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ABSTRACT 

This research focuses on low-pressure and low-temperature gaseous plasma. We 

theoretically calculate the γ-band radiation spectrum of the NO molecule. By matching 

the calculated spectra with the experimental spectra, the molecular parameters in the 

plasma can be obtained. From the results, we found that the vibrational and rotational 

temperatures of NO molecules range from 0.42-0.76 and 0.13-0.21 eV, respectively, 

while the vibrational and rotational temperatures of N2 range from 0.45-0.75 and 0.12-

0.17 eV, respectively. From these results, besides a normal cooling process as the plasma 

flows to the downstream along the tube, we also find an unusual increase of the NO 

vibrational temperature when O2 partial pressure ratio approaches to 100%. 

  We also improve our kinetic model to calculate the reaction rates and number 

densities of different species in N2-O2 mixture plasma. We find good agreements between 

the simulated and experimental results of the NO A 2Ʃ+ state number densities. The 

radiation bands of β and δ are observed only when the oxygen partial pressure is less than 

3. We discuss the de-excitation processes for the NO B 2Π and C 2Π states in this low-

pressure plasma and propose an assumption that the de-excitation processes involve 

collision with O2 X 3Ʃ-
g for these two levels are much faster than their generating 

processes, which can explain the observed spectral disappearance. Further results show 

that, as the ratio of the number density of NO C 2Π and A 2Ʃ+ increases, the vibrational 

temperature of the NO A 2Ʃ+ state increases synchronously. This indicates the NO C 2Π 

state experiences a de-excitation collision and turns into A 2Ʃ+ state, which finally leads 

to the vibrational temperature increase of NO A 2Ʃ+state. 
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CHAPTER I: Introduction 

1.1 Applications of Mixture Plasma 

The interest in discharges of N2-O2 mixtures is furthered by researches on air breakdown, 

optical characteristics of the atmosphere under perturbed non-equilibrium conditions, 

chemical processes for surface treatments, synthesis of nitrogen oxides, nitrogen isotope 

separation, cleaning of polluted atmospheric gases, and so on. [1] Figure 1.1 shows the 

main chemical products during the nighttime activities of the human beings. From the 

figure, we can find that NOx widely exist in the chemical reactions, which can be 

accelerate under the plasma conditions (combustion and high energy light exposure). NO 

molecule is very important because it is harmful to the organisms. There have always 

been investigations on this kind of processes. Figure 1.2 shows the rate coefficient 

dependence against to the various altitudes of the stratospheric eddy coefficient values. 

 

Figure 1.1. Chemical processes in atmosphere. 
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Figure 1.2. The production rate of NO above the altitude z from O+N2O2NO for 

various values of the stratospheric eddy coefficient. (Mcelroy and Mcconnell, 1971) 

 

Because the main compositions of the atmosphere and ionosphere are N2-O2 gases, 

this kind of plasma usually relates to the earth (normal or high pressure) as well as the 

space (low pressure) investigations, including the engine development of fighters 

especially for the 5th generation, the coating materials of the space shuttle surfaces at the 

moment of re-entry or in order to study the surface glow produced by the spacecrafts in 

low Earth orbits. [2–3] When studying these discharges, we know that a number of 
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unstable species are produced, such as excited states of O and N atoms, O2 and N2 

metastables, and many kinds of the nitric oxides. All these species usually have very 

active properties both physically and chemically. On the other hand, under these kinds of 

plasma conditions, some of them also have strong emission bands locate at the UV or IR 

radiation range, which can leads to further molecular performance. [4–8] 

The active species in N2-O2 discharges can be applied in the plasma biology and 

plasma medicine treatment. For example, at first, the low-pressure plasma sterilization is 

implied using gas mixtures containing components with germicidal properties such as 

H2O2 and aldehydes. After that, it is extended to use other mixture gases for some further 

plasma processes including the He-air, He-O2 and N2-O2. 
[9,10] These studies and 

application, have been performed using radiofrequency (RF) or microwave low-pressure 

discharge in oxygen and N2-O2 mixtures. In some cases, under the strong radiation of 

plasmas, the efficiency of sterilization can be more than 50% improvement than other 

methods even at a short time. 

 

Figure 1.3. Healing dynamics of the festered burn wound in process of the plasma NO 

therapy: (a) prior to the beginning of treatment; (b) after five sessions of the therapy. [9] 
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As one of the important resultants in N2-O2 mixture discharge, the NO molecule is 

also applied in medical treatment. Figure 1.3 shows an effective treatment of plasma NO 

therapy, which is used for healing a festered burn wound. From the photographs, it is 

obviously seen that this effect is observed independently of the location of the wound on 

the body and also of the plastic material used. The effectiveness of NO therapy in 

treatment of early and late radiation reactions allows for the surgeon to carry out a full 

course in radiation therapy in around 88% of the patients. Meanwhile, this treatment is 

also used in some other cures, such as apparent with the erysipelatous inflammation. 

 Another application of the gas discharges is the envelope (lamps). There are three 

types of the continuous-discharge lamps.[11] Gas-discharge lamps emit light as result of 

optical transitions in atoms and molecules. The discharges are usually generated by glows 

of direct current (DC) discharges, microwave discharge in tubes, and dielectric barrier 

discharges (DBD), and so on. Because there are many emission bands when using 

different mixture gases, or even in a single gas, some optional radiation peaks can be 

obtained. Moreover, under different plasma conditions, the emission bands are able to 

change their densities or locations even using the same mixture. Therefore, the gas 

discharges can apply in many areas, including the laser technology, lighting systems, and 

photodetectors.[12] 

1.2 Spectroscopic Investigations on N2-O2 Plasmas 

The spectroscopic method is also very useful when coordinating with a kinetic model 

calculation for the concentrations of neutral and charged particles. As a classical 

measurement of detecting concentrations of particles, the mass spectrometer cannot be 
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used for detecting the metastables of the neutral particles. It is also very difficult to detect 

the concentrations within or along the plasma flow. This makes the spatial investigation 

on plasma impossible. The spectroscopic method can solve this problem perfectly by 

contactless diagnosing. Nowadays, this technology has been widely used for checking the 

correctness of the plasma kinetic models. [13–23] This method requires strong radiation 

peaks so that it has been often applied in diagnosing the atmosphere-like gases which has 

strong emission even at a low pressure. 

Many kinds of N2-O2 plasmas have been characterized through different kinds of 

experimental and theoretical efforts. Generally, we can divide this mixture plasma into 

high-pressure (close-to) and low-pressure (far-from) conditions because they are similar 

status to the atmospheric and ionospheric plasmas. About the atmospheric plasma, Park 

and Lee [24] developed a multi-temperature nozzle flow code. It was used to determine 

rotational, vibrational, and electron-electronic temperatures by Park and Lee and 

Babikian et al [25] of NASA Ames Research Center. In their research, the heavy-particle 

translational temperature is assumed to equal to rotational temperature, and vibrational 

temperatures of NO, N2 and O2 are different from each other. Abe et al [26] characterized 

eight temperatures to describe arc-heated nozzle flows, that is, translational, N2-, O2-, and 

NO-rotational, N2-, O2-, and NO-vibrational, and electron temperatures. Especially, the 

NO rotational and vibrational temperatures are unusual to N2 and O2, which leads that 

people present many assumptions about these molecular processes to explain this 

temperature difference. Figure 1.4 shows the spectra obtained by S-. Hyun et al [27] and 

Park et al [25]. In their spectra, we can find the calculated spectra include some peaks 
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which are not seen in the experimental result. This indicates that even the spectra can be 

calculated, it is still insufficient. 

 
Figure 1.4. Comparison of NO spectra calculated by S. Hyun et al (present work [27]) and 

by Babikian et al [25].  

 

Since this research about the atmospheric pressure N2-O2 plasma often involves 

the environment issues, the calculation are mature and able to present precise estimations 

on the concentration of chemically active particles and chemical reaction products in a 

pulsed microwave discharge as showed in Fig. 1.5. [16] From the presented result, we can 

find the oxynitrides are even far more less than the O and O3 which are also products 

during this plasma process. However, this process is complicated because the 

concentrations are keeping changing in time and spatial domain.  
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Figure 1.5. The concentration of some chemically active particles and chemical 

reaction products in a pulsed microwave discharge.[16] 

 

Meanwhile, about the low-pressure N2-O2 plasma, the calculation investigations 

are even more mature. Figure 1.6 shows the NO concentration change against the O2 

percentage in the N2-O2 plasma. This implies many conditions will vary the plasma 

properties besides temperature effects. This is very useful in the application of the waste 

gas treatment. 

Not only some relatively few particles but also the vibrational excitations for 

some ground state particles can be calculate precisely shown in Fig. 1.7. T. Sakamoto et 

al [16] examined N2 vibrational excitations for different vibrational levels both 

numerically and experimentally. This makes a big improvement on the knowledge about 

the N2 excitation process. 
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Figure 1.6. Variation of NO concentration against O2 percentage for 12, 30 and 80 mA. 

[15] 

0.2

0.4

0.6

0.8

1

7 8 9

Experimental
Calculated Te=3.0eV
Calculated Te=4.5eV

N
2
 Vibrational level v

0.2

0.4

0.6

0.8

1

0 1 2 3 4

Experimental
Calculated Te=3.0eV
Calculated Te=4.5eV

N
2
 Vibrational level v

 
 

Figure 1.7. Measured and calculated number densities of vibrational levels of N2. 

(left) B 3Π (v=7, 8 and 9) and (right) C3Π (v=0 and 1) [41]. 
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1.3 Low Pressure N2-O2 Plasmas in Geophysics 

The NASA website locates many under-going investigations on the most forward N2-O2 

plasma applications. Especially in the “Spacecraft and Orbital Environments” part, we 

can see their achievement about the low pressure air plasmas. 

In their research issues, there is a team working on the analysis of international 

space station plasma interaction named “Plasma Interaction Model”. This team created a 

model to predict the voltage difference between the ISS (International Space Station) of 

the US and the plasma background. The ionospheric plasma (low pressure N2-O2 plasma) 

interacts with the ISS solar arrays and conducing surfaces. In order to diagnose and 

protect the surfaces, many models are developed and used for the plasma processes. For 

example, if the free charges are accumulated in excess, this potential voltage will make a 

dielectric breakdown and finally speed the destroy process. This requires not only the 

surface property simulation, but also the background plasma simulation for the physical 

and chemical kinetics characters as many as possible. On the other hand, the diagnosing 

measurement is usually done by the remote observation, which is the spectroscopic 

method. For example, the Maui analysis of upper atmospheric injections (MAUI) group, 

usually watches the exhaust of the spacecraft by Maui Space Surveillance Surveillance 

Site in Hawaii. The technicians can analysis the images and data taken by a telescope and 

all-sky imagers in order to better understand interaction between the exhaust plume and 

the Earth’s upper atmosphere. From all the introductions above, we can see the 

significance of the investigations on low pressure N2-O2 plasmas roughly.  
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The research of the spectroscopic measurement started hundreds years ago since 

Newton divided the sun light into seven different colors. Till 1960s, Kirchhoff founded 

the practical spectroscopy, after that, this technology is used for diagnosing the Universe. 

This technology promotes the development of our knowledge to the world, because at 

that time, the place is able to obtain the natural light is the sky. Throughout this curiosity, 

scientists keep investigating the basic physics processes and make it into the application. 

Nowadays, researches can deduce the material construction of another planet, only by the 

radiation we obtained. This is very helpful for us to take advantage of the extraterrestrial 

energy and resource in the future. 

This thesis is a kind of continue of many predecessors, who devoted their lives to 

the research on N2-O2 plasma. In the discussion section of this thesis, I mention the B. 

Gordiets group frequently because this group achieves many important findings on low-

temperature and low-pressure N2-O2 plasma. B. Gordiets also extended his ideas to 

geophysics by considering the mechanism of energy transfer fron geomagnetic 

disturbances to the lower atmosphere via the upper-atmospheric IR flux. One important 

study of his is also devoted to the role of the IR emission of CO2 in the cooling process of 

the lower atmospheres of Venus, Earth and Mars, his analysis being again investigated 

and extended many years after. [28] 

The reason of his huge achievement on this kind of plasmas should relate to his 

collaboration with some different French, Italian, Portuguese and Spanish groups. Since 

his collaboration stated in 1986 with a chapter in a book, more than 20 years have passed, 

his knowledge about the N2-O2 plasma, is partly a combination of different theories. 
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After a longtime work at Portugal, he came back to his motherland (Moscow) to continue 

his research. However, still he return to Lisbon for 1 or 2 months almost every year. As a 

result, his reports about N2-O2 plasma reflect the most cutting-edge all over the world. 

1.4 Objectives 

This research focuses on low-pressure and low-temperature gaseous plasma, which often 

involves atmospheric and ionospheric physics. Among these applications, the basic 

process and theoretical knowledge about the plasma status should be investigate deeply 

enough for available estimations. For this purpose, I set up a self-consistent research on 

our microwave plasma, to verify the accuracy of some general classical conclusion about 

this kind of discharges, it is very necessary to carry out both calculation and experimental 

examination. 

Chapter 1 is devoted to the explanation of the background of this study. That is, 

the interest in discharges of N2-O2 mixtures is furthered by researches on air breakdown, 

optical characteristics of the atmosphere under perturbed non-equilibrium conditions, 

chemical processes for surface treatments, synthesis of nitrogen oxides, nitrogen isotope 

separation, cleaning of polluted atmospheric gases, and so on. 

 In Chapter 2, I review the backgrounds of the microwave discharges as well as the 

microwave itself, concerning analysis of these non-equilibrium plasmas. I also describe 

the summary of his experimental apparatus, not only for the discharge apparatus but also 

for the spectroscopic measurement system, together with general review of molecular 

spectroscopic principle to analyze properties of vibrational and rotational excited states 

kinetics in the plasmas. 
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In Chapter 3, I concentrate on the NO molecule in N2-O2 mixture microwave 

discharge because it is generated in oxidation processes in chemical and biological 

systems, which not only causes environmental problems but is also toxic to organisms. I 

observe this kind of plasma by optical emission spectroscopy measurements to obtain the 

spectra ranges at 200-850 nm. The plasma is generated and forced to flow in a quartz 

tube. In the experiment, I diagnose the spectra at different positions along the tube and 

different plasma conditions (electron density and temperature, total pressure, and partial 

pressure ratio). 

I also theoretically calculates the γ-band radiation spectrum of the electronic 

transition from NO A 2Ʃ+ to X 2Π state. By matching the calculated spectra with the 

experimental spectra, the molecular parameters in the plasma can be obtained. From 

results, the plasma process is discussed. 

  In Chapter 4, in order to quantify the analysis in Chapter 3, I improve his kinetic 

model to calculate the reaction rates and number densities of different species in N2-O2 

mixture plasma. According to my results, I make an assumption to explain the 

disappearance of β- and δ-bands. In order to prove my assumption, I carried out some 

experimental and calculation results. As expected, my assumption is right, but still this 

analysis is indirect. 

In Chapter 5, I summarized my study and describe further perspective of the 

present contribution. This is not limited to the low-pressure N2-O2 plasma. I state that my 

finding can also explain the appearance of the NO β-band and δ-band at atmosphere. 



 13 

CHAPTER II: Background Theory 

2.1 Microwaves in Plasma 

Waves widely exist in the world, meanwhile are ones of the basic motions of the matter. 

Since Langmuir found the plasma wave, many investigations on the generation, 

propagation and damping of waves in plasma are performed. [29] In the early researches 

about the astrophysics, the magneto-fluid mechanics are used to explain the reason of the 

formation of the macula and all kinds of the signals of different celestial bodies. In radio 

physics, people need the theory to study the propagating principle of radio waves in the 

ionosphere. In the controlled thermonuclear fusion, the plasma stability, microwave 

heated plasma, and plasma parameter diagnosing relate to the plasma wave theory. 

Therefore, both experimental and theoretical investigations on plasma waves are very 

important. 

 Properties of plasma waves depend on the plasma properties and the plasma 

conditions. Plasma is a kind of gas which consists of charged particles, as a result, there 

are three kinds of forces in the plasma: thermal gradient, electrostatic force and magnetic 

force. This indicates that the electrostatic and magnetic waves can generate and propagate 

in plasmas. Meanwhile, since the electron mass is far smaller than that of ions, they have 

different effects on the plasma waves. Generally speaking, waves in plasma are very 

complicated. 
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2.1.1 Dielectric Tensors and General Dispersion of Plasma 
Waves [30-33] 

Before discussing the microwaves in plasmas, two important parameters should be 

specified. The plasma system consists of a large number of charges. In order to diagnose 

its physical properties, a disturbance is usually suggested. And as a response between 

ions and electrons, the dielectric tensor is one of the parameters which describe the 

plasma macroscopic response. 

 Suppose set a electric field E(r’,t’) at the place r’ and time t’, there will generate 

the induced  current in plasma. If the induced current density is j(r,t) at the place r and 

time t, this can be treated as the response to the disturbance of electric field from the 

plasma. Generally speaking, the relationship between j and E can be expressed as: 

)','()',,',(),( trEttrrtrj


 ,                 (2.1.1.1) 

here the σ is the dielectric tensor of plasma. The tensor property originates from the 

plasma anisotropy. Meanwhile, considering the law of causation, we have 

0)',;',( ttrr


 , (t < t’).                  (2.1.1.2) 

If the disturbance is small, we can assume that the relationship between j and E is linear. 

A linear response satisfies the superposition principle. Therefore, as a function of r and t, 

the current density can be expressed as: 

)','()',;',(''),( trEttrrdtrdtrj
t 

   
 ,                (2.1.1.3) 

where the integration crosses throughout the whole space of the plasma. 
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 Beside the linear response, if the medium is homogeneous and still, then the σ is 

only the function of the relative position r－r’ and time t－t’, which can be expressed as 

the follow: 

)','()';'(''),( trEttrrdtrdtrj
t 

   
 ,                (2.1.1.4) 

 It is not convenient to substitute Eq. (2.1.1.4) in to Maxwell Equations. However, 

using the spatial Fourier Transform, Eq. (2.1.1.4) can be converted into a simple form as: 

),()';(),(  kEttkkj


 ,                 (2.1.1.5) 

including the follows: 

),();(),( rktietrjdtrdkj

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 , 

),();(),( rktietrEdtrdkE






  

 ,                 (2.1.1.6) 
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  
 , 

As shown Eq. (2.1.1.6), it is obvious that the current density j is a linear function by the 

dielectric tensor, where the plasma properties are included. 

 On the other hand, when studying the linear waves in plasma, it is more 

convenient to include the current density in the electric displacement vector D: 

t
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E
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
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


0000  ,                  (2.1.1.7) 



 16 

and the same as in a usual dielectric medium, the plasma dielectric tensor should be 

included as: 

ED


 0 .                    (2.1.1.8) 

Thus, after doing the Fourier Transfer to Eq. (2.1.1.7) and (2.1.1.8), the current density 

can be expressed as: 

),())';((),( 0  kEIttkikj


 ,                (2.1.1.9) 

where I is the unit tensor. It follows that, the dielectric tensor completely determines the 

plasma linear response property. As a result, the dielectric tensor completely determines 

the plasma wave property. 

 After obtaining the dielectric tensor of plasma, the induced current in Maxwell 

equation can be expressed by the dielectric tensor of plasma. Thus, without an external 

charge, the Maxwell equations that electric field E and magnetic field B satisfy are 

shown as: 
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After doing a Fourier Transform to Eq. (2.1.1.10), we have: 

,BEk


                   (2.1.1.11) 
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                  (2.1.1.13) 

.0Bk
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                  (2.1.1.14) 

Eliminating B by Eqs. (2.1.1.11) and (2.1.1.12), the wave field E formula can be obtained 

as: 

0)()(
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c

Ekk
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

,                (2.1.1.15) 

or if we extend the first term on the left side, we can get 
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.               (2.1.1.16) 

The condition of the existence of a non-trivial solution for Eq. (2.1.1.16) is its coefficient 

determinant equals to zero: 

0),()(Det
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2  
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k
c

Ikkk


.               (2.1.1.17) 

This formula determines the wave frequency ω and number k in plasma, and this is the 

plasma dispersion relationship. 

In an isotropic plasma (without magnetic field), the most important direction is 

the direction that the wave propagates. The dielectric tensor can be written as: 
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where the ε⊥ and ε∥ are the perpendicular and axial components, respectively, and they 

are both scalar functions of k and ω. Substituting Eq. (2.1.1.18) into Eq. (2.1.1.17), we 

can obtain the dispersion relationship of an isotropic plasma as: 
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After extending the determinant in Eq. (2.1.1.19), the following equations can be 

obtained: 
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Up to now, we have obtained the dispersion relationships for both transverse and 

longitudinal waves. With the corresponding, the wave fields can be shown as: 
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It implies that, the transverse and longitudinal waves in isotropic plasma are mutually 

independent. 
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2.1.2 Microwave in Plasma [34, 35] 

In many cases, it is convenient to analyze plasma wave using the hydrodynamics theory. 

However, some important properties of plasma are unable to simulate, especially some 

effect from the thermal motion of particles, such as the damping effect. For a cold or with 

high density (the thermal motion can be ignored) plasma, the hydrodynamics is sufficient 

for a normal approximation.  It should be specified that, when the phase velocities of all 

kinds of waves are small enough to compare with the oscillation of charges in plasma or 

are damping, this approximation is not appropriate. 

 For simplicity, we ignore the friction between different particles, and suppose it is 

an adiabatic system. The hydrodynamics equation for the plasma is shown as: 
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                  (2.1.2.1) 

Supposing E0 = u0 = 0, p = p0 + p1, n = n0 + n1 and the disturbing values p1, n1, and E0 

and u0 are plane waves in ~exp [i(k·r－ωt)] changing. After linearizing the Eq. 

(2.1.2.1), we have the following for the pressure p1: 

001 )( pukiuppi

  .                 (2.1.2.2) 

It follows that, the pressure gradient is nonzero only at the direction of the propagation of 

waves. Supposing the direction of the propagation of waves is z axis, in the z direction we 

have: 
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Then, the current density j=Ʃen0u is: 
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It is easily seen that the E⊥and Ez relates to the σ⊥ and σ∥. Therefore, the dielectric 

tensors of the unmagnetized plasma are: 
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and the dispersion relationships can be obtained as: 
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They represent the transverse and longitudinal waves in unmagnetized plasma. 

Firstly we discuss the transverse waves. For simplicity, we limit the discussion to 

the plasma containing only one kind of the ion and electron. When we ignoring the 
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movement of ions because the ion mass is far larger than the electron, the dispersion 

relationship is: 
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                 (2.1.2.7) 

where the ωpe is called plasma frequency or Langmuir frequency. From Eq. (2.1.2.7), we 

know that, if ω < ωpe, N is a pure imaginary number, which means that the parameter k 

becomes an imaginary as the follow equation shown: 
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Moreover, the wave variation is an exponentially damping wave: 
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This indicates that the wave cannot propagate in unmagnetized plasma, if the wave 

frequency is smaller than the plasma frequency. We define the wave propagation distance 

in the plasma when its amplitude decreases to 1/e of the initial value as reflection skin 

depth δ. Then the formula will be: 
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 The wave with smaller frequency than plasma frequency cannot propagate in the 

plasma, this is because the electromagnetic waves are shielded by the polarization 
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currents. However, in this case, there is no energy transformation, which means that the 

absorption and energy flux are both zero, hence the induced electromagnetic waves are 

all reflected. The critical frequency is called cut-off frequency as ω = ωpe. We can 

summarize the cut-off frequency and density as: 

e

e

e

c n
m

en
1064.5 

0

2

pe 


 [rad/s],              (2.1.2.11) 

22

2

2

0 102.1
 

c
ce

c f
e

m
n 


[m-3]; f [s-1],              (2.1.2.12) 

If ω>ωpe, the electromagnetic waves can propagate in the plasma, and the 

relationship between wave frequency and wave number is: 

.2222 ckpe                   (2.1.2.13) 

2.1.3 Absorption and Resonance [36, 37] 

When we talk about the wave absorption, this is very similar to a normal vibration energy 

transformation between two oscillators. In this case, the two oscillators are the 

microwave and the charges in plasma. The energy transformation efficiency have a 

maximum at the resonant point, which means N2 = ∞ (k2=∞, vp=0). For unmagnetized 

plasma, we can easily obtain that the farther the plasma and microwave frequencies differ 

from each other, the larger the N is. Therefore, in our experiments, the microwave 

absorption efficiency of gaseous plasma only depends on the relative position of the 

standing wave and the gas area. As shown in Fig. 2.1, TE (transverse electric) and TM 
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(transverse magnetic) waves will have standing waves of different shapes, which means 

the energy in the waveguide is not uniform distribution.  

 

Figure 2.1. Schematic diagram of the TE and TM wave propagations in a rectangular 

waveguide. 

 

Figure 2.2. Schematic diagram of a rectangular waveguide. 
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Figure 2.2 shows a normal rectangular waveguide, which is usually made of metal 

materials. Inside the cavity, there is the air without any conductors. Hence the power loss 

and capacity are large. Meanwhile, since it is an enclosed construction, it has a very good 

anti-interference ability and no radiative loss. Considering a TM wave in the waveguide, 

we have the follow formula: 
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m
kkk yx


 ,                     (2.1.3.1) 

where x and y footnotes remark the directions and c remark the coefficient for the light. 

The m and n indicate the half-wave numbers in x and y directions and we use TMmn to 

indicate the field mode with and the m and n parameters. However, m and n cannot be 

zero or else the fields are all zero. Therefore, TM11 is the wave at lowest mode that exists 

in this waveguide. Considering that the different gases have different impedance, during 

the experiments, we should do the impedance matching by some stubs and a short 

plunger in order to keep the high power area at the gas position and provide a highest 

output power for the plasma generation. 
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2.1.4 Experimental Equipments 

 

Figure 2.3. Schematic diagram of experimental setup. 

 

Figure 2.3 shows a schematic diagram of our present experimental setup. A N2-O2 gas 

mixture microwave discharge is generated using a vertically placed rectangular 

waveguide. A quartz tube with a 26 mm inner diameter is aligned in the vertical direction 

of the waveguide. One end of the quartz tube is connected to the gas entrance, where N2 
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and O2 are mixed beforehand. The other end of the quartz tube serves as the outlet to a 

vacuum chamber, which is evacuated by a rotary pump. The pressure of the chamber is 

monitored using a membrane manometer, which also shows that the minimum pressure 

of the chamber is 0.01 Torr. A microwave generator (2.45 GHz) is used to drive the 

gaseous discharge, with flow controllers for both nitrogen and oxygen (purity 99.5%). 

The discharge apparatus is similar to that described elsewhere. [38–45] Figure 2.4 shows the 

longitudinal position of the present line-of-sight side-on measurement in detail. That is, 

for the spectroscopic examination, the distance along the discharge tube from the 

intersection with the waveguide z is chosen to be 0, 60, 100, and 140 mm. 

In the vibrational and rotational temperature experiments, we applied a CCD 

spectrometer as a polychromator (BWTEK BRC112E-U) for the measurement of the 

emission spectrum, whose wavelength range of 200 – 850 nm, with its spectral resolution 

of 1.5 nm. 
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Figure 2.4. Schematic diagram of quartz tube and lens system. 

In the kinetics model experiments, we also placed a lens between the quartz tube 

and the detector to collect the plasma radiation at the detector to enhance the collected 

spectrum as shown in Fig 2.4. We applied a polychromator system (imaging 

polychromator spectrograph SOL Instruments MS 3504i and cooled CCD detector Andor 

Technology DU420A-OE), which has a 0.08-nm-wavelength resolution with a 1200/250 

grating [groove spacing (mm–1)/blaze wavelength (nm)], achieving a detection sensitivity 

outside the 190 – 500 nm range (> 40% efficiency). The wavelength dependence of 

detection sensitivity is calibrated automatically using software by default. 

Model structure parameters of some other important equipment are shown in the 

following table. 

 

Table I. Instrument Model. 

Microwave Generator Model: Toshiba TNG-491C 

Microwave Frequency: 2.45±0.03 GHz 

Rated Output Power: 0.5 ~ 4.9 kW 

Power Supply: AC 200 V, 9.7 kVA 

Efficiency: 52% 

Isolator Model: Toshiba TMU-261B 
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Position: Inside the Microwave Generator 

Power Monitor Model: Toshiba TMU-613A 

Detect Incident and Reflected Power 

Stub Model: Toshiba TMU-224A (Triple Type) 

Rotary Pump Model: Alcatel-2025SD 

Exhaust Speed: 250 l/min 

Ultimate Pressure: 2 Pa 

Pressure Monitor Model: Japan MKS-622A 

Indicated Value: 0.01 ~ 100 Torr 

 

2.2 Emission of Diatomic Molecular Transition [46] 

For a diatomic molecule, there are two modes of motion, which do not occur for atoms, 

and these two molecular motions are able to have the infrared emission: Firstly, the 

molecule can rotate like a crabstick around the center of gravity and perpendicular to the 

nuclei line (internuclear axis), and second, the atoms can vibrate facing to each other 

along the internuclear axis. In order to investigate the emission spectrum, the structure of 

diatomic molecules and the detailed motion mechanism should be understood. 
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2.2.1 Vibration and Rotation of Diatomic Molecules 

If we treat the diatomic molecules as a harmonic oscillator, which is the simplest form of 

the vibration motions, we can consider that each atom moves toward or away from the 

other one. In this case, the displacement from the center of gravity is approximately a 

sine function at the time domain. We can use mechanics for a classical harmonic 

oscillator to define this vibration motion by defining the mass point m as the following: 

2

2

dt

xd
mkxF  .                   (2.2.1.1) 

Hence, the vibratinoal frequency vosc is given by: 

m

k
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2

1
 .                   (2.2.1.2) 

The potential energy V can be obtained as: 

2222 2
2

1
xmvkxV osc .                  (2.2.1.3) 

Thus we can define a harmonic oscillator as a system whose potential energy is 

proportional to the square of the distance from its equilibrium position; as a result, the 

potential energy curve should be a parabola. 

 When we consider the wave mechanics, the vibrations of these two nuclei can be 

regarded as a motion of a single particle of mass μ as a whole. In this case, the 

displacement x from its equilibrium position equals the change from the internuclear 

distance. The wave equation that describes the motion of the particle can be expressed as: 
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From a study of this equation [47], we know the solutions of this kind of functions have 

finite single values, and are continuous, but asymptotically become zero at an infinite 

distance. We can discuss the E value as follows, which has a certain physics meaning: 
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where the vibrational quantum number v can take only integer values, 0, 1, 2, …. If we 

transform the energy values as this term (by dividing by hc), we obtain the function for 

the vibrational terms: 
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where ω is the vibrational frequency in cm-1. 

 Similar to the vibrational analysis, a rigid rotator is also able to assume the 

rotational motion. Therefore, the classical mechanics of the energy of rotation E is given 

by: 
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IE  ,                    (2.2.1.6) 

where ω is the angular velocity of the rotation and I is the moment of inertia of the whole 

system. Just like the vibrational case, the wave equation analysis leads to the following 

for the different energy levels J (rotational quantum number): 
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Just as well, the transform energy values to term values are given by: 
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where the constant: 
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28
 ,                    (2.2.1.9) 

is called the rotational constant. 

2.2.2 Radiation Position (Frequency) from Electronic Transition 

The band spectra observed in the visible and ultra-violet regions cannot be simply 

considered as the vibration-rotation spectra, because the structure is generally too 

complicated to explain by vibration-rotation spectral theory, including the frequencies in 

the visible and ultra-violet regions are much too large than the vibrational and rotational 

calculated values. The diatomic system contains two atoms, which means the system has 

two positive charge centers, and the gravitation and repulsion forces occur more 

complicated than a single atom. However, just like an atom, we can expect different 

electronic states of the molecule, depending on the orbits where the electrons locate. The 

electronic states are defined as different terms marked as Ʃ, Π, Δ, …. The total energy of 

the molecule (neglecting spin and magnetic interactions) consists of the potential and 

kinetic energies of the electrons and the nuclei. It is obvious that the electronic energy 
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(potential + kinetic energy) depends on the internulear distance r. Meanwhile, this 

dependence varies for different electronic states because the relative center positions of 

positive and negative charges change, for example, considering a H2 molecule exciting 

process. One electron jumps to a higher orbit and effect on both the positive and negative 

centers. 

 Because the mass of the electrons is much smaller than that of the nuclei, 

electrons move much faster than the nuclei. And when the nuclei are no longer fixed, 

figuratively speaking the two nuclei vibrate, and the momentary positions of the nuclei 

vary. Thus in order to change the position of the nuclei, it is clear that the Coulomb 

repulsion of the nuclei changes. However, it should be remarked that the sum of the 

electronic energy and the Coulomb potential of the nuclei that acts as the potential energy 

obeys the law of conservation energy. But there are still two cases, if the potential energy, 

in its dependence on the internuclear distance, has a minimum, this is a stable electronic 

state of the molecule. Otherwise if there is no minimum, the electronic state is unstable, 

that is, the two atoms repel each other from any moment they combine into a molecule. 

Each electronic state is characterized by a definite potential curve which may have a 

more or less deep minimum (stable molecular state) or may have no minimum (unstable 

molecular state). 

 The Schrödinger equation of a diatomic molecule may be written as: 
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where xi, yi, zi are the coordinates of the electrons (mass m) and xk, yk, zk are those of the 

nuclei (mass Mk). An approximate solution is given by: 

),,,,(),,,,(  kkkvriiie zyxzyx   ,               (2.2.2.2) 

where ψe and ψvr are the solutions of the equations: 
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respectively. The first equation is the Schrödinger equation describing the electrons 

moving in the field of the fixed nuclei system, where includes a potential energy Ve 

(which is a function of the electronic coordinates xi, yi, zi). From the analysis above, it is 

obvious that the eigenfunctions ψe and eigenvalues Eel depend on the internuclear 

distance as parameter. Equation (2.2.2.4) is the Schrödinger equation of the nuclei 

moving under the action of the potential Eel + Vn where Vn is the Coulomb potential of the 

nuclei. For a diatomic molecule system including two charges Z1e and Z2e and the 

distance r from each other we have: 

r

eZZ
Vn

2

21

 .                    (2.2.2.5) 
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 If we substitute Eq. (2.2.2.2) into the previous wave equation (2.2.2.1), and 

consider the Eqs. (2.2.2.3) and (2.2.2.4), we will see it at once that Eq. (2.2.2.1) is 

satisfied only if: 
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can be neglected. It implies that  when ψe varies as internuclear distance, it is sufficiently 

slow so that its first and second derivatives ∂ψe/∂xk, …∂2ψe/∂xk
2, … can be neglected. The 

detailed discussion for this solution condition has been shown by Born and Oppenheimer. 

[48] Therefore, we can use Eel + Vn as the potential energy for the motion of the nuclei and 

at the same time in resolving ψ into a product ψe and ψvr according to Eq. (2.2.2.2). 

 After some mathematical derivation, the eigenfunction ψvr of the vibrating rotator, 

can be expressed as the result (1/r)ψvψr, where ψv is the vibrational eigenfunction of a 

linear oscillator, depending on the internuclear distance (r-re), and ψr is the rotational 

eigenfunction, depending on the spatial orientation of the molecule. Thus we have a 

simple approximation for the total eigenfunction: 

rve

1
 

r
.                   (2.2.2.7) 

As mentioned above the electronic eigenfunction depends on the internuclear distance as 

a parameter. While the variation is slow, we ignore this electronic position change. 

 From the discussion above, we know that the base energy of the non-rotating 

molecule Ee must be considered as vibrational energy Ev since the similar order of 
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magnitudes. Moreover, the molecule has rotational energy Er which can also affect the 

shape of the energy curve. Thus the total energy E of the molecule consists of, to a very 

good approximation, three component parts, 

rv EEEE  e ,                  (2.2.2.8) 

hence we can re-write the equation in wave-number units for a convenience for both 

calculation and understanding, 

FGTT  e ,                   (2.2.2.9) 

Concerning the vibrations and rotations of the molecule in a general electronic 

state, we use the model of the vibrating rotator and detail these two energy part 
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and 

 22

vv )1()1( JJDJJBF .               (2.2.2.11) 

Generally speaking, F is smaller than G and nearly the same order of magnitude with the 

second term in Eq. (2.2.2.10). Also, for F the second term is very small compared to the 

first and can be neglected entirely in many cases. The vibrational and rotational constants 

presenting to G and F depend on the molecule properties. 
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Figure 2.5. Vibrational and rotational levels of the two electronic states of a 

normal molecule. 

 

In this introduction, we are neglecting the interaction between electronic motion 

and rotation of the molecule. From the Fig. 2.5, two different electronic states with their 

vibrational and rotational levels are schematically represented. This diagram shows the 

orders for vibrational and rotational levels and at the same time, we can easily recognize 

the way that the energy changes with the vibrational and rotational levels. 

 

2.2.3 Strength Distribution (Intensity) of Vibration and Rotation 

 After discussing all the energy levels considered during analysis a molecule 

motion, we know that when the electronic transition occurs, every radiation line has a 

special molecular state, including both vibrational and rotational states. Hence, all the 
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line positions from the electronic transitions can be determined. Now, we can begin to 

consider that the line intensities of radiation from electric transition can be calculated as 

',',')'','',''',','()'','',''',','( JvnNJvnJvnhvAJvnJvnI  ,              (2.2.3.1) 

where single quote denotes the upper state and double denotes the lower state, I(n’,v’,J’ 

n”,v”,J”) is the intensity of the spectrum, and n is the electronic state, v is the vibrational 

quantum number, and J is the rotational quantum number, h is the Planck’s constant, 

A(n’,v’,J’ n”,v”,J”) is the transition probability, and Nn’,v’,J’ is the number density of the 

molecules in the upper states. The transition probability A(n’,v’,J’ n”,v”,J”) can be 

expressed as 
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where c is the light velocity, Ʃj’j”|Rj’j”|2 is the transition moment, gn’ is the statistical 

weight of the electronic state n’, qv’v” is the Franck-Condon factor, and Sj’j” is the Hönl-

London factor, which indicate the probabilities of vibrational and rotational transitions, 

respectively. [49]  

As we have talked above, the Nn’,v’,J’ (the number density of the molecules) determine the 

intensity of the radiation line belongs to the n’,v’,J’ energy level, thus a theoretical 

prediction of the numbers of molecules in the various initial states is necessary. 

 According to the Maxwell-Boltzmann distribution law, the number of molecules 

dNg that have a classical vibrational energy between E and E+dE is proportional to e-

E/kTdE, where k is the Boltzmann constant and T is the absolute temperature. In quantum 
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theory, only the discrete values are possible for the vibrational energy. The number of 

molecules at every vibrational state is proportional to the Boltzmann factor as 

kThcrGkTE ee /)(0/   ,                   (2.2.3.3) 

where the zero-point energy can be ignored, since to add this to the exponent means only 

adding a constant factor for all the vibratinoal levels. 

 
Figure 2.6. Maxwell-Boltzmann distributions of number densities of different 

energy levels. 

 Concerning the rotational levels, which are different from the vibrational levels, 

are not simply given by the Boltzmann factor e-E/kT. It cannot be ignored that, according 

to quantum theory, each state of an atomic system with total angular momentum J 

consists of (2J+1) levels which coincide in the absence of an external field, which we call 

multiplicity. Therefore, the final distributions should be in direct proportion to e-E/kT and 
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at the same time 2J+1. Thus, the number density dependence should have its maximum 

when J > 0 as shown in Fig. 2.7. 

 

Figure 2.7. Example of CO distributions of number densities of different energy 

levels at different temperatures.[50] 

 

2.2.4 Hund’s Cases 

Beside the main energy parts introduced, there are some small energy correction terms 

should be considered because there are some different coupling forms for the fine 

structures of the spectrum. Different angular momentums have different coupling styles. 

J denotes the sum of the electronic spin (S), electron orbit momentum (Ʌ) and nuclei 

rotational momentum. When the molecular axis component of the electronic orbit angular 

momentum is non-zero, and the spin of the molecule S is non-zero, the coupling of 

rotation and electronic motion has different cases. There are five cases named Hund’s 

coupling case (a), (b), (c), (d), and (e).  
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Hund’s case (a) and (b). 

For Hund’s case (a), it is assumed that the interaction of the nuclear rotation with the 

electronic motion (spin as well as orbital) is very weak, while the electron motion 

interaction with nuclei axis is strong. Thus this case is a very good approach to a two-

center system. Here, even for the rotating molecule, the electronic angular momentum is 

well defined. The component of the angular momentum, which perpendicular to the 

molecular axis, is rotating so fast, so that it can be treated as zero. This implies that we 

can use a sum value to show the S, Ʌ (component along the molecular axis of the angular 

momentum L) and Ʃ (component along the molecular axis of the electronic spin) as 

showed below 



 NJ
,                    (2.2.4.1) 

 But when Ʌ = 0 and S ≠ 0, the spin S is not coupled to the internuclear axis at all, 

which implies the Ω is not defined. Therefore, the Hund’s case (a) cannot apply and  
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Figure 2.8. Vector diagram for Hund’s case (a) and (b). 

particularly to light molecules, even when Ʌ ≠ 0, the S does couple with the nuclei axis 

weakly. This weak coupling is the characteristics of Hund’s case (b). Thus, we have some 

(b) case formula below 

|||| SKJSK

SKJ

NK







,                  (2.2.4.2) 

where K is the whole angular momentum beside the electronic spin. 

 The coupling way can be referred in Fig. 2.8. As to the singlet, Hund’s case (a) 

and (b) cannot be applied, because Ʌ = Ω, and N = J. Therefore, some more complicated 

couplings are necessary. However, Hund’s case (a) and (b) are the most important. 

Other Hund’s cases (c), (d), and (e). 

In some cases, for example some heavy molecules, the interaction between L and S is 

stronger than those with the nuclei axis. Thus, Ʌ and Ʃ are not defined. We can consider 

that L and S combine to a sum vector J, and then, the nuclei axis component Ω of this J 

can couple with the nuclei axis. This is the Hund’s case (c). 

 If the interaction between L and the nuclei axis is weak, while the interaction 

between L and the rotation axis is strong, we achieve the Hund’s case (d). N and S are 

similar to the Hund’s case (b), but in the Hund’s case (d), their interaction is weak, which 

leads to an ignorance for both of them. 
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 The Hund’s case (e) is not examined experimentally yet, while theoretically the 

interaction between L and S is strong but the interaction between them and the nuclei axis 

is weak, which is the same form as the case (c). All these three cases are shown in Fig. 

2.9. 

 
 

Figure 2.9. Vector diagram for Hund’s case (c) and (d). 

 

2.3 Kinetic Model for the Number Densities of Species in N2-O2 

Plasma [59] 

In order to enable a numerical discussion, a simulation for the number densities of 

various excited states and atomic species in the plasma should be applied. Mr. Ichikawa 

originally designed the numerical code to calculate the number densities of important 

particles in the N2-O2 gas mixture microwave discharge plasma as functions of the 

following parameters: the gas temperature Tg, electron density Ne, total discharge 

pressure P, reduced electric field E/N, and the N2 to O2 partial pressure ratio in the 
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mixture. The plasma parameters including plasma gas temperature and electron density 

were modified during the calculation, in order to maintain this quasi-neutrality. 

Throughout the analysis, gas temperature is approximated by the rotational temperature 

obtained from the N2 second positive system (2PS).  

2.3.1 EEPF Obtained from the Boltzmann Equation and VDF 

In order to calculate the various rate coefficients to solve the total changing rate for 

different species, the electron energy probabilistic function (EEPF) is necessary.  

Therefore, the Boltzmann equation is solved and the equation term formulated as follows: 
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where e is the elementary charge, k is Boltzmann constant, ε is the electron energy, σc is 

the momentum transfer cross section, σl
si is the lth inelastic collision cross section with 

the energy change of εl
si, me is the electron mass, M denotes the molecular mass of the 

elastic collision partner of the electron, and Nl is the number density of the lth inelastic 

collision partner. In Eq. (2.3.1.1), the EEPF f0(ε) is specified in Sec. 4.2.1. 

 Considering the number densities of the ground-state oxygen atoms, the model 

solves the Boltzmann equation simultaneously and self-consistently with the rate 

equations to obtain the density of oxygen atoms in the plasma, which will be specified in 

Section 2.3.3. For nitrogen molecules, we consider inelastic collisions that make N2(a 

1Πg), N2(w 1Δu), N(2p 4S0), and N2
+(X 2Ʃg

+). Considering the superelastic collision terms 

of Eq. (2.3.1.1), the model treat electron collisions with the vibrationally excited states of  
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N2(X 1Ʃg
+, v=1－8), whose number densities are also calculated self-consistently as 

specified in Sec. 4.2.1. Table I summarizes the inelastic collisions included in the 

collision terms of the Eq. (2.3.1.1). 

Table II. List of inelastic collisions in the collision terms in the Boltzmann equation. 

Inelastic collisions with N2 

  eSeX g  )(N2)(N 41
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 To evaluate the effect of inelastic and superelastic collisions with the vibrationally 

excited levels of the N2 molecule on the EEPF, the master equations that describe the 

vibrational distribution function (VDF) of the ground state of the nitrogen molecule. This 

model considers the following elementary processes to describe the population kinetics of 

vibrational excitation and de-excitation, vibration-vibration (V-V) energy transfer 

collisions between N2 vibrational levels, vibration-translation (V-T) energy relaxation due 

to collisions with N2 molecules, and dissociation by the V-V and V-T processes. In this 

kind of low-temperature and low-pressure plasma, the N2 dissociation degree is about 10-

3, and consequently, we neglect the V-T relaxation process by nitrogen atoms. However, 

the relaxation process of vibrationally excited states due to collision with the discharge 
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tube wall is neglected, because the discharge pressure is low, at which the V-V and V-T 

processes dominate the wall relaxation. In the V-V and V-T processes, only single-

quantum transition is considered. In the VDF model, for simple analysis, it is assumed 

that the total density of nitrogen molecules is constant owing to their small dissociation 

degree. As a result, the dissociated nitrogen atoms are assumed to associate into the vth 

vibrational levels with probability Rv immediately after dissociation, which is assumed to 

be constant over v. Hence, the master equation of the VDF could be taken as: 
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where Nv is the number density of the N2 X state at the vth vibrationally excited level, Cwv 

is the rate coefficient of the electron impact vibrational excitation (w < v) or de-excitation 

(w > v) from level w to v, Q and P are the rate coefficients of V-V transfer and V-T 

relaxation, respectively, between the levels given by the following suffixes for N2-N2 

collisions, and Rv is the rate of atomic nitrogen re-combination into the vth level. The 

upper limit of the summation M is set at v = 45, which is considered to be the dissociation 

level of the nitrogen molecule, considered to be followed by instantaneous association 

into level v, which corresponds to the term Rv in Eq. (2.3.1.2). Strictly speaking, we 

should include the effect of vibrational relaxtion with O2 molecules in the plasma. 

However, in this model, this has been neglected since the effect of an O2 admixture on the 

N2-VDF is less significant than the effect of nitrogen atoms. These reactions included are 

summarized in the following table. 
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Table III. List of inelastic collisions in the master equation used to determine the VDF of 

N2 X state. 
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2.3.2 Atomic and Molecular Reactions in the Model 

Likewise, in this model, the atomic and molecular collision processes are included as the 

follow table. Meanwhile, there include the reactions such as atomic and molecular 

reactions, radiative transitions and wall loss processes. 

Table IV. List of collision processes relate to molecules and atoms. 

Atomic and molecular processes 
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2.3.3 Numerical Procedure 

Taking the elementary processes described above into account, the model calculates the 

number densities of the excited species involved in the model by the procedure depicted 

in Fig. 2.10. 
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Figure 2.10. Schematic outline of the numerical calculations. 
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 This model solves each species, by self-consistent calculating steps in order to 

achieve a steady number density for every species when solving the differential equations, 

beginning with certain initial values corresponding to those for an equilibrium 

composition. The original model chooses a reduced electric field so that the electron 

mean energy equals to (3/2)kTe as 7.5-17 Td, which I modified in my study. This 

modification will be introduced at Sec. 4.2. 

 It should be remarked that the electron density is chosen as an input parameter 

and, consequently, the resultant ion density does not necessarily equal to Ne. In order to 

maintain quasi-neutrality, the model modify the value of P or Tg and repeat the algorithm 

in Fig. 2.10 untill the quasi-neutral condition is fulfilled, which results in overall self-

consistency. The model repeatedly compare the sum of the number density of negative 

charges N- (i.e., electrons and O-) with that of positive charges involved in the model N+ 

until the condition (N--N+)/N-≤10-4 is attained. The model employs the Kaps-Rentrop-

Shampine numerical scheme to solve the present simultaneous ordinary differential 

equations since the equations are extremely stiff. 



 51 

CHAPTER III: Vibrational and Rotational Temperatures of NO 
Molecules in N2-O2 Discharge using γ-band 

Nitrogen oxides (NOx) have been a hot topic in the last decades from the viewpoint of 

remediation of atmospheric environment due to their toxicity, while they are also 

arousing people’s interest because of many useful medical applications, such as 

relaxation of pulmonary hypertension or pulmonary embolism.[51,52] In N2-O2 plasmas, as 

one of main resultants, the NOx molecular species, nitric monoxide (NO) is clearly 

highlight in ionosphere to determine physical and chemical processes of the universe 

investigation. Especially in the extraterrestrial detecting, it is possible to determine the 

elementary composition of the planets far from the earth by the universal emission lights. 

Therefore, the observation of NO molecules in N2-O2 plasmas, is very necessary for a 

prediction both on the degree of approximation of the planets with the earth and the 

temperature or partial ratio of the gaseous environment. Therefore, we focus on the 

radiation spectrum of NO molecules in this study for an improvement of the 

understanding for the plasma process. 

3.1 NO γ-band Spectrum 

The -band is radiated at the electronic transition from A 2Ʃ+ excited-state to the X 

2 ground-state of NO molecules. It has several band heads with considerable intensity at 

the ultraviolet region. Even at very lower pressure than N2, the NO molecules are still 

able to emit the same magnitude as N2 2PS. Moreover, the peaks have very good shapes 

(apparent pinnacle), this makes that the two-photon excitation has already been applied to 

the -band for laser-induced fluorescence spectroscopy (LIFS) measurement of the 
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number density of the ground state NO X 2 state [53]. As shown in Fig. 3.1, it is easily to 

recognize the strong NO -band emission at about 200 – 290 nm and N2 2PS at about 290 

– 400 nm, the pressure ratio is N2 : O2 = 1:1 with a total pressure 1 Torr. 

 

Figure 3.1. Spectrum of N2-O2 microwave discharge with total pressure 1 Torr, and N2:O2 

= 1:1. 

 

In order to study the vibrational and rotational properties of NO, we should carry 

out some spectroscopic measurements of N2-O2 mixture plasma, thus we can examine the 

dependence of plasma parameters deduced from -band spectra, such as vibrational or 

rotational temperatures, and the discharge conditions, as well as the difference and the 

dependence between NO and N2 by comparison of their spectroscopic properties. 
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Figure 3.2. Several important potential energy curves of NO molecules. [54] 

 

From the Fig 3.2, we can clearly recognize the molecular constants of some 

important states of NO molecules, including their vibrational level energies, interatomic 

distances, and dissociation energies and so forth. But even more important, we can find 

the NO A 2Ʃ+ state has a more steep potential energy curve than two states (a 4Πi and b 

4Ʃ-) which means a longer life time, and a lower excitation energy than the other excited 

states, these two characteristics makes NO A 2Ʃ+ state the most number density in all the 

NO excited states. This can explain the strong emission in a way. 
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3.2 Theory of Spectral Calculation 

As we have talked at Chap. 2, if the diatomic molecule is treated as a nonrigid rotor, its 

vibrational and rotational energy-term formulas can be written as follows: 
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The molecular constants are taken from the Herzberg’s book [46], electronic excitation 

energy Te is taken as 43965.7 for A 2Ʃ+ state, 0 for X 2 and 121.1 for X 2state all 

in cm-1. 𝜔exe is taken as 2371.3 for A 2Ʃ+ and 1904.03 for X 2 and 1903.68 for X 2 

state all in cm-1. Here, when we calculate the energy of the rotational levels, we should 

consider an effect from the centrifugal force. For the X 2 state, normal correction terms 

are needed both for Bv and Dv as shown below, 
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where Bv is taken 1.7046 for both X 2 and X 2state in cm-1. Meanwhile, since the 

centrifugal force is considered, the rotational terms of the A 2Ʃ+ state are given by [46]: 
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where the F1(N) refers to the J=N+1/2 and F2(N) refers to the J=N-1/2. However, the γ 

constant is not available and we still use the classical equations by ignoring the energy 
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split [55]. It should remark that this ignorance will make the spectra calculated lose some 

thin peaks when the wavelength resolution is high, but this does not affect the spectral 

fitting process. Thus, the Be is taken as 1.9952 for A 2Ʃ+ state and 1.7046 for both X 2 

and X 2state all in cm-1. 

Concerning the strength for each vibrational and rotational level, all the line 

intensities with the Franck-Condon factors [12] and the Hönl-London factors for 

corresponding transitions [56] should be included. The formula of the Hönl-London factors 

are taken from the L. T. Earls’s work [56], given by: 
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where the + and – are staying the same as the changing part in the formula, and P R and 

Q branches denote the rotatinoal level differences, which can refer to Fig. 4.3. 
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where Av indicates a coupling constant which determines the multi-split [46]. In Eq. 4.2.5, 

the λ takes ±∞ in Hund’s case (a) and 0 in case (b). In the NO γ-band case, the upper 

state A 2Ʃ+ has the constant as 0 and that of the lower state X 2 is given by[57] 

2)5.0(0108.0)5.0(1906.026.123  vvAv .      (3.2.6) 

where v is the vibrational quantum number. The rotational transition structure is shown as 

following: 

 
Figure 3.3. Diagram of the rotational structure of NO γ-band. [12] 

 

The wavelength where the line appears is calculated from the energy differences between 

the initial and final states. Also we consider a Gaussian broadening of each line. Thus, we 

can finally obtain the calculation result of the γ–band. Fig. 3.4 shows four main peaks of 

the γ-band calculated, the wavelength position of the peaks match the experiment result 
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perfectly shown in Fig. 3.1, which means the calculation is sufficient for a vibrational and 

rotational temperature fitting measurement. 

 

Figure 3.4. Calculation results of γ-band peaks at different transitions between vibrational 

levels. Δv=v”-v’=0(a),-1(b),-2(c),-3(d) and FWHM = 1 nm. 

 

Using this calculation, we can study the dependence of the γ-band with the plasma 

conditions which can lead to a variation of the molecular motion. When the vibrational 

and rotational temperatures change, which means the number densities of different 

vibrational and rotational levels change, the shape of the spectra calculated change, as 

shown in Fig 3.5 and Fig. 3.6. 
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Figure 3.5. Vibrational temperature dependence of γ-band. Δv=v”-v’=0 and FWHM = 1 

nm. 

 

Figure 3.6. Rotational temperature dependence of γ-band. Δv=v”-v’=0 and FWHM = 1 

nm. 
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As described all above, we can compare the experimental spectra with the 

calculated and assume the best fitting calculation result provides the experimental 

parameters. Because the fitting results are artificially determined, we found the error 

range to be about 4% after a large number of repetitions. Meanwhile, to avoid ambiguity 

due to discharge conditions, we take 30 series of every spectrum in succession and 

average them as the final fitting data in order to reflect the plasma properties more 

accurately. There is a fitting example (Fig. 3.7), when the total pressure is 0.5 Torr and 

the gas mixture is N2:O2 = 1:1. From the fitting result, we can see that at the middle area 

of two neighbouring peaks, the spectra cannot be perfectly fitted because of the 

overlapping of the peak extension. This will not affect the validity because this peak 

extension cannot achieve the peak position. 

 

Figure 3.7. An example of the fitting process of γ-band. Δv=v”-v’=0 and FWHM 

= 1 nm. Calculation result (hollow rectangles) and experiment result (solid dots). 
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3.3 Vibrational and Rotational Temperatures of NO in N2-O2 

Discharge 

By using the method introduced above, we set up some experiments to investigate the 

vibrational and rotational temperatures of NO molecules in N2-O2 discharge. We 

measured the spectra at 0, 60, 100, and 140 mm with the discharge pressure 0.5 to 2 Torr. 

The output power is set at 600 W, and the gas ratio N2:O2 = 1:1. Comparatively, we 

measured the N2 spectra and use a similar fitting calculation [58] to obtain its vibrational 

and rotational temperatures. 
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Figure 3.8. Fitting results of vibrational and rotational temperatures of NO (solid 

dots) and N2 (hollow triangle) molecules at different position (a: 0 mm, b: 60 mm, c: 

100mm, d: 140mm). 

 

From these results, it is easily seen that both NO and N2 molecules experience a 

cooling process both on vibrational and rotational temperatures as the plasma flows to the 

downstream direction along the quartz tube. It is well-known that electronically excited 

states of atoms and molecules (e.g. N, O, N2, O2, NO, and etc.) are generally populated by 

collisions with electrons in a low-pressure and low-electron density microwave discharge 

plasmas, and relaxed by collisions with heavy particles as well as with discharge tube 

wall. As flowing to the downstream direction in the tube, the plasma loses its energy by 

molecular radiation and recombination. The diffusion loss of charged particles or thermal 

energy to the plasma tube wall cooling by the atmosphere should be also considered. As a 
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result, this leads to a decay of the radiation intensity of -band, which corresponds to the 

decrease in the number density of NO A 2Ʃ+ state. We can find that the cooling rates at 

100 and 140 mm are obviously smaller than those at 0 and 60 mm. From Fig. 3.8, we can 

see that in this nonequilibrium plasma, both NO and N2 molecules tend to get higher 

energy for vibrational motion than for rotational motion. This is because vibrational 

energy transformation is more effectively carried out by collisions with energetic 

electrons in low-pressure plasma. On the other hand, from Fig. 3.8, it is found that the 

NO molecules always have a higher rotational temperature than N2, and that rotational 

relaxation process is slower than that of the vibrational one. This implies that the 

rotational excitation process of NO molecule is different from that of N2, which is one of 

the most important findings in the present study. 

In order to widen this research more roundly, we continue to explore the 

dependence and plasma properties when the N2 and O2 pressure partial ratio changes. We 

focus on the 60 mm position at the tube, where provides a stable plasma relatively and a 

resolved radiation with less noise. Because of the limitation of the rotary pump and 

impermeability of the vacuum system, the ratio is limited to 1% ~ 99% for one gas. 



 63 

 

 

Figure 3.9. Vibrational and rotational temperatures of NO (solid dots) and N2 

(hollow triangle) plotted against partial pressure of oxygen in a plasma feeding gas. (60 

mm, 2 Torr). 
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Figure 3.9 shows vibrational and rotational temperatures of NO A 2+ state and of N2 

C 3u state plotted against partial pressure of oxygen with the total discharge pressure 2 

Torr. We found an irregular vibrational temperature increase as the partial pressure ratio 

of oxygen increases for the rotational temperature of NO A 2Ʃ+ state, while that of N2 C 

3u state has its minimum for O2 ratio 40 – 60%. The detailed analysis for both Fig. 3.8 

and 3.9 is in Chap. 4, because these should be support by some quantitative evidence. 
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CHAPTER IV: Kinetics Model of NO (A, B, C) in N2-O2 Discharge 

4.1 Introduction of Kinetics Model 

A number of theoretical models have been developed and many experimental 

examinations on high- and low-pressure N2-O2 mixture, as well as other gaseous plasmas 

have been performed to clarify the physical and chemical kinetics under different plasma 

conditions.[14,59,60] Nonetheless, in the studies on N2-O2 plasma, only the particles with 

relatively large number densities such as N2, O2 molecules, and N and O atoms are fixed 

people’s eyes. Indeed, NO molecules are sometimes mentioned as the nonessential 

resultant in these models, but typically only the NO ground state is considered. On the 

one hand, more new findings on the molecular reactions are continually digging out for a 

possible to improve these models. On the other hand, this basic investigation of NO 

molecules is still insufficient, especially because their excited states are not considered 

and there is no accurate experimental examination. On account of the wide applications 

and complexities for the N2-O2 mixture plasma, at atmospheric pressure, some studies 

proved that, after considering the existence of the NO excited states, the calculated 

spectra are getting closer agreement with the experimental spectra. [61] This implies that 

the excited-state of NO molecules are indispensable when studying the chemical kinetics 

of this kind of plasma. Hence, a precise kinetic model of low-pressure N2-O2 mixture 

discharges is necessary for investigating the reaction kinetics of NO molecules, especially 

the kinetics of the NO metastable states such as A 2Ʃ+, B 2Π, and C 2Π. These three 

excited states show quite different behaviors in terms of number density as plasma 

conditions change, which consequently changes the plasma radiation spectra. 



 66 

In optical emission spectroscopy spectra, the γ–band (from A 2Ʃ+ to X 2Π) has 

been frequently observed in N2-O2 plasma. The γ–band is even mistakenly called the 

“third positive system of N2” [62] long ago because it usually appears along with (and 

close to) and have a similar intensity with, the N2 first and second positive systems. 

Furthermore, the δ–band (from C 2Π to X 2Π) can be observed when the γ–band spectrum 

broadening is not severe (i.e., with low rotational temperature) and the gas temperature is 

sufficiently high (at 4000–5000 K to excite the C 2Π state).[61] Ultimately, the β–band 

(from B 2Π to X 2Π) is rarely visible except under harsh conditions (afterglow plasma 

when N2% = 96 – 99.5%).[60,63,64] 

Consequently, it is necessary to include the excitation kinetics of NO metastable 

states in N2-O2 mixture discharges, since they have different population and depopulation 

processes theoretically. What is more, as talked in Chap.3, we need a quantitative 

analysis for the vibrational and rotational temperature dependences of both NO and N2 to 

get a convincing conclusion. The molecular properties form through many particle 

collisional processes, only with rate and number density comparisons, the most important 

influence can be determined. To this end, the kinetics model is essential. 

4.2 Generation and De-excitation of NO (A, B, C) in N2-O2 

Discharge 

This self-consistent kinetic model is based on a previous work by Ichikawa et al. [59] It is 

developed for a microwave discharge in a cylindrical tube under the assumption that the 

discharge plasma is homogeneous along the tube with a density gradient of the Bessel J0 

distribution along the radial direction. Mr. Ichikawa originally designed the numerical 
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code to calculate the number densities of important particles in the N2-O2 gas mixture 

microwave discharge plasma as functions of the following parameters: the gas 

temperature Tg, electron density Ne, total discharge pressure P, reduced electric field E/N, 

and the N2 to O2 partial pressure ratio in the mixture. In his previous study, only the 

ground state of the NO molecule is considered. I added some reactions involve the 

excited states of NO and corrected the self-consistency process. In the previous study, the 

plasma parameters including plasma gas temperature and electron density were modified 

during the calculation, in order to maintain this quasi-neutrality. In my study, considering 

that gas temperature is obtained from N2 2PS experimentally, I decrease the amplitudes 

of fluctuations in plasma gas temperature and electron density. Also, the reduced electric 

field E/N is modified on a large scale in order to achieve the quasi-neutrality instead, 

because E/N cannot be detected precisely and directly in the microwave discharge. 

Throughout the analysis, gas temperature is approximated by the rotational temperature 

obtained from the N2 second positive system (2PS). The electron density obtained from 

our experiments was also included in the analysis.[59,65-67] In this kind of discharge plasma, 

all the electrons originate from molecular and atomic ionizations. Moreover, free 

electrons remain in the quartz tube and can only flow in the downstream direction along 

the tube. Therefore, we use the quasi-neutral condition as the plasma self-consistent 

boundary condition. 

This model enables the determination of the populations of the vibrational levels 

of N2 X 1Ʃ+
g(v = 1–8) and O2 X 3Ʃ+

g(v = 1–4) from the effects of inelastic and 

superelastic collisions. For other molecules, we consider N2 A 3Ʃ+
u, B 3Πg, C 3Πu, a 1Πg, 

a’ 1Ʃ-
u, O2 a’ 1Δg, b 1Ʃ+

g, and O3. For ions and atoms, N2
+, N4

+, O2
+, NO+, and O– are 
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included. In this work, three important excited states of NO molecules are calculated 

including X 2Π (ground state), A 2Ʃ+, B 2Π, and C 2Π states. The reactions involving NO 

molecules are listed in Tables I and II, including those newly added. 

 

 

Table VI. List of inelastic collisions in which NO excited states are involved and 

important reactions are included in the present study. 

Reactions 

  

Reference of ICS or rate 

coefficient 

NO(X 2Π) + e- → NO(A 2Ʃ+) + e- 68, 69 

NO(X 2Π) + e- → NO(B 2Π) + e- 68, 69 

NO(X 2Π) + e- → NO(C 2Π) + e- 68, 69 

N2(A 3Ʃ+
u) + NO(X 2Π) → N2(X 1Ʃ+

g) + NO(A 2Ʃ+) 76 

N(4S) + O(3P) → NO(C 2Π) 61 

Table V.  List of reactions where NO X 2Π and NO+ are involved in the kinetic model.  

Reactions 

  

Reference of ICS 

or rate coefficient 

NO(X 2Π) + e- → NO+ + 2e- 59 

NO+ + e- → N(4S) + O(3P) 59 

N(4S) + O(3P) + N2(X 1Ʃg) → NO(X 2Π) + N2(X 1Ʃg) 59 

N(4S) + O2(X 3Ʃg) → O(3P) + NO(X 2Π) 59 

N2(B 3Πg) + NO(X 2Π, v) → N2(X 1Ʃu) + NO(X 2Π, w) 59 

N2(a
’ 1Ʃu) + NO(X 2Π, v) → N2(X 1Ʃu) + NO(X 2Π, w) 59 

N2
+ + NO(X 2Π) → N2(X 1Ʃu) + NO+ 59 

N2
+ + O(3P) → N(4S) + NO+ 59 

N4
+ + NO(X 2Π) → N2(X 1Ʃu) + NO+ 59 

O2
+ + N(4S) → O(3P) + NO+ 59 

O2
+ + NO(X 2Π) → NO+ + O2(X 3Ʃg) 59 

O+ + N2(X 1Ʃu) +O2(X 3Ʃg) → NO+ + N(4S) + O2(X 3Ʃg) 59 

N2(a
’ 1Ʃu) + NO(X 2Π) → N2(X 1Ʃu) + O(3P) + N(4S) 59 

N(4S) + N(4S) + NO(X 2Π) → N2(A 3Ʃu) + NO(X 2Π) 59 

N(4S) + N(4S) + NO(X 2Π) → N2((B 2Πg) + NO(X 2Π) 59 

O2(a 1Δg) + NO(X 2Π, v) → O2(X 3Ʃg) + NO(X 2Π, w) 59 

N2(A 3Ʃu) + O(3P) → NO(X 2Π) + N(4D) 86 a 
aThis reaction that involving NO is newly added in the present study. 
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NO(A 2Ʃ+) → NO(X 2Π) + hv 80 

NO(B 2Π) → NO(X 2Π) + hv 80 

NO(C 2Π) → NO(X 2Π) + hv 72 

NO(C 2Π) → NO(A 2Ʃ+) + hv 72 

 

4.2.1 Cross Sections of Electron Impact Excitation 

In this type of low-temperature and low-pressure discharge plasma, electron collision 

occurs far more frequently than the other types of collision between heavy particles. This 

implies that the electron impact excitation and ionization processes usually dominate the 

generation of molecular and atomic excited states. The electronic impact excitation rate 

coefficient k can be calculated using 





0

e

)()(
2

 df
m

k  ,                 (4.2.1.1) 

where me is the electron mass, σ(ε) is the integral cross section (ICS) of electron impact 

excitation, f(ε) is the electron energy probabilistic function (EEPF), which is obtained 

using the Boltzmann equation [59] and normalized in Eq. (4.2.1.2), and ε is the electron 

energy, and the dependence schematic diagram of the EEPF is shown in Fig. 4.1, 

1)(
0




 df .                   (4.2.1.2) 
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Figure 4.1. Comparision of EEPF calculated for different E/N values as functions 

of electron energy (N2:O2 = 1:1, total pressure = 5 Torr). 

 

Fig. 4.1 draws three EEPF curves with different E/N at 30, 60 and 90 Td. It is 

easily seen that as the E/N increases, the population at high energy range increases 

rapidly. That indicates an increase on the rate coefficient with the increasing E/N under 

the same electron temperature. This is the reason that I correct the self-consistency in 

order to achieve the boundary condition during the calculation. Sometimes, using all the 

plasma parameters obtained from the experimental detecting, the positive charge sum is 

always smaller than the negative one. Thus, we can increase the E/N artificially to 

increase the degree of ionization to increase the positive charge sum, finally the quasi-

neutrality can be achieved which means the sum of the N2
+, N4

+, and NO+ number 
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densities is equal to that of O- and e-., and at the same time, all the plasma parameters are 

not violated.  

The second part of the Eq. (4.2.1.1) is the ICS to get the final rate coefficient. 

Although there have been some studies on the ICS of NO electron impact excitation,[68-70] 

only the report by Brunger et al.[68,69] can provide detailed data both theoretically and 

experimentally over the low-electron-energy range shown in Fig. 4.2 and 4.3. Therefore, 

in our calculation, we use the ICS values of Brunger et al. for NO A 2Ʃ+, B 2Π, and C 2Π. 

In these ICS curves, we consider that the data from Brunger et al. cannot provide a 

continuous line. Therefore, we make a smooth curve to connect all the data points, and at 

the same time, the cut-off excitation energy and approximations on both around cut-off 

point and high energy range are also considered according to the data from Skubenich et 

al. and DW shown in Fig 4.2 and 4.3. Moreover, the reverse processes involved follow 

the Klein-Rosseland equation [71] are also calculated, 
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g
 ,                  (4.2.1.3) 

where σpq(ε
’) is the ICS for the electron impact excitation from levels p to q under the 

energy difference εpq>0 for the electron energy ε’, σpq(ε
’’) is that for the reversal case for 

the electron energy ε’’=ε’+ εpq, and gp and gq are the statistical weights of the in states 

suffix shown. 
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Figure 4.2. Cross sections of NO A 2Ʃ+ (left) and C 2Π (right) states quoted from 

Brunger et al.’s study. 

 

 

Figure 4.3. Cross sections of NO B 2Π (right) state quoted from Brunger et al.’s 

study. 

 

4.2.2 Heavy Particle Collisions 

Numerous studies have been performed to understand the population of NO electronic 

states arising from collisions between molecules and to clarify the recombination reaction 
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of N and O atoms. [61,72-75] Excitations of the NO A 2Ʃ+ and C 2Π states should be 

considered under our plasma conditions. The elementary excitation processes are 

summarized in Table II. 

All three-body collisions for excitation NO metastable states are ignored because they 

rarely happen at low temperatures and pressures. The reaction rate 6.9×1011 cm3/s for NO 

A 2Ʃ+ excited from its ground state by collisions with N2 A 3Ʃ+
u is taken from the report 

of Cao and Setser.[76] Moreover, the NO C 2Π state is considered to be populated by 

inverse predissociation with the ground electronic states of atoms N(4S) and O(3P). 

Considering our plasma temperature, N and O atoms should be mostly situated in their 

ground states. If a Boltzmann distribution is assumed for their electronically excited 

states, the percentages of these two ground states must be more than 90%. Hence, during 

the calculation, I use the total N and O atom number densities directly for the reactions 

that involved N and O. For the NO C 2Π state, the predissociation rate varies significantly 

with the vibrational and rotational quantum numbers (v and J).[59] Many studies have 

been performed experimentally and theroretically to identify the predissociative lifetime 

of individual rotational levels of the C 2Π state. [59,74,77-79] The resulting predissociation 

rates (inverse of the lifetime) are listed as follows: 
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 Under our plasma conditions, the number densities at high vibrational and 

rotational levels are much lower than those at low levels. Moreover, considering the 
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predissociation effect, the C 2Π state at high vibrational and rotational levels will rapidly 

return to excited states of N and O atoms. Therefore, we use the non-predissociated rate 

coefficient to estimate the relative number density of the C 2Π state. The kinetics of the 

NO B 2Π state are more complicated than those of the other two states, and the 

population of NO B 2Π state is not related to the inverse predissociation of the C 2Π state. 

There are two possible excitation paths: (1) three-body collision excitation via another 

NO intermediate state, that is, a 4Π state that is also a minority state, as described above, 

which rarely happens in low-pressure plasma; (2) transferring from the molecular 

potential energy curve crossing with the NO predissociated state A’ 2Ʃ+, which originates 

from the high-energy collision between N and O with low probability. However, because 

the rate coefficient is not available, we ignored this process for the generation of the B 2Π 

state in the present calculation. 

 

4.2.3 Radiation 

Theoretically, radiative bands should be observable when the number density of the 

corresponding excited state is sufficiently high. However, interference can make the 

expected band disappear, caused by the overlap of weak peaks with stronger peaks, the 

low resolution of spectroscopic equipment, and self-absorption. Nevertheless, I can still 

calculate the radiative de-excitation even when the bands are not experimentally observed. 

We take the radiative coefficient for NO A 2Ʃ+ (v = 0) to X 2Π as 5.08×106 s-1 (γ-band), 

that for B 2Π(v = 0) to X 2Π as 2×106 s-1 (β-band), [59,80] and that for C 2Π to X 2Π as 

2.1×107 s-1 (δ-band).[72] Furthermore, we consider another radiative transition from C 2Π 
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to A 2Ʃ+, which can produce infrared bands at a rate coefficient of 5.6×106 s-1 (health 

band). [72] All these band except the health band can be seen in Fig 4.4. 

 

 

Figure 4.4. Experimentally observed spectra over the 220–310-nm-wavelength 

range with oxygen partial pressures of 1 (black line) and 40% (grey line). The γ-, β-, and 

δ-bands are specified. Brackets denote the vibrational quantum numbers (upper, lower) 

involved. 

 

4.3 Examination Results on Kinetics Model 

In order to exam our kinetics model, we set up several experiments and calculations. On 

one hand, the calculation program can be applied only at less than 5 Torr total pressure, 

because serial calculation in one core of a normal computer will increase the running time 
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rapidly when a large total pressure. On the other hand, we need follow the previous 

experimental conditions in order to a further discussion. 

For the numerical simulation, the gas temperature is set at approximately 1500 K 

and E/N is self-consistently determined to be in the range of 75–140 Td (from 5 to 0.5 

Torr) as shown in Fig. 4.5.  

 
Figure 4.5. Experimental results of γ-band intensities (left vertical axis, closed circles) 

and numerical results of number density of NO A 2Ʃ+ state (right vertical axis, solid line) 

plotted against total discharge pressure. N2 : O2 = 1 : 1. 

In this study, we measured the γ-band peak intensity at 230–240 nm (Δv = -1). Fig 4.6 

shows the γ-band radiation intensities at different total pressures compared with the 

calculated results of the NO A 2Ʃ+ number densities. 
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Figure 4.6.  Experimental results of γ-band intensities (left vertical axis, closed circles) 

and numerical results of number density of NO A 2Ʃ+ state (right vertical axis, solid line) 

plotted against total discharge pressure. N2 : O2 = 1 : 1. 

 

We see that the observed intensities of the γ-band decrease faster than the 

numerical results as the total discharge pressure increases. We consider that the reason for 

this is that the plasma self-absorption becomes stronger as the pressure increases. Indeed, 

as the total pressure increases (from 0.5 to 5.0 Torr), the electron density decreases 

slightly (from 5.5×1011 cm-3 to 2×1011 cm-3), which can cause a decrease in both the 

electron impact excitation rate coefficient and the density of the N2 A 3Ʃ+
u state. As we 

described the heavy-particle collision-induced excitation and electron-impact-induced 

excitation, two-body collisions dominate the excitation of the NO A 2Ʃ+ state. According 
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to the numerical results, the rate of the collisional excitation of the N2 A 3Ʃ+
u state is 

nearly always 1000 times higher than that of the electron impact excitation from the NO 

X 2Π state when N2:O2=1:1. Hence, in our low-temperature plasmas, γ-band intensity can 

reflect N2 (A 3Ʃ+
u) density indirectly. 

 

4.3.1 γ-band 

For the numerical procedure of the partial pressure ratio dependence, the gas temperature 

is set at approximately 2000 K and E/N is determined self-consistently at approximately 

50 – 75 Td as shown in Fig. 4.7. 

 
Figure 4.7. Dependence curves of E/N against oxygen partial pressure ratio. 

 



 79 

 

Figure 4.8. Experimental results of the γ-band intensities (left vertical axis, closed circles) 

and numerical results of number density of NO A 2Ʃ+ state (right vertical axis, open 

squares), together with generation rate coefficients of NO A 2Ʃ+ state by collisional 

excitation with N2 A 3Ʃ+
u (left vertical axis, dotted line) and electron impacted excitation 

(left vertical axis, solid line). Generation rates are normalized by the electron impact 

excitation rate under the oxygen partial pressure of 95%. 

 

Fig. 4.8 shows the numerical and experimental results of the γ-band intensity and 

the number density of the corresponding upper level, the A 2Ʃ+ state, plotted against 

oxygen partial pressure. Figure 4.8 shows that the intensity of the experimentally 

measured γ-band fits the numerically calculated number density of NO A 2Ʃ+ 

considerably well. They both decrease as the oxygen partial pressure increases, which is 
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in agreement with the results of Gordiets et al. [14] However, according to our calculation, 

the rates of NO A 2Ʃ+ excitation by collisions with N2 (A 3Ʃ+
u) are always more than 

1000 times higher than the rate of electron impact excitation, which is different from the 

explanation given by Gordiets et al. It is considered that this difference occurs because 

Gordiets et al. independently calculated these two excitation rates and normalized them 

in the graph by assuming that these two rates are the same at 50% O2. We discuss the 

disagreement between the experimental intensity and the simulated number density in the 

next subsection, particularly for NO C 2Π. 

 

4.3.2 β and õ-band 

 
Figure 4.9. Experimental results for the intensities of the β- (open squares) and δ-bands 

(closed circles) (left vertical axis), and numerical results for population rates of NO B 2Π 

(solid line) and NO C 2Π (dotted line) (right vertical axis). 
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For the β- and δ-bands, we obtained the radiation peaks only when the oxygen partial 

pressure was suppressed to be very low (< 3%). Therefore, we should discuss the 

molecular processes involved in this difference. Figure 4.4 shows the experimentally 

observed spectra over the 220 – 310 nm wavelength range. From the spectra, we can 

observe the δ-band at 231.3, 240.9, 262.5, and 275.3 nm, and the β-band at 289.4 and 

304.1 nm. We added the reference spectra for the oxygen partial pressure ratio of 40% in 

Fig. 4.4. After the measurement of the wavelength range shown in Fig. 4.4, we subtracted 

the γ-band and N2 2PS for the calculation of the intensities of the β- and δ-bands, 

respectively. 

Figure 4.9 shows that the numerical population rates of the NO B 2Π and C 2Π states 

increase with increasing oxygen partial pressure ratio, whereas the observed intensities 

decrease rapidly. This implies that there are essential molecular processes that are not 

included. Because only the oxygen molecules and atoms change their densities on a large 

scale under this small variation in plasma conditions, we can limit the discussion to the 

relevant oxygen molecules for the following reasons: 

(i) One of the NO metastable states acts as an intermediate state of transition. This 

intermediate state is likely the NO a 4Π state, which is usually considered to equilibrate 

with the NO B 2Π and C 2Π states, because it is quenched by oxygen molecules or atoms. 

Because the potential curve of B 2Π crosses those of C 2Π and a 4Π,[54] this will have a 

certain probability to transit each other. All of these processes have a common cause, that 

is, the association between atomic N and O. However, even if this assumption is true, this 

process cannot make the number densities of NO B 2Π and C 2Π zero reach a dynamic 
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equilibrium. Moreover, this process cannot explain the disappearance of the β- and δ-

bands at a large partial pressure ratio of O2, as shown in Fig. 4.4. 

(ii) Since Campbell and Mason have reported that the bottom of the NO a 4Π potential 

curve lies almost directly below that of NO B 2Π,[73] it consequently has a much larger 

internuclear distance than NO A 2Ʃ+. Moreover, Campbell and Mason proposed an 

almost exact energy resonance for the process shown in Eq. (4.3.1). 
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We can also consider a process similar to that in Eq. 4.3.1 for the NO C 2Π state, 

which has even closer energy levels (7918.1 cm-1 for NO and 8182.3 cm-1 for O2):
[46,81,82] 
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The transition for O2 is optically forbidden in both Eqs. (4.3.1) and (4.3.2). However, if 

we notice that the reactions occur between molecular collisions, the optically forbidden 

transitions are often incident. Moreover, Eq. (4.3.2) should be more incident because it 

includes a spin-allowed transition for the NO molecule (calculated by Laher and Gilmore 

in 1999 [81]) even though Eq. (4.3.3) has forbidden transitions for both NO and O2. These 

two processes are both related to the O2 (X 3Ʃ-
g) ground state, which generally has a very 

high number density even when oxygen has a low partial pressure. As we have mentioned, 

in this low-pressure plasma, molecular collisions only become essential between particles 

with large number densities. In this case, “high” means particles with considerably higher 

number densities than others, this is quantitatively shown in Table III. 
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Table VII. Numerical results of the particle number densities when N2 : O2 = 4 : 1 at 5 

Torr (Tg = 1500 K, Te = 3 eV, Ne = 2×1011 cm-3, E/N = 76 Td). 

Particle type Number density (cm-3) Particle type Number density (cm-3) 

N2 X 1Ʃ+
g 1.66×1016 O2 X 3Ʃ-

g 2.86×1015 

N2 A 3Ʃ+
u 1.18×1013 O2 a 1Δg 3.48×1014 

N2 B 3Πg 1.00×1012 O2 b 1Ʃ+
g 7.85×1013 

N2 C 3Πg 4.43×109 O2
+ 1.48×1011 

N2 a 1Πg 1.90×1012 O- 1.50×1010 

N2 a
’ 1 Ʃ-

u 9.02×1011 O3 3.10×1010 

N2
+ 1.12×1010 NO X 2Π 4.58×1012 

N 8.83×1010 NO+ 5.36×1010 

N4
+ 1.17×109 NO A 2Ʃ+ 7.04×108 

NO B 2Π 1.99×106 NO C 2Π 1.49×105 

 

When the lifetime of NO C 2Π (v’ = 0, 4.982×10-8 s) and B 2Π (v’ = 0, 2.123×10-6 s) 

are considered, we know that the B 2Π state has an adequate time to achieve a sufficient 

number of collisions to transfer to the NO a 4Π state instead of radiation. This results in 

β-band disappearance. On the other hand, the NO C 2Π state should simultaneously have 

δ-band radiation and transformation processes (Eq. 4.3.2) because of its short lifetime. 

Moreover, in atmospheric plasma, the δ-band often has a stable intensity ratio with 

respect to the γ-band, while the β-band is still difficult to observe. Concerning the NO C 

2Π state, Eq. 4.3.2 will decrease the intensity of the δ-band while augmenting the 

intensity of the γ-band. This is very different from the explanations elsewhere, [83,84] as 

)A(NON)C(NON 2

2

2

2  .         (4.3.3) 

Theoretically, most collisions can have a de-excitation effect on these NO excited 

states including both N2 and O2 in N2-O2 mixture discharge. We do not deny the validity 

of Eq. (4.3.3).  However, the rate coefficients of molecular collisions are totally different, 
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and in this case we can see that O2 dominates the de-excitation of the NO C 2Π state 

instead of N2. 

 

4.4 More Proof for Our Inference 

In order to further prove out inference at last section, we carry out some extra 

experiments and calculations. According to Eq. (4.3.1) and (4.3.2), we have this proposal: 

NO C 2Π state populates from the combination of N and O atoms, which means the N and 

O approach towards each other from the infinity (compare to the interatomic distance in 

the molecular region). As a result, NO C 2Π state molecules usually stay at higher 

vibrational and rotational energy levels shown as Fig. 4.10. While from the potential 

energy curve (Fig. 4.2), we can imagine that the recombination usually means a high 

energy level status at the infinity. Thus, if the NO C 2Π state is really de-excited to NO A 

2Ʃ+ state, the vibrational temperature of NO A 2Ʃ+ state should change as the amount of 

NO C 2Π state number density. Although the number density of NO C 2Π state is far less 

than NO A 2Ʃ+ state, the number density of NO C 2Π state is the same level or more than 

that of high energy levels of NO A 2Ʃ+ state (Fig. 2.5). Therefore, we can expect a 

positive correlation between the number density of NO C 2Π state and the vibrational 

temperature of NO A 2Ʃ+ state. 
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Figure 4.10. Schematic diagram of the high energy level location principle for molecular 

recombination. 

 

In the numerical procedure, the electron temperature and density adopted were 2 eV 

and 2×1011 cm–3, respectively. These values were obtained by double-probe measurement 

in the previous study, where we found that as the O2 partial pressure increases from 0% to 

100%, the electron temperature decreases slightly, and the density increases slightly. [59] 

However, considering that the lens system can collect the emitted light from quite a large 

area, we only averaged the values of electron temperatures and densities at different 

distances along the quartz tube and set the values as constant in the calculation. The gas 

temperature was obtained from the rotational temperature of the N2 second positive 

system as 1740 K. We treat these parameters as constant in the calculation because they 

remain nearly unchanged, even if the O2 partial pressure changes. It should be noted that, 
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as mentioned above, the gas temperature will be modified within a small range around 

the experimental result to achieve quasi-neutrality. The reduced electric field E/N is self-

consistent during our calculation, and ranges from 47.0 to 77.5 Td. 

 

Figure 4.11. Calculation results for the number densities of the NO A 2Ʃ+ state (red line) 

and the NO C 2Π state (black line). 

 

Figure 4.11 shows the calculated number densities of the NO C 2Π and A 2Ʃ+ 

states. From the results, we can easily see that the number densities of both the NO C 2Π 

and A 2Ʃ+ states decrease as the O2 partial pressure increases. However, it is still not clear 

whether or not the product of the NO C 2Π de-excitation is the A 2Ʃ+ state. Therefore, by 

using the method of our previous study, we obtained the vibrational and rotational 

temperatures of the NO A 2Ʃ+ state by fitting the calculated and experimental spectra. In 

this way, we were able to check whether or not the rovibronic properties of the NO A 2Ʃ+ 
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state change. 

 

 

Figure 4.12. Experimental results for the vibrational temperatures of the NO A 

2Ʃ+ state (red dots with error bars, left vertical axis), and numerical results for number 

density ratios of the NO C 2Π and NO A 2Ʃ+ states (black dotted line, right vertical axis). 

 

Fig. 4.12 shows the dependence of the vibrational temperature of NO A 2Ʃ+ state 

with respect to the O2 partial pressure. From the results, we can observe a good 

agreement between the O2 partial pressure dependence of the vibrational temperature for 

the A 2Ʃ+ state with that of the number density ratio of C 2Π and A 2Ʃ+ states. This 

indicates that, because the NO C 2Π state population process involves an atomic collision 

of N and O, the C 2Π state molecules should have higher vibrational populations, because 

the heavy particle impact association usually generates molecules at higher vibrational 
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levels.[46,85] After quenching by O2, the molecules are de-excited to the A 2Ʃ+ states and 

this leads to an increase in the vibrational temperature of the A 2Ʃ+ state, that is, because 

the collision occurs too frequently to change its vibrational status. Moreover, we only 

calculated the non-predissociated processes. If the molecules at higher vibrational levels 

are included, the number density ratio of the NO C 2Π and A 2Ʃ+ states should be larger, 

which further corroborates to our analysis above. Therefore, as the number density ratio 

of the NO C 2Π and A 2Ʃ+ states increases, the ratio of the A 2Ʃ+ state with high 

vibrational temperature also increases, which can finally result in the vibrational 

temperature increase of the NO A 2Ʃ+ state. Thus, we can finally conclude that NO C 2Π 

transfers to NO A 2Ʃ+ and contributes a different vibrational distribution in which O2 
3Ʃ-

g 

can be considered as a catalyst. 
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CHAPTER V: Conclusions 

5.1 Summary 

This research has two main parts, spectroscopic measurement of vibrational and 

rotational temperatures of nitrogen monoxide molecules, and the development of a self-

consistent kinetic model for the examination of the number densities of NO A 2Ʃ+, B 2Π, 

C 2Π states. 

The vibrational and rotational temperatures of nitrogen monoxide molecules are 

obtained for N2-O2 mixture microwave discharge plasma through spectroscopic 

measurement. We experimentally observed the -band (195 – 340 nm) spectrum of 

nitrogen monoxide. We also developed a method of theoretical calculation for its 

vibrational and rotational spectrum, with which we can fit the experimental results 

theoretically, so that the vibrational and rotational temperatures can be determined. Some 

experiments are carried out to examine relaxation process of excited states of the N2-O2 

mixture gas plasma by changing the N2 ratio dependence. We find a normal increase on 

the vibrational temperature of NO molecules when the O2 ratio approaches to 100%, 

which is the most important finding in the first part. 

At the second part of this research, a self-consistent kinetic model is developed to 

study the atomic and molecular processes in the microwave discharge plasma of N2-O2 

mixtures. We focus on the NO A 2Ʃ+, B 2Π, and C 2Π states in the mixture discharge. We 

find good agreement between the calculated NO A 2Ʃ+ densities and experimental γ-band 

radiation intensities. On the other hand, the radiation bands from the NO B 2Π and C 2Π 

states are observed only when the oxygen partial pressure is less than 3%. We discuss the 
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de-excitation processes for the NO B 2Π and C 2Π states in this low-pressure plasma and 

propose that the de-excitation processes involve collision with O2 X 3Ʃ-
g for these levels, 

which can explain the observed spectral disappearance, which is the most important 

finding in the second part. 

In order to prove our proposal, we carried out some adding experimental and 

calculation results. This result shows that as the ratio of the number density of NO C 2Π 

and A 2Ʃ+ increases, there is a positive correlation with the vibrational temperature of the 

NO A 2Ʃ+state. This implies that the NO C 2Π state experiences a de-excitation collision 

and turns into A 2Ʃ+ state, which finally leads to the vibrational temperature increase of 

NO A 2Ʃ+state. 

 For the further research of this study, both the spectral calculation and the kinetics 

model can be improved after more molecular constants are available. Meanwhile, in the 

kinetics model, if more excited states of NO, as well as N2 and O2 are included, the 

programming procedure should also be improved using the multi-core calculating method, 

which can decrease the calculating period effectively. 

 

5.2 Concluding Remarks 

5.2.1 Future Possibility to Understand Other Diatomic Molecules 

For future investigations, it is necessary to develop the calculation of β- and δ-bands. 

Although they are hard to observe in low-temperature and low-pressure N2-O2 plasma, 

they exist when the pressure is high, for example the atmosphere. If we can combine the 
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spectral calculation and the number density simulation, the whole unresolved spectra 

ranged at 200－900 nm, including NO γ-, β- and δ-bands, and other bands of  N2 and O2, 

and lines of atoms and ions, can be finally obtained, which would be very helpful for the 

spectroscopic study of the N2-O2 plasma. 

 For other mixture gases, this method is still available to diagnose a specific 

molecule, for example, the NH molecule in N2-H2 plasma. There is also a strong radiation 

band of the NH molecule at 336 nm, which origins from the A3Π to X3Ʃ- states shown as 

Fig. 5.1. 

 

Figure 5.1. Experimentally observed spectra over the 310-360-nm wavelength 

range with H2 partial pressure at 90%. The 2nd positive system of N2 (310~320 nm and 

350~360 nm) and 336-nm system (330~340 nm) of NH are specified. The discharge 

pressure is 1 Torr. 

 

 Meanwhile, this spectroscopic method has a basic requirement, that is, two visible 

vibrational transitions, for example (0,0) and (1,1), should be not too closed to each other. 
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For the NH case in Fig. 5.1, we can see two strong peaks around 336 nm. However, they 

are different rotational branches that both belong to the same vibrational transition (0,0). 

Therefore, it is only possible to obtain the rotational temperature of NH molecules by 

fitting the calculated and experimental spectra. 

5.2.2 Future Research and Development Issues Relevant to NO 

Molecules 

As shown in Table IV, the NO molecule is far less than N2 and O2 molecules in the 

plasma. Meanwhile, we can also find that the NO molecules always exist and the number 

densities of different states have dependence when O2 partial pressure changes. From Fig. 

4.4, we can find that the intensities of the NO γ-bands when 40% O2, is smaller than that 

of 1% O2. This means in some applications, we can control the NO concentration by 

changing the O2 partial pressure. For example as shown in Fig. 1.1, the plasma light 

source for the therapy requires that, when the plasma is generating, we need the NO 

concentration to be as much as possible, while when pumping out the exhaust gas, we 

need the NO concentration to be as little as possible. Therefore, I think according to our 

research result, an adding gas that only reacts with O2 can solve this problem perfectly. 
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