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This study investigated the application of physical probes and optical emission 

spectroscopy to an atmospheric microplasma jet to determine the gas temperature, 

electron temperature, and electron density of the plasma. Emission lines and species of 

interest were chosen to determine the impact of experimental configuration on the 

accuracy of measurements. The results showed that there is a noticeable difference in not 

only each of the different gas temperature determination methods, but also for individual 

argon spectral lines when using van der Waals broadening. The usefulness of argon 
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If I go out into nature, into the unknown, to the fringes of knowledge; everything seems 

mixed up and contradictory, illogical, and incoherent. This is what research does; it 

smooths out contradictions and makes things simple, logical, and coherent. 

- Albert Szent-Gyorgyi  
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CHAPTER 1 

 

 

INTRODUCTION 

 

The good thing about science is that it’s true whether or not you believe in it. 

 - Neil deGrasse Tyson 

Atmospheric microplasma jets (AMPJs) are primarily used in biomedical and 

material processing applications[1], [2]. Current material processing research efforts are 

focused on the synthesis of: carbon nanotubes[3]–[9] and other carbon based 

structures[10], [11]; silicon[12]–[14] and carbon[15] films; metal nanorods[16]–[18]; and 

metal[19]–[22], carbon[23]–[25], and other types[26]–[28] of nanoparticles. Biomedical 

research on the other hand is researching: the treatment of cancer cells[29]–[34], the 

inactivation of bacteria or sterilization[35]–[40], and other general applications[1], [41]–

[44].  

Microplasmas are plasmas, or ionized discharges, generated on the small scale, 

typically millimeter or smaller. Microplasmas are governed by Paschen’s Law, or pD 

scaling, where p is the pressure and D is the smallest characteristic dimension of the 

plasma[24], [45]. Small plasma dimensions allow for the microplasma to be stable at 

atmospheric-pressure without arcing. Due to their size, microplasmas have different 

plasma properties than vacuum plasmas. The literature has shown microplasmas have 
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high electron densities up to 1016 cm-1[46], nonequilibrium temperatures[47], [48], and 

non-Maxwellian electron energy distributions[49], [50]. In order to accurately perform 

plasma diagnostics at atmospheric pressure conditions, these factors must be taken into 

account. 

AMPJs are of a great interest due to their low gas temperature but high electron 

temperature and charged particle densities, which makes them ideal for a variety of 

applications. Atmospheric-pressure operation also removes the need for expensive and 

complicated vacuum equipment required for low pressure plasmas. Therefore, to safely 

treat living tissue and low temperature materials, it is important to be able to readily 

determine plasma properties quickly and in-situ.  

 

1.1 Problem Statement 

For low-pressure plasmas, physical probes such as Langmuir probes are a 

common diagnostic tools used to measure plasma properties of electron temperature and 

electron number density. Physical probes typically have simple data processing and 

ability for in-situ direct measurements. The measurement of densities and temperatures 

with Langmuir probes for microplasmas can be difficult due to their small size and high 

pressure operation. Standard Langmuir probe analysis assumes a collisionless plasma, 

which is typically not applicable for atmospheric-pressure microplasmas. At high 

pressure, the plasma becomes collisional as the ion-neutral mean-free-path becomes 

smaller than the Debye length[51].  

Microplasma properties are typically measured using optical diagnostics such as 

optical emission spectroscopy with collision-radiative models[52]–[54], Stark 
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broadening[55], or analysis of OH[56] and N2[57]–[59] emissions, laser induced 

fluorescence[60], laser interferometry[61], [62], and Rayleigh scattering[56], [63]. These 

techniques require databases, mathematical models, and significant post-processing to 

obtain plasma properties. Commercial programs such as Specair can speed the post-

processing with built-in databases and automated spectra fits. Depending on the size and 

configuration of the plasma, these measurements can also provide both spatial and 

temporal resolution. An additional challenge in optical AMPJ measurements is the loss of 

local thermodynamic equilibrium (LTE), which requires careful attention when 

performing optical measurements[64]. 

For future industrial or commercial applications, simpler methods with direct 

measurement or minimal post-processing are desirable for determining plasma properties. 

Thus Langmuir probes and thermocouples are of interest for their simplicity but their 

applicability to microplasmas is unknown. Langmuir probes have been used in some 

microplasma studies, although the results are mixed[55], [65]–[69]. Langmuir probes are 

a simplistic and cost effective solution to measure electron density and temperature. 

Optical methods on the other hand can require expensive equipment and detailed models, 

such as collisional models, in order to accurately measure the electron properties.  

Thermocouples are a common tool to measure gas temperatures in many 

industrial applications. They are inexpensive and provide immediate readings. The 

difficulty for plasma use though is the presence of charged particles and local electric 

fields that can interfere with readings. One simple optical method to measure gas 

temperature is van der Waals or Doppler broadening[45], [64], [70] of neutral emission 

lines such as ArI. From knowledge of the broadening profile of a spectral line, the gas 
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temperature can be directly calculated from a single equation. At temperatures < 1000 K, 

van der Waals has a much larger broadening profile than Doppler. With the large number 

of ArI lines, there is a need to determine which lines produce accurate and reproducible 

results and if a relationship exists between the accuracy of individual ArI lines and the 

experimental configuration.  

 

1.2 Research Contributions 

The present research investigates the application of low cost physical probes 

(Langmuir probes and thermocouples) and optical emissions spectroscopy to atmospheric 

microplasmas. The goal is to characterize an AMPJ operating with argon gas using 

physical probes and compare the results to optical techniques. The plasma properties of 

interest include gas temperature, electron temperature, and electron density. Due to the 

expected low temperatures of the experimental plasma configuration (< 500 K), van der 

Waals broadening of argon spectral lines was chosen to measure the gas temperature. 

Cylindrical Langmuir probes were used to measure the plasma density and electron 

temperature. This work compares four different methods to determine the accuracy of the 

temperature measurement: van der Waals broadening of argon spectral lines, spectral 

fitting of OH (A-X) and N2 (C-B), and type K thermocouples. Due to equipment 

limitations, optical measurements of the plasma density and temperature were not 

possible. 

This work aims at providing a highly detailed comparison between the two types 

of diagnostic techniques; physical probes and optics. Multiple methods for each type are 

utilized to provide a thorough analysis of the accuracy of current techniques. In addition 
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to testing different diagnostic methods, two AMPJ configurations are used to determine if 

the accuracy of results are dependent on the experimental configuration. Finally, the 

current literature is lacking detailed information regarding the use of multiple (> 2) ArI 

emission lines and the use of identical ArI lines for multiple configurations. Therefore, 

this study hopes to contribute new information which may be useful to those in the fields 

of plasma diagnostics and atmospheric-microplasma jets.   
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CHAPTER 2 

 

 

BACKGROUND 

 

If I have seen further it is by standing on the shoulders of Giants. 

 - Isaac Newton 

Plasma diagnostics, or the determination of plasma properties, can be broken 

down into two general types: optical techniques and physical probes. This research 

focused on comparing the two types where possible using the following methods: van der 

Waals broadening of argon spectra lines, spectral fitting of OH (A-X) and N2 (C-B), type 

K thermocouples, and Langmuir probes. The following sections of this chapter provide a 

detailed review of the literature in the methods applied and AMPJs. 

 

2.1 Atmospheric Microplasma Configurations 

There are many different configurations of atmospheric microplasma depending 

on the power source, geometry, and materials uses. The two configurations of interest in 

this work are dielectric barrier discharge (DBD) and DBD-like plasma jets. A DBD 

configuration includes a dielectric barrier separating the plasma from the positive and 

negative electrodes. A DBD-like configuration mimics that of a DBD, just without a 

dielectric barrier. When the plasma plume is not in contact with an electrically 
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conducting material, it has almost the same behavior as that of a DBD. But when a non-

dielectric material comes too close, the discharge runs from the electrode to the object 

and the plasma is no longer acting like a DBD.  Lu et al[71] has provided detailed 

schematics of both configurations, copies here in Figures 2.1 and 2.2. It is uncommon to 

find setups utilizing a DBD-like[71] configuration with both central pin and ring 

electrodes, with some groups opting for an inductively coupled [24], [25], [72] or DBD 

configurations[70], [71]. The AMPJ used in this work is of the type shown in Figure 2.1a. 

 

Figure 2.1 Schematics of DBD-like plasma jets [71]. 

 

Figure 2.2 Schematics of DBD plasma jets [71]. 
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Experimental setups are typically powered by an RF source operating at high 

frequency (HF) or ultra-high frequency (UHF)[14], [22], [24], [25], [56], [72]–[74]. With 

that said, AMPJs can also be driven by ac[71], [74], dc[71], or pulsed dc power[71].   

Other types of atmospheric-pressure plasmas exist which are used in the literature 

primarily for diagnostic studies. These include microwave powered setups[58], [64], 

[75]–[80], which can be found in a variety of configurations, such as a torch [58], [80], or 

surface-wave discharge[64], [78], [79].  

 

2.2 Review of Literature 

Following is a summary of experimental and numerical results from the literature 

on the diagnostic methods. The results include determinations of gas temperature, 

electron temperature, and electron density. Results may vary between authors due to 

variances in experimental setups and may contradict each other. In addition to reporting 

the results, differences in experimental setups are noted.  

 

2.2.1 Spectral Line Broadening Mechanisms 

 Due to non-ideal operating conditions, various broadening mechanisms play a key 

role in the broadening of emission lines. The dominant broadening mechanisms are: 

instrument, Doppler, van der Waals, and Stark. There are also resonance and natural 

broadening, however these contributions are almost always many orders of magnitude 

smaller that they are often neglected. Instrument broadening is caused by the emissions 

detection system, which includes the spectrometer, camera, and any intervening optics. 

Doppler is a consequence of the fact that the emitted line frequency depends on the 
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velocity of the emitting particle with respect to the detector. Van der Waals comes from 

the collisions between the emitting species and neutral particles or molecules. Finally, 

Stark is also a result of collisions, but between the emitting species and charged particles. 

While instrument broadening is solely dependent on the equipment being used, the other 

mechanisms are dependent on gas temperature (Doppler, VDW), electron temperature 

(Stark), and electron density (Stark). Therefore, they can be used to solve for these 

properties. This process is explained in greater detail with equations in Chapter 3: 

Experimental Methods.   

 

2.2.2 Gas Temperature Determination from van der Waals Broadening 

The literature has showed that the gas temperature can be obtained from argon 

spectral lines through the use of line broadening techniques[57], [64], [81]–[83]. An 

advantage of this method is that trace gases do not need to be added to the argon plasma. 

In this work the measurements were taken in the jet that emanates into ambient air where 

ambient N2 and OH are present. For measurements of the plasma in other locations, argon 

line broadening removes the need for the addition of air, nitrogen, or water vapor. A 

complete list of argon spectral lines can be found through the NIST Atomic Spectral 

Database[84]. Zhu and Pu[85] compiled a detailed list of useful neutral argon (ArI) 

transitions from the 2p to the 1s level. Between these and other studies[52], [58], [59], 

[82], easily identifiable strong intensity spectral lines were chosen. Table 2.1 shows 

argon wavelength and upper and lower states of spectral lines typically investigated in the 

literature.  
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Table 2.1 Common argon spectral lines and their transitions. 

 

Wavelength (nm) Upper Level Lower Level References 

750.4 2p1 1s2 [52], [59], [84] 

696.5 2p2 1s5 [82], [84] 

738.4 2p3 1s4 [52], [84] 

706.7 2p3 1s5 [84] 

751.5 2p5 1s4 [84] 

800.6 2p6 1s4 [84] 

763.5 2p6 1s5 [52], [58], [84] 

810.4 2p7 1s4 [84] 

842.5 2p8 1s4 [84] 

801.5 2p8 1s5 [84] 

811.5 2p9 1s5 [58], [84] 

 

Following the method of Ionascut et al[70], the gas temperature can be 

determined from the van der Waals broadening assuming Stark broadening is negligible 

or is already known. Stark can be neglected for relatively low electron temperatures and 

electron densities < 1016 cm-3, where collisions between the neutral and emitter species 

are frequent. The validity of this assumption has been demonstrated by other research 

groups[45], [64], [70] and is also examined later in this work.  

Chen and Li[58] applied van der Waals broadening to the 763.5 nm and 811.5 nm 

ArI lines for a microwave powered nitrogen-argon torch. For configurations similar to 

theirs, it was determined that the Stark broadening would be on the order of 0.1 pm[86], 

[87], in comparison to the calculated van der Waals and Doppler broadening between 5-

25 pm[58]. Due to a gas mixture being used, a modified form of the van der Waals 

broadening FWHM equation was used, shown as 
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 ∆𝑉𝐷𝑊 = 8.18 × 10−26 × 
2 × (𝑅2)

2

5 × (𝑇)0.3 

 × [(𝛼𝐴𝑟)
2

5 (
1

𝜇𝐴𝑟−𝐴𝑟
)

3

10
𝑁𝐴𝑟 + (𝛼𝑁2

)
2

5 (
1

𝜇𝐴𝑟−𝑁2

)

3

10
𝑁𝑁2

] , (2.1) 

where  is the wavelength in nm, 𝛼 is the atomic polarizability of the neutral perturber, 

𝜇𝐴𝑟−𝐴𝑟 and  𝜇𝐴𝑟−𝑁2
 are the reduced masses of the emitter-perturbing pair, N is the 

number density of each species in the ground state, and 𝑅2 is the difference of the 

squared radius of the emitting atom in the upper and lower levels. Van der Waals 

broadening of the ArI lines was found to result in errors much greater than 10%, in part 

due to the high temperatures of the plasma (< 5000 K). At high temperatures, the van der 

Waals broadening FWHM is less sensitive to changes in the gas temperature, yielding 

inaccurate results. Calculations indicated that the FWHM changes only 0.0005 nm 

between a temperature change of 5000 K to 6000 K, indicating this method is better 

suited for low temperature plasmas (< 3000 K). One other problem with this approach is 

that N2 molecular bands provide spectral interferences at the expected temperatures, 

leading to very few ArI lines being resolvable for analysis.  

Christova et al[64] studied an atmospheric argon surface-wave discharge powered 

by a microwave source. The van der Waals broadening of the argon species was 

performed with alternative choices for the ArI lines. Emission lines included the 

following wavelengths: 737.2, 641.6, 591.2, 560.7, 603.2, 518.8, 549.6, and 522.1 nm. 

Studies performed by Calzada[78], [79] utilized similar lines also for an argon surface-

wave discharge, indicating that these wavelengths may be better suited for those 

configurations. 
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The literature has shown that van der Waals broadening can also be applied to 

hydrogen (Hα[56] and Hβ[56], [70], [74]) and helium[70], [74] species, although with 

mixed results. Park et al[74] created an atmospheric microplasma jet capable of being 

operated with ac, pulsed dc, or rf power. The setup utilized argon or helium as the 

working gas, with trace amounts of oxygen gas fed in. For this study, natural and Stark 

broadening were also neglected. Two transitions were analyzed to determine the gas 

temperature of the plasma: 587.5 nm (He) and 486.1 nm (Hβ). At 1.75 kV (pulsed dc) and 

2 slm of He, van der Waals broadening analysis led to gas temperatures of only 301 K 

(He) and 306 K (Hβ). An increase in temperature up to 330 K was observed when the 

system was powered by rf. These calculations were found to agree well with 

measurements obtained from OH rotational line simulation comparisons and the optical 

fiber thermometer.  

Hofmann et al[56] studied an rf-driven tungsten needle with both argon and 

helium gases. A two-electrode system was used with a grounded copper electrode in the 

center of the tube and a concentric electrode around the outside. The AMPJ was operated 

in a linear-field configuration[88] at 11.7 MHz. Hα and Hβ emission lines were recorded 

and analyzed through van der Waals broadening calculations. Rayleigh scattering was 

assumed to be the most accurate method to obtain the gas temperature, serving as the 

baseline for comparison between methods. Results from Rayleigh scattering yielded gas 

temperatures ranging from 300 K to 600 K, depending on the current. For purely argon 

plasmas, Hβ emissions led to severely underestimated temperatures, differing by on 

average 200 K. Hα calculations led to gas temperatures only 100 K lower than the 

Rayleigh scattering analysis. For helium-argon plasmas, Hβ resulted again in 
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underestimated temperatures roughly 100-150 K lower, while Hα yielded values within 

the error of the Rayleigh scattering measurements. This behavior is expected due to the 

fact that the Stark effect is more prominent in hydrogen atoms[89]. When this effect is 

ignored, as in van der Waals analysis, the calculations can lead to substantially 

underestimated temperatures. Therefore, Hofmann et al[56] concluded that careful 

consideration must be made when choosing a method to measure the gas temperature.  

Finally Ionascut et al[70] analyzed He (587.5 nm) and Hβ (486.1 nm) emission 

lines for an atmospheric-pressure dielectric barrier discharge (DBD) torch. A pulsed dc 

power source was used, operating at 10.8 kV. Helium gas was flown through the 

configuration at 9 slm. These settings were used as they produced the strongest signals 

with the resolution maximized. The gas temperature was calculated as 460 K for both 

emission lines, leading to an error of just over 12% based on prior rotational temperature 

measurements of 533 K[90]. The effect of voltage on the gas temperature was also 

studied, with voltages ranging from 5.8-10.8 kV. The helium line resulted in temperatures 

ranging from 315 K to 460 K, with an average temperature increase of 30 K for each 

additional 1 kV (linear behavior). Hydrogen resulted in similar temperature values at 5.8, 

6.8, 9.8, and 10.8 kV, while showing only a minor deviation at 7.8 kV and 8.8 kV. 

Overall, the two lines yielded similar results. Both lines yield accurate temperature 

values, in relation to the prior rotational temperature measurements[90], at voltages 

ranging from 5.8-7.8 kV. Higher voltage readings resulted in an underestimate, although 

with error values peaking at 12%.  
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Very little literature was observed which detailed the use and comparison of more 

than two ArI lines. In addition, no literature was found detailing the impact of AMPJ 

configuration on the accuracy of ArI lines.  

 

2.2.3 Gas Temperature Determination from OH and N2 

One of the most commonly used methods to determine the temperature of a 

plasma or high temperature gas is via the rotational spectrum of diatomic molecules. The 

traditional concept of gas temperature arises from the translational motion or energy of 

particles. A particle has up to four energy modes: translation, rotation, vibration, and 

electronic. Atoms only have translation and electronic energies while diatomic and large 

molecules have all four modes. From kinetic theory, the rotational and translational 

energy modes are almost always in equilibrium owning to only a few collisions necessary 

to transfer energy between the modes. Thus the rotational temperature can often be 

assumed equal to the translational temperature. The rotational modes of diatomic 

molecules have well characterized emission spectra, thus can be measured.  

A positive benefit of AMPJs is that the discharges operate in open air, allowing 

for impurities such as water and nitrogen to be naturally present in the jet. The OH (A-X) 

emission band is frequently used to determine the gas temperature due to its strong 

emission and easy detection[1], [56], [91]–[94]. While less common, the N2 (C-B) 

emission band can also be used[58], [92], [93], [95]. Simulations can be used to generate 

theoretical rotational spectra for different rotational temperatures, allowing for simple 

comparisons. Specair[56], [58], [93], [94] and Lifbase[56], [58] are the most commonly 

used simulation programs in the literature.  
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The R1 and Q1 branches of OH between 306-312 nm and the N2 rotational lines 

with a Δv = -3, -2, and -1 between 334-405 nm are commonly used for temperature 

measurements. Simulated spectra can be obtained from commercial programs such 

Specair[94] and Lifbase[96]. Figures 2.3 and 2.4 show simulated spectra generated by 

Specair at a gas temperature of 400 K for OH (A-X) and N2 (C-B), respectively. While 

Specair has databases for both OH and the N2 second positive system, Lifbase can only 

calculate the OH spectra, but is available as freeware. Lifbase can simulate the first 

negative system of N2
+, but those peaks were not observable in this work due to the low 

energies and use of ambient nitrogen. 

 

Figure 2.3 OH (A-X) simulated spectrum using Specair. 
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Figure 2.4 N2 (C-B) simulated spectrum using Specair. The inset figure shows a 

magnified view of the spectrum from 385-405 nm, representing the ∆v = -3 lines. 

 

A common assumption of these simulated spectra is that the rotational lines have 

a Boltzmann population distribution[94], [96]. Boltzmann plots can be generated to 

determine if there is a Boltzmann population distribution. If the plot yields a linear line, 

the rotational states follow a Boltzmann population distribution. This is a valid 

assumption for most atmospheric pressure plasmas[56] and has also been assumed for 

this work. 

Aside from using van der Waals broadening, Hofmann et al[56] also compared 

the effectiveness of Boltzmann plots of OH (A-X) for accurate gas temperature 

measurements. Results were mixed depending on the chemical composition of the 

plasma. For an argon plasma, OH (A-X) plots yielded temperatures slightly larger than 

the Rayleigh scattering results, but within the error. For a helium-argon plasma, the OH 

(A-X) temperatures were greatly overestimated, being an average of 250 K higher than 

expected. Finally, results for a helium plasma also yielded greatly elevated temperatures. 

One reason the authors gave for the overestimation of the gas temperature is that the 
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configuration may have a high electron temperature. For helium plasmas, this results in 

the increase of the non-equilibrium of the OH (A-X) distribution[97].  

Chen and Li[58] studied three nitrogen transitions: N2 (C-B), the second positive 

band; N2 (B-A), the first positive band; and N2
+ (B-X), the first negative band. The 

second positive system, while often used, is highly problematic and inaccurate. Spectral 

overlap exists with the first negative system and the NH (A-X) band, leading to potential 

issues[58]. The N2 (C) population can also easily be modified in the presence of argon, 

leading to the deviation of the rotational populations from a Boltzmann distribution[95]. 

Finally, the emissions profile is highly sensitive to low electric fields, leading to incorrect 

temperature readings[93], [98]. The last two points will be discussed in greater detail 

later in this study. The first positive system is characterized by high emission intensities 

and minimal perturbations by neighboring states[58], [99]. For high rotational 

temperature systems though, the first positive system is too insensitive to be used 

accurately[58]. The first negative band is favored when used for determining the 

rotational temperature by spectra synthesis fitting. With that said, small mismatches of 

the positions of spectral lines and line widths can lead to large residual values when 

fitting experimental spectrum with simulated ones[64]. This can lead to uncertainty 

values of over 10%[100]–[102]. The first negative band requires there is no spectral 

overlap and a minimum spectrometer resolution[58].  

Commercial simulation programs such as Specair and Lifbase assume an 

equilibrium Boltzmann distribution of the rotational states in order to accurately 

determine the rotational temperature. According to Hofmann et al[56], this is a valid 

assumption for most atmospheric pressure plasmas since the excited states have a large 
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number of collisions. Bruggeman et al[91], [92], [103] however has shown though that 

some atmospheric pressure plasmas have rotational states which do not follow an 

equilibrium Boltzmann rotational population distribution. This is primarily a result of 

complex population mechanisms which reduce the lifetime of the excited states. Work by 

Verreycken et al[92] has also shown that an overestimate of the gas temperature can be 

made even when the rotational states follow the Boltzmann distribution.  

Two studies conducted by Bruggeman et al[91], [103] which showed this 

deviation from ideal behavior, focused on the incorporation of liquids into atmospheric 

plasmas. In the first study[91], a rf He-water glow discharge was generated. Electronic 

quenching of OH (A-X) was observed, which prevented the equilibration of the rotational 

population distribution. Due to this behavior, a two temperature fit was utilized which 

took into account the parameters T1, T2, and the percentage of distribution with 

temperature T1 or T2. The values of T1 and T2 were solved by comparisons between 

experimental data and Lifbase simulations, yielding values of 350 K and 15000 K, 

respectively. The baseline gas temperature was measured at 350 K, leading to the 

conclusion that the observed emission band is only a partial representation of the true gas 

temperature. In the second study[103], liquid electrodes were tested for a glow discharge. 

The rotational population distribution was found to be influenced by the processes, 

leading to an inaccurate representation of the kinetic temperature. Verreycken et al[92] 

confirmed these inaccuracies when a water electrode was used for a glow discharge. 

Measurements of gas temperature from OH (A-X) emissions were found to deviate from 

Rayleigh scattering calculations by over 1000 K. With that said, it was determined that 

N2 (C-B) emissions provided a more reliable measurement of the gas temperature. Based 
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on the results of these studies, the use of liquids in atmospheric-pressure plasmas may 

lead to incorrect gas temperature values when using the OH (A-X) spectra.  

A high temperature (T > 2000 K) glow discharge generated by a dc electric field 

was studied by Laux et al[94]. Spectra of interest included OH (A-X) and N2 (C-B). Due 

to the possibility of quenching of the rotational levels of OH (A-X), a verification method 

was needed to verify that the rotational levels followed a Boltzmann distribution. Instead 

of generating a Boltzmann plot, as typically done in the literature, the experimental data 

was compared to spectra simulations. Based on the fact that a simulation was found to 

match the emission spectra, it was determined that the rotational levels followed a 

Boltzmann distribution. Analysis of the N2 (C-B) spectra with simulations yielded results 

consistent with that of the OH (A-X); 2200 K and 2250 K, respectively.  

 

2.2.4 Electron Properties from Stark Broadening of Hydrogen 

Direct methods to measure these properties are preferred as no assumptions need 

to be made about particle distributions or ionization and excitation states. A common 

direct method, called Thompson scattering, can be difficult and expensive to 

implement[75]. Work by Torres et al[75], [104], [105] investigated the simultaneous 

measurement of electron temperature and electron density through analysis of two or 

three hydrogen emission lines. This method is also known as the hydrogen cross point 

method. In comparison to Thompson scattering, which is accurate and precise with both 

spatial and temporal resolution, the Stark broadening of hydrogen can be less accurate 

with a somewhat high uncertainty. One disadvantage is that it has a lower limit of 

measurable density. 
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Torres et al[75] studied a microwave powered surface wave discharge. The Stark 

broadening of Hβ and Hγ were determined through a de-convolution of the measured 

Voigt emissions profile. The calculated Stark values were then used to plot the electron 

temperature versus the electron density for each hydrogen line, through the use of the 

Generalized Kohn-Sham (GKS) theory[106], [107]. Based on the crossing point of the 

two lines, the electron temperature and density were determined to be between 3400-

4600 K and 5.7-9.2×1014 cm-3, respectively, given varying microwave power levels.  

In order to test the accuracy of the GKS theory, an additional theory, the Gig-Card 

theory[108], [109], was used as a comparison. While GKS theory ignores ion dynamics, 

the Gig-Card theory includes ion dynamics as an additional source of collisional 

broadening. The electron temperature and density, using the Gig-Card theory, were 

determined to be between 5100-8000 K and 5.3-8.1×1014 cm-3, respectively, given 

varying microwave power levels. While the electron densities were relatively close, there 

was a noticeable difference in the electron temperature calculations from the GKS results. 

Error values were estimated to be 40% of the order of magnitude due to limitations of the 

individual theories and experimental error. Results obtained with the Gig-Card theory 

were in better agreement with other experimental results previously obtained for similar 

configurations[110]–[112]. This was expected as the theory is further developed and is 

more mathematically intensive. It appears though that the GKS theory can be applied to 

obtain an accurate estimate of the electron density.  

Other studies by Torres et al[104], [105] have utilized three hydrogen emission 

lines: Hβ, Hγ, and Hα. Due to better accuracy in measurements with the Gig-Card theory, 

the GKS theory was not used. In either study, no point is found which corresponds to all 
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three hydrogen lines crossing at once. With that said, a general crossing region can be 

determined by boxing around all of the individual points of crossing. The individual 

locations were found to correspond to similar electron densities, but varying electron 

temperatures. The experimental error was determined to be only 5% for the electron 

density, but as high as 40% for the electron temperature. 

While the Hα and Hδ lines can be used for the cross point method, they are 

typically avoided unless necessary. As noted by Torres et al[75], low quantities of 

hydrogen can yield minimal Hδ line intensities. The addition of large quantities of 

hydrogen though can disturb the plasma discharge greatly, yielding poor resolution of the 

line. While Hα is the most intense line of the Balmer series, some problems do exist. 

These include self-absorption and a lack of an appropriate theoretic description of its 

Stark broadening. Work by Griem[113] and Gigosos[109] has shown the theoretical 

predictions of the line-shape do not agree with experimental results, in part due to 

polarization changes stemming from complex internal structures[75], [114].  

 

2.2.5 Langmuir Probes 

Physical probes, such as Langmuir probes, have been used for high pressure 

systems in some studies[115]–[120] but with mixed results. Careful consideration must 

be made when using Langmuir probes with rf systems as additional noise can be 

generated, although this can be filtered out by modifying the setup. Prior studies on this 

configuration have been completed by Xu and Doyle[51], with single and double 

Langmuir probes used to measure the electron density and temperature, respectively. A 6 

mm OD and 2 mm ID quartz tube was used with argon gas flowing at 0.5-2.0 slm. The rf 
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power, operating at 13.56 MHz, was varied from 30-70 W. Electron temperatures and 

densities were measured at distances of 2.5-6.5 mm in increments of 1 mm. The electron 

temperature was found to increase with both distance and flow rate. The highest 

temperatures were observed at 30 W, indicating that lower powers produce higher 

electron temperatures. It has been suggested that this behavior is due to faster 

recombination of low energy electrons and increased flow mixing at high velocities. At 2 

slm, the electron temperatures were calculated to be 3.0-4.4 eV. While 30 W produced 

the highest temperatures, it was observed that 70 W yielded higher values than 50 W. An 

uncertainty of ±15% was used due to uncertainty in the average data sets and the radial 

probe location.  

The regime criteria were solved to determine the regimes the plasmas were 

operating in. Due to varying flow rates, it was determined that the plasma starts in the 

stationary regime at 0.5 slm, but transitions to the flowing regime at 1 and 2 slm. All 

probes tested at 1 and 2 slm were determined to be in the thick sheath-convection regime. 

Probes for the 0.5 slm tests operated in the thick stationary regime. At 2 slm, the density 

was measured between 1016-1019 m-3. The density was found to decrease with distance, 

with the maximum occurring at 50 W. At 30 and 50 W, the highest plasma density was 

observed at 1 slm. A constant density was observed across all flow rates at 70 W. An 

uncertainty of ±30% was used based on the work of Clements, whose solution has an 

inherent 30% uncertainty.  
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CHAPTER 3 

 

 

EXPERIMENTAL METHODS 

 

Your assumptions are the windows on the world. Scrub them off every once in a while, or 

the light won’t come in. 

 - Isaac Amisov 

3.1 Experimental Setup 

The experimental setup is composed of the following systems: rf power supply, 

sourcemeter, thermocouple reader, and optical emission spectrometer. A general diagram 

of the overall setup is shown in Fig. 3.1. Each is discussed in further detail in the 

following sections.  

 

Figure 3.1 Diagram of complete experimental setup. 
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A schematic of the AMPJ experiment is shown in Fig. 3.2 and 3.3. The plasma 

was generated in a 6 mm outer diameter (OD) and 3 mm inner diameter (ID) quartz tube 

with a 1 mm diameter central tungsten pin electrode. An external stainless steel collar 

with a 7 mm ID and 8 mm length placed near the exit of the quartz served as the second 

electrode. Argon gas was flowed through the quartz tube at a constant rate of 2 liters per 

minute with a MKS mass flow controller. The plasma was operated at 14 MHz using a 

FT 950 radio transceiver, an AT5K matching network, and an LP-100A wattmeter. The 

plasma was tested at forward rf powers of 50, 70, and 90 W. The transceiver has a 

maximum power of 100 W. For all measurements, the power was maintained at ± 0.5 W 

and the standing wave ratio (SWR) was kept ≤ 1.05. All temperature measurements were 

taken of the microplasma jet that emanated directly into open air.   

 

Figure 3.2 Schematic of the experimental setup. All dimensions are in mm. The red dot 

represents the location of the thermocouples. 

 

Figure 3.3 Picture of actual experiment. 
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The argon lines of interest were selected based on a detailed review of the current 

literature as well as preliminary analysis of OES data collected. The lines chosen 

included 696, 706, 738, 751, 800, 810, 811, and 842 nm, which all originate from 2p-1s 

transitions. Two different type-K thermocouples (T/C) were used. The first was a bare 

bead attached to the bottom of a 2 mm thick Pyrex plate with adhesive, and the second 

was a 1/16” Inconel sheath and ungrounded T/C. They are referred to as the “adhesive” 

and “shielded” in the results. The T/C’s were placed 3 mm below the tube exit centered 

directly under the jet. They were given 10 minutes to reach a stable temperature before 

measurements were read after disabling the rf power source, which can cause 

interference. Fig. 3.4 shows an example of a bare bead thermocouple.  

 

Figure 3.4 Sample image of an adhesive bare bead thermocouple. 

 

The emission spectra were captured with a fiber optic cable connected to an 

Acton SP2500 spectrometer with a 500 mm focal length, 1200 g/mm grating, and a PI-

MAX4 ICCD camera. The entrance slit width was set to 70 μm and the resolution was 

0.0409 nm/pixel. The spectrometer and fiber were calibrated for both wavelength and 

intensity using Princeton Instrument’s IntelliCal spectral calibration system. 300 images 

were taken for each spectra and averaged to produce a final raw spectrum. A total of 9 
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averaged raw spectra were obtained for each measurement. The programs Specair and 

Lifbase were used to simulate the spectra of OH and N2, and Igor Pro was used to obtain 

fits of the argon lines. The optical fiber was fixed at 3 mm from the exit of the quartz tube 

for all emission spectra measurements.  

 

3.1.1 AMPJ Electrode Configurations 

Two AMPJ configurations were tested. The first configuration had the center 

tungsten pin grounded and the stainless steel collar connected to the rf signal, which is 

referred to as a linear-field jet[88]. The second configuration had the center tungsten pin 

connected to the rf signal and the outer collar grounded, which is referred to as a cross-

field jet[88]. The wiring diagrams for each setup are shown in Fig. 3.5 and 3.6. All 

temperature determination methods were used for both configurations. However, only the 

adhesive T/C was used on the cross-field configuration due to arcing issues when using 

the Inconel shielded T/C.  

 

Figure 3.5 Linear-field wiring diagram. 
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Figure 3.6 Cross-field wiring diagram. 

 

3.1.2 Spectra Analysis Software  

Specair and Lifbase were used for spectra analysis to simulate OH (A-X) and N2 

(C-B) emission profiles and compare to experimental data. Specair utilized an automated 

solver, while Lifbase required the simulation comparison to done by the user. Specair and 

Lifbase were only used to study the gas temperature of the plasma jet. Igor Pro was used 

not only to make the graphs shown in this study, but also to analyze the emission peaks 

and determine the Voigt fit results (FWHM). Finally, MATLAB was used as the iterative 

solver required to find the gas temperature. The built in MATLAB function fzero was 

used as the solver.  

 

3.1.3 Langmuir Probes 

The plasma density and electron temperature along the centerline of the 

emanating plasma jet was measured using single and double Langmuir probes following 

the method used by Xu and Doyle[51]. The probes were placed 2-6 mm from the exit of 
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quartz tube, as shown in Fig. 3.7. Single Langmuir probes were constructed from 2 mm 

long, 0.127 mm diameter tungsten filaments protruding from a 1.6 diameter alumina tube. 

Double Langmuir probes were constructed of identical tungsten filaments, but with a 2.4 

mm diameter alumina tube and a filament separation of 1.3 mm. Layers of Kapton and 

Glass Cloth electrical tape were added to the bottom of the probes to hold wires in place. 

Finally, a small amount of ceramic paste (Aremco Ceramabond 571) was applied to the 

tip of the probe to hold the filament in place. Fig. 3.8 shows an example of a single 

Langmuir probe.  

 

Figure 3.7 Probe locations in the plasma. 

 

 

Figure 3.8 Example of a single Langmuir probe used in this study. 
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Probes were mounted on a Velmex linear motion stage and inserted into the 

plasma. The probe voltage was varied with a Keithley 2400 sourcemeter and the resulting 

filament current was measured. A custom RF choke was placed in line between the probe 

and sourcemeter to remove any RF noise pickup. The choke consisted of a grounded 

metal box with grounded BNC feedthroughs. The signal wire from the probe was carried 

in a coaxial cable to and from the choke. The coaxial cable shield was grounded to the 

box while the central pin was wrapped 25 times around a toroidal ferrite (M type). This 

produces high impedance and filters the rf noise in the lines. Three measurements were 

taken and an average current was determined at each voltage step, with a delay of 0.3 s 

between each voltage step. In order to further reduce error, three voltage sweeps were 

taken at each operating condition and averaged. The final set of data was smoothed 

before analysis using a locally weighted scatter plot smoothing method.  

 

3.2 Diagnostic Theory 

3.2.1 Optical Emission Spectroscopy Spectral Line Shape  

Optical emission spectroscopy can be applied to calculate electron density, 

electron temperature, and gas temperature. This is accomplished by analyzing the 

broadening of the emission spectra for the species of interest. According to Ionascut et 

al[70], both dependent and independent sources of broadening exist. Independent sources 

include natural and instrumental broadening, which do not depend on the on the plasma 

plume properties. Dependent sources, which are affected by the properties of the plasma 

plume, include resonance, Doppler, Stark, and van der Waals. Sources can also be 

classified by their line shape as either Gaussian or Lorentzian. Gaussian fits assume that 



31 

the distribution has no outliers, while a Lorentzian fit has more pronounced tails. A Voigt 

profile is a convolution of both Gaussian and Lorentzian fits. Each of these profiles are 

visually shown in Fig. 3.9. Finally, all broadening components are discussed in terms of 

the full width at half maximum (FWHM), or the width of the peak at a height of half of 

the maximum intensity value. 

 

Figure 3.9 Examples of each of the relevant fit profiles. 

 

3.2.1.1 Natural Broadening 

Natural broadening is a result of the finite lifetime of an unperturbed level, τ, due 

to spontaneous emission. The wavelength of an emitted photon can be expressed in terms 

of the upper and lower levels, shown as 

 ℎ =
ℎ𝑐


= 𝐸𝑈 − 𝐸𝐿 , (3.1) 
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where h is Planck’s constant, c is the speed of light,  is the wavelength, and E is the 

energy with respect to the upper, U, and lower, L, levels. The upper energy level is 

measurable only for a finite time when it exists in that state. There is an inherent 

uncertainty in the measurement of that energy, which can be expressed using the 

Heisenberg Uncertainty Principle as 

 (𝛿𝑡)(𝛿𝐸𝑈) ~ ℎ , (3.2) 

where (𝛿𝑡) is the finite time related to the uncertainty in the energy of the upper level, 

(𝛿𝐸𝑈). The time that an atom stays in the upper level though is not fixed as different 

atoms will have different transition times. Therefore, an average time an atom spends in 

the upper level, τr, is used. The spectral line is represented by a Lorentz curve, with a 

FWHM equal to [86] 

 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 =


2(∑ 𝐴𝑚,𝑚+∑ 𝐴𝑛,𝑛𝑛,𝑚, )

2𝜋𝑐
 , (3.3) 

where 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 is the FWHM, and 𝐴𝑚,𝑚is the transition probability between the state m 

and any other intermediate level m’. According to Konjević[86], natural broadening is the 

largest when one of the two levels is dipole-coupled to the ground state, although only 

resulting in values on the order of 10-4 nm. Natural broadening is typically a concern for 

low electron density plasmas generated in a low-pressure discharge[86]. For atmospheric-

pressure conditions, natural broadening is too small to be detected and normally is not 

taken into account[70].  

 

3.2.1.2 Resonance Broadening 

Resonance broadening is due to collisions between similar particles where the 

perturber’s initial state is connected by an allowed transition to the upper or lower state of 
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the radiative transition under consideration[94]. Three transitions are considered for this 

calculation: g → l (ground to lower), g → u (ground to upper), and l → u (lower to 

upper). Griem[121] has expressed the FWHM as 

 ∆𝑟𝑒𝑠 =
3e2

8𝜋2𝜀0𝑚𝑒𝑐2 𝜆𝑢𝑙
2 [𝜆𝑙𝑔𝑓𝑔𝑙√

𝑔𝑔

𝑔𝑙
𝑛𝑔 + 𝜆𝑢𝑔𝑓𝑔𝑢√

𝑔𝑔

𝑔𝑢
𝑛𝑔 +

𝜆𝑢𝑙𝑓𝑙𝑢√
𝑔𝑙

𝑔𝑢
𝑛𝑙]  . (3.4) 

More information about the variables of this equation can be found in the work of 

Griem[121] and Laux et al[94]. For argon plasmas, the literature typically assumes that 

the resonance broadening is negligible[70].  

 

3.2.1.3 Instrument Broadening 

The broadening caused by the instrument includes the spectrometer, camera, and 

any intervening optics. Theoretical calculation of instrument broadening is very difficult 

and not typically done. Instead, the instrument broadening is easily determined by 

measuring the broadening of a monochromatic laser. Studies from the literature using 

argon typically choose a HeNe laser, which operates at 632.8 nm, due to its ease of 

operation, low cost, and close proximity to key argon emission lines. The instrument 

contribution can be calculated by observing the laser and determining the FWHM of the 

Gaussian fit of the emissions. The Gaussian fit of the He-Ne line is shown in Fig. 3.10. 
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Figure 3.10 Example He-Ne laser emissions spectra centered at 632.8 nm from this work. 

The plot shows both the spectral data and the resulting Gaussian fit with the 

corresponding FWHM. 

 

3.2.1.4 Doppler Broadening 

Doppler broadening is a consequence of the fact that the emitted line frequency 

depends on the velocity of the emitting particle with respect to the detector[70]. The 

Doppler broadening is expressed as[70] 

 ∆𝐷𝑜𝑝𝑝𝑙𝑒𝑟 = 7.16 ×  × √
𝑇

𝑀
 , (3.4) 

where ∆λDoppler is the FWHM and λ is the emission wavelength, both in angstroms, T is 

the gas temperature in K, and M is the atomic mass in g/mol. As with instrument 

broadening, Doppler broadening is represented by a Gaussian distribution.  

 

3.2.1.5 van der Waals Broadening 

Van der Waals broadening is a form of pressure broadening, which comes from 

collisions between the emitting species and neutral particles or molecules. This form of 

broadening has a Lorentzian distribution and is given by[70] 
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 ∆𝑉𝐷𝑊 = 4.09 × 10−13 × 
2 × (𝛼𝑅2)

2

5 × (
𝑇

𝜇
)

0.3
× 𝑛 , (3.5) 

where ∆λVDW is the FWHM in angstroms, α is the average polarizability of the neutral 

perturbers in cm3, R2 is the mean square radius of the emitting atom in cm2, μ is the 

reduced mass of the emitter-perturber system in g/mol, and n is the perturber density in 

cm-3. The mean square radius is expressed by[70] 

 𝑅2 = 𝑅𝑢𝑝𝑝𝑒𝑟
2 − 𝑅𝑙𝑜𝑤𝑒𝑟

2  . (3.6) 

The lower and upper states can be further expressed by using the Unsold hydrogenic 

approximation[122], which is[70] 

 𝑅2 =
1

2
𝑛∗2[5𝑛∗2 + 1 − 3𝑙(𝑙 + 1)]𝑎0

2 , (3.7) 

where l is the orbital quantum number, a0 is the Bohr radius, and n* is the effective 

quantum number expressed as[70] 

 𝑛∗2 =
𝐸𝑖𝑜𝑛

𝐻

𝐸𝑖𝑜𝑛
𝑒𝑚𝑖𝑡𝑡𝑒𝑟−𝐸

 . (3.8) 

In Eq. 3.8, 𝐸𝑖𝑜𝑛
𝐻  is the hydrogen ionization energy, 𝐸𝑖𝑜𝑛

𝑒𝑚𝑖𝑡𝑡𝑒𝑟 is the emitter ionization 

energy, and E is the excitation energy level involved in the transition. The hydrogenic 

approximation is special in that it retains the term 1 − 3𝑙(𝑙 + 1). The non-hydrogenic 

approximation therefore does not require knowledge of the orbital angular momentum 

quantum number.  

 

3.2.1.6 Stark Broadening 

Stark broadening is the second form of pressure broadening, which comes from 

collisions between the emitting species and charged particles. For non-hydrogen atoms, 

the FWHM of the Stark broadening in angstroms is[70] 
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 ∆𝑆𝑡𝑎𝑟𝑘 = 2 × 10−16𝑤𝑁𝑒 [1 + 1.75 × 10−4𝑁𝑒

1

4𝛼 (1 − 0.068𝑁𝑒

1

6𝑇𝑒

1

2)] , (3.9) 

where w is the electron impact parameter, Ne is the electron density in cm-3, 𝛼 is the static 

ion broadening parameter, and Te is the electron temperature in K. The electron impact 

and static ion broadening parameters are tabulated for various temperatures by 

Griem[123]. If the ionic contribution is neglected, then the Stark broadening equation can 

be written as[70] 

 ∆𝑆𝑡𝑎𝑟𝑘 = 2 × 10−16𝑤𝑁𝑒 . (3.10) 

For hydrogen, the Stark broadening equation is simplified through using the Hβ transition 

and is expressed as[70] 

 ∆𝑆𝑡𝑎𝑟𝑘 = 2.5 × 10−9𝛼𝑚,𝑛𝑁𝑒

2

3 , (3.11) 

where 𝛼𝑚,𝑛 is calculated for different Te and Ne[124]. Stark broadening also has a 

Lorentzian distribution.  

3.2.1.7 Voigt Profile 

The Gaussian and Lorentzian broadening components can be combined through a 

convolution, which results in a Voigt profile expressed by[70] 

 ∆𝐺
2 = ∆𝑉

2 − (∆𝑉 × ∆𝐿) . (3.12) 

Thus by separating out the instrument and Doppler from the measured Voigt profile, and 

assuming negligible Stark, the gas temperature can be calculated from Eq. 3.12 and the 

remaining van der Waals component. After measuring the Voigt profiles of each argon 

line and taking into account the instrument contribution, Eq. 3.12 becomes a function of 

only the gas temperature. An iterative solver can be used to determine the value. 
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3.2.2 Boltzmann Plot 

The relative intensities of isolated lines of a rotational spectra can be expressed by 

 𝐼𝑟𝑒𝑙 ∝
𝐴

𝐽𝐽′(2𝐽+1)

𝜆𝐽𝐽′
exp (−

𝐸𝐽

𝑘𝑇𝑟𝑜𝑡
) , (3.13) 

with J and J’ as the rotational quantum numbers of the upper and lower states, 

respectively, AJJ’ as the Einstein coefficient[125], EJ as the energy of the upper 

level[126], k as the Boltzmann constant, and Trot as the rotational temperature. If the 

slope of the plot of 𝑙𝑛[𝐼𝑟𝑒𝑙𝜆𝐽𝐽′/𝐴𝐽𝐽′(2𝐽 + 1)] as a function of EJ is linear, then the 

rotational states have a Boltzmann distribution. The slope can also yield the rotational 

temperature of the spectrum, although Verreycken et al[92] has shown that the 

Boltzmann plot method may lead to an overestimation of the gas temperature even if the 

rotational states show a Boltzmann distribution. Einstein coefficients and upper level 

energies have been reported by Laux and Kruger[127] and Gilmore et al[128], 

respectively. 

 

3.2.3 Hydrogen Cross Point Method 

The cross point method allows for the simultaneous determination of both the 

electron temperature and electron density from the analysis of two hydrogen emission 

lines. Following the methods of Torres et al[75], the Hβ and Hγ lines are used, centered at 

486.1 nm and 434.1 nm, respectively. Other lines such as Hα or Hδ, centered at 656.3 nm 

and 410.2 nm, can also be used. By using GKS theory[106], [107], the Stark broadening 

can be used to estimate both electron properties through 

 𝑛𝑒 = [
∆𝑆𝑡𝑎𝑟𝑘×109

2.5𝛼1
2

]

3

2

 , (3.13) 
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where ne is expressed in cm-3, ∆𝑆𝑡𝑎𝑟𝑘
 is measured in nm, and α1/2 is the fractional semi-

half-width. The fractional semi-half-width is tabulated for different values of electron 

temperatures and densities[123], meaning that interpolation can be used to determine 

missing values. One important caveat is that GKS theory ignores ion dynamics, which 

can alter the accuracy of the calculations.  

Hβ and Hγ lines are used due to their behavior as a function of both electron 

density and temperature. At a given electron density, the Stark broadening decreases with 

electron temperature for Hβ, while it increases for Hγ. Therefore, by varying both ne and 

Te, it is possible to find the crossing points of the two lines where the theoretical Stark 

broadening is equal to the experimental. The cross point represents the electron density 

and temperature of the system.  

 

3.2.4 Langmuir Probe Theory 

Langmuir probes are used to measure electron temperatures and plasma densities. 

The literature has shown various solutions for Langmuir probes operating in high 

pressure systems[115], [117], [118], [120], [129], [130]. In 1963, Su and Lam[115] 

published work on spherical probes (single Langmuir probes) within flames. This work 

was expanded and eventually modified for cylindrical probes[131], [132]. High pressure 

Single Langmuir probe (SLP) theory is divided into six regimes[129], which are 

governed by three nondimensional numbers: the electric Reynolds number (Re), a Debye 

ratio (), and the probe bias voltage (χ). These are expressed as 

 𝑅𝑒 =
2𝑟𝑝𝑣𝑓

𝜇𝑖𝑇𝑒𝑉
 , (3.13) 

  =
𝐷

𝑟𝑝
 , (3.14) 
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 𝜒 =
𝑉𝑝

𝑇𝑒𝑉
 , (3.15) 

where rp is the probe radius, vf is the bulk flow velocity, μi is the ion mobility, TeV is the 

electron temperature in units of eV, D is the Debye length, and Vp is the probe bias 

voltage in volts.  

 

3.3.1.1 Stationary Plasma Regimes 

Two of the regimes cover stationary plasmas where Re < 1, or where ion 

measurement by the probe is primarily controlled by diffusion processes rather than flow 

convection. At low bias voltages, the probe sheath is thin with respect to the probe radius 

(χ << 1)[133]. The radius of the sheath therefore can be approximated as the radius of 

the probe (rsheath ≈ rp), meaning the sheath has negligible effects on the current 

measurement[133]. As the bias voltage increases, the sheath grows and can begin to 

affect the ion collection area. When the sheath radius becomes much larger than that of 

the probe, at χ >> 1 [118], the thin sheath equation leads to an over calculation of the 

density.  

 

3.3.1.2 Flowing Plasma Regimes 

In the presence of high pressures or gas velocities > 1 m/s, the ion transport is 

typically accomplished through flow convection rather than diffusion (Re > 1). Smy[129] 

classified flowing plasmas into three regimes: diffusion-convection, sheath-convection, 

and E-field-convection. The probe sheath thickness dictates which regime the system is 

operating in, as shown in Fig. 3.11. The diffusion-convection regime develops when the 

sheath thickness is small compared to the probe radius and is smaller than the boundary 
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layer. This regime occurs when 𝑅𝑒
2𝜒2 ≪ 1[129]. As the sheath thickness increases and 

becomes thicker than the boundary layer, there is a transition into the sheath-convection 

regime. This regime is split into two sub-regimes: thin and thick. The thin sheath-

convection regime occurs when 𝑅𝑒
2𝜒2 ≫ 1, 𝑅𝑒𝛼𝜒−

1

2 < 1, and 𝜒 ≪ 1[132]. The thick 

sheath-convection regime, characterized by when the sheath becomes significantly 

thicker than the probe and boundary layer, occurs when 𝑅𝑒
2𝜒2 ≫ 1, 𝑅𝑒𝛼𝜒−

1

2 < 1, and 

𝜒 ≫ 1[131]. The final regime, E-field-convection, occurs when the probe sheath 

thickness is much larger that the boundary layer and 𝑅𝑒𝛼𝜒−
1

2 > 1[134].  

 

Figure 3.11 Drawings of flowing probe regimes. 

 

3.3.1.3 Plasma Density Measurement 

Based on the regime that the Langmuir probe is experiencing, the ion density can 

be calculated from the ion saturation current. A summary of the six regimes, their non-

dimensional number criteria values, and their plasma density equations are shown in 
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Table 3.1.  Details about variable notation and values can be found in the referenced 

literature.  

Table 3.1 Plasma density solutions for the six high-pressure Langmuir probe regimes. 

 

Plasma Regime Criteria Plasma Density References 

Stationary 

Thin sheath 
Re < 1, χ << 

1 𝑛0 =

𝐼𝑖,𝑠𝑎𝑡 ln (
𝜋𝐿
4𝑟𝑝

)

2𝜋𝐿𝑘𝜇𝑖(𝑇𝑒 + 𝑇𝑖)
 

[133] 

Thick sheath 
Re < 1, χ >> 

1 𝑛0 =

𝐼𝑖,𝑠𝑎𝑡 ln (
𝜋𝐿

4𝑟𝑝𝑅𝑠
)

2𝜋𝐿𝑘𝜇𝑖(𝑇𝑒 + 𝑇𝑖)
 

[118] 

Flowing 

Diffusion-

convection 

Re > 1, 

𝑅𝑒
2𝜒2 ≪ 1, 

χ << 1 

𝑛0 =
𝐼𝑖,𝑠𝑎𝑡

4𝐿√𝑒𝜇𝑖𝑟𝑝𝑣𝑓𝑘𝑇𝑒

 [116] 

Sheath-

convection 

(thin) 

Re > 1, 

𝑅𝑒
2𝜒2 ≫ 1, 

𝑅𝑒𝛼𝜒−
1

2 < 1, 

𝜒 ≪ 1 

𝑛0

= [
𝐼𝑖,𝑠𝑎𝑡

5.3(𝑒𝑣𝑓)
3
4(𝜀0𝜇𝑖𝑟𝑝)

1
4𝑉𝑝

1
2𝐿

]

4
3

 
[132] 

Sheath-

convection 

(thick) 

Re > 1, 

𝑅𝑒
2𝜒2 ≫ 1, 

𝑅𝑒𝛼𝜒−
1

2 < 1, 

𝜒 ≫ 1 

𝐼𝑖,𝑠𝑎𝑡

=
2𝐿(𝜋𝜇𝑖𝜀0)

1
3(𝑛0𝑒𝑣𝑓𝑉𝑝)

2
3

[log (
𝐼𝑖,𝑠𝑎𝑡

2𝑛0𝑒𝑣𝑓𝑟𝑝
)]

2
3

 [131] 

E field 

convection 

Re > 1, 

𝑅𝑒𝛼𝜒−
1

2 > 1 
𝑛0 =

𝐼𝑖,𝑠𝑎𝑡𝜀0
0.3

5𝜋𝑒1.3𝜇𝑖𝑉𝑝
0.7𝑟𝑝

0.6𝐿
 [134] 

 

For high pressure plasmas, the ion temperature can be assumed to equal the gas 

temperature due to the high collision rate and similar mass between ions and neutrals[51].  

 

3.3.1.4 Double Probe Theory / Electron Temperature Determination  

A double Langmuir probes (DLP) is a floating probe which can be used to 

measure the electron temperature of plasmas. Due to the fact that each probe filament is 
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referenced to the other, lower voltages are needed to reach saturation. In the case of 

symmetric double probes, such as those used in this work, the electron temperature can 

be obtained from the slope of the current-voltage (I-V) curve at zero current and the ion 

saturation current, or 

 𝑇𝑒𝑉 =

𝐼𝑖,𝑠𝑎𝑡
6.16

(
𝑑𝐼𝑝

𝑑𝑉𝑝
)

𝑡𝑝=0

 . (3.16) 

Due to symmetry, Ii,sat should be the same for both filaments, although in real world 

testing Ii,sat is often taken as the average of the two ion saturation currents.  
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CHAPTER 4 

 

 

RESULTS 

 

Scientific research involves going beyond the well-trodden and well-tested ideas and 

theories that form the core of scientific knowledge. During the time scientists are working 

things out, some results will be right, and others will be wrong. Over time, the right 

results will emerge. 

- Lisa Randall 

4.1 Gas Temperature Determination 

Experiments were performed on the AMPJ setup in two configurations: linear-

field and cross-field. Four different methods were used to determine the gas temperature 

of the plasma: van der Waals broadening of argon spectral lines, spectral fitting of OH 

(A-X) and N2 (C-B) spectra, and type K thermocouples.  

 

4.1.1 Comparison of Argon Broadening Components 

In plasmas where the collisions between the natural and emitter species are 

frequent, the Stark broadening parameter can be neglected. As mentioned prior, this is 

often true for plasmas with relatively low gas temperatures and electron densities < 1016 

cm-3. In order to verify the impact of neglecting this broadening parameter, sample 

calculations of broadening values for two argon lines were done for specific gas 
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temperatures, electron temperatures, and electron densities. Data from prior experiments 

with the linear-field configuration AMPJ[51] was used for the expected electron 

temperature and density. Eq. 2.7, which shows the simplified Stark broadening equation, 

can be used to solve the value of the Stark component for each line. The electron impact 

parameter, w, is tabulated for different temperatures given a fixed value for the electron 

density[121]. Therefore, as the electron temperature and density increases, the Stark 

broadening value increases. One can also see that the broadening is independent of the 

emission wavelength being analyzed.  

Past experiments with the linear-field configuration AMPJ provided electron 

temperature and density values between 3.05 – 3.45 eV and 5.01010 – 2.51012 cm-3, 

respectively[51]. In order to simulate conditions where the Stark component would be at 

its maximum value, which corresponds to the point of the highest electron temperature 

and density, the values of 3.45 eV and 2.51012 cm-3 were used. 

The instrumental broadening component is also assumed independent of the 

emission wavelength being analyzed, thus remaining a constant 0.0992 nm. The Doppler 

and van der Waals broadening parameters are calculated from Eq. 2.1 and 2.2 for the 

assumed gas temperatures. Table 4.1 shows the results of this analysis for two different 

argon lines at gas temperatures of 300 and 400 K. The results show that the Stark 

component is two to three orders of magnitude smaller than the Doppler and van der 

Waals components. This confirms that it is acceptable to consider the Stark broadening 

parameter negligible for this microplasma jet.  
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Table 4.1 Broadening parameter values, Te = 3.45 eV, ne = 2.51012 cm-3 (units of nm). 

 

Argon 

Line 

Gas 

Temperature 

(K) 

Instrumental Doppler 
van der 

Waals 
Stark 

750.4 
300 9.92E-2 1.45E-3 3.70E-2 3.32E-5 

400 9.92E-2 1.67E-3 3.02E-2 3.32E-5 

696.5 
300 9.92E-2 1.57E-3 3.97E-2 3.32E-5 

400 9.92E-2 1.81E-3 3.24E-2 3.32E-5 

 

4.1.2 OH (A-X) Spectra 

An example of the measured OH (A-X) spectrum at a power level of 50 W under 

the linear-field configuration AMPJ can be seen in Fig. 4.1a. As the power level 

increases, two main regions show noticeable change. These regions correspond to two 

subsets of three peaks each, being centered at 307 (R2) and 308 (Q1) nm, respectively. 

Fig. 4.1b shows this small but noticeable change of the 307 nm peaks.  

 

Figure 4.1 (a) OH (A-X) emission spectrum at 50 W for the linear-field configuration. (b) 

Variation on the emission spectra due to varying power levels, centered at 307 nm. 
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Each of the OH spectra were imported into both Specair and Lifbase. In order to 

obtain an accurate estimate of the gas temperature, the slit or instrument function must be 

accounted for. While Specair allows direct importing of the actual instrumental 

broadening data, Lifbase does not. Lifbase allows for the user to set the FWHM of the 

instrumental spectrum and provide the line shape. For the purposes of this study, the line 

shape was set to Gaussian and the measured instrument broadening FWHM was used in 

Lifbase. In Specair, the measured instrument function was imported into the simulation 

software. 

Fig. 4.2 shows the results of the simulation analysis. Specair and Lifbase results 

for each configuration appear to agree to each other within the uncertainty for all power 

levels. The cross-field results are also higher than the linear-field, which is expected due 

to the immersion of the powered pin in the plasma for the cross-field configuration. The 

large error attributed to the Lifbase results is an artifact of the small difference in 

comparisons between two distinct peak groups, centered at 307 (R2, lines 8-10) and 308 

(Q1, lines 1-3) nm. Depending upon which peak group is primarily considered as the 

basis of the temperature determination, the simulation software results in different 

temperature values. 
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Figure 4.2 Gas temperature determination from OH (A-X) spectra comparison to Specair 

and Lifbase simulations. 

The Specair simulation for the 50 W linear-field configuration is shown in Fig. 

4.3a. The majority of the simulation peaks match the experimental data, yielding a final 

gas temperature of 297 K. The Lifbase simulation results are shown in Fig. 4.4. Figs. 4.4a 

and 4.4b show the results with priority given to the Q1 (300 K) and R2 (350 K) OH (A-X) 

peaks, respectively.  

 

Figure 4.3 Specair simulation results for 50 W, linear-field configuration: (a) OH (A-X) 

and (b) N2 (C-B), ∆v = -2. 
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Figure 4.4 Lifbase simulation results for 50 W, linear-field configuration, OH (A-X): (a) 

priority given to Q1 branch, (b) priority given to R2 branch. The Q1 branch resulted in a 

simulated temperature of 300 K, while the R2 branch resulted in a simulated temperature 

of 350 K. 

The difference in simulation results may be caused by the difference of the slit 

function input. Another factor to consider is that Lifbase does not provide automatic 

temperature determination. In other words, the user must set the temperature to test and 

determine visually if the experimental data matches. Lastly, as mentioned prior, the 

Lifbase results are dependent upon which peak set is primarily used for comparison. 

When prioritizing the Q1 peaks, the temperature results for Lifbase are lower, matching 

very well to the Specair simulations. When focusing on the R2 peaks, the Lifbase 

temperatures are higher and show more deviation from those of Specair. All of these 

contribute to small but noticeable differences between each simulation’s results.  
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4.1.3 N2 (C-B) Spectra 

N2 rotational lines with a Δv = -3, -2, and -1 were captured with the optical 

emissions spectroscopy system. The N2 (C-B) spectra at 70 W for the linear-field 

configuration is shown in Figs. 4.5a. Fig. 4.5b shows minor differences in the results for 

varying power levels at Δv = -3. 

 

 

Figure 4.5 (a) N2 (C-B) emission spectrum at 70 W for the linear-field configuration. (b) 

Variation on the emission spectra due to varying power levels, centered at 401 nm and 

showing the ∆v = -3 peak set. 

 

Lifbase is not capable of simulating the second positive system of nitrogen, thus 

only Specair was used. The results of the analysis are shown in Fig. 4.6. As expected, the 

cross-field temperatures are higher than the linear-field. 
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Figure 4.6 (a) Temperature determination from N2 (C-B) spectra comparison to Specair 

simulations. 

 

The Specair simulation for the 50 W linear-field configuration at ∆v = -2 is shown 

in Fig. 4.3b. The simulation appears to adequately capture the 0-2 transition and “finger” 

regions between the main peaks. There is a visible difference in the 1-3 and 2-4 peak 

intensities. This particular spectrum yielded a final gas temperature of 592 K. 

 

4.1.4 van der Waals Calculations of Argon (2p-1s)  

In order to determine the gas temperature from van der Waals broadening 

techniques, individual argon emission lines were measured. The argon spectra at 50 W 

for the linear-field configuration are shown in Figs. 4.7a to 4.7c. Fig. 4.7d shows the 

variation of two argon emission lines, 800 and 801 nm, due to varying power levels for 

the linear-field configuration. While the change between lines in some cases is very small 

to the eye, it does impact the temperature calculation noticeably. 



51 

 

Figure 4.7 (a) 50 W argon spectra lines for the linear-field configuration: (a) 696 and 706 

nm peaks, (b) 738 and 751 nm peaks, (c) 800, 801, 810, and 811 nm peaks. (d) The 

variation on the emission spectra due to varying power levels at 800 and 801 nm argon 

peaks. 

 

Fig. 4.8 shows six argon lines (738, 751, 800, 810, 811, and 842 nm) that 

produced reasonable temperatures for the linear-field configuration. The other two lines 

(696 and 801 nm) provided non-realistic results that were either much too high (>1000 K) 

or could not be calculated. This was due to an inability to obtain a good Voigt fit of the 

spectra. The specific grating angle affects how many measurements are taken for a given 

peak on the CCD. Error bar values were determined from a set of nine measurements at 

each data point. The 738, 800, and 810 nm argon lines appear to agree to each other 

within the uncertainty for all power levels. The 842 nm line yields elevated temperatures, 

but matches very well at 90 W. The 751 and 811 nm lines show elevated temperatures at 

all power levels. 
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Figure 4.8 Temperature determination from van der Waals broadening of several argon 

spectral lines for the linear-field configuration. 

 

Fig. 4.9 shows temperature measurements obtained for the cross-field 

configuration. Once again, the error bar values are based on a set of nine tests for each 

data point. The 738, 751, 800, and 810 nm lines appear to show similar groupings and 

trends across all power levels. The 842 nm line starts off roughly at the same temperature 

value at 50 W, but has drastically lower values at 70 and 90 W. 

 

Figure 4.9 Temperature determination from van der Waals broadening of several argon 

spectral lines for the cross-field configuration. 
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4.1.5 Thermocouples  

As previously mentioned, two type-K thermocouples were used as a cost effective 

method to directly obtain an estimate of the gas temperature. Due to arcing risks, only the 

adhesive thermocouple was used for the cross-field configuration. Fig. 4.10 shows the 

temperature results as a function of power. For the linear-field configuration, the shielded 

and adhesive T/Cs yield results within range of each other. The cross-field configuration 

results show an increase in temperature across all power levels. This is expected as the 

temperature is expected to increase for the cross-field plasma jet.  

 

 

Figure 4.10 Temperature determination from two type-K thermocouples. L-F stands for 

linear-field, while C-F stands for cross-field. 

 

4.1.6 Method Comparison 

The results of the nitrogen simulations show drastically elevated temperatures in 

comparison to those of other gas determination methods, having values ranging from 

593-850 K, depending on the configuration. The inaccuracy of the N2 second positive 

system has been observed by others as well, especially for argon plasmas[58]. The cause 
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is an energy transfer from the Ar(3P0,2) state via Ar(3P0,2) + N2(X) → Ar(1S0) + N2(C) 

[95]. This causes the rotational sublevel populations to deviate from a Boltzmann 

distribution, which in turn leads to inaccurate gas temperature measurements. Another 

reason for the inaccuracy of the second positive system is based on the location of the 

optical measurements in relation to the electric field being applied to the system. Due to 

the measurements taking place downstream of the applied electric field and in the 

emanating plasma jet, the electric field is lower. Popov[98] et al and Rusterholtz et al[93] 

have shown that in the presence of weak electric fields (E/N < 80 Td), the N2(C-B) 

rotational distribution drastically changes and the gas temperature is overestimated. It is 

for these reasons that some studies recommend the utilization of the first positive system, 

which is less prone to errors. Unfortunately, the first positive system was not strong 

enough to be used in this work. 

The results of the simulations are in better agreement to the argon and 

thermocouple results. Fig. 4.11a and 4.11b show this comparison for the linear-field and 

cross-field configurations, respectively. The simulation temperatures were similar for the 

van der Waals broadening method, regardless of the simulation software used. For the 

linear-field jet, the T/C temperatures matched well to the Lifbase OH results, but were 

elevated compared to Specair. For the cross-field jet though, the OH spectra and T/C 

values showed an extremely tight grouping, with values ranging from 393-510 K. 
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Figure 4.11 Temperature determination results for (a) linear-field jet and (b) cross-field 

jet, through multiple methods. 

 

One can see that the individual argon lines exhibit different behavior depending 

on the configuration utilized and not all are accurate. A similar experiment was 

conducted with a high voltage pulsed dc AMPJ and showed different argon lines (696, 

706, and 794 nm) matched OH and T/C temperatures compared to the rf AMPJ.  

 

4.2 Electron Temperature and Electron Density  Determination 

Due to the potential for arcing to the Langmuir probe filaments, only the cross-

field configuration of the AMPJ was tested. Single and double Langmuir probes were 

utilized to determine these two properties.  
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4.2.1 Electron Temperature 

The SLP plasma density equations require the electron temperature to be known. 

The ion temperature can be assumed to be equal to the gas temperature[51]. The electron 

temperature can be determined with a DLP by measuring the slope of the current-voltage 

(I-V) curve at zero current and the ion saturation current. The electron temperature was 

found for 50-90 W as a function of distance, as Langmuir probes can be used for spatial 

measurements. Fig. 4.12 shows this feature through I-V plots obtained at 70 W but with 

different distances. Fig. 4.13 shows the impact power also has on the resulting I-V plots.  

 

Figure 4.12 Double Langmuir probe I-V measurements at 70 W for various distances. 

 

Figure 4.13 Double Langmuir probe I-V measurements at 5 mm for various powers. 
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The raw data was smoothed using a locally weighted scatter plot method before 

being analyzed. Precautions were taken to assure that the data was not significantly 

altered. Fig. 4.14 shows an example of the raw and smoothed data for an experimental 

test at 70 W. Nearly all plots generated had some form of near-linear current readings at 0 

V, as shown in Fig. 4.14b, although this is removed through the use of the smoothing 

function. The cause of the anomaly at 0 V is thought to be caused by the sourcemeter 

switching from negative to positive voltages. 

 

Figure 4.14 Comparison between raw and smoothed data. 

 

The calculated electron temperatures as a function of distance are shown in Fig. 

4.15. As the distance increases, the slope of the I-V curves at zero current decreases, 

which in turn yields higher electron temperatures. Based on prior experiments with this 

setup, an uncertainty of 15% was assumed due to uncertainty in the averaged data sets 

and the radial probe location[51]. Data points are omitted for the 90 W measurements at 2 

mm due to arcing between the electrodes and the filaments.  
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Figure 4.15 Electron temperatures as a function of location for 50-90 W with an 

uncertainty of ± 15%. 

 

The electron temperature shows an increase with distance. 50 W showed the 

lowest temperature, being ~0.5 eV less than the 70 and 90 W values. 90 W resulted in 

temperature values greater than those of 50 W, but slightly lower than those of 70 W. 

Prior studies have suggested that higher electron temperatures are obtained from faster 

recombination of low energy electrons within the jet. This may influence the results once 

a threshold power level is reached, such as > 50 W, which would result in the 70 W 

temperatures being greater than those of 90 W.  

 

4.2.2 Electron Density and SLP Regimes 

When using a SLP, the I-V curve shows a clear ion saturation region but has an 

improper electron saturation region, as shown in Fig. 4.16. The cause of this is a lack of a 

reference electrode, which leads to the continual growth of the sheath surrounding the 

probe with the bias voltage. With nowhere for ions repelled from the probe to go, the 

electron current continually increases. The central pin in the quartz tube is a ground 
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electrode, but is located just under 1 cm upstream of the probes. The mean-free-path of 

ion neutral collisions is ~0.04 μm[51], which is much less than the distance to the central 

pin. Based on SLP sweeps, the ion saturation is reached between -150 and -140 V. 

Therefore, the ion saturation value was chosen as the average of these values. For the 

regime calculations, a probe voltage of 145 V was used. 

Various SLP probe regimes were tested to determine the correct plasma density of 

the plasma. The resulting probe regime criteria are shown in Table 4.2. All measurements 

were recorded in the flowing regime (Re > 1), meaning the criteria Re2χ2 ≪ 1 places the 

probes in the diffusion-convection regime for all power levels and locations. Each 

potential regime has drastically different results, so it is important to carefully determine 

the regime criteria values. For example, at 50 W and 2 mm the plasma density is 

calculated as 2.36  1020
 m-3 with diffusion-convection, 4.77  1017

 m-3 (difference of 

199%) with thin sheath-convection, and 2.80  1021
 m-3 (difference of 169%) with E-field 

convection. Three flowing plasma regimes as a function of probe location at 70 W are 

shown in Fig. 4.16. The inherent uncertainty of the sheath-convection solution is greater 

than ±30%[51], [131].  

 

Figure 4.16 Flowing plasma regimes as a function of probe location at 70 W. 
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Table 4.2 Probe regime criteria values for ion saturation at -145 V; D-C stands for 

Diffusion-Convection. 

 

Power 

(W) 

Distance 

(mm) 
Isat (A) TeV Re χ Re2χ2 Regime 

50 

2 -1.02E-06 2.858 1.361 6.07E-03 5.01E-05 D-C 

3 -8.69E-07 2.914 1.335 6.54E-03 5.71E-05 D-C 

4 -6.36E-07 3.140 1.239 7.50E-03 6.97E-05 D-C 

5 -1.02E-08 3.269 1.190 5.87E-02 4.09E-03 D-C 

6 -6.90E-09 3.689 1.054 6.92E-02 5.05E-03 D-C 

70 

2 -2.11E-06 3.289 1.182 4.07E-03 1.96E-05 D-C 

3 -1.61E-06 3.425 1.135 4.61E-03 2.42E-05 D-C 

4 -7.84E-07 3.688 1.055 6.49E-03 4.44E-05 D-C 

5 -2.00E-08 3.732 1.042 4.05E-02 1.71E-03 D-C 

6 -1.81E-08 3.748 1.038 4.26E-02 1.88E-03 D-C 

90 

3 -1.70E-06 3.245 1.199 4.55E-03 2.48E-05 D-C 

4 -1.07E-06 3.444 1.129 5.65E-03 3.61E-05 D-C 

5 -3.31E-08 3.653 1.065 3.17E-02 1.07E-03 D-C 

6 -3.17E-08 3.834 1.014 3.20E-02 1.04E-03 D-C 

 

Fig. 4.17 plots the plasma densities, according to the appropriate regimes, as a 

function of axial location with curves of power. Once again, data points are omitted for 

the 90 W measurements at 2 mm due to arcing between the electrodes and the filaments. 

There is a decrease in density with distance as expected. A drastic decrease in plasma 

density was observed for the transition between 4 and 5 mm, although the reason for this 

behavior is not known. Experimental uncertainties were determined by comparing the 

density from the three raw I-V curves with the final averaged density. Since the 

experimental uncertainty was found to be less than 30% for all operating conditions, the 

larger 30% proposed by Clements[131] is used.  
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Figure 4.17 Plasma densities as a function of distance for powers between 50-90 W. All 

data was collected for the diffusion-convection regime. 
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CHAPTER 5 

 

 

DISCUSSION 

 

Nothing in life is to be feared, it is only to be understood. Now is the time to understand 

more, so that we may fear less. 

- Marie Curie 

5.1 Gas Temperature 

The cross-field jet yielded much higher temperatures from the argon lines. This 

can be due to the sensitivity of the spectrometer and the change in van der Waals 

broadening with temperature. The cross-field jet is expected to produce higher gas 

temperatures due to a direct contact between the powered electrode and the plasma. With 

assumption that the Stark and instrumental broadening remain constant over the change 

in gas temperature, the changing broadening of the emission line can be directly 

attributed to the variation in the Doppler and van der Waals components. As shown in 

Fig. 4.12, an increase in the gas temperature results in a decrease of the van der Waals 

value and an increase of the Doppler value. At low temperatures, due to the higher order 

of magnitude for the van der Waals broadening, the convoluted sum of the two decrease. 

At temperatures much higher than the crossing point of the two broadening parameters 

around 1200 K, an increase in temperature will result in a net increase in the sum due to 

the increasing Doppler component. The AMPJ in this work operates in the range of 300-
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500 K, meaning that only a decrease in the sum is observed. Indeed, the higher 

temperature cross-field jet had an overall smaller broadening than the colder linear-field 

jet. This decrease in broadening is important as smaller values can cause larger errors due 

to the fact the method subtracts small numbers from small numbers. Thus lower van der 

Waals values will result in the temperature measurement with more uncertainty, for a 

given spectrometer resolution. Therefore, the use of van der Waals for gas temperature 

may be invalid for higher temperature systems.  

 

Figure 5.1 Doppler and van der Waals broadening values as a function of temperature for 

the 738 nm argon line. For the range of expected temperatures (300-500 K), the total 

broadening of argon lines will decrease as the temperature increases.  

Boltzmann plots were initially generated for the OH (A-X) and N2 (C-B) (∆v = -

2) spectra at 50 W, resulting in linear plots for both species as shown in Fig. 5.2. The 

methodology used to generate these plots, as well as sample calculations, is shown in 

Appendix B. While it is possible to measure the gas temperature from the slope of the 

graphs, it is best practice to utilize the spectral fits generated from simulation software, 

assuming a linear Boltzmann plot is observed, as it is more accurate. With that said, the 

OH (A-X) plots yielded temperatures of 449.5 K and 470.6 K for the linear-field and 

cross-field configurations, respectively. The N2 (C-B) plots yielded temperatures of 499.7 

K and 537.1 K for the linear-field and cross-field configurations, respectively. 
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Temperatures were found to be elevated in comparison to the other optical and physical 

probe measurements, although the linear plots indicated a Boltzmann population 

distribution behavior. After further inspection of the OH (A-X) and N2 (C-B) spectra 

though, it was determined that they were not resolved enough to accurately apply 

Boltzmann plot analysis. Fig 5.3 shows an example comparison between experimental 

and simulated spectra for OH (A-X). Based on the comparison, we observed that several 

individual bands are being resolved together into one at some locations. Therefore the 

results can be misleading as multiple lines may be influencing the measured intensity. 

While experimental settings can be modified to improve resolution, it was determined 

that an equipment limitation had been reached. Therefore, Boltzmann plot analysis of 

these species has been omitted from this study. Improved equipment or better diagnostic 

settings should yield acceptable resolved spectra.  
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Figure 5.2 Sample Boltzmann plot generated for: (a) OH (A-X) and (b) N2 (C-B). 

 

   

Figure 5.3 Sample comparison of experimental and simulated OH (A-X) spectra, 

highlighting a lack of resolution in the experimental data. 
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Due to rf interference from the power source, thermocouple readings were 

captured after turning off the power supply. While being the most cost-effective means of 

measuring gas temperature, careful consideration must be taken when using 

thermocouples. The use of tin foil wrapped around wires and leads from both the power 

supply and the thermocouple reader yielded lower interference levels, although some 

interference remained. Grounding the thermocouple reader also helped reduce some of 

this feedback. 

Lastly, the use of van der Waals broadening of other gases such as hydrogen was 

considered. Unfortunately, as will be discussed in the next section, the hydrogen lines 

were not resolved completely. This resulted in unrealistic temperature measurements 

greater than 2000 K. A low vacuum setup was utilized in order to see if the atmospheric 

pressure condition was negatively impacting the line measurements. Even at low 

pressures (< 1 torr), the lines remained unresolved. Various combinations of settings on 

the spectrometer and camera were tested, although the same issue persisted. Many studies 

have utilized hydrogen emission lines, leading to the conclusion that an equipment 

limitation with the optical emission spectroscopy system is present. Helium was also 

considered, although the gas was not readily available for testing during the time of the 

experiments. Additionally, resonance broadening is often included as a major broadening 

component, although the literature provides detailed instructions on its calculation.  

 

5.2 Electron Temperature and Density 

The results indicate that density decreases with distance while electron 

temperature increases with distance. As observed in Fig. 5.4, all lines show clear 
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saturation and a consistent intersection. The slope at zero current, dIp/dVp, which is used 

for the electron temperature determination, is shallowest for larger distances. Therefore, 

larger temperatures are produced even though the saturation ion current value is slightly 

less. Larger temperatures in turn lead to smaller density values. The trends observed for 

both properties are correct.  

 

Figure 5.4 Example of DLP data for 70 W at various distances. 

 

The observed trends may also be due to atmospheric-pressure operation; 

specifically mixing with ambient air. This can increase electron depletion via 

neutralization or increase diffusion[51]. The jet Reynolds number can be used to 

characterize the plume, which is 

 𝑅𝑒𝑗𝑒𝑡 =
𝜌𝑣𝑓𝑑

𝜇
 , (5.1) 

where ρ is the density, vf is the velocity, d is the diameter of the quartz tube, and μ 

is the dynamic viscosity. At 2 slm, the jet Reynolds number is equal to 1119. Mixing 

between the jet and ambient air increase with increasing jet Reynolds number. Work by 

Labus[135] has shown that momentum loss due to mixing becomes significant at Rejet > 
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1000-1500. The increase in collisions can also deplete the low energy electrons[51]. This 

mixing can also yield additional molecular species which can affect the plasma chemistry 

of the jet. In addition to OH and N2, ozone and atomic oxygen[136] have also been 

observed in the jet even when using pure gas.  

One issue with using Langmuir probes with AMPJs is the small size of the 

emitting plume. In the experiments performed in this study, the probe diameter and 

length are 4.1% and 66% of the diameter of the microplasma jet. At the low Reynold 

numbers tested, ≈ 48, the cylindrical probe should not significantly disturb the flow. 

According to Schlichting and Gersten[137], turbulent separation for a jet typically occurs 

at Reynolds numbers > 90. The 2 mm length of the probe and the 3 mm ID of the quartz 

tube means that the probe may not always be completely immersed within the plasma, 

especially at farther axial distances. Thus, different probe sections of the probes may see 

different regions of the plasma. Large probe lengths can lead to elevated electron 

temperatures since the low energy electrons are collected first. While this contributes to 

the uncertainty in the measurements, the observed trends remain intact.  

An additional issue with using physical probes in general is the risk of arcing 

occurring between the probe and the electrode. This can cause perturbations, which are 

subsequently detected in the rf power and SWR readings. Due to the potential for arcing, 

careful consideration was taken when determining the useful range of distances for the 

probes. It is for this reason also that some data points are omitted in the results. In the 

event of arcing, readings returned to normal after removing the probe from the emanating 

jet.  
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The use of hydrogen Stark broadening was initially investigated as a potential 

optical method to verify the electron temperature and density. Stark broadening makes 

use of Balmer series lines of hydrogen; specifically Hα (656.3 nm), Hβ (486.1 nm), and 

Hγ (434.1 nm). Sample spectra obtained for these emissions lines are shown in Fig. 5.5. 

Hγ, shown in Fig. 5.5c, could not be resolved from the spectra observed, in part due to a 

significant amount of noise with respect to the few identifiable emission lines. The Hβ 

spectra, shown in Fig. 5.5b, yielded inconclusive results. Due to atmospheric operation, 

species other than argon are present. Therefore, it is unknown whether the observed peak 

is definitively Hβ. The peak was analyzed and the Stark broadening value was back-

calculated from the measured Voigt fit. Unfortunately, the Stark broadening was 

determined to be negative (physically impossible), indicating that the line was not 

sufficiently resolved. The conditions required to make the contribution positive were 

found to be unrealistic for the system. Due to the density of the plasma (~ 1014 cm-3), the 

Stark contribution is extremely small, on the order of 10-5, meaning a higher resolution 

spectrometer is required to be able to accurately use the line. The Hα spectra, show in Fig. 

5.5a, also led to inconclusive results. Other species have lines relatively close to Hα, 

meaning that some lines may be combining or providing false peaks. A better resolution 

spectrometer would help correct this and possibly completely separate out the individual 

lines.  
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Figure 5.5 Sample spectra obtained for: (a) Hα, (b) Hβ, and (c) Hγ 

 

5.3 Comparison to Literature 

Similar experimental configurations have been utilized in the literature. Those of 

interest have rf power sources and utilize a two electrode pin-tube geometry. Direct 

comparisons are hard to make as experimental factors such as gas flow rate, power 

settings, and others can impact the plasma properties.  
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Hofmann et al[56] used a tungsten needle and a 1.5 mm ID glass tube. The 

frequency was set at 11.66 MHz and argon was the plasma forming gas. The group used 

Rayleigh scattering as the standard temperature measurement due to its accuracy. Stark 

broadening of hydrogen was used to find the electron density only. The expected density 

range was known based on prior experiments. Therefore, a simplified Stark broadening 

equation was used to back-calculate the density. The equations utilize a double and single 

peak fit for Hα and Hβ, respectively, represented by 

 ∆𝜆𝑆,𝛼 = 1.78 ∗ (
𝑛𝑒

1023)

2

3
 , (5.2) 

 ∆𝜆𝑆,𝛼 = 3.67 ∗ (
𝑛𝑒

1023)

2

3
 . (5.3) 

Gas temperatures and electron densities ranged from 375-540 K and 2×1019-

1×1020, respectively.  

Benedikt et al[14] used a 1 mm ID ceramic tube with a steel capillary powered at 

13.56 MHz. The group used OH rotational bands for gas temperature measurements and 

Stark broadening of hydrogen for electron density. The gas temperature and electron 

density were measured as 350 ± 50 K and 8.5×1020 m-3, respectively. No electron 

temperature value was provided in this study.  

Xu and Doyle[51] used an identical experimental configuration, aside from the 

quartz tube diameter, which was set at 2 mm ID.  Flow rates and power were varied from 

0.5-2.0 slm and 30-90 W, respectively. Electron temperatures ranged from ~3.0-4.3 eV 

and densities were calculated between ~1016-1018 m-3. Due to the smaller diameter tube, 

the velocity of the gas flow at 2 slm was greater. This in turn affected the three no 

dimensional numbers (Re, α, and χ), which placed the probes in the sheath-convection 
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regime, which yields lower density values than those of the diffusion-convection regime. 

There is typically an order of 102-103 difference between the regime values, which would 

account for the 102-103 difference observed between the studies. The trends associated 

with the temperature and density values with respect to distance were identical.  
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CHAPTER 6 

 

 

CONCLUSION 

 

A thinker sees his own actions as experiments and questions—as attempts to find out 

something. Success and failure are for him answers above all. 

- Friedrich Nietzsche 

Optical methods and physical probes were used on an atmospheric microplasma 

jet to investigate the accuracy of gas temperature, electron temperature, and electron 

density measurements. Two AMPJ configurations, linear-field and cross-field, were 

tested. Different optical techniques and probes were utilized to better understand their 

efficacy and accuracy when applied to AMPJs.  

 

6.1 Gas Temperature 

The OH spectra yielded the most consistent temperatures and can be considered 

the baseline for comparison. The results indicate that there is a noticeable difference in 

not only each of the different gas temperature determination methods, but also for 

individual argon spectral lines when using van der Waals broadening. In addition, the 

usefulness of argon spectra lines as a gas temperature measurement appears to vary with 

electrode configurations and temperatures.  
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Thus while van der Waals broadening is relatively easy to implement, careful 

consideration must be made when choosing the spectral lines. The resolution of the 

spectrometer system may also play a role in the accuracy of the line broadening method 

as the method uses very small numbers that can be strongly impacted by small 

uncertainty. A comparison measurement should be done to ensure the accuracy of the 

chosen argon lines for any given microplasma device.  

The T/C yielded surprisingly accurate, if slightly elevated temperatures compared 

to the OH results; <13% for the linear-field configuration, and <5% for the cross-field 

configuration. Thermocouples thus may be considered a viable option to reliably estimate 

the microplasma gas temperatures, as long as proper shielding between the plasma and 

T/C is provided. A thin ceramic coating or sleeve such as those used for harsh 

environment T/Cs may provide sufficient insulation for these low temperatures and still 

allow fast response times. 

 

6.2 Electron Temperature and Electron Density  

Langmuir probes have successfully been used to perform spatially resolved 

measurements of both the electron temperature and density. The electron temperature 

increases with distance, with 70 W yielding the highest temperatures. This behavior may 

be due to high collisionality which depletes low energy electrons via neutralization 

collisions as well as continuum flow turbulence that increase the loss of low energy 

electrons from mixing with cold ambient air. Plasma density decreases with distance, 

with the maximum occurring at 90 W. A sharp decrease was observed at the transition 

from a distance of 4 to 5 mm, although the reason is not known at this time. Results 
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indicate that the plasma properties can be adjusted by varying not only the power, but 

also the distance. While the use of Langmuir probes for atmospheric-pressure 

microplasma is hopeful, questions remain about their accuracy and the amount of 

perturbation to the plasma.  

 

6.3 Future Work 

Many experiments found in the literature utilize Stark broadening of hydrogen 

emission lines. Due to what is believed to be an equipment limitation, the hydrogen lines 

were not well resolved. Additionally, the plasma densities measured by the Langmuir 

probe is near the lower density limit for detectable Stark broadening. Future work will 

focus on modifying the experimental setup so Stark broadening can accurately be 

measured. The goal is to compare the physical probe measurements obtained with 

Langmuir probes to optical methods, such as Stark broadening. The equipment 

modification should also result in better resolution of both N2 and OH spectra, allow for 

Boltzmann plots to be used to determine the gas temperature.  

Additional testing is also needed to determine the dependence on the use of 

individual ArI lines for gas temperature measurement with respect to AMPJ 

configuration. No literature has been found which explains in detail the cause of multiple 

argon neutral lines resulting in different gas temperature measurements.  

Other diagnostic techniques such as Thompson and Rayleigh scattering and laser 

interferometry may be beneficial to pursue as additional plasma property determination 

methods. Thompson scattering would provide another method for electron density and 
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temperature measurements. Rayleigh scattering is often regarded as a very accurate gas 

temperature technique and therefore is an important topic to pursue.  

Finally, the literature suggests that other species such as helium and the first 

positive and negative systems of N2 can also be used to measure the gas temperature and 

electron properties. With an upgrade of optical equipment and the addition of helium, 

these species can be analyzed. This would allow for the comparison of several additional 

optical methods to determine which can accurately be applied to AMPJs.   
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APPENDIX A 

 

Argon Line Transition Probabilities and Energies 

Table A.1 Argon Line Transition Probabilities and Energies. 

 

Wavelength 

(nm) 
Process 

Einstein 

Coefficient 

(s-1) 

Lower 

Energy 

(eV) 

Upper 

Energy 

(eV) 

R2 

(cm2)  

696.5 Ar(2p2) → Ar(1s5) + hv 6.4 × 106 11.548 13.328 4.62 × 10-15 

738.4 Ar(2p3) → Ar(1s4) + hv 8.7 × 106 11.624 13.302 9.53 × 10-16 

706.7 Ar(2p3) → Ar(1s5) + hv 3.8 × 106 11.548 13.302 9.81 × 10-16 

751.5 Ar(2p3) → Ar(1s4) + hv 4.0 × 107 11.624 13.273 9.08 × 10-16 

800.6 Ar(2p5) → Ar(1s4) + hv 4.9 × 106 11.624 13.172 7.62 × 10-16 

810.4 Ar(2p7) → Ar(1s4) + hv 2.5 × 107 11.624 13.153 7.37 × 10-16 

842.5 Ar(2p8) → Ar(1s4) + hv 2.2 × 107 11.624 13.095 6.63 × 10-16 

811.5 Ar(2p9) → Ar(1s5) + hv 3.3 × 107 11.548 13.076 6.67 × 10-16 
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APPENDIX B 

 

Boltzmann Plots 

Boltzmann plots were generated by plotting 𝑙𝑛[𝐼𝑟𝑒𝑙𝜆𝐽𝐽′/𝐴𝐽𝐽′(2𝐽 + 1)] versus EJ 

for multiple OH (A-X) and N2 (C-B) bands/transitions. Table B.1 shows the wavelength, 

Einstein coefficient, and energy of the utilized emission lines. The temperature can be 

calculated by 𝑇𝑔 = −𝑚𝑠𝑙𝑜𝑝𝑒𝑘, where k is the Boltzmann constant and mslope is the slope 

of the plot. Sample calculations for the OH (A-X) spectra are shown in Tables B.2 and 

B.3. 

Table B.1 Boltzmann plot spectra information. 

 

Species Band/Transition 
Wavelength 

(nm) 
A (s-1) Energy (eV) 

OH (A-X) 

Q1 (0,0) 

1 307.84 477 4.026 

2 307.99 599 4.040 

3 308.15 663 4.048 

6 308.73 736 4.110 

N2 (C-B) 

∆v = -1 

0-1 357.7 8.91  106 3.467 

1-2 353.6 5.59  106 3.507 

2-3 350.0 1.74  106 3.543 

N2 (C-B) 

∆v = -2 

0-2 380.4 3.55  106 3.259 

1-3 375.4 4.93  106 3.301 

2-4 370.9 4.06  106 3.342 

N2 (C-B) 

∆v = -3 

0-3 405.8 1.09  106 3.055 

1-4 399.7 2.42  106 3.102 

2-5 394.2 3.13  106 3.145 
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Table B.2 Boltzmann plot calculations for linear-field OH (A-X) spectra. 

 

Power 
Band 

Number 

Relative 

Intensity 
Y Axis Slope Temperature (K) 

50 W 

1 0.4426 -0.0490 

-25.8129 449.58 
2 0.5736 -0.5279 

3 0.7517 -0.6949 

6 0.3232 -2.2606 

70 W 

1 0.4094 -0.1270 

-24.5898 471.94 
2 0.5481 -0.5733 

3 0.6816 -0.7928 

6 0.3304 -2.2386 

90 W 

1 0.3898 -0.1761 

-23.7414 488.81 
2 0.5197 -0.6265 

3 0.6474 -0.8443 

6 0.3351 -2.2244 

 

Table B.3 Boltzmann plot calculations for cross-field OH (A-X) spectra. 

 

Power 
Band 

Number 

Relative 

Intensity 
Y Axis Slope Temperature (K) 

50 W 

1 0.3871 -0.1830 

-24.6618 470.56 
2 0.5502 -0.5695 

3 0.7192 -0.7391 

6 0.3216 -2.2656 

70 W 

1 0.3626 -0.2485 

-23.6636 490.41 
2 0.5288 -0.6093 

3 0.6967 -0.7709 

6 0.3292 -2.2421 

90 W 

1 0.3540 -0.2724 

-21.7838 532.73 
2 0.5137 -0.6382 

3 0.6892 -0.7817 

6 0.3713 -2.1219 
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APPENDIX C 

 

MATLAB Code – van der Waals Broadening 

A set of MATLAB codes were developed to analyze ArI emission lines to 

determine the gas temperature of the plasma. This is an example file for the 696.5 ArI 

line. 
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APPENDIX D 

 

Data File Directory 

All files can be found in the PERL directory folders in the Google Drive of the lab 

account.  

Folder 

PERL/Data Directory/Steven/MatlabFiles 

File Name Description 

ARGON_696_5.m 
Gas determination from VDW broadening 

for the 696.5 nm ArI emission line 

ARGON_706_7.m 
Gas determination from VDW broadening 

for the 706.7 nm ArI emission line 

ARGON_738_3.m 
Gas determination from VDW broadening 

for the 738.3 nm ArI emission line 

ARGON_751_4.m 
Gas determination from VDW broadening 

for the 751.4 nm ArI emission line 

ARGON_763_5.m 
Gas determination from VDW broadening 

for the 763.5 nm ArI emission line 

ARGON_794_8.m 
Gas determination from VDW broadening 

for the 794.8 nm ArI emission line 

ARGON_800_6.m 
Gas determination from VDW broadening 

for the 800.6 nm ArI emission line 

ARGON_801_4.m 
Gas determination from VDW broadening 

for the 801.4 nm ArI emission line 

ARGON_810_4.m 
Gas determination from VDW broadening 

for the 810.4 nm ArI emission line 

ARGON_811_5.m 
Gas determination from VDW broadening 

for the 811.5 nm ArI emission line 

ARGON_826_4.m 
Gas determination from VDW broadening 

for the 826.4 nm ArI emission line 

ARGON_840_8.m 
Gas determination from VDW broadening 

for the 840.8 nm ArI emission line 

ARGON_842_4.m 
Gas determination from VDW broadening 

for the 842.4 nm ArI emission line 

ARGON_852_1.m 
Gas determination from VDW broadening 

for the 851.1 nm ArI emission line 
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Folder 

PERL/Data Directory/Steven/Data Sheets & Manuals 

Folder Description 

Equipment Datasheets & Manuals 

Contains Datasheets and User Manuals for 

the function generator, power supply, and 

pulse generator 

Experimental Procedures and Manuals 
Contains Standard Operating Procedures 

and User Manuals for techniques 

 

 

Folder 

PERL/Data Directory/Steven/Data 

Folder Description 

Scanning Electron Microscopy Results 
Contains SEM images from UA and UAH 

SEM facilities 

Surface Properties – Plasma Treatment 

Contains RAMAN and contact angle 

results for 2016 summer research project 

with Dr. Waddell 

Langmuir Probes 
Contains results for Langmuir probe 

experiments 

Optical Emission Spectroscopy Contains OES data from experiments 
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