chapter 3, the details of the optical diagnostics were described including the basic 

theory, the experimental implementation, andthe data extraction, i.e. curve fitting. 

Furthermore, by applying the optical diagnostics to the axi-symmertic plasmas 

and performing Abel inversion, the local densities of the excited states were 

obtained. 

 In chapter 4, the diagnostic techniques were applied to the microplasmas 

at microwave frequencies in both resonant (SRR) mode and non-resonant (T-line) 

mode. The major findings are summarized as following. 

• Argon 1s3, 1s4 and 1s5 excited state densities were measured by diode 

laser absorption. The densities of these states when corrected for the 

degeneracy closely tracked each other at 1 to 760 Torr with 0.5 W input 

power. This indicates only one of the 1s2-1s5 states needs to be measured, 
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in order to estimate the order of magnitude of each state density. Ar (4s) 

excited states including 1s2-1s5 are the lowest excited energy states and are 

most populated. These states have high internal energy of 11.54-11.82 eV 

and are able to enhance chemical reactions required for some applications. 

These states can also be further ionized with an extra 4 eV (which is much 

smaller than the ionization energy of 15.76 eV) and are therefore 

important for argon ion generation, i.e. two step ionization. Near 

atmospheric pressure, a considerable amount of molecular ions (Ar2
+) and 

excimers (Ar2
*) are formed from these excited species. Therefore, they are 

also an important part of argon plasma chemistry. 

• Argon metastable 1s5 density with 0.5 W was on the order of 1017 m-3 at 

pressures less than 50 Torr and increased to 1019 m-3 at 760 Torr. At 760 

Torr, the peak density was saturated at 1019 m-3 with increasing power. 

Increasing loss rate of the metastables due to reactions including 

Ar+Ar*Ar2
* and 2Ar* Ar2

+ may be a reason why the metastable 

density cannot be higher than 1019 m-3. This indicates the generation rate 

of Ar2
+ and Ar2

* are high, and these species can be dominant at 

atmospheric pressure as predicted by simulations (Kushner, 2005; Farouk 

et al., 2006). The peak metastable density with a DC microplasma 

generator at 300 Torr was above 1020 m-3 (Belostotskiy et al., 2009), and 

this is an order of magnitude greater than the value (1019 m-3) we observed 

with the MSRR. The peak density with the DC generator was observed 
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near the cathode due and was reported to be due to energetic secondary 

electrons produced by high energy ion bombardment to the cathode. The 

high density of ground state neutrals near the cathode (due to high 

conductive heat loss to the cathode which decreases the gas temperature) 

and the high flux of secondary electrons might produce the high density 

metastable atoms due to a reaction Ar + e  Ar(1s5) + e. 

• The actual absorbed power by the plasma was always found to be less than 

a watt in the SRR mode regardless of the forward power. The SRR design 

inherently limits the maximum power coupled to the plasma and therefore 

eliminates the ionization overheating instability. In the T-line mode, the 

absorbed power was 1 – 20 watts and the maximum coupled power was 

limited by the power amplifier used in the experiment, but this mode of 

operation is expected to form a thermal arc if enough power (>> 20 W) is 

delivered. In general, microwave power supplies are designed to control 

the forward power delivered to a load, and this power is either dissipated 

in plasma generation or reflected back to the generator. Therefore unless 

the enough forward power for creating a thermal arc is provided, a sudden 

glow-to-arc transition should not be observed. The SRR keeps the power 

dissipation well below this limit, and so the glow mode discharge is 

guaranteed. This is different from the glow-to-arc transition in DC 

plasmas due to the large stored energy in the capacitor of the power supply 

or the parasitic capacitance of the cables and electrodes. With DC plasmas, 
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the instantaneous power is not limited if the current is not limited by a 

ballast resistor, but even a ballast resistor cannot protect the discharge 

from the stored energy in parasitic capacitance. 

• The estimated discharge voltages in the SRR and T-line modes were 15 V 

with a 100 µm discharge gap and 35 V with a 5 mm discharge gap, 

respectively. The measured voltages were indeed an order of magnitude 

lower than the DC or RF discharge voltages of 100-1000 V (Laimer and 

Stori, 2006; Arkhipenko et al., 2010). The low discharge voltage is 

important for the long electrode lifetime due to lower ion sputtering 

damage. The actual ion energy bombarding the electrodes must be smaller 

than 10 eV as the ions experience at least a few collisions at atmospheric 

pressure before they reach the electrodes and so the sputtering of the 

electrodes can be negligible. The voltages were rather independent of the 

input power and only the discharge current increased with increasing input 

power. This I-V plasma load curve is useful, when simulating a microwave 

circuit with a realistic plasma load. More advanced microwave circuits for 

plasma generation may be developed with this type of simple simulation. 

• The electron densities were estimated from the Stark broadening of the Hβ 

emission line. The electron densities were 1019 - 1020 m-3 in the SRR mode 

and 1020 - 1021 m-3 in the T-line mode. In the DBD or pulsed DC discharge, 

the discharge current flows in short pulses instead of the continuous 

discharges produced in this work. The peak electron density of the DBD is 
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1018-1020 m-3 (Urabe, Sakai, and Tachibana, 2011), but the time averaged 

density is 1017-1019 m-3 if the duty cycle is 10 %. Therefore, the 

microwave generators produce more time averaged electrons. The 

electrons are the specie which gains energy from the provided EM field, 

and the high energy electrons (Te~10000 K) create the radicals and 

enhance the chemical reactions. Higher density electrons create more 

radicals and reactive species, and so the processing time for materials 

processing can be shortened, for example. Also the higher density radicals 

produce more emission and provide a brighter light source. 

• The gas temperatures were estimated by an OH rotational band spectrum. 

The gas temperatures in the SRR and T-line modes were 500 – 700 K and 

700 – 2000 K, respectively. A heat transfer model with convection and 

conduction predicted that the conductive heat loss to the substrate due to 

the high temperature gradient surrounding the microplasma was dominant. 

This was confirmed by an experiment which showed the temperature was 

maximum where the plasma was the furthest from the substrate. By 

confining the plasma closer to a cold solid surface, the gas temperature 

can be lowered by increasing the heat conduction which is proportional to 

the temperature gradient.  

• The spatially resolved measurements revealed that argon metastable 1s5 

and excited OH atoms were depleted at the center of the plasma filament, 

while the electron density had a center-peaked distribution. Some possible 
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reasons for the center depletion were discussed in section 4.2.2, but more 

complete discussions are left for future modeling work. The measured 

line-averaged gas temperature by diode laser absorption of Ar(1s5) and the 

OH rotational spectrum underestimated the peak temperature because of 

the center-depletion of the species being probed (section 4.2.1.2). In one 

example, the line-averaged gas temperature was 1000 K, the estimated 

peak temperature was a much higher 1650 K. Under these experimental 

conditions, the plasma emission in the visible wavelengths was dominated 

by the continuum emission which is proportional to [e]2. On the other 

hand, argon metastable atoms can only be detected by optical absorption, 

and produce no visible emission. The visible perception of the plasma may 

lead to an assumption that the electrons and argon metastable atoms have 

similar spatial profiles, but it was shown that is not always the case. 

Therefore, it is advised to avoid spatially-averaged diagnostics and 

measure the spatial distribution of the sensing species (Ar(1s5) and OH* in 

this case) for the most accurate temperature estimation whenever possible. 

Similar care should be taken for the other optical diagnostics including but 

not limited to Hβ Stark broadening and Ar excitation temperature where 

the sensing species are H* and Ar*, respectively. 

 Line microplasma generators which can be used for a roll-to-roll plasma 

treater were developed and described in chapter 5. Based on the measured 

characteristics of the point-type resonant (SRR) and non-resonant (T-line) 



221 
 

 
 

plasmas in chapter 4, the ideas were extended to a line plasma from a point 

plasma. The resonant wide generator was developed based on a microwave cavity 

model and the non-resonant wide generator was made of an array of tapered 

transmission lines. Simulation results predicted that the resonant devices produce 

a uniform plasma if the plasma impedance was high. The non-resonant devices 

produce a uniform plasma regardless of the plasma impedance, but the power is 

only matched when the taper impedance equals the plasma impedance, which 

typically corresponds to a high electron density (> 1020 m-3) plasma. The 

prototypes of these devices were fabricated, and the devices successfully 

generated a line plasma. In this dissertation, only the principles of operations of 

these line plasma generators were described. The diagnostics of the devices were 

left for the future work or to whomever wishes to develop the devices further. 

6.2 Future work 

 As described above, the non-thermal property is the fundamental aspect of 

microplasmas. The gas temperature of the microplasmas seems to be kept low due 

to the small size which creates high heat conduction to the substrate. For 

generating energy efficient cold plasma, minimizing the power partitioned to heat 

must be important, because the rest of the energy must be used for non-thermal 

reactions which are useful for the low-temperature applications. In this work we 

estimated the power partitioned to heat as described in section 4.2.1.2. By 

measuring the substrate temperature and comparing the temperature with a heat 

transfer model, the power dissipated as heat can be estimated. It was found that 
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the air plasma consumed more power as heat than the argon plasma. Using a 

similar methodology, the power partitioned to heat with respect to the type of 

microplasma device (DC, DBD, RF or microwave), driving frequency, gas 

mixture, gas pressure and plasma-to-substrate distance (size of plasma) can be 

estimated.  This ultimately answers which device under what conditions produces 

the most energy efficient cold plasma. 

 Plasmas have many physical aspects including fluid dynamics, 

electromagnetics, heat transfer, radiative transfer and chemical reactions. In order 

to understand the plasmas, each aspect should be examined carefully. Such 

experimental results may be used to verify a plasma simulation model and make 

the simulation more sophisticated and realistic. Modeling of plasma makes it 

possible to predict the behavior of the plasma without actually running and 

measuring a plasma. As shown in this dissertation, diagnostics of microplasma are 

difficult due to the small size. For smaller microplasma such as sub-micron 

plasmas, direct measurements of the plasma characteristics may be nearly 

impossible, but a sophisticated plasma model may be able to predict the behaviors 

of such plasmas. This dissertation provides some such experimental results. 

 One example was to obtain the discharge voltage, current and plasma 

resistance by comparing the experimental power reflection to the simulated power 

reflection (section 4.3.1).  The plasma load I-V curve is important, because the 

electrical (microwave) circuit behavior can be predicted without running a plasma. 

The more accurate plasma impedance can be obtained by measuring the phase of 
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the reflected wave. The plasma impedance measurement can be simplified if the 

plasma is sustained at the end of a 50 Ω transmission line. The transmission line 

properties are nearly independent of the driving frequency, and so the plasma 

impedance with respect to the driving frequency can be easily obtained. 

 In terms understanding the possible chemical reactions, the electron 

density, argon metastable density, gas temperature and excitation temperature 

were measured.  These data in conjunction with collision cross-sections can be 

used to predict plasma chemistry. At atmospheric pressure, however, molecular 

species such as Ar2
+ and Ar2

* can be dominant. Also the excimer radiation Ar2
* 

2Ar+hν (~126 nm) may be intense, because the photons are not reabsorbed by the 

ground state argon. Therefore, some measurement of the molecular species should 

be developed. For example, the excimer radiation can be observed by taking a 

VUV photograph or an imaging spectrum. 

 In terms of the fluid dynamics, the force induced by the plasma such as 

ion drag force can be very important.  The force can be applied to a micro pump 

or a plasma thruster. Also it is simply important for the cooling mechanism of the 

plasma by generating a forced convective flow. 

 As shown above, many aspects of the microplasmas can be investigated 

for scientific interests. For engineering (application) oriented research, this is 

often not the case, because obtaining the most relevant results are the top priority 

and the time-consuming fundamental sciences are often left incomplete. 
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Knowledge of these scientific aspects, however, will help us understand the 

microplasmas in general and will be a basis for many engineering applications. 

This dissertation answered a few such questions and I hope this helps with the 

future research. 
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