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Abstract

Optical Emission Spectroscopy (OES) is an increasingly relevant technique in plasma di-
agnostics due to its inherent non-invasive nature and simple application relative to other
popular techniques. In this work, common OES techniques are combined with novel meth-
ods, developed here, in an effort to provide comprehensive OES techniques for stationary
and supersonic air microwave discharges. To this end, a detailed collisional-radiative model
for strong atomic oxygen lines has been developed and used to identify the importance of
often overlooked mechanisms including cascade emission and metastable excitation. Us-
ing these results, a combined argon actinometry technique was developed which makes use
of the two strong oxygen triplets (777 nm and 844 nm) as well as the common N,/Ny+
method in order to make simultaneous experimental estimates of gas temperature, dissoci-
ation fraction, electron temperature and electron density in a medium pressure synthetic air
microwave discharge. Finally, a similar technique is proposed and tested in a supersonic
flowing air microwave discharge which shows promise for rapid spatial imaging of electron

temperature and ionization fraction in high Mach plasma flows.
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SPECTROSCOPIC DIAGNOSTICS FOR SUPERSONIC DISCHARGES

I. Introduction

The challenge of accurate plasma diagnostics along with the diversity and complexity
of modern plasma sources has created a consistent need for a broad toolbox of plasma di-
agnostic techniques [8]. This need, along with the increasing availability of kinetic and
spectroscopic data, has led to a number of novel diagnostic techniques which make use of
the rich optical spectrum of low temperature plasmas [9, 10]. Simultaneously, the avail-
ability of Boltzmann solvers such as BOLSIG [11] and LoKI-B [12], have removed the
often inaccurate requirement of assuming a Maxwellian or otherwise analytic electron en-
ergy distribution function (EEDF). Optical emission spectroscopy (OES) plasma diagnos-
tic techniques are attractive due to their non-invasive nature, potential accuracy, and simple
implementation. OES and similar plasma diagnostics are the fundamental tools used in ex-
perimental plasma physics and allow us to understand, control, and study the physics of our
laboratory plasmas. These techniques provide information regarding the densities, temper-
atures, and energy distributions of charged and neutral particles. In doing so, they enable
us to make advances towards applications in over the horizon radar, blackout mitigation
and sensing for hypersonic vehicles, as well as space superiority.

As an example, vehicles traveling at high Mach numbers begin to ionize and dissociate
the surrounding gases generating a plasma sheath. The plasma sheath can cause the black-
out phenomenon in which the plasma is opaque for RF frequencies important for commu-
nication and telemetry. This problem has received extensive research since the beginning
of the space era, yet still hasn’t seen applied solutions. For nearly all proposed solutions,

it is necessary to measure plasma parameters, primarily the electron density, in order to



implement the mitigation technique and verify its efficacy [13—-16]. Another motivation
for characterization of a high speed vehicle’s sheath relates more directly to vehicle sur-
vivability. The high temperature and chemically kinetic environment requires a great deal
of consideration regarding thermal management [17]. Information regarding the chemical
composition and temperatures of the sheath could indicate whether ablation and degrada-
tion remain at allowable levels. One of the only options for electron diagnostics in this
application is passive OES. In terms of air platform applications, the non-invasive nature
provides a potentially crucial advantage as an OES sensor could remain conformal or even
operate at long stand-off distances. Even though preliminary analysis of spectra can be
complex and require detailed numerical models, often for operational systems the results
can be distilled to a simple relationship between line ratios and a parameter of interest. This
leads to the overall objective of this work: the development a novel and simplified method
of determining plasma parameters in a high-Mach vehicles plasma sheath.

To this end, a detailed of study of existing suitable OES methods has been conducted
and a novel technique has been developed which uses a combination of the commonly used
N»/N ; ratio along with the prominent infrared atomic oxygen lines (777 nm and 844 nm)
to produces simultaneous estimates of multiple plasma parameters including dissociation
fraction, electron density, electron density, and gas temperature. This new method makes
use of the strong excitation cross section for metastable excitation of the 3p P state [18],
which introduces an apparent electron density dependence on line ratios involving the 777.4
nm atomic oxygen line. Additionally, a bench-top microwave plasma flow is used to test
and explore these techniques in both the case of a subsonic flow and that of a supersonic
flow. In chapter II, the basics of microwave discharges, laboratory supersonic flows, and
OES are discussed along with a wide review of literature relevant to OES diagnostics in
general and those applied to supersonic plasma jets. Chapter III details a relatively com-

plete collisional-radiative model of atomic oxygen developed for this work which is used

10



to determine the relative importance of excitation mechanisms of O(3p 3P) and OQp >P)
states. In chapter IV, a novel actinometry technique is explored in the case of the subsonic
discharge, which makes use of the results in chapter III. Finally, in chapter V, the use
of the previously developed and newly introduced techniques is explored in a supersonic

microwave plasma flow.

11



II. Background

2.1 Microwave Discharges

Microwave discharges, or gas discharges driven by microwave frequency (300 MHz
— 300 GHz) electromagnetic waves, are one of the most common methods of driving
laboratory plasmas. They are versatile in application and may offer several advantages
over other plasmas sources: operation at pressures ranging from atmospheric to below 1
mTorr, electrode-less configurations, and operation at wide ranges of power and plasma vol-
ume [19]. Additionally, many examples in literature have shown that microwave discharges
are capable of being sustained in supersonic flows [19-23] at relatively low power when
compared to alternative methods using DC or inductively coupled RF sources. Plasmas can
be generated using microwave sources in a variety of ways. Some common applications
include electron cyclotron resonance sources (ECR), surface wave discharges, cavity mi-
crowave discharges, and waveguide microwave discharges. For this work, the focus will
be the simple application of a waveguide microwave discharge, in which a discharge tube
is passed through a rectangular microwave waveguide and plasma is excited by standing
microwave modes [24]. For the waveguide and antenna used in this work, a rectangular
WR-340 (43 x 86 mm) type waveguide, the fundamental mode is the transverse electric
(m,n =1,0) or TE10 mode [25]. The transverse electric mode satisfies the condition that
E, =0, where z is the longitudinal dimension of the waveguide and the dominant direction
of the wave vector (k). The electric field is then only in the x and y or transverse directions
in the waveguide. For the 10 mode, where the first index is by convention the larger of the
two dimensions, the electric field oscillates primarily along the short side of the waveguide
and is sinusoidal in magnitude along z. This mode is shown in figure 1 below within the di-
mensions of the WR-340 waveguide for 2.54 GHz microwave operating at 6 kW waveguide

power.

12
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Figure 1. Electric field spatial distribution for the TE10 mode and a microwave power of 6 KW

For waveguide microwave discharges, it is standard practice to position the dielectric
discharge tube through the shortest transverse dimension at A/4 from the terminating end
of the waveguide. From figure 1, the reason for this becomes obvious, as this configura-
tion would place the discharge tube in the maxima of electric field amplitude with the field
pointing along the length of the tube. Microwave discharges, not unlike other wave heated
type discharges, are generated when the electric field is sufficiently strong to produce a
cascade of ionization. For the case of air (N, and O;), with ionization energies of approx-
imately 15.581 and 12.07 eV, corresponding to ultra-violet (UV) photons near 100 nm in
wavelength (f > 10 GHz), microwave photons alone will not create any ionization [26].
For this reason, microwave discharges (along with all MW, RF, and DC discharges), require
the presence of seed electrons, though the addition of excited neutrals may aid ignition. If
the electric field from the microwave source is strong enough to accelerate seed electrons
to an energy greater than the neutral ionization energy (electron speeds > 2 x 10% m/s at

12.07 eV) before an electron-neutral collision, a cascade ionization can occur, resulting in

13



breakdown. The breakdown threshold for the case of continuous or long pulse is given

by [26],

B, =3.684P (1+f2/v2)"* kv /m, 1)

where Ej, is the electric field threshold necessary for breakdown, P is the pressure in Torr,
f is the microwave frequency, and V. is the electron-neutral collision frequency. For N»,

the electron-neutral momentum transfer collision frequency can be expressed as [27],

Veon, =2.33x 107 My, (1= 1.21 x 1079, ) Te s, 2)

where T, is in units of eV and ny, is in em 3. If it is assumed that 1.21 x 1074 T, << 1,
and write the N; density as a function of pressure, the approximate collision frequency can
be written as

Ve N, = 225T,P MHz eV ! Torr!. (3)

Using the above collision frequency along with a 2.54 GHz microwave frequency, 1
eV electrons and 1 Torr pressure, the breakdown field can be shown to be approximately
417 V/cm. Also, in the case of atmospheric pressure and V,_n, >> f it can be seen that
equation 1 approaches the known DC breakdown threshold for air at approximately 2.8
kV/mm [26]. This information is crucial to experimental design, as unwanted waveguide
breakdown can be problematic. Other important factors for breakdown include seed elec-
tron density and microwave pulse length, with breakdown threshold field increasing with

decreasing pulse length [26].

2.2 Electron Energy Distribution Functions

The electron energy distribution function (EEDF), also commonly expressed as an elec-

tron energy probability function (EEPF), gives the fraction of the electron population at all

14



possible energies. For this work, accurate knowledge of this distribution function is cru-
cial. This is due to the fact that the production rates of radiative species are often dominated
by direct electron impact excitation (EIE). In fact, optical emission spectroscopy relies in
many cases on the dominance of EIE in order to indirectly probe plasma properties. In
order to determine direct electron excitation rates, the appropriate cross section along with
an estimate of the electron energy distribution function (EEDF) are required. The direct

()

impact electron excitation rate, k;’’, for some transition i — j can be calculated as

K = (o1 ve) = 100\/2e/m/; 6i-;(U) fo(U)VUAU, )

where 0;_. ; is the direct impact electron excitation cross section for the transition in cm?, v,

is the electron speed, e is the fundamental charge, m is the mass of an electron in kg, f, is
the EEDF in units of eV ™!, and U is the energy in eV. The coefficient 100% represents
the speed of an electron at 1 eV in cm/s [28]. f, is often also expressed alternatively in units
of eV—3/2 (EEPF), as is the case of the default BOLSIG+ output, and that in this case the
integral in equation 4 should include an additional /U as the EEDF (f,) is scaled by that
factor relative to the EEPF. The EEDF is the electron solution to the Boltzmann equation
for a given discharge, which along with its moments, form the basis of the kinetic theory.
A general form of the Boltzmann equation, in the context of gaseous discharges, is [11],
of

e
5 TV V=BV f =C[f]. )

Here f(r,v,t) is the time dependent 6-dimensional phase space distribution function which
is defined as the function which produces the total number of particles with range A3rA3v
at time ¢ [26], r is the position coordinate, and v is the velocity. Additionally in equation 5,
E is the electric field, e and m are the charge and mass of an electron, and C is a function

that describes time evolution of f due to collisional momentum transfer. C can be seen here

15



as a source term. The most commonly assumed solution to equation 5 is the well-known

Maxwellian distribution, for the case of thermal equilibrium [26, 29],

£(U) = 2\/gTe3/ 2,-U/Te (6)

The Maxwellian EEDF is commonly used to describe many types of laboratory plas-
mas, including non-equilibrium plasmas, even when the actual EEDF may be non-Maxwellian.
This is typically because often the actual EEDF is unknown and the Maxwellian is easily
handled and may be a fair approximation for some applications. The value in using an
EEDF such as the Maxwellian is that it may be described by a single parameter, the tem-
perature. The entire idea of an electron temperature, which is used with ubiquity in plasma
physics, relies on the EEDF being Maxwellian. However, as the solution to the two-term
Boltzmann equation relies primarily on the reduced electric field E/N and for any resulting
EEDF corresponding to a specific E/N, an effective electron temperature can be found as
2/3 the mean electron energy. In this case the effective electron temperature can be used
as an intuitive label for the EEDF and associated E/N. For this work, the assumption that
the EEDF is Maxwellian may not be valid, especially for use in equations such as equation
4, where production rates of radiative species are highly sensitive to EEDF shape and the
projection of species dependent cross sections on that shape. Any resulting error in rate
calculations will propagate to spectral line intensities and be compounded in spectra line
ratios. As is shown in later sections, the spectroscopic techniques of interest in this work
rely heavily on those spectral line ratios in order to accurately predict electron density. For
this reason, the example of many similar OES analyses in literature is followed, in which
the EEDF is calculated numerically using BOLSIG+, a Boltzmann solver developed by
Hagelaar and Pitchford [11]. BOLSIG+ is an efficient small program which solves for the
steady state two-term approximation of the Boltzmann equation for electrons in a spatially

uniform electric field [11]. Figure 2 below shows an example of using BOLSIG+ to calcu-

16



late the EEDF for the case of an air microwave discharge at medium pressure as compared
with two analytic EEDFs.

100
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Figure 2. Comparison of analytical and numerically (BOLSIG+) calculated EEDFs for a medium
pressure air discharge with 7, = 2 ¢V for each.

The solver accepts tabulated collisional cross sections and therefore can accurately ac-
count for collisional energy transfer for any electron-electron or electron-neutral collisions

as long as accurate cross sections are available. The BOLSIG+ EEDF in the figure above
was calculated using available cross sections for N, and O,. For comparison with the ana-
lytical functions, which were calculated for an electron temperature of 2 eV, the BOLSIG
EEDF reflects an ’effective’ temperature of (2/3) (U,) = 2 eV. The Druyvesteyn function
is a distribution function which assumes electron-neutral collisions are elastic or rather
have constant cross sections, an approximation which is reasonable for certain gases at

low energies such as Hp and helium [29]. This approximation results in a similar analytic
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expression to that of the Maxwellian distribution in equation 6 except that the quantity in
the exponential is squared (e_(U/ T6)2>. Some authors will freely vary the exponent of the
(U/T,)" term from x = 1 to x = 2 in order to fit their experimental EEDFs on a continuous
scale between the Maxwellian and Druyvesteyn solutions [30]. If the BOLSIG+ solution
from initial calculations is accurate, it is indeed the case that our experimental EEDF will
be highly non-Maxwellian and any analytical form will likely induce large error into the
OES intensity predictions. Even with the BOLSIG EEDF solution, an ‘effective’ or aver-
age temperature to describe the overall energy distribution can be used. This temperature
can be shown to be T,¢¢ = (2/3) (U,), where (Uy,) is the average electron energy [9]. All
electron temperatures reported in the modeling and experimental results of this work refer

to this effective electron temperature.

2.3 Basic Spectroscopic Models for Air Plasmas

One of the most striking features of plasmas is their characteristic glow. This glow is a
result of a complex set of excitation mechanisms and subsequent relaxation by spontaneous
emission. This set of mechanisms and its corresponding emission spectrum varies signif-
icantly depending on plasma conditions. As such, an optical emission spectrum produced
by a bulk plasma contains a wealth of information regarding relative densities and energy
distributions of all radiative species as well as non-radiative species, such as electrons and
metastable states, which often significantly influence the populations of strongly radiative
states. Basic spectroscopic models such as the ones discussed below provide the framework
for the more advanced models used and developed in chapters III and IV. All such models
approximate the relationship between emission intensity and experimental parameters. For
this reason, these models and others enable the estimation of electron temperature, elec-
tron density, neutral densities, dissociation fractions, rotational temperatures, vibrational

distribution functions, as well as other relevant parameters.
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Line Intensities and the Corona Model.

For spontaneous emission from an excited atomic or molecular species to a lower state

(i — k), the radiated intensity from a volume V and a solid angle Q is given by

Iik = (V.Q.)Aikh\/ikni, (7)

where Aj; is the Einstein A coefficient for the transition, hvy; is the energy of the emitted
photon and »; is the number density in the initial or upper state i [31,32]. If the transition is
a multiplet, consisting of multiple J — J' transitions, and it may not be possible to resolve
and measure the intensity of each line in the multiplet independently, it is necessary to
calculate the effective multiplet Einstein A coefficient. For multiplet transitions, the total

emitted intensity is

L= (V)Y Y Au(,J"Vvi(J,d )iy, (8)
J J

where n; ; is the density of state i in level J (n; = };n; 7). In the case where only the lower

state has spin-orbit splitting and the upper state consists of only one J state, equation 8

simplifies to Iy = (VQ) Y. Ai(J,J ) hvi (J,J")n; , since the total density in the upper state

is n; y. If instead the upper state does have spin-orbit splitting, then density of each upper J

state must be calculated. If the states are statistically distributed, the densities are given by
ni (2J + 1) e Eis /KT

nij = ; €))
q

where ¢ is the partition function, k is the Boltzmann constant, 7T is the temperature and
2J +1 is the degeneracy of level J, and E; ; is the energy of the state. Due to the small
energy spacing of the fine structure, it is a fair approximation that E; ; ~ E;, for all J. Thus
the temperature dependence, which is also present in the partition function g cancels. A

similar approximation can be made of 4V in equation 8. In this case equation 9 is simply
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nij=n;i(2J+1)/q, where ¢ =Y ;(2J+1) and is equal to the total degeneracy of state
i, gi= (2L+1)(25+ 1), where L is the coupled orbital angular momentum, and S is the
coupled spin [32]. Thus, the total multiplet emission intensity in equation 8 can be written
as

lk(Jv‘]I) (2‘]_'_ 1)

A
L = (VQ) hvyn; Y Y : (10)
J J &i

and the effective multiplet Einstein A coefficient for the transition i — k can be seen to be

, A0 (2T +1
A=Yy Al ;( 1), (1)
J J/ l

In this way, according to equation 11, effective Einstein A coefficients for multiplet
transitions have been calculated for atomic oxygen transitions important for this work.
These values and other important radiative parameters, along with values for other relevant
species are given in table 1 below.

Table 1. Einstein A coefficients, wavelengths, and upper state radiative lifetimes for optical transitions
relevant to this work. Radiative lifetimes for N, and N2+ represent the inverse of the sum of radiative

rates originating from the upper vibrational state rather than the effective lifetime of electronic state
and were taken from Gilmore et al. [1]. Wavelengths for N, and N;r represent the band origin.

Species Transition (i — k) Ai (s7h) 7i(s) A (nm) Ref.
¢} 3s78° — 2p* 3P 5.56e3 1.80e-4  135.7 [33]
0 4d°D° — 3p P 7.62¢6 7.11e-8 6157 [33]
0 3p P — 3s°8° 3.69¢7 2.71e-8 7774 [33]
0] 3p 3P — 3s38° 3.22¢7 3.11e-8  844.6 [33]
Ar 4p'2[Va]y — 45" 2 [Y)2)] 4.50e7 2.21e-8 7504 [33]
Ny | Np(C3TI),— — No(BTly),—2 8.91e6 3.67e-8  380.4 [I]
Ny | NJ(B*Z) )0 = NJ (X'Tf)—o 1217 555e-8 3914 [1]

Optical emission spectroscopy techniques typically use ratios of strong atomic and
molecular lines whose driving mechanisms can be reduced to a few important processes

which are dominantly driven by parameters of interest. In the case of electron tempera-
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ture and electron density diagnostics, it is ideal if electron processes such as direct electron
impact excitation dominate production while optically accessible spontaneous emission
dominates loss. The simplest example of this situation is known as the corona model, in
which population only occurs specifically via direct electron impact excitation from the

ground state. In this case, the steady state density of some excited state j can be written as

()

noneke

= (12)
YicjAij

nj

where n; is the steady state density, ng is the ground state density, n, is the electron density,
and k(gj ) is the electron excitation rate as calculated by equation 4. Substituting the above
density in the line intensity expression in equation 7, the line intensity in the case of the

corona model can be written as

Aikhviknonekgj)
YicjAij

Where Ajx and A;; are the effective multiplet Einstein A coefficients, A}, and A] i»

I =(VQ) (13)

when
appropriate. This basic model, forms the foundation for all of the spectroscopic diagnostic
techniques discussed and developed in chapters III and IV. In the chapters that follow, the
superscript for rates (k/) is in some cases replaced with two indices referring to the lower
and upper states and in other cases the superscript is simply the term symbol for the relevant

upper state while the lower state is assumed to be the ground state, unless otherwise stated.

N, Rotational-Vibrational Spectra.

The prominent N, (C — B) second positive system (SPS) along with the NJ (B — X) first
negative system (FNS) together comprise the vast majority of the near UV spectra for air
discharges. In the case of these and other molecular transitions, application of simple spec-

troscopic models for emission intensity, such as the corona model discussed above, require
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the integration of entire vibrational bands. Extracting accurate intensities in the case of this
work presents two primary difficulties. The first being that the FNS at 391 nm is overlapped
by the Av = 3 bands of the SPS. The second difficulty is that SPS v/ — v = 0 — 2 band
is overlapped by the v/ — v/ = 1 — 3 band of the SPS. To overcome these issues, the full
spectrum is fit ranging from approximately 362 nm to 400 nm using full spectral models of
the FNS and SPS which depend on rotational temperatures and a freely varying vibrational
distribution. Many full descriptions of this and similar models can be found in a number
of publications regarding the popular OES technique of extracting rotational temperatures
from the SPS [34-37]. In short, the model calculates the discrete rotational/vibrational
energy levels using ro-vibrational molecular constants and the relative intensities using
the rotational temperature, a vibrational distribution function, Franck-Condon factors, and
Honl-London factors. These discrete lines are then convolved with a pseudo-Voigt line
shape function which has been fit to the instrument line shape. The model makes use of a
variety of widely available molecular and radiative data for the SPS and FNS [1, 38, 39].
Alternatively, the band intensities can be approximated by their peak intensities along with
analytic equations given in [40]. One significant benefit of fitting the full spectrum is ob-
taining an estimate of gas temperature, as the rotational temperature of the N, (C>IT,) state
is reasonably approximated to be equal to the gas temperature [34,35]. This allows for the
use of this measured gas temperature along with operating pressure in order to compute ini-
tial gas densities used in calculating neutral gas densities according to the ideal gas law, as
well as for any gas-kinetic type scaling temperature of collisional quenching rates. Radia-
tive parameters for FNS and SPS transitions relevant to this work are given in table 1 above.
The Einstein A coefficients for vibrational transitions are taken from Gilmore et al. [1] and
are related to the total electronic transition Einstein A coefficient by the appropriate v/ — v

Franck-Condon factors.
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2.4 Isentropic flows and Nozzle design

Generation of supersonic laboratory flows are typically accomplished using convergent-
divergent nozzles, for example the de Laval nozzle, along with a sufficient pressure differ-
ential to support the flow. In the case of most gases, the necessary pressure ratio that must
be sustained to reach Mach 1 is near 0.5 [41]. On the convergent side the flow is subsonic
and the pressure drops until it reaches the throat where the Mach number is 1, while in
the divergent section the pressure decreases further and the flow becomes supersonic [41].
In the supersonic portion of the flow downstream of the exit, the gas temperature drops
sharply as the random thermal motion is converted to the higher speed directed flow [42].
The design Mach number of a convergent-divergent nozzle is based on the isentropic flow

relation

2 k—1_,\]2&0
Km) (”TMH ’ (9

where A is the downstream area (including any boundary layer), A* is the throat area, M
is the Mach number, and £ is the ratio of specific heats. A value of kK = 1.4 is used for the
calculations here. If the exit velocity is Mach 3.4, for example, equation 14 yields a ratio
of A/A* =~ 6.5. Using a similar isentropic relation, the expected pressure ratio as measured

by pressure transducers experimentally can be expressed as
K
;;; _ (1 i %MZ) o (1)
where P; and P are the pressure before and after nozzle, respectively, relative to the flow
direction. In the case of a Mach 3.4 nozzle, the expected pressure ratio is P;/P s~ 71. These

equations will be used as the fundamental tools for the design and testing of the supersonic

flow in chapter V.

23



2.5 Previous Work

N, Optical Emission Spectroscopy.

A primary focus of this work is determination of plasma parameters using the N,(C —
B) second positive system and the N;“ (B —X) first negative system. Because these systems
are so dominant in air discharge spectra and their relative kinetics have been shown to be
sensitive to plasma parameters, they constitute some of the most promising candidates for
OES diagnostics in air. As such, these systems continue to see increasing attention, par-
ticularly as a means of determining the reduced electric field (E/N) and electron density
of a discharge. There are many examples in recent literature in which electron density is
determined using N, OES in nitrogen containing plasmas. The first such example is Lebe-
dev and Shakhatov (2005) [43]. The authors developed a novel method for determining
electron density and electric field using the vibrational distribution of the N, (C>I1T,) state.
The method used a 68 reaction kinetic model including reactions involving 10 electronic
states of N, as well as the ground state of atomic nitrogen. The work was performed in
a low pressure RF discharge. This method was followed by simpler methods performed
by Isola in 2009 [44] as well as Zhu and Pu in 2008 [10] who instead used an intensity
ratio of the N»(C — B) spectra to the N (B — X) spectra and included far less kinetics. The
latter method has become a relatively standard practice and will become the initial focus
of this work, despite the fact that it requires either a calibration point or a measurement
of absolute irradiance. Isola et al. (2009) [44], in an early example of a typical approach
to these techniques, measured electron density and temperature using the ratio of the SPS
and FNS bands. The authors did not measure absolute irradiance (as is common in other
works [22,45-48], but rather used one calibration point of electron temperature or density
(via Langmuir probe) in order to use a simple ratio technique. This was performed in a

medium pressure (2-4 Torr) pure N, discharge. Results were shown to agree with Lang-
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muir probe measurements. This effort is highly relevant to this work as a similar approach
is taken in chapter IV.

Another relevant study was performed in 2013, in which a 16 reaction excitation model
was used by Pothiraja et al. [48] to deduce a dependence of electron density and reduced
electric field on absolute photoemission of the FNS and SPS in an atmospheric N>/He
pulsed microdischarge. It was assumed that the N> (C°I1,) and N5 (B?X;)) states are pop-
ulated by three primary methods: direct excitation from the ground state, direct excita-
tion from the N>(A) metastable state and a pooling reaction from the metastable state.
The authors then used fast intensified charge-coupled device (ICCD) imaging along with
two interference filters, each having an approximately 5 nm full-width at half maximum
(FWHM), one centered on the primary band head of the FNS and one centered on the pri-
mary band head of the SPS, in order to experimentally determine absolute photo-emission
from the two systems. These two values were then used to calculate electron density with
high spatial and temporal resolution. If all assumptions used were valid this method is
highly novel and useful in determining electron density in atmospheric pressure Np/He
plasmas [35]. A similar approach was taken by Steves et al. (2013) [47], where a 6 mech-
anism kinetic scheme was used for the N;(C°I1,) and Nj (B?%;) states. This method
was used to determine electron density and temperature in a low pressure oxygen RF/Mi-
crowave discharges. Here N, was mixed into the volume at a 5% ratio as a sensing gas.
The authors determined however that the OES analysis alone was not enough to deduce a
unique set of electron density and temperature parameters as two solutions produced simi-
lar emission intensities. For this reason, a resonance probe was used to confirm the results,
validating one of the two possible solutions.

Finally, a recent study by Bilek et al. (2019) [40] conducted a thorough study of the
use of the N,/N ; ratio for determination of reduced electric field in transient discharges for

pure nitrogen. This study is a significant contribution as it examines 101 reaction mech-
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anisms and provides distilled lists of important mechanisms for specific cases in terms of
working pressure and specific vibrational bands used. In the case most relevant to this
work, for medium pressure (7.6 Torr) and the use of the FNS(0,0)/SPS(0,2) ratio, the au-
thors highlight the mechanism set used by Isola et al. [44] in addition to several important
collisional processes including collisional quenching of N»(C’I1,) and N5 (B?%;) by N»
as well as V-T relaxation of the Np(C3I1,),v = 1 to the Np(C>I1,),v = O state. Though
the latter process, Np(C3I1,),—1 +Nj — N (C>I1,),—o + Na, for which the rate is compa-
rable to the quenching rates of N, (C>I1,),v = 0, is difficult to include in simple models as

absolute density in N, (C3I1,),v = 1 is not typically known.

OES using strong atomic oxygen lines.

The two strong oxygen triplets, 844 nm multiplet (3p°P — 3s°S°) and 777.4 nm multi-
plet 3p°P — 3s°S°) , are among the strongest lines in the optical spectra of air discharges.
As is the case of the similarly dominant N, spectra, they present one of the best opportu-
nities for passive characterization of air plasmas. Here a brief overview of recent literature
which exploit these two lines is provided. A significant fraction of the literature relates
regarding these lines relates to actinometry techniques, the previous work regarding those
techniques is detailed in chapter IV. The basic emission analysis for these two triplets are
generally considered to follow the corona model with addition of a dissociative excitation
route from O,, the importance of which was highlighted in 1991 by Collart et al. [49]. As
such the two lines are primarily sensitive to the EEDF or effective electron temperature
and the dissociation fraction of the plasma. Several recent studies have made use of these
lines in order to make determinations of local electron temperatures. Recently, Tsutsumi
et al. (2017) [50] used an advanced actinometry approach which imaged the ratio of the
two strong oxygen lines to well know argon lines. This data was used to produce spatially

resolved determinations of both dissociation fraction and mean electron energy. In a sim-
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ilar study, performed by the same group, Greb et al. (2013) [51], the same method was
used and compared well against a more explicit and trustworthy method of two-photon ab-
sorption laser-induced fluorescence (TALIF). In 2011, Milosavljevic et al. [52] examined
the use of these strong triplets in a fluorocarbon/O/argon discharge. The authors note the
importance of both cascade emission (as is discussed in great detail in chapter III) and heat-
ing of the EEDF tail induced by the presence of the fluorocarbon, on the applicability of
the 777 nm for OES diagnostics. This study is also one of the only examples in literature
which studies the 615.7 nm multiplet (4d D° — 3p °P ) in any detail. In chapter IV, the
615.7 nm multiplet is examined as a candidate for techniques similar to those which use the
other lines discussed above. Previous work regarding these atomic oxygen lines show their
great utility as plasma diagnostics as well as potential for application in novel techniques.
Though as will be seen in chapters I1I and IV, there are many considerations which make
their applicability highly situational, and the 844 nm line tends to follow the basic models

more reliably than that of the 777 nm line.

Supersonic Plasma Jets.

There is a wide variety of interesting applications of supersonic plasma flows, including
thin film deposition [53], high speed aerodynamics [20], general material processing [54],
laboratory modeling of space vehicle atmospheric entry [42], and gas-dynamic lasers [55].
Therefore the characterization and development of laboratory supersonic flows has been
a consistently studied topic for decades. These supersonic plasma flows are characterized
by large densities of excited and ground state species which would typically be subject
to fast collisional deactivation in stationary discharges, such as metastables, dissociated
atoms, and vibrationally excited molecules [56]. Though there are a variety of methods of
achieving supersonic plasma flows, their differences are similar to the general differences

in typical plasma sources as they are typically direct-current (DC), radio-frequency (RF),
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or high frequency microwave driven. The other necessary element is of course a standard
converging-diverging nozzle (de Laval), the design of which is complicated by the difficulty
of manufacturing materials which can withstand the highly kinetic and high temperature
environments generated by the discharges. In the case of DC supersonic discharges, a
water-cooled metal nozzle is often used and doubles as either the anode or cathode, as
in the case of the experimental work of Lago et al. (2007) [21]. For microwave flows,
power has been applied on both the subsonic side of the flow [20,22] and in the supersonic
portion of the flow [57]. For this work, the general design was chosen to follow those who
have used microwave excitation in the supersonic portion, with the nozzle incident on the
cavity [20,22]. A good example of an RF supersonic flow is the case of Sember et al.
(2002) [58], in which a high power (20 kW) inductively coupled plasma (ICP) torch and de
Laval nozzle configuration was expanded into a low pressure chamber.

Numerous diagnostics have been employed on the types of discharges discussed above
and follow a trend similar to stationary plasmas. Lago et al. (2007) used OES and a
Langmuir probe to study a plasma jet which was produced by a “vortex stabilized dc-arc
torch” and the gas used was a CO, N, mixture. They report rotational and vibrational
temperatures from fits of the N, SPS as well as electron temperatures (EEDF) from the
Langmuir probe. This study was conducted in order to predict conditions for Martian at-
mospheric entry at hypersonic velocities [21]. Nikolic et al. (2013) built a supersonic
microwave excited Mach 2 argon plasma flow, in which a Laval nozzle was coupled into a
microwave wave guide and a 2.54 GHz magnetron is used to ionize the Mach flow down-
stream from the nozzle [22]. Here OES diagnostics of argon were used to produce spatially
resolved density distributions of excited argon states. In 2009, Mazouffre and Pawelec [42]
used laser induced fluorescence (LIF) to measure the velocity distribution function of the
O(3s °S°) atomic oxygen metastable in a CO, supersonic plasma expansion, by pumping

the 777.4 nm multiplet (3p°P — 3s°S°) . The location of shocks are indicated by abrupt in-
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creases in the perpendicular temperature of the metastable atoms, additionally, the authors
observed a common phenomenon for these types of discharges in which the perpendicular
temperature falls below the parallel temperature in the expansion region as collisions are
too infrequent to thermalize the two temperatures. LIF appears to be a popular technique in
these plasma flows, Broc et al. (2004) [56] used LIF in order to spatially resolve densities
of NO, atomic nitrogen, and atomic oxygen in an RF supersonic flow and noted similar ax-
ial density distributions for each which approximately follow a ZZZZ dependence, where Z;,
is the axial position downstream relative to the throat. There are many examples in litera-
ture of OES measurements of rotational temperatures, including [20,21,56,59,60]. Similar
OES techniques, along with LIF techniques for determining species densities, appear to be
among the most popular optical diagnostic techniques in plasma flows.

Diagnostics of electron temperatures and densities were not widely found in the liter-
ature search conducted for this work, though there are examples, as in [58], where stark
broadening of the Hg line was used to determine electron density and a Saha equilibrium
was assumed to calculate an electron temperature. In another work, a Langmuir probe was
used to characterize the electron population [21], as discussed above. In summary, diag-
nostics and sources used in supersonic flows are similarly diverse to those used in other
laboratory plasmas, but because knowledge of local gas temperatures and densities is more
limited in the case of these highly dynamic supersonic flows, more attention is needed to

develop diagnostics to measure these basic bulk gas properties.
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III. Atomic Oxygen Collisional-Radiative Model

The corona model, as discussed in section 2.3, along with corrections such as metastable
excitation and cascade contributions, has been widely used in plasma diagnostics, partic-
ularly in plasmas with a single atomic or molecular species or with trace amounts of a
second species. [9, 10] However, in air plasmas, due to the vast number of reactive species
and non-equilibrium processes present, this corona approximation and its extensions are
often not predictive of actual spectra. This is especially true for medium (near 1 Torr) and
high pressure plasmas (atmospheric pressure) where quenching rates with neutral species
are high. However, if quenching rates are known and electron excitation and spontaneous
emission rates are sufficiently high, line intensities can still be strongly dependent on elec-
tron parameters even in complex multispecies plasmas. [61]

Such an opportunity is presented by the strong optical lines of excited atomic oxygen.
For example, the 844 nm oxygen line originating from the 3p >P — 3s 3S° transition has a
condensed set of mechanisms accepted in literature [62] based on only quenching, electron
impact excitation from the ground state, and spontaneous emission (though dissociative
excitation is considered for high electron temperatures). For the remainder of this disserta-
tion, this set of mechanisms is referred to as the extended corona model. In this situation,

the steady state density for the 3p P state can be written as

n o l’lOl’le < GeVe > +n02ne < GdeVe >
3 =
(3p°P) Y r<iAif + XmtmQim ’

(16)

where o, and o,, are the electron impact excitation and dissociation excitation cross sec-
tions, respectively, V, is the electron speed, no, nop,, n., and n,, are the atomic oxygen,
molecular oxygen, electron, and quencher densities, respectively, A;¢ is the Einstein coef-
ficient for spontaneous emission transition i — f and Q;, is the quenching rate for species

i on quencher m. This analytic 2 level, 4 mechanism model (extended corona model) de-
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pends only on electron temperature or the electron energy distribution function (EEDF),
electron density, pressure, and dissociation fraction. For this reason, the 844 nm line can
be and is used as a diagnostic and for model validation. Recently, these basic assumptions
have been extended to the similarly intense line at 777 nm from the 3p P — 3s >S° transi-
tion [50, 51, 63]. In this case, the ratio of 777 nm to the 844 nm line ratio can be found to

be

5 5
I770m A777A844Tsp [”lokep +”02kd€] 17)

Igaanm  AgaadrrrTop nok,? +no,k.f
where 7 is the lifetime of the species, and k is the appropriate rate calculated from <
oV, >, where the brackets denote the mean value. The utility of the above expression
is obvious since an experimentally measured ratio is only a function of two unknowns,
dissociation fraction and electron temperature or EEDF, as electron density and molecular
oxygen densities cancel. Used along with other experimental data this method has been
effective in determining both unknowns [50,51,63]. However, quenching rates for common
species besides molecular oxygen are not available in literature for the 3p P state which
makes use of the 777 nm line more problematic in air plasmas. Additionally, besides
limited positive diagnostic results, this extended corona model has not been thoroughly
validated. Unlike commonly used rare-gas diagnostic techniques, this extended corona
model for oxygen lacks any accounting for metastable excitation or cascade contributions.
The latter is commonly neglected for oxygen states due to the recommended and available
cross sections being direct electron excitation cross sections rather than apparent cross
sections which include cascade effects. The objectives of this chapter are to test the validity
of the extended corona model for modeling the 777 nm / 844 nm line ratio and to quantify
the impact of electron excitation from the metastables (IS, D, and 3s 5SO) and the low

lying 3s 3S° state, as well as cascade emission from higher lying states.

For these reasons, a collisional-radiative model has been developed for atomic oxygen
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valid for a range of gas compositions using the best available cross sections and collisional
rates [3,7, 18,62, 64]. Although other thorough collisional-radiative models for atomic
oxygen exist in literature [61, 65, 66], none were suited to answer the questions posed here
and each would benefit from a more modern rate package. The basis of the model is a
96 level system which considers electron impact excitation, electron impact de-excitation,
electron impact dissociative excitation, spontaneous emission, and quenching from 10 col-
lisional partners. Additionally, effective cascade emission cross sections are calculated to
account for cascade emission populating of the 3p *P and 3p P states. The inclusion of a
cascade rate using this cross section is less ideal than using apparent cross sections, which
is recommended for OES diagnostic techniques [9]. However, the commonly used and
recommended cross sections for the oxygen states considered here are direct cross sec-
tions that are either measured or calculated as direct cross sections or cascade corrected
apparent cross sections [7]. A potential advantage of this approach is that apparent cross
sections are inherently pressure dependent due to radiation trapping. The calculated 777
nm/844 nm oxygen line ratio is calculated and presented using (1) the 96 level collisional-
radiative model, (2) the extended corona model, and (3) the extended corona model includ-
ing cascade contributions. Mechanisms accounting for discrepancies between the models

are identified using a rate sensitivity analysis.

3.1 Kinetic Model

The collisional-radiative model developed here is a mechanism reduced version of the
general approach of Vlcek et al. [28]. The model considers the following processes: (1)
direct electron impact excitation (kéf ) and de-excitation (k?;) where i and f are the level in-
dices given in Table 2, (2) dissociative excitation (kg .) from molecular oxygen, (3) quench-
ing from a number of collisional partners as detailed in Table 7, and (4) spontaneous emis-

sion. In the equations below the energy ordered state indices, i and f, represent the initial
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5.2 Results

Figure 22 below shows an example of the pressures measured using the two Baratrons
as shown in figure 19 as well as their ratio. The microwave power is incident until ap-
proximately 3.75 seconds when it is turned off; the solenoid valve initiates the flow near
t=0 seconds. The flat portion of the curve represents pressures outside of the measureable
range for the combined Baratron and oscilloscope acquisition setup. After the saturation
period, 3 distinct flow regimes exist, which are separated by vertical dotted lines in figure
22. The first regime, from 0.5 to 1.3 seconds, corresponds to the discharge igniting but
being limited to beyond the throat and downstream. The second regime, 1.3 to 2.8 seconds,
corresponds to the discharge existing in both the throat and the downstream tube. The third
regime, ¢ > 3.6 s, corresponds to the discharge being off. In the first and third cases the
pressure ratio is approaching a value of approximately 10, while in the second case has a
pressure ratio greater than 20. These ratios are significantly lower than the design pressure
ratio as in equation 15, which predicted a ratio near 71 for a Mach 3.4 flow. This result
is likely primarily due to the flow being under-expanded and separated from the tube wall
as discussed above. Additionally, the discharge seems to be contributing strongly to the
flow conditions, as evidenced by the two unique flow regimes, as discussed further below

in section 5.2.
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Figure 22. Time dependence of upstream (A) and downstream pressures (B), as well as the pressure
ratio (C), for a typical discharge on and valve opening pulse.

Atomic Oxygen Imaging.

In order to capture the spatial distribution of the discharge as a function of time, a
spectroscopic imaging system was used which uses optical band-pass filters which were
custom fabricated to specifically image three atomic oxygen lines, namely the two strong

777 nm and 844 nm lines as well as the weaker 616 nm. The optical setup is similar to the
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general setup in figure 19 with the addition of the appropriate optical filter. The imaging
was performed through the spectrometer, with the slit opened fully and the grating at its
zeroth order position acting effectively as a mirror. This method was chosen to minimize
changes in the setup between acquisitions and calibrations which used spectrally dispersed
images and those which were direct filtered images with horizontal spatial resolution, as
in the oxygen line images shown and discussed below. The two strong infrared oxygen
lines (777 nm and 844 nm) are particularly good candidates for spectroscopic imaging as
they are among the strongest lines in the entire optical spectra of air and additionally carry
strong dependence on important plasma parameters. Figures 23 and 24 show examples of
the 3 discrete spectral lines as imaged during the first and second flow regimes, as discussed
above. Images were collected as kinetic series for 3 separate experiments each having one
of the 3 Oxygen line filters in place. The camera gating was provided to an oscilloscope
in order to synchronize the pressure measurements with the imaging data. Figure 23 below
shows an example of the emission distribution for each of the lines, and corresponds to the
first regime where the discharge is more diffuse and limited to the section downstream from
the throat. It is noted that the presence of a copper mesh over the window introduces strong
artifacts in some of the data which can be seen as periodic structure in both the radial and
axial dimensions. This structure is most apparent in figure 25 and does not reflect actual
variation in the discharge structure. One noticeable real feature is the somewhat asymmetric
distribution of the emission in the first flow regime, and the existence of a darker region on
the right side of the tube. This region may correspond to the supersonic jet region, as the
exit of the nozzle has a diameter similar to the size of the darkened region. The discharge
ignites as shown in figure 23 when the pressure measured by the downstream Baratron falls
to an average of approximately 6.5 Torr. Previous work using this microwave source as a
stationary discharge consisting of a nearly identical setup showed that the discharge fails

to ignite for pressures above approximately 3 Torr. This suggests that the actual pressure in
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the ignited region is likely approximately half of the pressure as measured downstream.
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Figure 23. Excited Oxygen Spectroscopic images integrated from 0.7 to 0.95 seconds
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The most interesting result of these images and the pressure data is the drastic change in
upstream and downstream pressures as well as the resulting pressure ratio when the throat
of the discharge ignites, as show in figure 24. This would suggest that the discharge at
the throat significantly controls the flow as the pressure ratio increases to nearly double
that of previous times. In the case which the plasma is formed in the nozzle throat, the
strongly heated discharge acts as an obstacle for the cold flow which creates a pressure
increase and velocity decrease before the throat [107]. Thus fewer particles enter the nozzle
region and flow downstream [107]. Additionally, as boundary layer thickness is dependent
on gas temperature (via viscocity), changes in local gas temperature caused by the local
differences in microwave energy deposition into the plasma create dynamic boundary layers
[107]. These two effects can be seen as responsible for the changes in pressure ratio for
the different discharge regimes as well as contributing to the departure of the pressure
ratio from that of the designed operating ratio and are directly related to the topic of plasma
flow control applications which exploit similar effects, such as boundary layer modification
[108]. Also observable in figure 24 is the clear appearance of a jet exiting the nozzle which
appears to approach the same path as the darker region near +2 mm as observed in figure
23. The length of the flow for which the velocity is supersonic beyond the throat exit (or
the location of the shock), can be estimated using the experimentally determined empirical
relationship z; = O.67dex\/m [53], where z, is the location of the shock relative to the
exit plane and d, is the exit diameter. For a pressure ratio of Py /P, =20 and a 5 mm exit
diameter, the supersonic region extends to approximately 10 mm, this distance corresponds

to the approximate characteristic length of the jet in figure 24.
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Figure 24. Excited Oxygen Spectroscopic images integrated from 2.0 to 2.5 seconds

Using the results of figure 24, a calibrated ratio of 777 nm to 844 nm lines can be found,
as discussed in great length in chapter III. This ratio is given in figure 25. It is possible,
based on the results of chapters III and IV, to develop an approximate analytical form of
the line ratio in figure 25 which gives insight into its physical meaning. If it is assumed
that the dissociation fraction in the case of the supersonic flow is near that of the subsonic
case as measured in chapter IV (53%) , production of 3p °P and 3p 3P by dissociative
excitation accounts for a small percentage of the total production (< 10%), and therefore
can be reasonable ignored as an approximation. In this case the line ratio can be expressed

as
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where k, includes the cascade rate. As the dissociative excitation for production of 3s >S°

was also small in chapter IV, at a branching of approximately 6.7%, its steady state density

can be approximated as
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where N is the gas number density and kqs is the total effective quenching rate. Substituting

equation 44 into equation 43, the ratio is
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thus for a given EEDF, the line ratio is proportional to the ionization fraction of the dis-
charge, n,/N. In the case where both the local EEDF and the local gas density are known,
figure 25 could be converted to an approximate map of electron density. Additionally, if
variation in local EEDF is small, figure 25 is in fact proportional to ionization fraction.
Though, because it is expected that the number density is dynamic along the flow, it’s rea-
sonable to assume that EEDFs are also dynamic, as they depend directly on E/N. However
if coupled with the N,/N ;r or similar method as was done in chapter IV, the two techniques
together could provide a powerful combined tool for direct imaging of electron density. A

similar approach is briefly explored in the following section.
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Figure 25. Imaged intensity ratio of 777 nm and 844 nm lines for the diffuse flow regime (I), near t=1.0
seconds and for the regime which has the throat ignited (II), near t=2.0 seconds. Note that the periodic
structure in both dimensions is due to copper mesh covering window.
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N, and Argon Spectra.

Similar results were obtained for the AV=2 bands of the N,(C —B) (365 nm to 380 nm)
as well as the spectrum near 750 nm which contains the 4p’ 2 [1/ 2] 0 4s' 2 [1/ 2}? argon
line as well as the 3p 4S° — 3s #P triplet nitrogen triplet, though rather than the filtered
spectral imaging presented above, the center of the nozzle and discharge tube was imaged
onto the spectrometer slit and the horizontal camera axis provided spectral resolution while
the vertical axis gives axial spatial resolution of the discharge. Figure 26 below shows the
total integrated intensity of the first three AV=2 bands as well as the argon and nitrogen
lines as a function of position from the nozzle. These results were obtained in a flow situa-
tion similar to the second flow regime as discussed above, though they were integrated over
approximately 3 seconds. If strong variations in the electron energy distribution function
(EEDF) and subsequent electron excitation rates along the flow axis are neglected, the total
integrated N, (C — B) emission as in figure 26 can be approximated as directly proportional
to the product of electron density and gas number density. All of the lines have a strong
maximum near the throat exit which sharply declines to a minimum near 7 mm and then
make a gradual recovery along the tube, likely reflecting the recovery in pressure far down-
stream from the nozzle. With regard to the atomic nitrogen emission, the line carries an
intensity relative to the argon intensity similar to that of the subsonic flow in chapter IV,
suggesting that N, remains similarly dissociated. The ratio of nitrogen 747 nm emission to
that of the N, (C — B) AV=2 bands increases nearly linearly from 2 to 25 mm, which could

suggest that the dissociation fraction increases along the flow.
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Figure 26. Axial spatial distribution of (a), the total integrated intensity of the AV=2 bands of the
N2(C —B) and (b), the fraction of the total N, (C — B),AV=2 emission from the v/ — v/ =0 — 2.

Figure 27 below shows 3 examples of the near UV N, (C — B), AV=2 spectrum for po-

sitions corresponding to (a) the emission maximum along the axis or within the throat, (b)
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at the emission minimum beyond the throat, and (c) far downstream. There are two readily
apparent changes in these spectra. First, the fraction of the AV=2 emission arising from
v =1’ decreases slightly by about 6 % from its initial relative value at the throat, this is
apparent in the differences between figure 27 (a) and (b). This could be interpreted as either
a shift in vibrational temperature of the N, ground state or a change in the excitation route
of N»(C). The second difference between the spectra are apparent changes in line-shape
with the line-shape being broader near the nozzle. All have rotational temperatures near
approximately 1500K for the least square fits performed for this work which had satisfac-
tory residuals. It is worth noting that for these spectra, the best fit rotational temperature
depends strongly on the line-shape function used to convolve the model, this is because the
effect of lowering the rotational temperature results in changes to spectra which are similar
to the changes caused by increasing the line-widths. Therefore, it is possible the changes
in the spectra in figure 27 reflect a dynamic rotational temperature, though at the current
time only satisfactory residuals are obtained by changing the line-shape. A calibration of
the instrument line-shape using a mercury-argon lamp seemed to rule out any systematic
or instrument based explanations for any increase or decrease in line-width along the spec-
trograph’s vertical axis. One possible explanation is that the spectroscopic imaging system
is not viewing the flow in an entirely perpendicular fashion and therefore the change in
line-shape is due to velocity broadening. This seems unlikely, but could arise if the flow

was turbulent.
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Figure 27. AV=2 spectrum of the N,(C — B) for three different axial positions: (a) at the throat, (b) at
the emission minimum after the exit and (c) far downstream.
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5.3 Estimation of Plasma Parameters

If as in chapter IV both the argon line and the N,(C — B),v' — V" =0 — 2 band can
be approximated using the corona model, their ratio can be used to estimate the electron

temperature and associated EEDF. In that approximation, the ratio can be expressed as

Isps (V/,V") _ Fyps v,V [nNzk(gX_C) 46)

/
I750(ar) Prs0 ny kP

In this case the only unknown in equation 46 above is the EEDF used to calculation the
excitation rate, and a similar procedure as used in section 4.4 can be used to determine a
best fit EEDF. The ratio, Isps (0,2) /I750, as taken from the intensities in figure 26, remains
near approximately 10, though they are dynamic and tend to decrease from approximately
13t0 8.5, from 0 to 7 mm. These two ratios, 13 and 8.5, correspond to electron temperatures
of 2.8 and 3.8 eV, respectively and suggest that the EEDF heats in the region just beyond
the nozzle and settles near 3.75 eV after approximately 7 mm. This conclusion is however
questionable for the many reasons, as discussed below.

It should be strongly noted, that this general procedure, of determining electron tem-
perature using the corona model approximation of the N(C*I1,) and Argon 4p' 2 [!/5] s
potentially problematic for several reasons including the potential influence of metasta-
bles on both states by both stepwise excitation and the metastable pooling reaction for
N, (C3I1,) production, as well as collisional quenching. The applicability of the method
described above strongly depends on the densities of these metastables and its viability de-
pends on electron density, electron temperature and neutral number density, all of which
are difficult to determine in this dynamic flow. In the case of Np(C>II,) in a stationary
microwave discharge containing highly dissociated O, the argument has been made by
Steves et al. [47] that collisional quenching of the N,(A3X;") metastable by atomic oxygen

makes stepwise excitation of N,(C’IT,) from N(A3X]) negligible, though no statement
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regarding the commonly considered pooling reaction [40] was discussed. Additionally,
N, (C’II,),v = 0 can be strongly produced by argon metastables [109]. Though this is not
expected as in chapter IV the addition of a 5% total gas fraction of argon had a negligi-
ble influence on the N; spectra. The corona approximation (including quenching) for the
N2 (C3I1,),v = 0, as used in the N»/N;" ratio technique in chapter IV is considered for this
work a reasonable approximation (due to the above argument made by Steves et al. [47]),
though it may contain some error associated with the N, (A3ZaL ) metastable pooling reac-
tion. However, in the case of the supersonic flow, the dynamic nature and unknown gas
and plasma parameters make that extension questionable. Thus the electron temperature
results discussed above could reflect changes in metastable densities as a result of reduced
collisions in the supersonic flow rather than actual modifications of the EEDF. Indeed in the
same region the Ispg (0,2) /I750 ratio is dynamic a change in the vibrational distribution of
N, (C’I1,) is evident, with more density in higher vibrational states downstream. Despite
this, they provide reasonable electron temperatures with an average of approximate 3.3 eV,
though they are hotter than the results in chapter IV, which were closer to 2.5 eV, this is a
reasonable outcome as those results were obtained outside the cavity where weaker electric
fields are reasonably expected.

If it is assumed that the temperatures calculated above using the Isps (0,2) /I750 ratio
are a reasonable approximation, equation 43 can be used to estimate ionization fraction if

rearranged as follows:

ne ke | Frm0) Puss sp _ p| (47)
N kS |y P ¢ ¢

The line ratio, as given in figure 25 has a value of 1.05 at the throat exit and decreases
to 0.9 near 7 mm. Using the electron temperature calculated above at those same locations,
equation 47 yields dissociation fractions of n,/N = 1.75 x 10~* at z=0 mm and n,/N =

1.4 x 10~* at z = 7 mm. Equation 47 is not significantly sensitive to changes in electron
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temperature for temperatures greater than approximately 2 eV, with the measured ionization
fraction only decreasing by about 8% from 2 eV to 3 eV, therefore the electron procedure
conducted would not significantly alter these results unless the actual temperatures were
less than 2 eV. In any case, the estimation of electron temperature should be considered
here as a potentially significant but necessary approximation in order to demonstrate the
utility of the imaged 777 nm / 844 nm results and their relationship to equation 47, which
is much less questionable based on the significant study conducted regarding the kinetics

of those two lines in chapters III and I'V.

5.4 Discussion

A supersonic microwave discharge was developed and operated at pressure ratios which
corresponds to a Mach numbers ranging from 2.15 to 2.75. The variability of the Mach
number is attributed to the modification of the flow by the discharge, such as by variable
boundary layer thickness. Though the variability should be caused by variations in ratio
of specific heat, k, as its value depends on the gas temperature and composition, the latter
is likely dynamic due to varying degrees of dissociation. Nearly all spectra were at a
maximum intensity at the throat exit and decayed rapidly until approximately 7 mm where
an inflection point occurred. This likely indicates the location of the shock and is on the
order of the approximation provided by the empirical formula from [53], which predicts
a shock location of 10 mm. Rotational temperatures measured from the N,(C — B) here
were near 1500 K and higher than the downstream temperatures measured by Drake et
al. [20], wherein a similar supersonic microwave discharge flow was created. The rotational
temperatures in that work was measured to be approximately 1150 K at a microwave power
near 525 W, though in the case of Drake et al. [20] the gas mixture was dominantly argon
with an approximately 5% and 9% admixture of H, and air, respectively.

With regard to the estimation of plasma parameters in section 5.3, two approximations

108



were made relative to the kinetic situation previously described in chapter 1V, in order to
reduce the ratio of the 777 nm / 844 nm into an analytical form useful for determining
ionization fraction. First, dissociative excitation was neglected based on the low branching
of that route (< 10%) found for all EEDFs considered in chapter IV. Second, collisional
quenching is ignored, which is an approximation made out of necessity due to the unknown
local gas densities and temperatures. However, because the 777 nm and 844 nm lines have
similar quenching rates for known values, the effect of including quenching on their ratio
is small and less than our spectral calibration error. For example, including quenching at a
pressure of 1 Torr and a temperature of 300 K only changes the ratio Py44/Py77 by 3%, thus
ignoring quenching is a reasonable approximation for this ratio. The situation is very sim-
ilar for quenching and the Isps (0,2) /1759 ratio, where inclusion of quenching at the same
pressure and temperature changes the ratio of lifetimes by 4%. The other principal approx-
imation made for calculation of electron temperatures use the N / argon ratio was that
electron excitation from the ground state is the dominant populating mechanism for both
states, the questionable nature of this approximation was discussed in detail in section 5.3
above. Based on a these approximations, two simplified analytical equations were used to
estimate electron temperature and ionization fraction for two locations. An average electron
temperature of 3.3 eV was estimated along the flow and ionization fraction was estimated
to be n,/N = 1.75 x 10~* near the throat (z=0 mm) and n,/N = 1.4 x 10~* downstream
near the emission minimum (z=7 mm). For comparison, Kolesnichenko et al. [60] mea-
sured an electron density and gas temperature in a supersonic flow microwave discharge
which corresponded to an ionization fraction of approximately 1.5 x 107>, though in the
case of [60] microwave power was both significantly higher and pulsed for short durations
(up to 2 us). Additionally, in general, for high frequency discharges such as the microwave
discharge used here are characterized by ionization fractions greater than approximately

107> [40]. In the subsonic case in chapter 1V, the ionization fraction was measured to
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be n./N = 1.4 x 10~* which agrees well with values for the supersonic flow, which is
somewhat expected as the value was measured using a very similar, though slightly more
complete approach. In general ionization fraction is considered to be frozen in supersonic
flows, as recombination is typically negligible in the expanded flow [107]. This is counter
to what was estimated here in which a decrease of around 20% in ionization fraction was
observed. It is not clear though, if this situation applies to flows in which energy is de-
posited in the supersonic region, as is the case here. One reasonable interpretation of the
results is that the decrease in 777 nm / 844 nm reflects both a decrease in ionization frac-
tion and electron temperature, since a decrease in electron temperature would decrease the
electron-neutral collision frequency and subsequently the ionization rate. In this case the
disagreement of this interpretation with the Ispg (0,2) /I750 ratio results could simply be
seen as a divergence of the actual kinetic situation from the corona model in the supersonic
flowing discharge for the reasons discussed in section 5.3 above. It is also possible that
some of the changes of the 777 nm / 844 nm line ratio are indeed caused by changes in
dissociation fraction, though for this to be a significant factor, it would require the actual
dissociation fraction to be significantly lower than it was measured in chapter IV. In any
case, the 777 nm / 844 nm imaging technique provides a reasonable estimate of ionization
fraction and if properly validated could be extremely powerful for high temporal and spa-
tial imaging of ionization fraction in highly dissociated plasma flows, though it remains to

be proven that the ratio is indeed correlated to electron density.
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VI. Conclusions

A 96-level collisional radiative model for atomic oxygen has been developed in order
to test the validity of commonly used basic models for the 777 nm/ 844 nm line ratio. The
model includes a relatively complete set of quenching or heavy particle collisional relax-
ation rates for a variety of common gas species for the first 6 excited states, dissociative
excitation rates for the lowest 7 states, electron impact excitation rates for 96 excited states
from the ground state and a complete electron impact excitation rate matrix for the low-
est 7 states. Rates for electron processes are calculated using electron energy distribution
functions calculated by BOLSIG [11] and using cross sections primarily from Laher and
Gilmore [7], Barkelm [18] and Schulman et al. [64]. Computed line ratios are compared
to both the basic model in literature which considers radiation, quenching, electron impact
excitation from the ground state and dissociative excitation as well as the same basic model
with the inclusion of a cascade emission populating rate. Comparisons are made for both
a synthetic air mixture and an O,/Ar mixture for a variety of oxygen dissociation fractions
and gas pressures. It was determined that 3 factors account for the discrepancy between
the collisional radiative model results and the basic model (1) metastable excitation, (2)
cascade radiation, and (3) collisional quenching from 3p 3P to 3p °P. Metastable excita-
tion becomes dominant at low pressures for both gas mixtures and at low temperatures
in the case of the O>/Ar mixture. For all other situations cascade emission and collisional
quenching from 3p 3P to 3p 7P account for nearly all disagreement between the 96 level col-
lisional model and the basic model. At the present time, there is no simple way to include
the effects of metastable excitation or collisional quenching from 3p 3P to 3p P without
estimates of metastable densities and the density of the 3p 3P state. Though the ground
state and the 'D and 'S may be well approximated by a Saha equilibrium [61], higher lying
states such as the 3s °S° state, which at low pressures can significantly populate the 3p P

state, exist in the active region which require a collisional-radiative model to accurately
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estimate. However, inclusion of a cascade radiation rate, using the cross section calculated
in this work and based on the electron impact excitation cross sections from Laher and
Gilmore [7], does not over-complicate the basic model and can be implemented without
additional knowledge. Additionally, inclusion of the cascade rate improves agreement with
the collisional radiative model for all cases and in the case of a medium pressure air plasma
it provides excellent agreement.

Finally, with regard to the CRM results, it was found that the 777 nm/ 844 nm line ratio
has the most utility as an electron temperature or EEDF diagnostic at medium and high
pressures (1-760 Torr) and for low dissociation fractions (< 10%). Outside of this param-
eter space the line ratio is either not sensitive to moderate changes in electron temperature
or too difficult to compute due to metastable excitation.

In the subsonic experimental investigation, strong evidence was provided that metastable
excitation (3s >S° — 3p °P) is an important mechanism for accurately modeling the relative
777 nm oxygen line intensity in medium pressure microwave N»/O; discharges and the ad-
dition of this mechanism introduces an electron density dependence to the 777 nm /750 nm
actinometry ratio which can be exploited along with other techniques to extract estimates
of electron density. The additional mechanism is most important for low pressures and
high electron densities as it depends the product of O(3s °S°) and electron densities. This
technique is enhanced by the fact that the extended corona model, which includes direct
electron impact excitation from the ground state, cascade electron impact excitation and
dissociative excitation can be extended to the 3s °S° metastable for the conditions observed
here and shows excellent agreement with a relatively complete collisional radiative model,
thus allowing for experimental determinations of electron and metastable 3s °S° densities
using analytical solutions. On the basis of these conclusions, a combined technique which
uses 2 oxygen / argon actinometry ratios (844 nm / 750 nm and 777 nm / 750 nm) with

a corrected excitation scheme for the 3p °P state along with the Nz/Nifr method has been
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developed which can be used to simultaneously determine dissociation fraction, effective
electron temperature, metastable 3s >S° density and an estimate of electron density. This
combined actinometry technique however does require the three conditions (in addition
to any general oxygen/argon actinometry requirements) for applicability: 1) metastable
3s °S° density is sufficiently high such that metastable excitation is significant for the 777
nm line, 2) collisional de-excitation is dominant loss mechanism for 3s °>S° and 3) it is
possible to resolve between the two possible solutions to electron temperature. This com-
bined actinometry technique was shown to produce dissociation fractions, effective electron
temperatures and electron densities reasonably consistent with those found in similar dis-
charges in literature and O(3s °S°) densities consistent with values predicted by a relatively
complete collisional radiative model. In the case of the 4d D° state, the lack of avail-
able quenching and metastable excitation rates make comparison of experimental results
somewhat inconclusive, though results indicate that the 616 nm / 750 nm actinometry ratio
is correlated to atomic oxygen density and when quenching is ignored the ratio produced
dissociation fractions which nearly agreed with the more trustworthy 844 nm technique.
These results indicate that the 616 nm line shows promise as an additional OES line and
thus measurement of quenching rates for air collisional partners along with some estimation
of metastable excitation for the 4d >D° state is strongly suggested for future work.

With regard to the final experiments conducted in chapter V, a supersonic flowing mi-
crowave discharge was achieved using a quartz de Laval nozzle and a high power 2.54 GHz
magnetron. The resulting discharge was analyzed with a number of spectroscopic tools
from within the waveguide cavity. Based on the results of chapters III and IV, a simple
relationship between the common 777 nm / 844 nm and ionization fraction was developed
and the ratio itself was imaged using narrow band interference filters to produce spatially
resolved images which can be seen as a qualitative examination of the spatial dependence

of ionization fraction. Ionization fraction was estimated near n,/N = 1.75 x 10~* at the
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throat exit and n, /N = 1.4 x 10~* at a position 7 mm downstream. If local EEDFs and gas
densities are determined, this image can be converted to an approximate map of electron
density, though further validation of the spectroscopic model and required assumptions are
required.

Finally, with regard to the general utility and accuracy of OES diagnostic techniques,
such as the ones developed here and similar approaches, they certainly carry significant
benefits over other techniques including their non-invasive, experimentally simple to apply
approaches, as well as their high spatial and temporal resolution afforded by imaging meth-
ods. However, the primary trade-off is accuracy which depends strongly on the accuracy
of cross sections, EEDFs, quenching coefficients and other spectroscopic data. In the case
of cross sections, significant uncertainties exist and are evident by the variety of different
cross sections for the same process from different authors. Similarly, modeling of EEDFs
using BOLSIG and other Boltzmann solvers rely on the accuracy of these cross sections
as well as other input parameters such as gas composition and densities of excited neutrals
and ions as well as the overall validity of the two-term approximation. In addition to this,
OES requires that the spectroscopic models be a good approximation of the kinetic situa-
tion and are not missing any non-negligible processes. For these reasons, OES applications
typically require in-situ validation specific to their application in order to provide accurate
results. In other cases, such as the OES results for electron densities, metastable densities
and electron temperatures performed here, which have been not been verified with other
diagnostics, results should be treated as somewhat qualitative in nature. Thus validation of
the techniques presented here with more trustworthy and robust diagnostics is a necessary
future step. However, this trade off in terms of accuracy can be worth the powerful nature
of imaging techniques such as those used in chapter V which can capture plasma charac-
teristics with high temporal and spatial resolution with a relatively simple an inexpensive

acquisition setup. Thus, the optimal utility of these diagnostics exists in situations where
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validation or calibration of accuracy is possible and situations which require high spatial

and temporal resolution, simple experimental application, and non-invasive probing.
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Appendix A: Cascade emission cross sections.

Cascade emission cross sections used in this work are given in table 9 below. These
cross sections capture the excitation resulting from direct electron excitation to higher lying
states and were calculated using the direct cross sections from Laher and Gilmore [7] and

the recursive equations in chapter III, where a complete description is available.

Table 9. Cascade cross sections for important atomic oxygen states derived from the cross sections
of [7]. Values for each are given in 10~'8 cm2.

Energy (eV) | 3s°S° 3p°P 3p3P 4d°D°

11.2 0.465 - - -
11.4 0.855 - - -
11.6 1.062 - - -
11.8 1.186 - - -
12.0 1.329 0.020 - -
12.2 1.460 0.050 0.050 -
12.4 1.600 0.090 0.106 -
12.6 2266 0.610 0.148 -
12.8 2498 0.738 0.175 -
13.4 3.123 1.054 0.347 0.035
13.6 3340 1.167 0.415 0.055
13.8 3.548 1.273 0482  0.066
14 3781 1.406 0.707 0.074
16 4379 1952 1.084 0.136
18 4442 2.133 1307 0.143
20 4331 2153 1.459 0.136
22 3972 2039 1546 0.128
25 3.149 1.696 1.561  0.107
28 2205 1284 1566 0.074
30 1.765 1.061 1.583  0.055
35 1.120 0.679 1.616  0.032
40 0.745 0.451 1.639 0.021
45 0.539 0328 1.646 0.014
50 0.378 0.231 1.643 0.010
55 0.294 0.179 1.576  0.007
60 0.221 0.137 1.499  0.006
70 0.132 0.080 1.296  0.003
100 0.063 0.043 0.837 0.001
150 0.015 0.009 0.695  0.000
200 0.006 0.004 0.585 0.000
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