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Abstract

Kinetic processes controlling Ny vibrational distribution, electron temperature
and electron density in nanosecond pulse, nonequilibrium plasma, electric discharges
are studied through laser scattering diagnostic techniques. The experiments are con-
ducted in high pulse energy (>4 mJ/pulse), nanosecond pulse gas discharge plasmas
at moderate pressures (75-200 torr) in nitrogen, air, helium, Hy-He and Oy-He mix-
tures.

In electric discharges, local energy loading is a function of the electron number
density (n.) and electron temperature (7). Furthermore, electron temperature, and
more specifically, electron energy distribution function (EEDF) control the electron
energy partition in nonequilibrium plasmas by controlling the rates of critical kinetic
processes including ionization, vibrational and electronic excitation, and recombina-
tion of molecules, atoms and electrons in the gas discharge. Thus, obtaining time-
resolved, quantitative measurements for these values (n., 7., and EEDF) is critical in
understanding the energy requirements for sustaining these discharges, as well as dis-
cerning how electron energy is partitioned among different molecular energy modes,
and which excited species and radicals are generated in the plasma. Furthermore,
in molecular plasmas, significant electron energy is loaded into vibrational modes.

Study of temporally resolved vibrational distribution function (VDF) and vibrational
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temperature (7,) is important in quantifying vibrational energy loading and relax-
ation in these plasmas. This affects the rate of temperature rise in nanosecond pulse
discharges and the afterglow, as well as rates of vibrationally stimulated chemical
reactions, such as NO formation. Applications of these studies include plasma flow
control (PFC), plasma assisted combustion (PAC), electrically excited laser develop-
ment and various plasma bio-medical applications.

Time-resolved Ny vibrational distribution function (VDF) and first-level Ny vi-
brational temperature have been measured via spontaneous Raman scattering in a
nanosecond pulse, nonequilibrium, single-filament gas discharge sustained between
two spherical copper electrodes. Gases studied include nitrogen and air (P=100 torr).
Highly nonequilibrium Ny VDFs have been observed (vibrational levels up to v=12
significantly populated and detected). Results in nitrogen have been compared with
a 0-D, master equation kinetic model.

A Thomson scattering diagnostic, including a solid state Nd:YAG laser as the
pump source, a custom-made glass test cell, and custom-built triple-grating spec-
trometer has been developed. Thomson scattering has very low signal intensity,
and is therefore highly susceptible to several types of interference. Rayleigh scat-
tering interference has been filtered from the spectra by using a spectral mask in the
spectrometer, while a second slit was used to provide critical stray light rejection.
Background interference due to plasma emission has been subtracted.

Time-resolved electron number density, electron temperature and electron energy
distribution function (EEDF) have been measured via the Thomson scattering diag-
nostic. Studies of two highly nonequilibrium plasma environments have been con-

ducted, including a nanosecond pulse, single-filament discharge sustained between
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two spherical copper electrodes, as well as a nanosecond pulse near surface discharge
(which develops initially as a surface ionization wave). Studies in helium, as well as
mixtures of Hy in helium and Oy in helium have been conducted in the single-filament
discharge, while a study in helium has been conducted in the near surface discharge.
Results in helium for the single-filament discharge have been compared with a 2-D,
axisymmetric, kinetic model. Electron density measurements in these experiments

ranged from 10'3 - 10 cm™3, while electron temperatures were observed to range

from 0.1 - 7.0 eV.
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Chapter 1: Introduction

Plasma is the fourth fundamental state of matter, and is most simply described
as a quasi-neutral, electrically conductive, ionized gas, where the electrostatic effect
of individually charged species is important on a spatial scale which is governed by

the Debye radius,

Ap = <€°kBT6)1/2 =~ 743 (%) v (em) (1.1)

where n. and 7, are the electron number density and electron temperature, respec-
tively, kp is the Boltzmann constant, e is electron charge and ¢y is the permittivity
of free space. In order for a quasi-neutral, ionized gas to be considered a plasma, the
Debye radius must be much smaller than the characteristic spatial scale (L) (i.e. size
of the discharge),

Ap < L (1.2)

A plasma can be created by adding energy to a gas, which can be achieved by either
heating, bombarding it with high-energy ionizing particles (such as an electron, ion
or neutron beam), irradiating it with high intensity light (optical breakdown), or
applying an electric field. The last of these methods, which generates an electric

discharge is the type of plasma that is the main focus of this work.
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In electric discharges, most of the bulk plasma ionization is produced by electron
impact processes, where high energy electrons collide with the neutral species in the
gas (atoms and molecules), causing them to expel electrons and become ionized.
These processes are discussed in greater detail in chapter 2, section 2.1.

The specific type of gas discharge plasma studied in this work is a plasma gener-
ated by high peak voltage, nanosecond duration pulses between two electrodes. These
plasmas are generated by applying very short (~1-100 ns), high voltage pulses (=~1-
100 kV), each of which produces a high peak electric field between the electrodes.
Short duration pulses provide two major advantages over DC, AC, radio frequency
(RF), microwave (MW), or longer duration (us or ms) pulsed discharges. First, they
allow for significant amounts of energy to be coupled to the plasma over a short
time, resulting in high specific energy loading. This provides a highly nonequilib-
rium environment, which allows studies of a wide range of nonequilibrium kinetic
processes, including rotationally, vibrationally and electronically excited species pro-
duction and decay, as well as kinetics of free radicals. These high electron energy
plasmas have several applications that are being widely studied, including: plasma
assisted combustion [1, 2, 3, 4], plasma flow control [3, 4, 5, 6, 7], electrically-excited
laser development [8, 9], and biological and medical applications [10]. The second
advantage of using short pulse duration to sustain these plasmas is their superior sta-
bility over longer duration pulses, which is a result of the electric field being removed
before ionization instabilities have sufficient time to develop.

While these nonequilibrium plasmas have several applications, as listed above,
they remain far from understood on a fundamental level. Characterizing nonequi-

librium phenomena in nanosecond pulse discharge plasmas is important in obtaining
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quantitative insight into the kinetic processes involved, which controls the energy
requirements for sustaining these plasmas, as well as their effect on the flow-field,
fuel-air chemistry, laser processes, and living cells and tissues. Characterization of
these plasmas requires a synergy between experimental studies and plasma kinetic
modeling. Kinetic modeling can provide insight into various energy transfer pro-
cesses and chemical reactions, and determine their effect on the flow field and com-
bustion kinetics. However, predictive capability of the models can only be assessed
by their comparison with experimental data. This requires the experimental com-
munity to provide accurate, detailed measurements of excited species concentrations
and/or distributions, as well as translational, rotational, vibrational and free electron
temperature/energy information. The work presented in this dissertation focuses on
free electron number density (n.) and temperature (7,) measurements, as well as Ny
vibrational distribution measurements.

Specific examples of the effect of Ny and O, vibrational level populations on plasma
chemistry include (i) nitric oxide (a regulated pollutant) formation in nonequilibrium
gas discharge plasmas [11], and (ii) low-temperature air plasma lifetime [12]. In
essence, Ny vibrational excitation accelerates the rate of the following chemical reac-
tion,

Ny(v)+0O - NO+ N (1.3)

while, O, vibrational excitation stimulates electron detachment from O; ions,

02_+02(U) —>02+02_(U) —>02+02+6_ (14)

thereby decreasing the rate of electron density decay and increasing air plasma life-

time [12]. The rates of electron recombination and electron attachment processes
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are also sensitive to electron temperature and electron energy distribution function
(EEDF). Thus, the capability for simultancous measurements of Ny and Oy vibra-
tional level populations, as well as electron density (n.), electron temperature (7;)
and EEDF is critical for predicting nonequilibrium molecular plasma power budget
and plasma lifetime. In this dissertation, experimental studies of vibrational excita-
tion and relaxation of Ny in ns pulse discharges in nitrogen and air (chapter 3), as
well as electron density, electron temperature and EEDF in ns pulse discharges in He,
Hy-He and Oo-He (chapter 5) are presented and discussed.

Measuring the vibrational distribution function (i.e. excited vibrational level pop-
ulations) of diatomic molecules, such as Ny in the plasma requires the use of non-
intrusive, laser diagnostic techniques. These include laser induced fluorescence (LIF),
spontaneous emission spectroscopy, Coherent Anti-Stokes Raman Scattering (CARS),
and spontaneous Raman scattering.

LIF is a widely used diagnostic technique for measuring species concentrations,
which is known to be very sensitive. LIF utilizes resonant absorption that occurs
between select electronic states in the species of interest. In order that these selective,
resonant absorption transition wavelengths can be achieved, this technique is usually
implemented with a tunable laser source, such as a dye laser. This presents a difficulty
in accessing different species, since multiple dyes and/or laser sources are required,
depending on the molecule being studied. Emission spectroscopy is a useful technique,
but is limited in that it is a line-of-sight, integrated measurement, and also that it
can only be used to study polar molecules, such as CO and NO.

CARS is another technique that can be used to measure vibrational loading of

molecules [13, 14, 15]. This four-wave mixing spectroscopic technique is known for
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producing high-resolution vibrational /rotational spectra of non-polar molecules which
do not have emission spectra, such as Hy, No, Os, etc. However, CARS has two main
disadvantages. First, three input photons (usually from two different laser sources)
are required. Furthermore, CARS sensitivity scales quadratically with quantum state
number density difference, making it difficult to use at low pressures and in environ-
ments close to population inversion.

Spontaneous Raman scattering, on the other hand, requires only a single-wavelength
laser source to generate a complete scattering spectrum, and furthermore, the signal
varies linearly with quantum state number density. With this technique, peaks cor-
responding to ground vibrational states of different molecules of interest are gener-
ally separated by several nanometers or more, avoiding inter-species interference in
mixed-gas environments, and even allowing for simultaneous measurements of multi-
ple species. The primary weakness of any scattering technique, with Raman scattering
being no exception, is its inherently weak signal intensity. This is generally satisfac-
torily circumvented by utilizing a high-peak power, short pulse duration laser, such
as an Nd:YAG laser. The studies presented here involving Ny vibrational distribution
function measurements utilize the spontaneous Raman scattering technique, driven
by a frequency doubled (532 nm) Nd:YAG laser. This is discussed in more detail in
chapter 3.

Characterizing free electron behavior in a plasma requires measuring electron num-
ber density and electron temperature (as well as inferring the electron energy distri-
bution from these measurements). This is usually achieved through the use of either

a Langmuir probe [16, 17], microwave interferometry [18] or Thomson scattering
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[19, 20]. While Langmuir probes are widely used for electron density and tempera-
ture measurements, as they provide a technique that can be utilized over a wide range
of parameters, the probes themselves are known to be intrusive to the measurement
region by causing small, but significant perturbations of the plasma region near the
probe tip [21, 22]. Furthermore, interpretation of probe measurement results in high
pressure plasmas requires the use of fairly complex theoretical models. Although it is
possible to get temporally and spatially resolved electron density and electron tem-
perature data from Langmuir probe measurements, more accurate results for both of
these parameters can be achieved through the use of other techniques. Microwave
interferometry is a useful technique, especially at high pressures, where Langmuir
probes perform poorly due to the reduction of the electron mean free path relative
to the Debye length (eq. 1.1). However, microwave interferometry does not provide a
measure of the electron temperature, and with this technique it is difficult to achieve
spatially resolved data on the electron density [23].

Thomson scattering (quasi-elastic scattering of light by free charged particles), as
a laser diagnostic technique, provides a non-intrusive alternative to Langmuir probe
measurements, which also retains the ability to measure electron temperature, unlike
microwave interferometry. Furthermore, since the scattering light source used for
Thomson scattering is a laser beam, which has both short pulse duration (=~ 10 ns
or less) and can be focused down to the spatial scale of hundreds of microns, this
technique lends itself well to both temporally and spatially resolved measurements.
As such, the Thomson scattering technique is utilized in the present work for the
determination of electron number density and electron temperature, and is also used

to infer the electron energy distribution. The primary weakness of Thomson scattering
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is its extremely weak scattering intensity. Other issues include interference from other
elastic scattering processes (such as Rayleigh and Mie scattering), plasma emission,
and stray light. The implementation and results obtained using this technique in the
present work are discussed in more detail in chapters 4 and 5.

In order to filter out the interference sources (such as Rayleigh and Mie scattering,
and stray light), two techniques are commonly used: selective absorption [24] and
spectral masking [19]. Selective absorption, usually through the use of atomic vapor
filters is the most common solution. This technique utilizes a filtering device, filled
with an atomic species, such as sodium, potassium, mercury or rubidium. The laser
source is then tuned to a specific wavelength, such that the narrow-band absorption
line of the atomic species used in the filter will suppress the spectrally narrow Rayleigh
scattering signal, but not the spectrally broader Thomson signal. However, this
technique requires a tunable laser source, such as a dye laser or Ti:Sapphire laser, as
well as temperature control of a vapor filter filled with hazardous, difficult-to-handle
chemicals. A simpler alternative is to use a spectral mask, which is placed within
the spectrometer at an appropriate location so as to physically block a portion of the
spectrum that needs to be suppressed. This latter technique is utilized in the present
work.

In a brief overview, the experiments presented here use a custom-designed, triple-
grating spectrometer, in conjunction with a stainless steel spectral mask, to filter
out undesirable scattered and stray light, while ICCD (Intensified Charge Coupled
Device) camera subtractive methods are used to remove background plasma emission.
The triple-grating spectrometer developed for this experiment was designed based

on a similar instrument used by a research group at Ruhr-University Bochum, in
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Germany [19]. This device operates by using the first grating to diffract the light
that initially enters the spectrometer into a spectrum. This spectrum is then sent
through a spectral mask, which physically blocks the undesirable, relatively narrow-
band quasi-elastic scattering signals (i.e. Rayleigh and Mie scattering), while allowing
the majority of the relatively broadband Thomson scattering spectrum to continue
to propagate through the spectrometer. The remaining Thomson spectrum is then
incident on a second grating, which is set up subtractively. This re-compresses the
spectrum back into an image, which is then sent through a slit (to block any remaining
stray light) and is incident upon the third grating. The image is then re-dispersed into
a spectrum before being collected by an ICCD camera for analysis. This instrument
and its implementation are explained in further detail in chapter 4.

The triple-grating spectrometer is not only useful for measuring Thomson scat-
tering signal, but also allows for the collection of pure rotational Raman scattering.
Measuring Raman spectral intensity for a known rotational transition in a molecular
gas mixture is important in inferring the absolute electron number density from the
Thomson spectrum. This is discussed further in chapter 5, section 5.4.

This dissertation includes six chapters. In chapter 2, an overview of dominant ki-
netic processes in nonequilibrium, nanosecond pulse plasmas is given. This includes
a brief discussion of charged species production (primarily via electron impact pro-
cesses) and the energy partition in these plasmas. This is followed by an overview
of Ny vibrational kinetics that play a significant role in these plasmas, including the
anharmonic V-V up-pumping process that can enhance the populations of high vi-

brational levels of molecules.
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Chapter 3 presents the background, implementation and results of measurements
of Ny vibrational distributions obtained via spontaneous Raman scattering. First, a
brief overview of general scattering theory is presented, followed by a discussion of
Raman scattering, as it pertains to vibrational population measurements. Next, the
spontaneous Raman scattering laser diagnostic apparatus used in the experiment is
presented and discussed. Following this, the general characteristics of a nanosecond
pulse discharge plasma, sustained between two spherical electrodes, used in these
measurements are presented and analyzed. Next, the procedure for extracting the vi-
brational distribution function from the vibrational Raman spectrum is summarized.
Then, a brief discussion of a 0-D kinetic model, which was used to model the Ny vi-
brational distribution measurements in nitrogen, is provided. The chapter concludes
with the presentation and discussion of the Ny vibrational distribution measurement
results obtained in both nitrogen and air plasmas.

Chapter 4 gives the necessary background and design information related to the
triple-grating spectrometer. First, motivation for using this type of device is dis-
cussed. This is followed by a brief overview of Thomson scattering and a comparison
between Thomson and Rayleigh scattering, highlighting the key differences that make
the use of spectral masking feasible and effective. Finally, the design and implemen-
tation of the spectrometer itself is presented.

Chapter 5 presents Thomson scattering measurements of electron density, temper-
ature, and energy distributions in both sphere-to-sphere and near-surface, nanosecond
pulse discharges. First, an overview of the Thomson scattering experimental setup is
presented. This is followed by a description of the fitting procedure used to infer the

data from the raw Thomson spectra. Next, procedures for extraction of the electron
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temperature and number density, as well as inference of the electron energy distribu-
tion function (EEDF) are discussed. Following this, the experimental conditions and
characteristics for the nanosecond pulse, single-filament discharge, sustained between
two spherical electrodes are given. This is followed by a brief overview of a 2-D kinetic
model that was used to analyze a portion of the electron temperature and electron
density results. Next, the single-filament discharge results (temperature, density and
EEDF) are presented and analyzed. Finally, the near-surface discharge experimental
conditions, and results obtained in this discharge, are similarly shown and discussed.

The dissertation concludes with Chapter 6, which summarizes the work that has
been done and formulates the major conclusions. Suggestions for diagnostic improve-

ments and future work to be pursued are also discussed.
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Chapter 2: Nonequilibrium Plasma Kinetics Overview

This chapter will present an overview of kinetic processes in nanosecond pulse,
electric discharges. First, an overview of production and decay of charged species
(ions and electrons) in an electric discharge is discussed (section 2.1). Next, the energy
loading to the plasma form the applied electric field, and the subsequent partition of
the electron energy among various molecular energy modes is discussed (section 2.2).
The chapter then concludes with a brief discussion of vibrational kinetics in harmonic

and anharmonic oscillating diatomic gas mixtures (section 2.3).

2.1 Charged Particle Production

A gas may be considered a plasma when it becomes sufficiently ionized to be
electrically conductive, is quasi-neutral, and the Debye radius is much shorter than
the characteristic length scale (e.g. size of the discharge, see eq. 1.2). Important
mechanisms and processes involved in the generation and decay of charged species in
gas discharges are discussed in detail in the literature [25], and are only summarized
here. When a plasma is generated via an applied electric field, as is the case for this
work, the main source of ionization of the gas is direct electron impact. In most cases,
this involves applying a high voltage between two electrodes in a gas, which can be

produced by a DC, AC, radio frequency (RF), or pulsed high-voltage source. The
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latter approach is used in the work presented in this dissertation. Regardless of the
power source, ionization and breakdown are achieved primarily by electron impact.
In many electric discharges sustained between two metal electrodes, an additional
key process sustaining electric current between the electrodes during breakdown is
secondary emission from the cathode, which is maintained by ion bombardment.
This is discussed in further detail later in the section.

Electron impact ionization occurs by the following process. Free electrons are
rapidly accelerated by the strong electric field toward the positively charged electrode.
Along the way, some of these electrons collide with molecules in the gas. If the
colliding electron is sufficiently accelerated by the field to be above the ionization
energy of the collision partner (i.e. molecule or atom), a second electron is liberated,
and an ion generated, from the collision molecule, which is then also accelerated by
the field. This process continues, resulting in what is called an electron avalanche.
Eventually, enough free electrons are present throughout the plasma volume such that
it is electrically conductive (able to carry current). The moment at which this occurs
is referred to as electrical breakdown.

The ionization coefficient, «, is used to characterize the rate of ionization in a gas
discharge. It is defined as the number of ionization events produced by an electron

over a 1 cm path along the electric field lines. The ionization coefficient is given as
a = v;/vg (2.1)

cm
where v; is the ionization frequency [s~!] and vp is the electron drift velocity [—}
s

Figure 2.1 shows values of a vs. E/p (Electric field over pressure; a form of the

reduced electric field) for different gases.
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Figure 2.1: Ionization coefficients vs. reduced electric field for a large range of E/p
values (E is the electric field, p is pressure) in molecular gases (left) and in inert gases
(right). From reference [25].

Other, less prevalent, ionization processes in the plasma include photoionization,

which is the ionization of an atom or molecule by interaction with a photon,
hv+A— A" +e (2.2)
ionization by electronically excited atoms,
A+ A5 A+ A" +e (2.3)

and associative ionization,

A+ A= AT +e (2.4)

Another critical process in the production of charged particles in gas discharges,
and in gas breakdown dynamics, is secondary electron emission, which involves ex-
tracting free electrons from the metal in the electrode. The work function of the

metal used in an electrode’s material dictates how much energy is required to extract
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an electron from the bulk of the material. The work function is given by

W = —6¢ - EF (25)

where e is electron charge, ¢ is the electrostatic potential and Ep is the electro-
chemical potential of the electrons in the material. When photons interact with the
electrode material, electrons are released from the material due to the photoelectric
effect, as governed by the work function. There are several mechanisms of secondary
emission involving positive ions (cations), electronically excited atoms, electrons and
photons. One of the most important mechanisms is secondary emission due to ion
bombardment of the cathode. This process involves a cation accelerated toward the
cathode surface by a strong electric field. When the cation reaches a distance from
the surface which is comparable with its diameter, an electron from the electrode
surface tunnels into the ion and neutralizes it. The excess energy gained from this
process can then be used to expel a second, emission electron. This process plays a
significant role in increasing the overall current of the discharge following breakdown,
ultimately creating a self-sustained discharge, so long as a sufficiently strong electric
field remains present. Other mechanisms, involving electronically excited atoms, elec-
trons and photons can also result in secondary emission from the electrode surface.
It is often difficult to determine the specific channel by which secondary emission is
occuring. As such, a generalized secondary emission coefficient, 7, incorporating all
of these complex processes is defined for a given material and gas. Figure 2.2 shows
experimentally measured values for v for select materials and gases. It should be
noted that copper electrodes are used exclusively in the experiments presented in this

work (chapters 3, 5).
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Figure 2.2: Experimentally determined effective secondary emission coefficients for
copper in select gases (left) and select materials in argon (right). X-axis is E/P
(reduced electric field). From reference [25].

Electron-ion recombination processes begin competing with impact and secondary
emission when the electron/ion density in the plasma becomes sufficiently high, such
that the rate of ionization (v;n, = avgn.) becomes comparable with the rate of recom-
bination (v,n. = fnn. ~ fn?), where J is the recombination coefficient. However,
in short pulse duration discharges, recombination may only gain a dominant foothold
after the electric field is turned off (i.e. in the afterglow). Once this happens, recom-
bination mechanisms begin to dominate the electron kinetics and the plasma begins
to decay. Some of the major recombination processes are as follows. Dissociative
recombination, the reverse process of associative ionization, is among the most rapid

bulk recombination mechanisms,
Ay +e — A"+ A (2.6)
Another process, radiative recombination,

AT+e = A+hy (2.7)



not only provides a mechanism for removing electrons, but also results in light emis-

sion. Three-body recombination,
At +e +e w A+e (2.8)

is another important mechanism, but only at very low electron temperatures and/or
at very high electron densities. Here, a free electron is captured by an ion, forming a
highly excited atom. This excited atom is then deactivated, step-by-step by further
electron impacts in a cascading effect until it reaches the lowest excited state level.
The atom then emits a photon (radiative transmission) to complete de-excitation to
the ground state. Three-body recombination with an atom or molecule acting as
the third body is much less likely (typically by 7-8 orders of magnitude) compared
to an electron, and only plays a significant role at very high pressures and/or in
very low electron density plasmas. Lastly, ion-ion recombination is the dominant
mechanism for recombination in gases with significant electron affinity, where negative
ions, through electron attachment processes, have been formed (i.e. in electronegative
gases). At low pressures (<10 torr), ion-ion recombination in two-body collisions,

where excess energy results in an electronically excited atom, are important,
A"+ Bt - A+ B* (2.9)

At moderate pressures, three-body collisions, where excess energy is removed by a

third, neutral collision partner are more significant,
A"+B"+C—A+B+C (2.10)

As is evident from the previous discussion, multiple mechanisms play a role in
electron production and decay. In order to study these processes and develop kinetic
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models for these mechanisms, obtaining accurate time-resolved experimental data for
electron density, electron temperature and electron energy distribution in different
gas mixtures is critical. These quantities are the focus of the Thomson scattering
measurements presented in chapter 5. Ultimately, all of these values are controlled
by one parameter, the reduced electric field strength (E/N). The importance of the
reduced electric field can be seen through the following analysis. The energy gained

by an electron between collisions is,

€ = €E>\MFP (211)

where e is electron charge, F is the electric field, and Ay;pp is the mean free path

length. The mean free path length is defined as,

1
N O coll

)\MFP = (212)

where N is number density and o.,; is the electron-neutral collision cross-section.
Combining equations 2.11 and 2.12, yields an equation for the average electron

energy gained by an electron between collisions, which is dependent on reduced electric

field (E/N),

e=e (2.13)

Ocoll N
Equation 2.13 shows the dependence of electron temperature on reduced electric field
(E/N) in the absence of collisional losses.

To understand why electron temperature is much greater than the translational /rotational
temperature (7T, > T) in a nonequilibrium gas discharge, a brief discussion of the
electron energy balance is required. The electron energy equation can be derived from

the Boltzmann equation for electrons, or obtained using a simpler approach, and is
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given as [25],

2 12
de _ (e B (56) Um, (2.14)

dt - \mi2
where 0 is the average electron energy fraction lost per collision, which varies for
elastic and inelastic collision dominated environments, and v, is the electron collision
frequency. In equation 2.14, the first term represents energy gained by the electrons
due to the applied electric field. The second term represents energy lost in collisions.
In the second term, the d coefficient incorporates all elastic and inelastic collisional
losses to the electrons in a particular environment. In the limit of purely elastic
collisions, 6 — 2m/M. In atomic gas discharges, elastic collisions dominate under
most circumstances, since ionization and electronic excitation thresholds are relatively
high (¢; <10 eV). In molecular gas discharges, electron energy transfer to vibrational
and rotational modes is very efficient, and inelastic collisions may become dominant
(see figure 2.3). Inelastic losses to these modes are typically greater by up to two
orders of magnitude compared to elastic losses (Ginetastic ~ 1072 — 1072 Ogastic =
2m/M =~ 107* — 107, [25]). It can be shown from the equation that the average
electron energy has a linear dependence on reduced electric field (E/N) and a v§~!

dependence, as follows,
e EF 1
O coll N \/g

Equation 2.15 shows the dependence of electron temperature on reduced electric field

(2.15)

€ =

(E/N). Since 0 < 1, it can be seen that acceleration of the electrons by the strong
electric field is far more efficient than collisional losses. As a result, as long as a
sufficiently strong electric field is applied, electrons in a gas discharge gain energy
more rapidly than they lose it due to collisions, which results in a much higher electron
temperature compared to the gas itself (i.e. nonequilibrium conditions, T, > T).

18

www.manaraa.com



2.2 Energy Loading and Partition

In nanosecond pulse, electric discharges, the total energy loading to the plasma

can be inferred from voltage and current probe measurements,

o = [ VI (2.16)

However, the energy loading is not necessarily uniform across the plasma, since a
significant fraction (up to ~50% in nanosecond pulse discharges [26]) of the voltage fall
between the electrodes occurs across the cathode layer, which is very small compared
to the discharge gap (Lo < L). As a result, the energy loading calculated from
equation 2.16 is not indicative of the energy loading distribution in the plasma. To
determine the local energy loading, the electron number density and electric field are
required,

€local — / jEdt (217)
0

where j is the current density given by j = en.u.E, where p. is the electron mobility.
Since the electric field is related to the electron temperature (see eqn. 2.15), the latter
can be measured instead of the electric field to yield the same information. As a result
time-resolved measurements of n. and 7T'e are critical in understanding and predicting
the plasma power budget. Furthermore, electron temperature and the electron energy
distribution control how the electron energy is partitioned among different modes, as
discussed in chapter 1.

Some electron collision processes which control how the electron energy is parti-
tioned in gas discharge plasmas are discussed below. Electron impact dissociation of
diatomic molecules plays a significant role when electrons in the discharge are suffi-
ciently accelerated by the field, such that their energy exceeds the dissociation energy
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of the molecule.

e +AB—> A+ B+e (2.18)

The dissociation energy threshold for most diatomic molecules is in the range of 2-12
eV. In the case of Ny, which is studied in this work (presented in chapter 3), the
dissociation energy is approximately 10 eV. As a result, in Ny containing plasmas,
this process only becomes significant at fairly high electron energies.

Another important electron impact process, in electronegative gases, is electron
attachment, which was alluded to in section 2.1. Attachment occurs mainly through

two mechanisms: dissociative attachment,
e +AB — A+ B~ (2.19)
and three-body attachment,
e +AB+M — AB™ + M (2.20)

For electronegative gases such as Oy, dissociative attachment requires electron energy
of ~4.2 eV, which is well within the energy range of electrons in gas discharges.

Another important electron collisional process which occurs is electronic excitation
of molecules and atoms,

e+ Ay~ e + A (2.21)

This process typically requires significant energy (up to several eV), though less than
dissociation. For example, for Ny (studied in this work; see chapter 3), excitation of
electronic states requires electron energies of ~6-11 eV.

Another electron impact process which can play a significant role in gas discharges

in molecular gases is vibrational excitation. This process occurs in two steps,

e +AB(v=0)— AB™ (v") (2.22)
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AB~(v*) = AB(w) 4+ e~ (2.23)

First, an electron is captured by the ground vibrational state molecule, causing it to
become an unstable, excited negative ion (anion). Due to the instability of the anion,
the electron is almost immediately expelled, leaving behind a vibrationally excited
molecule and a free electron (of lower energy than prior to the collision). Vibrational
excitation has a relatively large cross-section (o &~ 107! ¢cm™2) which is comparable
to the total electron-molecule collision cross-section, and typically requires ~1-3 eV
of electron energy. Thus, it is a prevalent process in gas discharges sustained by
moderately strong electric fields.

Figure 2.3 gives an illustration of the electron energy partition in DC electric
discharges in air, including energy fractions going into the excitation of molecular
vibrations, rotations, electronic excitation, ionization, and translational losses. As
can be seen from the figure, Ny rotations and O, vibrations and rotations are most
prevalent at lower E/N values (E/N < 10 Td). At moderate E/N (E/N ~10-50
Td), Ny vibrational excitation is the dominant channel of electron energy loss. See
chapter 3 for studies of this phenomenon. At high E/N, electronic excitation becomes

more important, and ionization becomes more prominent.
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Figure 2.3: Fractions of energy transferred by electron impact processes in air to (1)
O, vibrations, (2) O, rotations, (3) elastic (translational) losses, (4) Ny vibrations,
(5) Ny electronic excitation, (6) Oy electronic excitation, and (7) ionization of Ny and
O,. From reference [25].

2.3 Ny Vibrational Kinetics

As has been shown, vibrational excitation of diatomic molecules in a gas dis-
charge plasma can occur due to electron impact (e-V energy transfer, see equa-
tions 2.22 and 2.23). In gas discharges, this is the dominant source of vibrational
excitation, while relaxation (deactivation) proceeds mainly by the collisional ex-
change of vibrational quanta among the molecules (V-V energy exchange) and col-
lisional energy transfer to translational/rotational degrees of freedom (V-T relax-
ation). Additional channels of vibrational deactivation include energy transfer from
vibrational to electronic excitation (V-E transfer), which has been observed in CO
e.g. COX'S,v=40)+ M — CO(A'm,v ~ 0) + M [27], and vibrationally stimu-

lated chemical reactions (V-chemical) [11, 28], such as NO formation in vibrationally
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nonequilibrium air plasmas,

Ny(X,v) +O - NO+ N (2.24)

A Maxwell-Boltzmann vibrational distribution among the molecules is realized at
equilibrium. From statistical mechanics, the generalized Maxwell-Boltzman distribu-

tion is given as,

€
& B gi €Xp [— ki ] (2.25)
N Z ‘

where N; is the number density of molecules at energy level 'i’, N is the total number
density of molecules, g; is the degeneracy of the energy level i’; ¢; is the energy of
quantum energy level ’i’, kg is the Boltzmann constant, 7" is the temperature, and Z

is the partition function, given as,

Z=3"giexp {—];—T] (2.26)

In the case of a harmonic oscillator, the vibrational partition function becomes,

[ evibv:|
exp |—

2T
Zvib:

1 —exp [— Q;b}

(2.27)

where 6, is the characteristic vibrational temperature of the molecule (6, n,=3395
K), and v is the vibrational quantum number, used to denote the vibrational energy

levels,

1
€y = (’U + 5) 9m~bk3 (228)

Thus, the harmonic oscillator vibrational energy distribution reduces to,

Nv - evib evibv
N = [1 exp( T >] exp< T > (2.29)
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In reality, diatomic molecules are not harmonic oscillators, but in fact exhibit

weak anharmonicity. Although molecular anharmonicity is quite small (of the order

1 1 F
€ = We (‘U + 5) + WeTe ('U + 5) +... (2.30)

where z. n, = 6.2- 1073, it has a very strong effect on vibrational distribution function

of 1%), such that,

at the conditions when the rate coefficients of V-V exchange greatly exceed the V-T
rate coefficients. In this case, the anharmonic vibrational up-pumping process [29],
which results from unequal energy spacing between vibrational levels in anharmonic
oscillators, overpopulates higher vibrational levels through V-V exchange. To illus-
trate this process, consider the following V-V exchange process between two vibra-

tionally excited molecules, at vibrational levels v and w, where v < w,
ks
AB(v) + AB(w) 2 AB(v— 1)+ AB(w + 1) (2.31)
kp

The companion energy level diagram is given in figure 2.4.

AE = (E, - Ey.1) — (Ew1 — Ey)

R =

1
:
1
v-1 ) 4 f w +

AB(®v) AB(w)

Figure 2.4: V-V exchange energy level diagram for an anharmonic oscillator (v < w).
From reference [24].
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Here, AFE represents the vibrational energy defect which is transferred to/from
translational and rotational degrees of freedom in the exchange process. At equilib-

rium, the forward and reverse rate coefficients of this process are related as follows,

ky 1
— = 2.32
. (2:52)

AE

em{_aﬁ}

Since AFE is positive (see figure 2.4), the forward process has a higher rate coef-
ficient than the reverse process. This indicates, assuming the absence of any other
significant processes (such as V-T relaxation or spontaneous radiative decay), that
higher vibrational levels will become overpopulated via the V-V exchange process.
This effect is enhanced at lower temperatures. It can be rigorously shown that at
steady-state, in the absence of other processes (i.e. at the conditions of conservation

of vibrational quanta), this effect results in a Treanor distribution [30] (see solid curve

in figure 2.5),
€;V zev(v—1)
_|_
ksTvor kT

fo="Jo-exp |- (2.33)

where v is the vibrational quantum number, z. is the absolute anharmonicity (i.e.
the energy defect between vibrational levels), T" is the temperature and Tyq; is the

‘first-level” vibrational temperature, given as,

we(l — 2z,)
Jo
l"(ﬁ)

Note that the second term in the exponent of equation 2.33 disappears in the case of

Tyor = (2.34)

harmonic oscillators as xz, — 0.
Since for many diatomic molecules, such as Ny, Oy, CO, NO, Hs, etc., V-T rate

coefficients among low vibrational levels are much lower compared to V-V energy
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transfer rates [31, 32], anharmonic up-pumping becomes the dominant effect control-
ling vibrational level populations among low levels. At high vibrational levels, rates
of vibration to translation/rotation (V-T) relaxation processes increase considerably
with vibrational quantum number. This is due to the reduction of vibrational energy
level spacing with the quantum number. As a result, V-T relaxation becomes dom-
inant at high vibrational quantum numbers such that the ascending branch of the
distribution is not observed at steady state. An example of a vibrational distribution
in a CO-Ny-He glow discharge is shown in figure 2.5 [33]. It can be observed that the
vibrational distribution follows a Treanor distribution closely for vibrational popula-
tions at low energy levels (v < 6), while at high energy levels (v > 35), V-T relaxation
begins to dominate such that vibrational level populations are reduced rapidly.
Vibrational kinetics of nitrogen plasma, which has been studied in this work (re-
sults are presented in chapter 3) is similar to that of CO, since V-T relaxation rates
in both CO and Ny are very low compared to V-V rates [31, 32]. As a result, the
vibrational energy distributions in nonequilibrium conditions are qualitatively sim-
ilar. The highest Ny vibrational level observed in this work is v=12, which is still
relatively low. Therefore, vibrational level populations in nitrogen and air, measured
in the present work, do not exhibit a well pronounced V-V pumped plateau, such as

has been measured in CO [33].
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Figure 2.5: Measured CO vibrational distribution function (points) and Treanor dis-
tribution (curve) in a CO-Ny-He glow discharge. showing effect of V-V up-pumping
and V-T energy transfer. From reference [33].
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Chapter 3: Measurements of Vibrational Distribution

Function of N, by Spontaneous Raman Scattering

This chapter details the spontaneous Raman scattering study of time-resolved
N, vibrational distribution in nitrogen and air, generated in a nanosecond pulse dis-
charge sustained between two spherical electrodes. The chapter begins with a brief
background of the theory of light scattering (section 3.1), and Raman scattering in
particular (section 3.2). This is followed by a discussion of the spontaneous Raman
scattering laser diagnostic setup used in the experiment (section 3.3). Then, a sum-
mary of the characteristics of the sphere-to-sphere, nanosecond pulse discharge used
for this experiment is given (section 3.4). Next, an outline of the data reduction pro-
cedure used to extract Ny vibrational distribution functions (VDFs) (i.e. vibrational
level populations), 'first-level’ Ny vibrational temperature and the average number of
vibrational quanta per Ny molecule is provided (section 3.5). This is followed by a
brief outline of a 0-D kinetic model used to analyze the experimental data in nitro-
gen (section 3.6). Finally, the experimental results, including Ny VDFs, “first-level’
vibrational temperature, and average number of vibrational quanta per Ny molecule
are presented for studies in nitrogen (compared with 0-D kinetic modeling results)

and air (section 3.7).
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3.1 Scattering Theory Overview

When light impinges upon a particle (atom, molecule, free electron or ion), the
electric field of the incident electromagnetic wave induces an oscillating polarization,
or dipole, of the bound or free electrons. The scattering particle is then in a virtual
excited state, which is a linear combination of time-independent quantum states,
resulting from the perturbation of the particle by the incident electric field. The
scattering particle does not reside in the virtual state for any measurable amount of
time, but quickly releases the energy it has just gained through radiation (i.e. emission
of a photon). This near-instantaneous process is known as light scattering. When
the scattering particle is a free electron, or if the atom, molecule, or ion of interest is
in its ground electronic state, and is not rotationally or vibrationally excited, then,
due to energy conservation, the emitted photon wavelength is nearly identical to that
of the incident light. In this case, the only shift in the emitted photon wavelength
occurs due to translations of motion of the particle (Doppler effect), which is very
minor. This situation, where the energy difference between the incident and scattered
photons is very small, is known as quasi-elastic scattering. In the case of atoms and
molecules, this is called Rayleigh scattering. In the case of scattering by free charged
particles (i.e. electrons and ions), this is called Thomson scattering. On the other
hand, when molecules are rotationally and/or vibrationally excited, energy exchange
between the rotational and/or vibrational modes of the molecule and the incident
photon occurs, resulting in a scattered photon which is shifted in wavelength by an
amount based on the level of rotational and/or vibrational excitation (Raman shift).

This is called Raman scattering and is discussed in more detail in section 3.2.
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Though molecules involved in the scattering process radiate light in all directions,
the photon emission is not wholly isotropic. Rather, directional scattering probability
is a function of the direction of incident radiation (light impingement) and number
density fluctuations within the scattering volume. The scattered light field at any
given time is the superposition of all of the electric fields radiated from each of the
dipoles in the scattering volume. As a result, density fluctuations depend on the posi-
tion of the dipoles. Since the particles, atoms and molecules in the scattering volume
are constantly translating, and often rotating and vibrating as well, due to collisions,
the positions of the dipoles are constantly changing, resulting in fluctuations in the
scattered electric field. These fluctuations can be described by time-corellation func-
tions, which can be inferred from bulk macroscopic properties of the gas or plasma.

Fluctuation scattering theory states that if the dielectric constant in the scat-
tering medium has a uniform spatial distribution, the only direction in which net
scattering will occur is the forward direction; scattering in all other directions will
cancel out. However, kinetic theory states that the dielectric constant is dependent
on both position and orientation of the particles in the medium, and since these are
constantly translating and rotating (if the temperature is above absolute zero), the
dielectric constant fluctuates as well, and thus net scattering occurs in non-forward
directions. Whether any particular non-forward scattering direction is preferential
depends on the polarizability tensor within the scattering volume, as well as the po-
larization and direction of the incident radiation. Typically, the light source used
in scattering experiments is a solid-state laser, which provides a very narrow-band,
uni-directional, coherent, polarized beam of light. While the strongest intensity of

scattered radiation is in the forward direction, it is difficult to collect experimentally
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since the light which passes through the scattering medium is much stronger than the
scattered light, and thus drastically interferes with the measurements. Fortunately,
due to the fluctuations in the local dielectric constant, a secondary, more experimen-
tally suitable scattering angle, at which the maximum intensity of scattered light
may be collected without interference from the unperturbed laser light, can be found,
though choice of scattering angle in an experiment is often subject to the practical

physical layout of the experiment (see figure 4.1 in section 4.2).

3.2 Raman Scattering

Raman scattering is the inelastic scattering of light from neutral molecules. There
are three main types of Raman scattering: rotational Raman, vibrational Raman, and
electronic Raman scattering. Each of these processes results in a scattered photon
which is frequency shifted based on the energy associated with the rotational, vibra-
tional, or electronic level of the scattering molecule, respectively. It is important to
note that vibrationally excited molecules can be in different rotational states, resulting
in ro-vibrational Raman scattering. Similarly, electronically excited molecules can be
simultaneously vibrationally and rotationally excited, resulting in vibronic Raman or
ro-vibronic Raman scattering, respectively. Regardless of this, since molecular energy
levels are quantized, the frequencies of scattered photons in molecular gases are also
discrete, and contain information about the internal energy levels of the molecule.
Both spatially and time-resolved aspects of this information can be accessed through
the use of laser Raman spectroscopy (see section 3.3).

Two types of Raman shift can occur when a photon is scattered by an excited

molecule. If the scattered (radiated) photon loses energy (longer wavelength) and
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the molecule gains the energy difference, it is called a Stokes shift and pertains to
Stokes Raman scattering. The reverse case, where the scattered photon gains energy
(shorter wavelength) and the molecule loses the energy difference, is called an anti-
Stokes shift and pertains to anti-Stokes Raman scattering. It is important to note
that anti-Stokes Raman scattering can only occur if the initial state of the scattering
particle is excited. Figure 3.1 shows the corresponding energy level diagrams for these
two processes, along with Rayleigh (quasi-elastic) scattering.

Virtual
States

——pe e ————

v=1
Av
v=0 A 4 . Y
Rayleigh gta‘:::z anlt_‘::rtlg::es

Figure 3.1: Energy level diagram for Rayleigh scattering, and Stokes and anti-Stokes
(=] S o W (=) t=
Raman scattering.

Raman scattering theory is detailed in many textbooks and publications [24, 34,
35], and will only be outlined here. Raman scattering can be explained semiclassically
(i.e. utilizing both classical and quantum mechanical arguments) as follows. The
interaction between a harmonic oscillator and the incident electric field is governed

by the dipole moment p,

p =aE (3.1)
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where E is the electric field. As can be seen, the dipole moment is, in turn, controlled
by the polarizability of the oscillator, a.. Polarizability can be defined as the ability
of an electron cloud to attain an electric dipole moment in response to an electric
field. Applying a first-order (linear) expansion about a normal coordinate (r) in the

vibrational mode of a harmonic oscillator, the polarizability is given as,

da
a =+ (5_7“)OT (3.2)

where the normal coordinate, with a natural frequency v,, is given as,

r = rocos(2mu,t) (3.3)
Furthermore, the electric field, with a frequency vy, is

E = Eqcos(2miyt) (3.4)

The dipole moment, induced by the electric field, then becomes,

p = apEqcos(2mipt) + (c;_a) T02Eo [cos(2m(vy — vy)t) + cos(2m(vy + vy)t)]  (3.5)
/o

The first term in equation 3.5 indicates a dipole oscillation at the incident electric
field frequency and therefore represents Rayleigh scattering. The second term has a
frequency shift which corresponds to a lower frequency relative to the incident field
(vp — 1), representing Stokes scattering, while the third term has a frequency which
is higher than the incident field (v + v,), and corresponds to anti-Stokes scattering.
See figure 3.1 for the energy level diagram of each of these processes.

It can be seen from equation 3.5 that Raman scattering will only occur when
there is a perturbation in the normal coordinate, i.e. an oscillation (v,) in the po-
larizability of the molecule. For rotational Raman scattering to occur, the molecular
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polarizability must vary when the molecule rotates. Vibrational Raman scattering,
on the other hand, requires the polarizability to vary as the molecule vibrates. Note
that this does not require a permanent dipole moment, as in infrared absorption or
emission spectroscopy. Homonuclear diatomics, such as Ny and Oy are good examples
of this (see sections 3.5, 3.7).

Since Raman scattering is governed by quantum energy level transitions, proba-
bilities for scattering transitions are governed by selection rules. The selection rule

for pure rotational Raman scattering of linear molecules is given by
AJ =0,42 (3.6)

where AJ = 0 corresponds to Rayleigh scattering, while AJ = —2 and AJ = 2
correspond to Stokes and anti-Stokes Raman scattering, respectively. For vibrational

Raman scattering of harmonic oscillators, the selection rules are
Av==41,AJ =0,42 (3.7)

Here, AJ = —2,0,42 represent O, Q and S rotational branches about the ground
state vibrational level (v=0), respectively. Av = +2, £3 etc. are called overtone tran-
sitions, which are allowed for anharmonic oscillators, but are very weak in intensity

and typically do not come into play in spectroscopic experiments.

3.3 Spontaneous Raman Laser Diagnostic

The spontaneous Raman scattering experiment, used to infer Ny vibrational dis-
tribution function in nitrogen and air, utilizes a 1.75 meter long glass test cell, with

copper, spherically tipped electrodes placed in the center of the cell. Figure 3.2 shows
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a photograph of the cell, with an inset (in the upper-left corner) showing the elec-
trode setup. The cell has Brewster angle, fused silica windows for optical access of
an Nd:YAG laser. The extended length of the cell allows for a high pulse energy laser
beam to enter the cell without damaging the windows by using a long focal length
lens, thus allowing the laser beam diameter to remain relatively large (and thus the
incident power density on the windows to remain low) upon entering the cell, before
continuing to focus down to the center of the cell where the plasma is generated be-
tween the electrodes. Furthermore, by having the entrance windows at Brewster’s
angle, and using a linearly polarized laser source, reflected/stray light production is

minimized.

Figure 3.2: Photograph of the electric discharge cell with inset showing copper, spher-
ically tipped electrodes. From reference [36].



An MKS mass flow controller is used to deliver gas flow to the cell. The gas flow
direction is opposite to the laser beam direction. The total flow rate is controlled by
the mass flow controller. The flow from the cell exhausts from the opposite end of the
cell to a vacuum pump system. The pressure in the cell is controlled by a ball valve
located in the exhaust line leading to a vacuum pump, effectively controlling pumping
capacity. Total pressure in the cell is monitored just below the discharge in the center
of the cell by an Omega digital pressure gauge. Gases used in this experiment are
99.998% pure Ny and vehicle emission zero air (with very low hydrocarbon content),
at a pressure of 100 torr.

The discharge is sustained between two copper spherical electrodes (D=7.5 mm,
1 cm gap). The electrodes are powered by a custom-built, magnetic compression,
nanosecond pulsed, high voltage power supply. This device is capable of producing
pulses of =18 kV peak voltage of =125 ns duration, at repetition rates up to 10
kHz. The output voltage of the pulser is controlled by input from a DC voltage
supply. Pulse duration is approximately constant (125 ns), while pulse repetition
rate is controlled by the frequency of an input trigger square wave (min. amplitude
of 2 V and 1 us duration). In the present study, a repetition rate of 60 Hz is used,
at peak voltages of 10 kV (in nitrogen) and 9 kV (in air), producing a stable, diffuse,
single filament discharge (see figure 3.6). The total flow rate used in the spontaneous
Raman scattering experiments was 1.1 slm, which corresponds to a flow velocity of
.07 m/s through the cell, which is sufficient to refresh the gas flow between successive
laser pulses (30 Hz).

Figure 3.3 shows a schematic diagram of the entire spontaneous Raman scattering

experimental setup. The system begins with a frequency doubled (532 nm), Nd:YAG
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laser (30 Hz, 10 ns FWHM), which serves as the pump source for the scattering.
The output energy of the laser is ~425 mJ/pulse, with a FWHM of 10 ns. The
Gaussian, ~1 cm diameter beam is redirected with 532 nm, high-reflective coated
one inch mirrors into a 2-inch diameter, 950 mm focal length, plano-convex lens. The
beam then enters the glass test cell through the front, fused silica Brewster-angle
window, and is focused down until it reaches the center of the cell. The focal point
(with a calculated ~60 pm diameter beam waist) is achieved at a point in the center
of the plasma filament, midway between the top and bottom electrodes. The entire
glass test cell is mounted onto a three-axis translation stage to allow for accurate
adjustment of the focal point position (see figure 3.2). The unscattered portion of
the beam exits the test cell through a second, rear Brewster-angle window and is
subsequently directed to a beam dump.

The scattered light is collected from an ~2.75 mm long section (see figure 3.8) of
the laser beam at 90° from the laser propagation direction, via a 2-inch BK-7 window
(centered at the electrodes) and a subsequent 2-inch collection lens, which collimates
the collected scattered light. This signal is then sent to an image rotator (made of 3
silver-protected, 2-inch mirrors), which rotates the initally vertically polarized, hori-
zontal image to a horizontally polarized, vertical image. The image is then redirected
and focused onto the vertical entrance slit of a 0.5-meter Acton spectrometer via an
f-number matched plano-convex lens (f/6.5). The spectrometer has a three-grating
turret setup, of which the 1800 groove/mm grating was used in this work. The grat-
ing angle is chosen through the spectrometer software such that the spectral range
from 594 nm to 608 nm (607.1 nm is v = 0 for Ny) will be accesible to the detector.

After the image is dispersed by the grating, the subsequent spectrum is collected
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Figure 3.3: Spontaneous Raman Scattering Diagnostic Setup. From reference [36].

by a Princeton Instruments PI-MAX 3 ICCD camera. The linear dispersion for this

diagnostic setup is ~1.2 mm/nm.
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3.4 Sphere-to-Sphere Nanosecond Pulse Discharge Charac-
teristics

Figure 3.4 shows the voltage, current and coupled energy waveforms for the dis-
charge in nitrogen. The reference point in time is the beginning of the main current
pulse (t=0). The peak voltage is ~10 kV. Peak current is ~55 A, and is achieved
approximately 70 ns after the start of the pulse. Pulse duration is ~125 ns. An
important feature of these waveforms is the presence of a second (lower amplitude)
pulse, starting approximately 600 ns after the beginning of the primary pulse. This
is a feature of the high-voltage pulser, and is consistently reproducible. As a result of
this ’secondary’ pulse, a small amount of additional energy is coupled to the plasma
600-700 ns after the primary pulse. This effect will be apparent in the data discussed
in section 3.7. Total energy coupled to the discharge is ~19 mJ/pulse, with 17 mJ
coupled by the primary pulse, and 2 mJ coupled by the secondary pulse.

Figure 3.5 shows the voltage, current and coupled energy waveforms in the nanosec-
ond pulse discharge in air. Peak voltage is ~9 kV, while peak current is =45 A. The
total coupled energy in this case is ~14 mJ/pulse, with 12.5 mJ coupled during the
primary pulse and 1.5 mJ during the secondary pulse.

Figure 3.6 shows single-shot ICCD images for the primary pulse of the discharge
in nitrogen and air. Each pulse produces a single, diffuse filament, approximately 2.5
mm in diameter in nitrogen, and 2 mm in diameter in air. These filaments are both
stable and consistent, providing a high specific energy loading plasma environment,

suitable for measurements of vibrational level populations in nitrogen and air.
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Figure 3.4: Voltage, current, and coupled energy waveforms in sphere-to-sphere dis-
charge in nitrogen (P=100 torr).
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Figure 3.5: Voltage, current, and coupled energy waveforms in sphere-to-sphere dis-
charge in air (P=100 torr).
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Figure 3.6: Broadband plasma emission (P=100 torr, 125 ns camera gate, single-shot)
in sphere-to-sphere discharges in Ny (left) and air (right).

3.5 Vibrational Distribution Function Inference

Figure 3.7 shows a typical spontaneous Raman spectrum obtained in a nanosec-
ond pulse discharge in nitrogen. This spectrum is collected through a two-stage signal
collection process with additional background subtraction: first, a large number of
individual laser shots are collected on the ICCD camera chip, creating a single "expo-
sure’; next, several of these exposures are collected in succession and then averaged.
Both processes increase the signal-to-noise ratio (S/N), with the former increasing
it linearly with number of laser shots accumulated and the latter increasing it by
the square-root of the number of exposures. Ultimately, a balance between S/N and
reasonable signal collection time needs to be formed. For the present experiments,

the number of laser shots accumulated per exposure varied between 2,500-24,000 for
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Figure 3.7: Typical spontaneous Raman spectrum in a nanosecond pulse discharge in
N, (P=100 torr, 5 psec after start of the current pulse). From reference [36].

the nitrogen plasma and between 9,000-22,000 for the air plasma, and was chosen in-

dividually for each data set (i.e. delay time after the pulse) to maximize S/N without

saturating the ICCD detector. The number of exposures averaged varied between 5-

16, and was chosen for each data set as a trade-off between further S/N improvement

and overall signal collection time. Data sets (i.e. spectra) were collected for the range

of 135 ns-10 ms after the start of the primary discharge current pulse (for nitrogen)

and 200 ns-5 ms (for air). The camera gate used for the spectra collections in nitrogen

was 6 ns for delay times below 1 ps and 30 ns for longer delays. The shorter gate

was used at earlier delay times in order to discriminate background plasma emission,
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Table 3.1: Ny Vibrational Raman Scattering Spectra Collection Conditions.

Accumulation No. of Camera
Laser Shots Time per i Time Delay
Gas Averaged Gate
per Exposure Exposure Range
) Exposures | (ns)
(min.)
99.998% 2,500 - 24,000 1.4-13.3 12 - 16 6,30 | 135 ns-10 ms
Pure Ny
Vehicle
Emission | 9,000 - 22,000 5.0 -12.2 5-6 45 200 ns-5 ms
Zero Air

which is very intense during and shortly after the discharge pulse; especially in nitro-
gen. In air, a camera gate of 45 ns was used for all data sets. Table 3.1 summarizes
the spontaneous Raman spectra collection conditions used in nitrogen and air.

In addition to the procedure outlined above, a plasma background emission spec-
trum was taken for each data set (using the same collection conditions as the cor-
responding Raman spectrum) with the laser turned off (i.e. without scattering) and
subtracted from the respective Raman spectrum. This gives a vibrational Raman
spectrum such as the one shown in figure 3.7. As can be seen, vibrational levels up
to v = 12 were detected.

As discussed previously (see section 3.3), the Raman scattering signal was col-
lected from a 2.75 mm long, 60 pm diameter, roughly cylindrical probe volume,
centered midway between the electrodes. ICCD camera chip pixels corresponding to
the length of the measurement volume were ’binned together’ prior to the readout of
the spectrum. Thus, all of the data collected are inherently spatially averaged over

this volume. Figure 3.8 shows a radial distribution of broadband plasma emission
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intensity from the discharge filament in nitrogen, with a full width at half maximum
(FWHM) of ~2.3 mm. The signal collection region, corresponding to a 2.75 mm

length, is also shown in the diagram.
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30000 = region
20000) =
10000 = op b
| FWHM 2.3 mm
R I I B L B B N B B
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Figure 3.8: Discharge filament emission intensity distribution in Ny with depiction
of 2.75 mm long signal collection region (P=100 torr, camera gate=125 ns). From
reference [36].

The following procedure for fitting the raw Raman spectra, and subsequently
inferring the vibrational distribution functions (VDFs), assumes that the Raman
scattering cross-section scales as v + 1, which is accurate for harmonic oscillators.
This is not entirely accurate, however the effect of anharmonicity on the cross-section

is small, even for levels as high as v = 12 [37], justifying this approach.
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Returning to figure 3.7, it is notable that although the rotational structure of
vibrational bands due to individual ro-vibrational transitions is not resolved by the
present diagnostic, asymmetry within the vibrational bands can be observed as a
result of the shape of the rotational line envelope. This asymmetry is taken into ac-
count by fitting each vibrational band in the spectrum by a superposition of Gaussian
lineshapes, spectrally centered at each ro-vibrational transition wavelength. Since the
degree of asymmetry varies for each vibrational band, the number of Gaussian line-
shapes used was determined on a ’best least-squares fit’ basis. Figure 3.9 shows a
sample, Gaussian lineshape fitted spectrum taken 100 us after the start of the main
current pulse in nitrogen. It can be seen that, especially lower vibrational levels, the
vibrational bands are not fully resolved, and some overlap occurs in the fitting, which
introduces some uncertainty into the vibrational level populations inferred from the
integrated intensities of these bands. This is discussed in further detail shortly.

After the synthetic spectrum has been generated, the area under each vibrational
band is numerically integrated and divided by v + 1, to account for the scaling of the
Raman cross-sections used. These scaled intensities are then summed and normalized
to 1, yielding the relative populations of each vibrational level, or the vibrational

distribution function (VDF),

o= (3.8)

where N, represents the absolute population of level v, and N is the total Ny number
density.
The uncertainty in the Ny VDFs (i.e. relative populations of vibrational levels)

arising from uncertainty of the integrated intensities of the vibrational bands in the

45

www.manaraa.com



% 10" Fitted Spectra (100 ps)

5
4 s RaW Spectrum 1
Gaussian Fit
g I 4
=
s
z 2 aE
2 '|
c .
s ’;
£ L | 1l 1 4
! f : I f
A /] / l'-. f |
oL I T o, W 74", Y YA
i | 1 L ! 1 1 I
504 506 598 600 602 604 606 608

Wawelength (nm)

Figure 3.9: Sample spontaneous Raman spectrum in a nanosecond pulse discharge
in No (P=100 torr, 100 us after beginning of current pulse) shown together with
a synthetic spectrum (which is a superposition of individual Gaussian lineshapes).
From reference [36].

spontaneous Raman spectra (0A,) can be calculated as,

o Ay/(v+1)

Sf, A, 3.9
/ i (3.9)

where A, is the integrated area of vibrational level 'v’, and Ay is > A,. In general,
the uncertainty in the relative Ny vibrational level populations, df,/f, ranged from
0.1% to 10%. For low vibration levels (v = 0— 3), signal intensity was relatively high,
and fits used to calculate the areas under the vibrational bands tended to be quite
accurate, yielding uncertainties of §f,/f, & £0.1-1.5%. At higher vibrational levels

(v =4 —T7), signal intensity was lower (due to lower populations of these levels), and
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the fits became somewhat less accurate, with uncertainties of d§f,/f, =~ +0.5-3.0%.
At the highest vibrational levels measured (v = 8 — 12), the fits became significantly
less accurate, resulting in uncertainties of 6 f,/f, &~ +1.0-10.0%.

In addition to uncertainty in the Ny relative vibrational populations which arises
from uncertainty in the fit due to low signal-to-noise, additional uncertainty arises
due to the overlap of the vibrational bands in the fitting procedure (dA,—overiap;
since vibrational bands are not fully resolved). In general, lower vibrational bands
have more significant overlap, while higher vibrational bands were increasingly better
resolved. This represents a trend opposite to uncertainty arising from fitting, which
increases with vibrational quantum number. Additional overlap uncertainty ranges
from 0.1% to 7%. Taking into account both sources of uncertainty, the combined
uncertainty of the Ny vibrational level populations, §f,_ ot/ fo, ranges from 2% to
12%.

It should be noted that statistical uncertainty (i.e. precision) of the N5 vibrational
level populations is not analyzed here. This is because the repeated measurements
required for this type of analysis would require extremely long signal collection times,
since accumulating a single spectrum requires up to 3-4 hours.

An additional parameter, characterizing the vibrational energy loading per molecule,
is the average number of vibrational quanta per Ny molecule, which can be calculated

from the VDF as follows,

v=12

Q=> vf, (3.10)

Finally, "first-level’ Ny vibrational temperature (the slope of the vibrational distribu-

tion function at v = 0), can be inferred from the v = 0 and v = 1 vibrational level
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populations,
gvib
Tvoo=———""—/—"+
" (fozo/ fum)

where 0,;, is the characteristic vibrational temperature (see section 2.3) of nitrogen;

evib,Ng = We (1 -

(3.11)

2WeTe

) = 3353 K.
we

3.6 0-D Kinetic Model

A 0-D, 'master equation’ kinetic model was used to simulate the present experi-
mental results in nitrogen (although not in air) to study kinetic mechanisms which
control Ny vibrational energy level populations in the discharge and afterglow. This
model has been previously discussed in detail [36], and is therefore only briefly out-
lined here. In essence, the model incorporates key energy transfer processes in nitro-
gen and air nonequilibrium plasmas. These include vibrational and electronic excita-
tion, as well as dissociation of Ny and O, by electron impact, vibration-to-vibration
(V-V) energy exchange among Na, Oy, and NO molecules, vibration-to-translation
(V-T) energy relaxation, plasma chemical reactions of various air species in their
ground electronic states (N, Ny, O, Oq, O3, NO, NO,, and N,0O), as well as colli-
sional and radiative quenching of electronically excited species {Ny(A® "), No(B?II),
No(C°ID), Na(a' 32), Oa(alA), Oa(b' 32), Oa(c! 32), N(*D), N(*P), O('D), O('S)}.

A two-term expansion Boltzmann equation solver using experimental electron im-
pact cross sections, is used to predict the electron impact excitation rates as functions
of the reduced electric field, E/N [38, 39]. A set of ordinary differential equations
(‘master equation’) is used to predict time-dependent population of each vibrational

level of Ny in the ground electronic state:

dfy _

i (e=V)+(V-=V)+(V-=T)+ Dif fusion,v =0 —45 (3.12)
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Vibrational nonequilibrium of O, and NO is taken into account using the harmonic
oscillator approximation. For each of these species, vibrational nonequilibrium is
accounted for by using a single equation for the vibrational energy mode. Justification
for this approach is based on recent Ny and O, vibrational population measurements
in a nanosecond pulse discharge filament in air [37], which show significantly lower
vibrational disequilibrium in oxygen, compared to nitrogen. Two other processes
playing a key role in time-resolved vibrational level populations of the three major

diatomic species (N3, Oy and NO) are V-V energy exchange,
AB(v) + AB(w) 2 AB(v—1)+ AB(w +1) (3.13)
and V-T energy transfer (see section 2.3),
AB(v)+ M = AB(v—1)+ M (3.14)

In the present experiments, relatively low translational/rotational temperatures
are expected (/=300 K), resulting in domination of single-quantum processes. State-
specific V-V and V-T rates are taken from the literature ([40] and references therein).
Rate coefficients for chemical reactions among the ground electronic state species are
taken from the NIST Chemical Kinetics Database. The coupling of state-specific rates
of chemical reactions (such as Ny, O5 and NO dissociation and Zel’dovich mechanism
reactions) and vibrational nonequilibrium is accounted for using the approach of
Treanor, et al. [41]. Collisional quenching rates of excited electronic states, including
electronic-electronic (E-E) energy transfer as well as reactive quenching rates are
taken from the literature ([42] and references therein).

In the present work, a point-to-point (sphere-to-sphere) nanosecond pulse dis-
charge between two bare, copper electrodes is utilized. The reduced electric field and
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electron density in the plasma are inferred by the model from the experimental volt-
age and current waveforms, along with the filament diameter inferred from the ICCD
images (see figures 3.6 and 3.8). Cathode voltage fall, v., is estimated by solving a set
of parametric equations relating cathode voltage fall, and the discharge current den-
sity, assuming that a quasi-steady state, one-dimensional, abnormal glow discharge
develops between the electrodes during the main discharge pulse. These relations
can be found in reference [36, 25]. Modeling calculations are completed assuming
constant pressure conditions in the discharge volume. The filament cooling rate is
calculated from the characteristic diffusion time, which is in turn estimated based on

the filament radius and diffusion coeflicient.

3.7 VDF Measurements in Sphere-to-Sphere Nanosecond Pulse
Discharge

This section details the experimental results on Ny vibrational level populations
using spontaneous Raman scattering. Time-resolved experimental data for the vibra-
tional distribution function (VDF), first-level vibrational temperature, and average
number of vibrational quanta per N, molecule are presented in nitrogen and air. In
addition to the experimental results, the nitrogen discharge has been modeled by a
0-D, master equation kinetic model (see section 3.6). Time-resolved modeling results
for the reduced electric field, electron density, species mole fractions, energy loading
per molecule, VDFs, first-level vibrational temperature, translational /rotational tem-
perature and average number of quanta per Ny molecule are presented and compared

to experimental data in nitrogen. Modeling predictions in air have not been obtained.
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3.7.1 Results in Nitrogen

Results presented in this section are for nitrogen (99.998% pure) at P=100 torr
with initial temperature of ~300 K. Delay times (135 ns - 10 ms) are given with
respect to the leading edge of the primary current pulse (t=0). Highly nonequilibrium
conditions in the plasma filament were observed, with significant excitation of Ny
vibrations (up to v=12 observed). Energy coupled to the filament was ~19 mJ/pulse,
with 17 mJ coupled by the primary pulse and 2 mJ by the secondary pulse (see
figure 3.4).

Figure 3.10 is a zoomed version of figure 3.4, showing experimental pulse voltage,
current and coupled energy waveforms, which are used by the 0-D kinetic model to
infer pulse reduced electric field (E/N) and electron density (see figure 3.11).

Figure 3.11 shows time-resolved reduced electric field (E/N) and electron density
as calculated by the 0-D model from the experimental voltage and current waveforms,
and the discharge filament diameter (~2.3 mm FWHM from figure 3.8), as discussed
in section 3.6. As can be seen, the electric field peaks just before breakdown (t=0)
at ~275 Td. Electron density is predicted to reach ~ 4.5 - 10" cm=3.

Figure 3.12 plots model predicted mole fractions of N atoms and excited electronic
states of Ny. It can be seen that shortly after the pulse, No(A), Ny(a) and Ny(B) are
the dominant excited states, while only Ny(a) remains in significant quantities for up
to 100 us after the pulse.

Figure 3.14 shows the experimentally obtained, first-level vibrational temperature
(T,) and average number of vibrational quanta per Ny molecule. Although spon-
taneous Raman spectra could not be taken during the first 125 ns of the discharge

pulse (due to strong interference from plasma emission), it is clear that an initial rise
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Figure 3.10: Experimental pulse voltage, current and coupled energy waveforms
(P=100 torr, nitrogen). From reference [36].

in vibrational quanta occurs during the pulse. For a short duration after the end of
the primary discharge pulse (135 ns - 1 us) the average number of vibrational quanta
remains nearly constant. Following this, an apparent, secondary rise by ~70% occurs
from 1 ps to 10 ps. This appears to indicate that additional energy is loaded into Ny
vibrations after the discharge pulse. However, it may be possible that this apparent
rise is due to the expansion of the discharge filament, which becomes significant on
this timescale, coupled with some lateral movement of the filament shot-to-shot. Fig-
ure 3.13 shows ICCD images taken in a nanosecond pulse plasma, sustained between

two spherical electrodes in air for 200 ns (left), 300 ns (middle) and 400 ns (right)
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Figure 3.11: Pulse reduced electric field (E/N) and electron density profiles, inferred
from the waveforms in figure 3.10 with 0-D kinetic model (P=100 torr, nitrogen).
From reference [36].
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Figure 3.12: N-atom and excited electronic state species mole fractions predicted by
the 0-D kinetic model (P=100 torr, nitrogen). From reference [36].
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after the secondary discharge pulse. 30-shot averaging is used for all images. It can

be observed that the filament expands significantly over this time period.

Figure 3.13: ICCD images of nanosecond pulse plasma sustained between two spheri-
cal electrodes in air (P=100 torr) for 200 ns (left), 300 ns (middle) and 400 ns (right)
after the secondary discharge pulse illustrating filament expansion with time. The
images are averaged over 30 discharge pulses

Recall that Raman spectra are obtained from a 2.75 mm long line across the
filament diameter in the longitudinal direction (direction of laser beam travel, see
figure 3.3). However, in the lateral direction (perpendicular to the laser beam), the
volume probed by the laser is only ~60 pm diameter (beam waist). Initially, the
filament diameter is relatively small (=2.3 mm FWHM). If the filament moves later-
ally, even slightly (<.1 mm), the laser beam may probe the peripheral region of the
plasma, which is not as strongly excited. Because of this effect, the average number
of vibrational quanta per Ny molecule measured would appear to be somewhat lower
than the value on the filament centerline. However, as the filament expands radially

outward later in time (on the order of microseconds), this effect would become less
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significant, as the laser beam would more consistently probe a region of the plasma
that is closer to the centerline (i.e. more excited, nonequilibrium region). As a result,
an apparent rise in vibrational quanta at this time would appear, as is seen in the
data. This phenomenon, analyzed in more detail in section 3.7.3, appears to be con-
sistent with similar measurements conducted in a sphere-to-sphere, nanosecond pulse
filament discharge by Montello, et al. [13] using the same high voltage pulse genera-
tor. In their experiment, Coherent Anti-Stokes Raman Scattering (CARS) was used
to measure Ny vibrational level populations at conditions similar to the present work.
An even greater increase in vibrational quanta per Ny molecule after the discharge
was observed in their case (as much as 90% in nitrogen). Since the plasma volume
in CARS is much smaller than at the present conditions, ~0.5 mm x 100 pum [13],
the effect of plasma filament radial expansion would be even stronger. Furthermore,
since CARS collects the signal over a much shorter region in the direction of the laser
beam, longitudinal movement of the filament would effect the CARS measurement
as well, perhaps even to a larger degree. In the spontaneous Raman scattering study
presented here, the signal is inherently averaged in the longitudinal direction (over a
2.75 mm line), and therefore a lesser overall affect of the plasma filament expansion
is observed (only due to filament expansion in the lateral direction).

From figure 3.14, it can be seen that the first-level Ny vibrational temperature after
the pulse reaches a plateau (at 200-800 ns) before rising steadily from 1 us to ~20
s, when it peaks at ~4200 K. The vibrational temperature then steadily decreases,
eventually approaching near-equilibrium conditions. This behavior is analyzed in

more detail in the discussion related to figure 3.16.
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Figure 3.14: N, first level vibrational temperature and average number of vibrational
quanta per Ny molecule in a nanosecond pulse discharge and afterglow in nitrogen
(P=100 torr).

Recalling figure 3.11, it can be seen that for the portion of the discharge pulse
from 25 ns to 100 ns, the reduced electric field (E/N) is on the order of 100 Td. This
corresponds to a timescale when a significant fraction of the discharge input energy
is expected to be loaded into the Ny vibrational mode by electron impact (~50%
at E/N = 100 Td). Discharge energy loading per molecule and energy loaded into
nitrogen vibrations, as predicted by the model, are shown in figure 3.15. The model
predicts approximately 32% (240 meV /molecule) of the total coupled energy (740
meV /molecule) to be loaded into the N, vibrational mode. Also shown is the com-
parison between model and experimental number of average vibrational quanta per
Ns molecule. After an initial rise during the discharge pulse, the model predicts the

number of vibrational quanta to remain essentially constant from t~100 ns - 100 us.



This prediction stems from the fact that the total number of quanta in the Ny vibra-
tional mode is conserved during V-V exchange among nitrogen molecules. Thus, if
the effect of the secondary rise of the number of quanta is due to expansion/movement
of the plasma filament, the model would not be able to reproduce it. The decay of the
number of quanta per Ny molecule is reproduced by the model, since it includes V-T
relaxation and radial diffusion, both of which reduce the average number of quanta.
However, peak number of vibrational quanta per Ny molecule (at 10-100 ps) is un-
derpredicted by the model by ~40%. Following this, the model predicts that the
number of vibrational quanta decays back to near-equilibrium conditions on the scale

of several milliseconds, due to radial diffusion.
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Figure 3.15: Discharge energy loading per molecule, energy into N, vibra-
tions and number of vibrational quanta per N, molecule predicted by the 0-D
kinetic model and compared with experimental data in a nanosecond pulse discharge
in nitrogen (P=100 torr). From reference [36].



Figure 3.16 shows a comparison between the experimental and model predicted
first-level N, vibrational temperature, along with the predicted rotational/translational
temperature. As is shown, the vibrational temperature rise immediately following the
discharge pulse, along with its subsequent decay is predicted fairly well by the model.
However, the model underestimates both the absolute rise (i.e. peak temperature
value), as well as the rate of vibrational temperature rise for the first 220 us after the
discharge pulse. However, the qualitative trend is captured reasonably well, which
suggests that the observed Ng vibrational temperature rise after the pulse is largely
due to V-V exchange among Ny molecules (see figures 3.20-3.22 and surrounding

discussion).
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Figure 3.16: Comparison between experimental and predicted Ny first level vibrational
temperature, with model prediction for translational/rotational temperature (P=100
torr, nitrogen). From reference [36].



Figures 3.17-3.19 show the experimentally extracted No VDFs in a nanosecond
pulse discharge in nitrogen for 135-635 ns, 1-10 ps, and 20 ps-10 ms time delays,
respectively. Figure 3.17 shows results for the time regime immediately following
the primary discharge pulse (135-635 ns). This corresponds to the plateau region in
figure 3.14. Here it can be seen that the distributions are nearly on top of each other,

and there is little change in the vibrational populations at this stage.

Relative
population
1.0E+00 ﬁ
E ©135ns
O0225ns
8] A625ns
1.0e-01 ¢
. o
1.0E-02 ¢
1.0E-03
1.0E-04 ; L L ; ! L L ; ; |
0 1 2 3 4 5 6 7 8 9 10 11 12
Vibrational quantum number

Figure 3.17: Experimental N, vibrational level populations for time delays ranging
from 135 ns to 635 ns after the beginning of the discharge pulse (P=100 torr, nitrogen).

Figure 3.18 shows the No VDF's for time delays from 1 ps to 10 ps, which represents
the stage with vibrational temperature rise and apparent secondary rise in the number
of average vibrational quanta per No molecule in figure 3.14. At this point, the VDFs

begin to show a rise in the populations of the higher vibrational levels.
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Figure 3.18: Experimental N, vibrational level populations for time delays ranging
from 1 ps to 10 ps after the beginning of the discharge pulse (P=100 torr, nitrogen).

Figure 3.19 plots the time delays from 20 ps-10 ms, which represents the stage
when T, and Q peak and then decay in figure 3.14. At this stage, radial diffusion
begins to dominate, such that gradual decay to near equilibrium can be observed.

Figures 3.20-3.22 compare the experimental results shown in figures 3.17-3.19 with
the modeling predictions for the VDFs. In figure 3.20, it can be seen that the model
predicts the initial vibrational energy distribution, which is created by electron impact
during the discharge pulse, fairly well, although somewhat overpredicting vibrational
level populations v > 2.

Figure 3.21 shows the results for the ¢ =1 to 10 us range. Here, the model does
not reproduce the apparent continuous rise of the v=2-12 vibrational level popula-
tions. Rather, a gradual redistribution of these vibrational level populations by V-V

exchange is predicted. Underprediction of v > 9 by the model is expected because
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Figure 3.19: Experimental Ny vibrational level populations for time delays ranging
from 20 ps to 10 ms after the beginning of the discharge pulse (P=100 torr, nitrogen).
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Figure 3.20: Comparison of experimental and 0-D model predicted N, vibrational
level populations for time delays of 135 ns-635 ns after the beginning of the discharge
pulse in nitrogen(P=100 torr). From reference [36].

61



it only incorporates electron impact vibrational excitation processes for v = 0 — 8,
for which experimental cross sections are available. However, it is also apparent that
the rise in v = 2 — 12 populations is not reproduced. As discussed previously, this
may be caused, to some extent, by the expansion and lateral movement of the plasma
filament (see discussion related to figure 3.14). At this stage, the model predicts that
the VDF becomes closer to a Treanor distribution, due to the V-V energy transfer

process,

Ny(v = 0) + Nao(w) = No(v =1) + Na(w — 1) (3.15)

which results in ”downward” flow of vibrational quanta. This process is also respon-
sible for the rise in the first-level Ny vibrational temperature which occurs during the
1 ps to 20 ps time regime (see figure 3.14), although the total number of vibrational
quanta per Ny molecule predicted by the model remains the same. This effect is
evident in figure 3.16, although it is even more pronounced in the experimental data
due to the apparent rise in vibrational quanta per molecule as discussed above.

Finally, figure 3.22 compares the experimental and predicted VDFs during the
relaxation to near equilibrium (50 us-10 ms after the pulse). It can be seen that
the model captures the qualitative relaxation trend well, however, the relaxation
rate is significantly overpredicted. This may be due to the fact that, in the modeling
calculations, the VDF begins relaxation from significantly lower peak vibrational level
populations than in the experiment.

Figures 3.23 and 3.24 provide additional illustration of these vibrational distribu-
tion function trends over time by plotting the populations of select vibrational levels
vs. time. Figure 3.23 shows only the experimental data, while figure 3.24 shows

a comparison between the model-predicted values and the experiment. From these

62

www.manaraa.com



Relative population

10°
e ® 90 )] usec
® ® ®2] usec
g ® ® 85 usec
10- o e 0 101 usec

10°

10°

0 2 4 6 8 10 12
Vibrational quantum number

Figure 3.21: Comparison of experimental and 0-D model predicted Ny vibrational
level populations for time delays of 1 ps-10 us after the beginning of the discharge
pulse in nitrogen (P=100 torr). From reference [36].
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Figure 3.22: Comparison of experimental and 0-D model predicted Ny vibrational
level populations for time delays of 50 ps-10 ms after the beginning of the discharge
pulse in nitrogen (P=100 torr). From reference [36].
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figures, it can be clearly seen that experimental vibrational levels v=1-4 exhibit sig-
nificant population increase from t=1-10 ps. This is consistent with the apparent
rise in the number of vibrational quanta per molecule at this time. Following this,
vibrational populations at levels v > 2 remain relatively constant until ~20 ps. At
this point, populations of vibrational levels v > 10 begin to relax (primarily due to
V-V exchange; see eqn. 3.15). Populations of lower levels also begin to decay since ra-
dial diffusion begins to dominate all vibrational level populations (v=2-12), reducing

them towards near equilibrium conditions.
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Figure 3.23: Time-resolved Ny vibrational level populations for all vibrational levels
observed in the present experiments (v =0 — 12, P=100 torr, nitrogen).
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Figure 3.24: Experimental and 0-D model predicted comparison of time-resolved
N, vibrational level populations for select observed vibrational levels (P=100 torr,
nitrogen). From reference [36].

3.7.2 Results in Air

The experimental data presented in this section are taken in a nanosecond pulse
discharge sustained in "vehicle emission zero” (low hydrocarbon content), air at
P=100 torr with initial temperature of ~300 K. Data are taken at delay times from 200
ns to 5 ms with respect to the leading edge of the primary current pulse (t=0). Sim-
ilar to nitrogen plasma, highly nonequilibrium conditions in the air plasma filament
were observed, with significant excitation of the Ny vibrational mode (vibrational
level populations up to v=11 observed). Energy coupled to the filament was ~14
mJ/pulse, with 12.5 mJ coupled by the primary pulse and 1.5 mJ by the secondary
(see figure 3.5).

Figure 3.25 shows experimentally obtained, *first-level’ N, vibrational temperature

(Tyo1) and average number of vibrational quanta per Ny molecule. Similar to the
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nitrogen results, an initial rise in average number of vibrational quanta during the
pulse occurs. However, at this point, the trend for the number of average quanta
per molecule begins to differ from that of nitrogen. Following the primary pulse
(200 ns - 1 ps), instead of remaining steady, as occurs in nitrogen, the number of
vibrational quanta per Ny molecule continues to steadily rise. There is perhaps a
brief period of time, from 1-2 us, when the number of quanta per molecule remains
steady, however more data would need to be collected during this time range to
confirm this. Following this, an apparent, secondary rise appears from 2 us to 10 us.
This, once again, may be due to the expansion of the filament coupled with some,
pulse-to-pulse lateral movement of the filament (see explanation in section 3.7.1). It
is notable, however, that the apparent secondary rise in the number of vibrational
quanta is less pronounced than in nitrogen (=30% in air as opposed to ==70% in
Ny). This trend is similar to the one detected in CARS measurements in a ns pulse
discharge at similar conditions by Montello, et al. [13], where Ny quanta increase in
nitrogen on this timescale was measured to be ~85%, while an increase of only ~45%
was observed in air at otherwise similar conditions. Direct comparison between the
number of vibrational quanta per molecule in nitrogen and air is shown in figure 3.26.

The ’first-level’ Ny vibrational temperature follows a similar trend to nitrogen; it
remains nearly constant from 200 ns to 1 s, followed by a steady increase between
1-100 ps, and subsequent decay to near equilibrium. It is notable that the absolute
rise in the vibrational temperature from 1 to 100 us after the discharge pulse is
significantly less pronounced than in nitrogen, and also that the rise continues over
a longer period of time (an additional ~60 us compared to nitrogen). This suggests

a significant effect of V-T relaxation by O atoms, which limits peak Ny vibrational
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temperature in the afterglow. Direct comparison between Ty, measured in nitrogen

and air is shown in figure 3.26.
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Figure 3.25: Ny first level vibrational temperature and average number of vibrational
quanta per Ny molecule in a nanosecond pulse discharge in air (P=100 torr).

Figures 3.27 and 3.28 show the N, VDFs inferred from experimental Raman scat-
tering spectra at 200 ns-5 ps and 10 ps-5 ms, respectively. Figure 3.27 shows VDFs
for the time period immediately following the primary discharge pulse (1 = 200 ns)
through the moment where the average number of vibrational quanta per Ny molecule
peaks (t = 5 pus; see figure 3.25). During this stage, it can be observed that v =1—9
vibrational level populations appear to rise slightly. On this time scale, it is almost
certain that V-V exchange processes, conserving vibrational quanta, dominate vibra-
tional energy transfer.

Figure 3.28 shows the VDF's obtained from 10 ps to 5 ms after the discharge pulse,
where the average number of vibrational quanta per molecule begins to decrease (see
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Figure 3.26: Comparison of Ny first level vibrational temperature and average vibra-
tional quanta per Ny molecule between nitrogen and air nanosecond pulse discharges

(P=100 torr).
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Figure 3.27: Experimental Ny vibrational level populations for time delays of 200 ns
to 5 ps after the beginning of the discharge pulse in air (P=100 torr).
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figure 3.25). It can be observed here that all excited vibrational levels, with the
exception of v=1, which continues to rise until ~100 ps due to ’downward’ V-V
exchange (see equation 3.15), begin to decay, likely due to V-T relaxation of Ny by
O atoms. Eventually, higher vibrational level populations become undetectable with

the current diagnostic. Vibrational levels up to v=11 were detected in air (at £ = 10

s).
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Figure 3.28: Experimental Ny vibrational level populations for time delays of 10 us
to 5 ms after the beginning of the discharge pulse in air (P=100 torr).

Figure 3.29 provides an additional perspective of vibrational level population
change over time by plotting the populations of select vibrational levels vs. time.
From this figure, it can be clearly seen that vibrational levels v=1-6 show moderate
population increase from 1 to 10 ps. This is consistent with the apparent, secondary
rise in number of vibrational quanta per N, molecule at this time. Following this,
populations of vibrational levels v > 2 remain relatively constant until ~20 pus. At
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this point, moderate and higher vibrational levels (v > 3) begin to relax (primarily by
V-V exchange, see eqn. 3.15). Subsequently lower level populations begin to decay,
until V-T relaxation of Ny by O atoms and radial diffusion become dominant and pop-
ulations of all detected levels (v=2-12) are reduced quickly towards near equilibrium

conditions (starting around 100 us).
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Figure 3.29: Time-resolved Ny vibrational level populations for all observed vibra-
tional levels in a nanosecond pulse discharge in air (P=100 torr).

3.7.3 Preliminary Spatially-Resolved Measurements

In order to determine how significant of an effect the plasma filament expansion
has on the number of vibrational quanta per Ny molecule and first-level Ny vibrational
temperature measurements, additional time-resolved spontaneous Raman spectra, for
different sized signal collection regions in the plasma, were collected. The signal

collection region size was controlled by limiting the vertical region-of-interest (ROI)
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on the ICCD camera. By reducing the size of this ROI vertically, scattering signal
from an effectively shorter portion of the focused laser line is collected by the camera.
Two ROIs, corresponding to a 2.75 mm long region along the laser beam (ROIT 1,
105 camera pixels; same as previously presented data in sections 3.7.1, 3.7.2) and a
1.75 mm long region along the laser beam (ROI 2, 65 camera pixels) were collected
for select time delays after the discharge pulse. The resulting number of vibrational
quanta per Ny molecule and first-level Ny vibrational temperatures are compared in
figure 3.30, where ROI 1 is shown in red, and ROI 2 in blue.

Comparing the number of vibrational quanta per Ny molecule (circles in fig-
ure 3.30), it can be observed that initially (¢ < 2 ps) the smaller ROI (ROI 2) results
in a slightly higher value. However, after this time, once the filament has begun to
significantly expand, the number of quanta measured using ROI 1 becomes higher.
This supports the interpretation given in section 3.7.1 that the coupling of small
lateral movement of the filament with filament expansion is at least partially respon-
sible for the apparent secondary rise in number of vibrational quanta per molecule
observed in the data, when in reality the initial rise in the number of quanta (during
the discharge pulse; ¢ <150 ns) is underestimated. In the case of the smaller ROI
(ROI 2), the data are collected initially within the more strongly excited, near-axis
portion of the plasma filament compared to the larger ROI (ROI 1), resulting in a
higher number of quanta per molcule. However, as the filament expands, the smaller
ROI actually detects a smaller portion of the more intensely excited regions of the
plasma, resulting in a lower measured number of vibrational quanta per Ny molecule.

Comparing the first-level vibrational temperatures for the two ROIs in figure 3.30,

it can be observed that there is relatively little difference (<7%) at short time delays
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Figure 3.30: N, first level vibrational temperature and number of vibrational quanta
per No molecule for two different Raman scattering signal collection volumes, or
regions of interest (ROI) in a nanosecond pulse discharge in nitrogen (P=65 torr,
nitrogen). ROI 1=2.75 mm region (105 camera pixels, used in all previous data).
ROI 2=1.75 mm region (65 camera pixels).

after the pulse (¢ <5 us), but as filament expansion becomes a prevalent factor, the
smaller ROI shows a significantly higher vibrational temperature (up to ~35%). It is
likely that with the larger ROI (ROI 1), a larger portion of the more highly excited
region of the plasma is captured during filament expansion. This more highly excited
region would have more highly populated v > 2 levels, and less populated v=0 and
v=1 levels (which control first-level vibrational temperature). Thus, a lower Ty
would be measured, on average, for ROI 1 compared to the smaller ROI 2. Clearly,
spatially-resolved measurements across the filament, particularly at time delays when

filament expansion is prevalent (¢ >2 us) are needed to draw more definite conclusions.
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Chapter 4: Development of Triple-Grating Spectrometer

Thomson Scattering Instrument

This chapter details the development of the triple-grating spectrometer used in
the Thomson scattering experiments that are presented in chapter 5. The chapter
begins with a summary of the motivation for using a triple-grating spectrometer
instrument for the Thomson scattering technique (section 4.1). This is followed by
a brief overview of Thomson scattering theory (section 4.2), as well as a comparison
between the Thomson and Rayleigh scattering profiles (section 4.3). Next, the design
and implementation of the triple-grating spectrometer used in the work in chapter 5
is summarized (section 4.4). The chapter concludes with a brief discussion of laser
probe energy considerations that were taken into account for the Thomson scattering

experiments (section 4.5).

4.1 Motivation

4.1.1 Experimental Issues

As discussed in chapter 1, the Thomson scattering technique provides a non-

intrusive method to measure both spatially and temporally resolved electron density,
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electron temperature and energy distribution in nonequilibrium plasmas. These pa-
rameters and their behavior in these environments are of vital importance for under-
standing the fundamental kinetic processes that dominate these plasmas in various
applications (e.g. plasma flow control, plasma assisted combustion, etc.). Insight into
these kinetics can be obtained using a combined effort of measuring them experimen-
tally and comparing the results with kinetic modeling predictions.

Thomson scattering has a number of advantages compared to Langmuir probes
and microwave interferometry due to its non-intrusive nature and ability to measure
electron temperature and energy distribution. However, Thomson scattering also
has some disadvantages. Most importantly, it has inherently, very weak scattering

intensity, which makes it susceptible to several key sources of interference.
4.1.2 Sources of Interference

The most important source of interference in Thomson scattering is other quasi-
elastic scattering signal, such as, Rayleigh scattering, which is the quasi-elastic scat-
tering of light from neutral species. Since neutral species number densities in nonequi-
librium plasmas are several orders of magnitude higher than those of charged species
(Thomson scattering species), Rayleigh scattering presents a significant problem to
Thomson scattering data collection. This is discussed in more detail in section 4.3.

Other significant interference sources include stray light and plasma emission.
Stray light is often generated from incidental surface scattering, and even very small
amounts can significantly impact Thomson scattering signal data collection. Plasma

emission, generated primarily due to spontaneous emission from excited electronic
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states of atoms and molecules in the plasma, is often very intense during and af-
ter the pulse in nanosecond pulse plasmas, contributing significantly to interference.
The approaches utilized to resolve these problems are discussed in more detail in
sections 4.4 and 5.2, respectively.

One final consideration when taking Thomson scattering measurements is the
potential for laser-induced (or optical) breakdown to occur. When focusing a high
energy, short-duration, pulsed laser beam, if the laser peak power density and gas
pressure are sufficiently high, the electromagnetic wave (i.e. the laser beam) can
cause an electron avalanche to form, and subsequent breakdown of the gas, thus
producing an extra influx of free-electrons and ions at the measurement region within
the larger nanosecond pulsed plasma. If this occurs, the measurement technique is
no longer non-intrusive, and electron density and temperature measurements would
be strongly effected. Thus it is important to avoid this phenomena when performing

Thomson scattering. This is discussed in more detail in section 4.5.

4.2 Thomson Scattering Overview

Thomson scattering is the quasi-elastic scattering of light by free charged particles
(i.e. ions and electrons). For an overview of general scattering theory, which is based
on density gradients in the scattering volume, see section 3.1. Since ions are much
heavier than electrons, their contribution to the Thomson scattering signal is usually
negligible, and only the contribution from free electrons is of importance. Though
Thomson scattering has a relatively large cross section (/100 times larger compared
to that of Rayleigh scattering depending on the species), due to much higher electron

velocities, there are relatively few free electrons in a plasma (i.e. low electron number
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density), resulting in a very weak overall scattering intensity. As a result of this,
as well as difficulties from interference sources such as Rayleigh scattering, plasma
emission and stray light, Thomson scattering experiments are generally limited to
plasmas with reasonably high electron number densities and temperatures (n, =103
cm 3, T, ~10-100s of eV), although some researchers have measured electron densities
as low as 10'% cm™® [19].

Thomson scattering theory has been detailed elsewhere in the literature [43, 44],
and will therefore be only summarized here. The differential Thomson scattering

cross section for linearly polarized photons can be expressed as [24],

do (6_2)2 (1 — cos’p) =12 (1 — cos’o) (4.1)

aQ Amegmecl

where € is the permittivity in vacuum, ¢ is the scattering angle, or the angle between
the incident light wave vector and the scattered light wave vector, and r, is the electron
radius (r,=2.818x107'® m). The differential cross section can be integrated over the

full solid angle to obtain the integrated Thomson scattering cross section,

8
or = gmnz = 6.65 x 107*°cm? (4.2)

which is notably independent of incident radiation wavelength (unlike Rayleigh and
Raman scattering cross sections).

Figure 4.1 shows the wave vector diagram for the Thomson scattering process
induced by a coherent laser beam. The wave vector of the incident radiation is given
by ko, the wave vector of the scattered light by k,, and the differential scattering
wave vector by k, with

k =k, — ko (4.3)
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If it is assumed that the scattered radiation has the same wavelength as the incident
light (i.e. scattering is fully elastic), the magnitude of the differential scattering wave

vector is given by [24],

k| =k = 2|kg|sin (g) = %sin (g) (4.4)

where  is the scattering angle, and A is the wavelength of the incident radiation.

Observation

Laser

Figure 4.1: Thomson scattering wave vector diagram. Kg is the incident laser radiation
vector, K, is the scattered light wave vector, and k is the differential scattering wave
vector. From reference [24].

In general, individual contributions to the scattering intensity from every free
electron and ion in the scattering volume should be added coherently to obtain the
full scattering signal intensity. This requires obtaining information on the relative
phases of each contributing electron and ion, in addition to the amplitude. How-

ever, in low electron density plasmas, where the incident photon wavelength is much

77



shorter than the effective distance between free electrons, the phases of the contribu-
tions are uncorrelated, and electrons and ions can be essentially viewed as individual,
randomly distributed particles. This limit is called incoherent Thomson scattering,

and is characterized by the dimensionless Salpeter parameter [45],
a=-— (4.5)

where k is the magnitude of the scattering wave vector, and Ap is the Debye length
(eqn. 1.1).

When a < 1 (which is true for n, < 10'® cm™3), free charged species do not
significantly affect each other (i.e. Coulomb interactions are negligible), and the
total scattering intensity is simply the sum of the intensities from each scatterer. In
addition, due to a much smaller cross section for scattering by ions at these number
densities, ionic contributions can be ignored and only scattering from free electrons
is of importance. Ion and electron contributions to the Thomson scattering intensity
are plotted vs. « in figure 4.2. In all experiments presented in chapter 5, o < 1 (max
value a = 0.08), such that Thomson scattering is incoherent, and ion contributions
are negligible.

In the limit of & — 0, the Thomson scattering lineshape reduces to a Gaussian

lineshape, which is a function of the Maxwellian velocity distribution for the electrons

(),
50 = (5 ) £ (46)

with,

3 2
fe(v) = ( e ) 47v? exp [— ;Z:;] (4.7)
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Figure 4.2: Electron and ion relative contributions to Thomson scattering intensity
as functions of o parameter. From reference [24].

As « increases, the velocity distribution becomes increasingly non-Maxwellian,
and eventually side-bands appear in the scattering spectrum, which are the result of
fluctuations in charge density within the scattering volume. When the effective length
for these fluctuations becomes short compared to the scattering wave vector, which
occurs at high electron densities, the side-bands are formed. These are analogous to
Brillouin scattering side-bands, which arise from density fluctuations propagating as
acoustic waves in environments without charged particles. To illustrate what this ef-
fect does to the Thomson scattering lineshape, the Salpeter spectral function (I'y(2)),
which is essentially equivalent to the Thomson lineshape, is plotted for different a
values in figure 4.3 [45]. Side band formation, as the value of a increases, is apparent.
The deviation of the electron velocity distribution from Maxwellian is studied and

discussed in more detail when the Thomson scattering data reduction procedure for
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inferring the electron energy distribution function (EEDF) is presented (chapter 5,

section 5.5).

10 T 1.1 —r T T—rrr 1 17 L L L

Figure 4.3: Salpeter Spectral function I',(z) for a=0, 0.5, 1, 2, 3, 3.5, 4 (values of «
are indicated in the plot). From reference [45].

4.3 Comparison of Thomson and Rayleigh Scattering Pro-
files

As mentioned previously, Rayleigh and Thomson scattering are both quasi-elastic

scattering processes, and therefore interfere with one another. Scattering intensity in

d
both cases is proportional to the differential scattering cross section (d—;) and the
number density of the scatterers (V).
do
I oc—N 4.8
) (4.8)

Rayleigh scattering has a cross section =2 orders of magnitude (depending on the
species) smaller than that of Thomson scattering. However, there are several orders
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of magnitude more neutral species than free electrons in a nonequilibrium plasma.
Depending on the type of plasma (DC, AC, RF, MW, ns-pulse), pressure and dis-
charge power, ionization fractions in nonequilibrium plasmas range from ~10~% to
10~* [25]. The net result is that Rayleigh scattering signal intensity is usually 2-4
orders of magnitude stronger than Thomson scattering. However, analysis of the
lineshapes yields another important aspect.

As a result of their quasi-elastic nature, at low number density conditions (where
pressure broadening is not a significant factor), such as studied in this work, both
Rayleigh and incoherent Thomson scattering only produce a wavelength shift in the
scattered photon due to the Doppler effect (Doppler broadening). The full-width at

half-maximum (FWHM) for Doppler broadening is given as [46],

2%k5TIn(2)

e (4.9)

AVD = 2V0

where 14 is the incident radiation frequency, T' is the translational temperature of
the particles of interest, and m is the mass of the particles of interest. The two key
variables to take note of here are temperature (7') and particle mass (m). As dis-
cussed in section 2.1, in nonequilibrium plasmas, electron temperature is much higher
compared to that of neutral species temperature (usually by ~2 orders of magnitude).
Also, the electron mass is ~5 orders of magnitude lighter than that of neutral species.
Both of these factors contribute to a much wider spectral profile for Thomson scat-
tering compared to Rayligh scattering, with the net difference in linewidth being a
factor of ~200-1000. Figure 4.4 shows a synthetic spectra comparison of the line-
shapes for Rayleigh scattering of Ny at 300 K and 100 torr, and Thomson scattering

for n,=10" ¢cm™3 and T,=1 eV (typical experimental conditions for data presented
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in chapter 5). The Rayleigh intensity is divided by a factor of 5000,

significant advantage in intensity strength compared to Thomson.
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Figure 4.4: Comparison of synthetic spectra for Rayleigh (N5, 100 torr, 300 K) and

Thomson (n,=10" em 2, T,=1 eV) scattering.

It is clear that in order to collect Thomson scattering spectra at these conditions,

the Rayleigh scattering will need to be filtered out in some manner. As discussed

in chapter 1, two methods are often employed, namely selective absorption filtering

and spectral masking. The latter method is used in the experiments presented in

chapter 5 and is discussed in more detail in section 4.4.

4.4 Triple-Grating Spectrometer Instrument Design and Im-
plementation

A schematic diagram of the triple grating spectrometer is shown in figure 4.5.

The spectrometer design was modeled after a similar device used at Ruhr-University
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Bochum, in Germany [19]. The triple grating spectrometer is designed to collect
Thomson spectra, while effectively masking Rayleigh scattering signal and mitigating
stray light. The spectrometer utilizes two, vertical, micrometer-controlled slits, three
identical blazed holographic, plane diffraction gratings (1800 gr/mm, 400 nm blaze),
six identical achromatic doublet lenses (D = 63 mm, f = 400 mm), one 27, silver-
protected turning mirror, and one custom-machined, stainless steel spectral mask.
The achromatic doublet lenses were chosen to mitigate chromatic aberration losses.
The gratings have ~40% efficiency for horizontally polarized light at 532 nm (used
for Thomson experiments presented in chapter 5). The groove density was chosen as
a balance between spectral resolution and linear dispersion (=1 mm/nm). Functional
and theoretical information about gratings and their use in spectroscopy can be found
in reference [47].

The spectrometer functions as follows. A focused, vertical image of collected scat-
tering signal enters the spectrometer through the vertical entrance slit shown in the
top-left corner of the schematic. The focused image then expands, and is collimated
with an achromatic lens. The image from the slit is then diffracted by the first grating
at an incident angle of a;=14.72° and a resulting diffraction angle of 5;=44.72°. This
produces a spectrum propagating at 30° from the incident light direction. Another
achromatic lens is then used to focus the spectrum. During focusing, the spectrum is
turned by 150° with a silver-protected mirror. At the focal point, a focused spectrum,
with both Rayleigh and Thomson scattering signals overlapping one another is real-
ized. As discussed in section 4.3, the Rayleigh scattering signal is much more intense,
but also much more spectrally narrow than the Thomson scattering signal (see fig-

ure 4.4). In order to filter out the Rayleigh signal, a spectral mask is utilized, placed
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Figure 4.5: Triple-grating spectrometer schematic diagram. From reference [48].

84



at the focal point. This mask is custom machined out of stainless steel, and has a 1
mm wide, solid strip in the center, surrounded by two rectangular apertures on either
side. The mask functions by physically blocking the central portion of the focused
scattering spectrum at this location. Thus, when the mask is properly aligned, it
effectively blocks the entire Rayleigh scattering signal, as well as the central portion
of the Thomson scattering signal, while allowing the 'wings’ of the spectrally wider
Thomson scattering signal to propagate through the mask. An illustration of this is

shown in figure 4.6, where the mask has been made partially transparent.

- Rayleigh Spectra

Thomson Spectra

Figure 4.6: Diagram showing the effect of a stainless steel spectral mask on the
scattering spectrum through the triple-grating spectrometer.

The remaining Thomson signal, which has passed through the spectral mask, is
then re-collimated by another achromatic lens and is subsequently incident upon the
second grating (see top-right corner of figure 4.5). This grating is set up (angled) in a
‘subtractive’ mode, so as to recompress the previously dispersed spectrum back into an
image. This image is then focused down, with another achromatic lens, onto a second
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vertical slit. The entire spectrometer volume beyond the second slit is partitioned off
from the rest of the spectrometer, as shown in figure 4.5. The combination of the
second slit and partition acts as an excellent stray light rejector for any light that may
have scattered off of surfaces. From this juncture, the rest of the device functions like
a conventional, single-grating spectrometer. The image is collimated with another
achromatic lens before striking the third grating, which disperses the image back into
a spectrum once more. This spectrum is then focused down, with a final achromatic
lens, onto a detector. In the experiments presented in chapter 5, the detector used is
a PI-MAX 3 ICCD camera.

A sample Thomson scattering spectrum, as collected by the triple-grating spec-
trometer just described, is shown in figure 4.7 for a nanosecond pulse helium discharge,
sustained between two spherical, copper electrodes at a pressure of 200 torr. As can
be observed in the figure, the central portion of the Thomson scattering spectrum
is missing, as a result of the spectral masking procedure described previously. The
sensitivity of the diagnostic allows for collection of Thomson spectra, with S/N > 2,
down to electron densities of n, ~1x10'2 cm™3. Sensitivity could be improved by

utilizing higher efficiency gratings or a higher quantum efficiency ICCD camera at

the incident wavelength of interest.
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Figure 4.7: Sample Thomson scattering spectrum collected by the triple-grating spec-
trometer with a stainless steel mask in a nanosecond pulse discharge in helium (P=200
torr).

4.5 Laser Energy Considerations

As mentioned in section 4.1, when collecting Thomson scattering spectra pro-
duced using a high-energy pulsed laser, there is potential for optical (laser-induced)
breakdown to occur at the focal point. This phenomenon is a result of the strong
electromagnetic field of the high energy laser beam causing an electron avalanche at or
near the focal point, which results in significant ionization and eventually breakdown.
Optical breakdown occurs more readily at higher pressures. If this occurs within the
controlled plasma environment between the electrodes of an experiment, the laser
is no longer non-intrusive, and can significantly effect the electron density and tem-
perature in the discharge. With the present diagnostic, laser energies exceeding 700

mJ /pulse consistently cause visible optical breakdown at pressures exceeding 100 torr
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in nitrogen, air, or helium. In the present experiments, laser pulse energy of less than
600 mJ/pulse was used in all cases. To ensure that optical breakdown is not an issue in
the present Thomson scattering measurements, a brief study was conducted, with the
diagnostic setup presented in section 4.4, observing the effect of varying laser energy
on the extracted Thomson scattering data (electron density, electron temperature and

electron energy distribution function). Ideally, no variation should occur, and only

measured electron density and electron temperature inferred from Thomson scatter-
ing spectra gathered at P=200 torr in helium in a sphere-to-sphere, nanosecond pulse
discharge, for laser energies of 45 mJ/pulse, 260 mJ/pulse, and 585 mJ/pulse. The
latter pulse energy value was used in the experiments presented in chapter 5. For

more information on the data reduction procedures, see sections 5.2-5.5.
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Figure 4.8: Laser-energy resolved electron number density and electron temperature
in a nanosecond pulse discharge in helium (P=200 torr, =15 mJ/pulse, t = 125 ns
after beginning of discharge current pulse).
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It can be observed that, while there are minor changes in the measured electron
density and electron temperature values for the three laser energies, the changes are
within the estimated ~15% uncertainty of the experiment at these conditions (see
sections 5.3 and 5.4). As a result, it is concluded that laser-induced breakdown is
not occurring in these experiments. This is further illustrated by comparing electron
energy distributions (EEDF's), inferred from the data taken, at the three different laser
energies, as shown in figure 4.9. It can be observed that the 45 mJ/pulse and 585
mJ /pulse EEDFs are very nearly identical, while the EEDF inferred at 260 mJ/pulse
deviates slightly. This deviation is once again within the estimated uncertainty of
the experiment. Furthermore, if optical breakdown were to occur, electron density
would increase with laser pulse energy, which is clearly not the case at the present

conditions.

nfe)
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0.100 | —258 ml/pulse
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0.040
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4] 0.5 1 15 2 2.5 3 35 4
Energy (eV)

Figure 4.9: Laser-energy resolved EEDFs (assumed to be Maxwellian) for laser pulse
energy of 45 mJ/pulse, 258 mJ/pulse and 585 mJ/pulse in a nanosecond pulse dis-
charge in helium (P=200 torr, =15 mJ/pulse, t = 125 ns after beginning of discharge
current pulse).
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Chapter 5: Measurements of Electron Density, Electron
Temperature and Inference of Electron Energy Distribution

Function

This chapter details the background and results of the time-resolved Thomson
scattering experiments that have been conducted. These measurements have been
completed in a sphere-to-sphere, single filament discharge as well as a near surface
discharge, both of which are sustained by high-voltage, nanosecond duration pulses.
Sphere-to-sphere, filament discharge experiments have been conducted in helium, Hs-
He, and Os-He gas mixtures. The near surface discharge has been studied in helium
only. Measurements inferred from the Thomson spectra include electron density and
electron temperature. Furthermore, electron energy distribution function (EEDF),
which is assumed as Maxwellian, has been calculated from the inferred electron den-
sity and electron temperature. The chapter begins with a brief summary of the Thom-
son scattering diagnostic apparatus used in the experiments (section 5.1). Next, the
spectral fitting (section 5.2) and data reduction procedures for determining the elec-
tron temperature (section 5.3), electron density (section 5.4) and EEDF (section 5.5)
are presented. The remainder of the chapter discusses the characteristization, ki-
netic modeling predictions and results obtained in the two different experiments that

were conducted: a diffuse filament, nanosecond pulse discharge sustained between

90

www.manaraa.com



two spherical electrodes (sections 5.6, 5.7, 5.8) and a near-surface, nanosecond pulse

discharge (sections 5.9, 5.10).

5.1 Experimental Apparatus

The Thomson scattering diagnostic used in these experiments utilizes the same,
1.75 m long glass test cell described previously (section 3.3, figure 3.2). Briefly, the cell
utilizes Brewster angle, fused silica windows to provide optical access for a vertically
polarized, Nd:YAG laser beam, which minimizes stray light generation. The extended
length of the cell, combined with a long focal length lens (f=950 mm), which focuses
the laser beam at the center of the cell where the discharge is sustained, allows for a
high laser pulse energy beam to enter and exit the cell without damaging the windows.

A set of MKS mass flow controllers are used to deliver gas flow to the back
end of the cell (with respect to the laser beam direction). Gases are premixed in
a plastic delivery line, ~2 meters long and 1/4” diameter, before entering the cell.
The gas mixture composition, as well as the total flow rate, are controlled by the
individual mass flow controllers. The flow exhausts from the front end of the cell
(with respect to the laser beam direction) to a vacuum pump system. Pressure in the
cell is controlled by a ball valve located in the exhaust line leading to the vacuum
pump, which effectively controls the pumping capacity. Total pressure in the cell is
monitored below the discharge in the center of the cell by an Omega digital pressure
gauge.

Figure 5.1 shows a schematic of the entire Thomson scattering experimental appa-
ratus used in the present experiments. The experiment uses a frequency doubled (532

nm, 30 Hz, 10 ns FWHM) Nd:YAG laser as the pump source. A laser energy of ~600
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mJ is used in the present experiments. The laser is focused into the glass test cell,
to a beam waist of ~60 um, at a point centrally located within the discharge, which
is sustained between two electrodes in the center of the glass cell. An achromatic
doublet lens (D = 31.5 mm, f = 200 mm) is used to collect the scattered light at a 90
degree scattering angle from the direction of laser beam propagation. The collected
image is then sent through an image rotator (a series of three silver protected mir-
rors), which rotates the collected light from a vertically polarized, horizontal image,
to a horizontally polarized, vertical image. The horizontal polarization maximizes
the light collection efficiency of the diagnostic based on the efficiencies of the diffrac-
tion gratings in the triple-grating spectrometer. The rotated image is then focused
down onto a vertical entrance slit (/40 pm) of the triple-grating spectrometer with
a second achromatic doublet lens (D = 31.5 mm, f = 200 mm). The triple grating
spectrometer then diffracts the collected image into a Thomson scattering spectrum,
while also filtering out interference from elastic Rayleigh scattering (through the use
of a spectral mask), as well as stray light. This process is described in greater detail
in section 4.4. Collection of the filtered Thomson scattering spectrum is done by a

PI-MAX 3 ICCD camera at the end of the spectrometer.
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Figure 5.1: A schematic of the Thomson scattering experimental apparatus, with
triple-grating spectrometer. From reference [48].

5.2 Fitting the Raw Thomson Scattering Spectra

Figure 5.2 shows a sample Thomson scattering spectrum (blue), collected using
the diagnostic described previously (section 5.1). Similar to the collection of the vi-
brational Raman spectra in section 3.5, the Thomson spectra are collected through
a two-stage process, with additional background subtraction due to plasma emission.
First, a single ’exposure’ is created by collecting Thomson scattering signal from a
large number of individual laser shots and summing them together (i.e. accumulat-
ing them on an ICCD camera chip). Next, several of these ’exposures’ are collected
in succession and then averaged. Both processes improve the signal-to-noise ratio

(S/N), with the former increasing it linearly with number of laser shots and the latter
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increasing it proportional to the square-root of the number of exposures. The aver-
aging process is done in addition to the laser shot accumulation process to further
improve S/N without saturating the camera during collection of a single ’exposure’.
In the end, both S/N and signal collection time need be taken into account, and a
reasonable trade-off between the two parameters determined. For these experiments,
the number of laser shots collected per ’exposure’ varied between 9,000 and 45,000,
and was chosen individually for each spectrum collection point (i.e. delay time after
the pulse) to maximize S/N without saturating the detector. The number of ’ex-
posures’ averaged together was four, and was chosen as a trade-off between further
S/N improvement and overall signal collection time. For more details on the data
collection values used in the experiments, see tables 5.2 and 5.3 in section 5.6 for the
sphere-to-sphere filament discharge experiments in Hs-He and O,-He, respectively,
and section 5.9 for the near surface discharge experiment in helium.

Similar to the vibrational spectra collection in section 3.5, all of the Thomson
scattering spectra were collected from a 2.75 mm long, ~60 ym diameter volume of
the discharge. Camera pixels for this interrogation region were binned together before
reading out the spectrum, thus the data are spatially averaged over this region. Once
the raw Thomson scattering spectrum has been collected (through the procedure
described above), a previously taken background spectrum of the broadband plasma
emission is subtracted from it, yielding the background-corrected Thomson scattering
spectrum, like the one shown in blue in figure 5.2. Note the missing, central portion
of the spectrum; due to the masking procedure used in the triple grating spectrometer

to filter interference from Rayleigh scattering (see section 4.4).
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Figure 5.2: Sample Thomson scaterring spectrum (He, P=200 torr, 80 ns after start
of discharge current pulse). shown with least-squares Voigt fit and inferred Gaussian
profile. From reference [49].

Once the Thomson scattering spectrum has been collected, it is used as input
data by a set of custom-written, MATLAB data reduction computer codes. The
first stage of the data reduction is to fit the Thomson scattering spectrum with a
Voigt profile, using a least-squares fitting procedure, shown in red in figure 5.2. The
Voigt profile is a convolution of the Lorentzian instrument function (collected using a
neon lamp source) and an adjustable parameter Gaussian function, representing the
Thomson contribution to the lineshape broadening. The use of a Gaussian distribu-
tion for the Thomson scattering spectrum is valid only in plasmas where electrons
have a Maxwellian velocity distribution, as is the case in the present experiments (see
discussion in sections 4.2, 5.5). Once the experimental spectrum has been fit by the
Voigt profile, the Gaussian (i.e. Thomson scattering) contribution can be isolated

from the convolved lineshape; this is shown in green in figure 5.2. From figure 5.2 it



can be seen that the Gaussian (Thomson) and the Voigt fits are nearly identical, indi-
cating that the instrument function accounts for a very small fraction of the observed

spectral broadening.

5.3 Electron Temperature Inference

The electron temperature is determined directly from the half-width at half-
maximum (HWHM) of the Thomson scattering (Gaussian) spectral profile. Since
in the case of a Maxwellian electron velocity distribution, the Thomson spectrum is
Doppler broadened, electron temperature is calculated from the Doppler HWHM,
evaluated from the overwhelmingly dominant Gaussian contribution of the least-

squares Voigt profile fitting procedure. The Doppler HWHM is given by,

Aviy = 20, (2T (g) (5.1)

o Me
where v is the frequency of the incident laser radiation, 7T, is electron temperature,
m, is the electron mass, and @ is the scattering angle (90°). The uncertainty of the
electron temperature measurements, arising from uncertainty of the FWHM (6Av})

of the Thomson scattering spectrum can be calculated as follows,

2
_ M o s\ 2
oT. = 2In(2)kp <1/0) <5AVD> (52)

Since the signal-to-noise for the Thomson scattering spectrum is a direct function of
the electron number density, the electron density value for a given spectrum dictates
the uncertainty of the measurement, with lower electron densities yielding higher
uncertainties. In general electron temperature uncertainty ranged from 0.01% to 8%.
For n. ~ 10" — 10 cm™3, §T./T. = 40.01-0.2%. For n, ~ 10 — 10'® cm=3,
6T./T. = +0.1-1.5%. For n, ~ 10" — 10" cm™3, 6T, /T, = +1-8%.
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It should be noted that statistical uncertainty (i.e. precision) of the electron tem-
perature measurement is not analyzed here. Taking repeated measurements, required
for this analysis, is not feasible, since signal collection time for a single spectrum may

exceed 4 hours.

5.4 Electron Number Density Inference

The electron density is inferred from the integrated intensity of the collected scat-
tering spectrum (i.e. from the fitted Voigt profile). However, the absolute scattering
intensity must be calibrated by the scattering intensity from a spectrum with a known
population and scattering cross-section. For this work, the J = 6 — 8, pure rota-

tional Raman transition of nitrogen at 532 nm is used. The absolute electron number

don,
Ae ( ds )532nm
An, do.
(%)

where A, is the integrated Thomson scattering intensity, Ay, is the integrated J =

density is then obtained as,

Ne = ny, fr=6 (5.3)

do No

s
doe
ential rotational Raman cross section for Ny at 532 nm (3.82 x 1073° cm? /sr), ( 7 )

6 — 8 pure rotational Raman scattering intensity, ( ) is the known differ-
532nm

s

is the differential Thomson scattering cross section (7.94 x 10726 cm?/sr for vertically
polarized light at 6=90°), ny, is the number density of nitrogen as determined from
the equation of state for an ideal gas at T=300 K, and f;_¢ is the fraction of the
Ny molecules residing in the J = 6 rotational state (from the Boltzmann rotational
distribution, using a rigid-rotor approximation).

Ay, is obtained by integrating a pure rotational Raman spectrum collected in No,
using the same diagnostic setup as described in chapter 4 and section 5.1. The same
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pressure as in the Thomson scattering experiments is used, and a correction factor is
used in the data reduction code to account for the difference in signal collection time
used for Raman scattering vs. Thomson scattering. Figure 5.3 shows a typical, pure
rotational Raman spectrum collected in 100 torr of Ny, over a 5 minute signal collec-
tion time. To obtain the integrated Raman scattering intensity from the spectrum,
a similar, least-squares fitting procedure to that used in the Thomson spectra fitting

was used for the J = 6 — 8 transition.
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Figure 5.3: A pure rotational Raman scattering spectrum used for Thomson scattering
intensity calibration (N, P=100 torr, 5 minute accumulation time).

The uncertainty of the electron number density arising from the uncertainty of

the integrated intensity of the Thomson scattering spectrum (0A.) can be calculated
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as follows,

do o
1 ( df )532nm
Ano do,
()

Note that the uncertainty arising from Ay, and (

nN2fJ:65Ae (54)

one =

dO’ N2

s

they are small compared to dA.. Since the signal-to-noise is a direct function of

) are neglected since
532nm

the electron number density, the electron density value for a given spectrum dictates
the uncertainty of the measurement, with lower electron densities yielding higher
uncertainties. In general, electron number density uncertainty, dn./n. ranged from
2% to 30%. For n, ~ 10° — 10 cm=3, dn,/n, = £2-4%. For n, ~ 104 — 101 cm =3,
one/n. = £5-12%. For n, ~ 1013 — 10 cm =3, dn./n, = £15-30%.

It should be noted that, similar to the electron temperature measurements, sta-
tistical uncertainty (i.e. precision) of the electron number density measurements is
not analyzed here. This is because the repeated measurements required for this type
of analysis would require excessively long collection times (signal collection times in

excess of 4 hours per spectrum in some instances).

5.5 Inferring the Electron Energy Distribution Function

As discussed previously in section 4.2, in the limit where the Salpeter parameter
(see eqn. 4.5) approaches zero (o — 0), the Thomson scattering is entirely incoherent,
and if a Maxwellian velocity distribution for the electrons is realized, a Gaussian
Thomson scattering spectrum results. This approach is often valid for « < 1, or a <
0.1, which roughly corresponds to electron densities in the range of 10'? cm™3 < n, <

10'7 cm 3. However, it has been shown in the literature that for many gas discharge

plasmas, the electron velocity distribution is not Maxwellian [25]. For instance, at
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low electron number densities (n. < 10" cm™?), electron-electron collisions become
very rare, and inelastic electron-neutral collisions dominate, such that electron energy
distribution function is strongly non-Maxwellian. This has been studied by Thomson
scattering in low pressure RF discharges [50].

In molecular gases, cross sections of inelastic electron-neutral collisions may be
very large, comparable to the total electron-neutral cross section. To illustrate this,
figure 5.4 shows the total electron-neutral scattering cross section in nitrogen. It

can be observed that the total cross section is up to 30 - 10716 cm?.

Comparing
this to figure 5.5, which shows a single vibrational excitation cross section in Ny
(v =0 — 1), it can be seen that even for a single vibrational excitation in nitrogen,

2. or approximately 15% of the total electron-

the cross section is up to 5- 10716 cm
neutral cross section. Furthermore, figure 5.6 shows several electronic excitation cross
sections in nitrogen, each of which are up to ~1% of the total electron-neutral cross
section. From an analysis of these figures, it is clear that inelastic electron collisions
may be of significant importance.

Figure 5.7 plots the exponential portion (n(e)/(ne+/€)) of the electron energy dis-
tribution function (EEDF) in nitrogen, calculated theoretically by solving the Boltz-
mann equation (which uses experimental electron-neutral collision cross sections as
input) for electrons in a DC field plasma over a wide range of reduced electric field
(E/N) values. In this semi-log plot, a Maxwellian EEDF would be a straight line.
It can be seen, however, that these EEDFs deviate considerably from a Maxwellian
distribution. This is primarily due to inelastic e-V collisions, whose cross sections,

in the energy range of ~1-3 eV, are very high (see figure 5.5), resulting in a precipi-

tous drop in the EEDF. At high E/N, this deviation becomes less pronounced since
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Figure 5.4: Total electron-neutral scattering cross section in Ny. From reference [51]

electrons gain energy from the electric field more rapidly and elastic collisions begin
to dominate. In the present experiments, reduced electric field strength during the
nanosecond pulse is ~100-300 Td. At such high E/N values, the EEDF approaches
a Maxwellian distribution, even in molecular gases, as can be seen from figure 5.7.
Another kinetic consideration which causes the EEDF to approach a Maxwellian
distribution can occur at high electron densities, which causes Coulomb (electron-
electron) collisions to become more frequent. Note that even in this case the electron
temperature in the plasma exceeds the gas temperature considerably. This occurs
because e-e collisions conserve both electron momentum and energy, while electron
energy loss in elastic collisions with neutral species is quite inefficient. The ionization

fraction at which e-e collisions start to strongly affect the EEDF can be analyzed by
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comparing the electron-electron (e-e) and electron-neutral (e-N) collision rates,

—
ot
ot

—

2
— Teelly ™~ _O—(:Nnr:N

where n, is electron density, N is number density of neutral species, o.n is the

electron-neutral collision cross section and o, is the e-e collision cross section, or

Coulomb cross section for electron-electron interactions, given as [25],

2 2

_ _ 2 __ 2 ¢ 5.6

Oce = Ocoul = Mlepy = T gk T (0- )
"Bde

103



For T, = 1 eV, 0. ~10713 cm?. Canceling electron density on each side of eqn. 5.5

and rearranging yields,

Ne OeN ~ 10_15 - 10_16cm2 _9 _3
N “ Oee ~ 10~ Bem?2 (5:7)

where o,y is ~1071% cm? for molecular neutral species and ~107!¢ cm? for atomic
neutral species. Thus, at lower ionization fractions (o < 1072 — 107?), inelastic
collisions may well distort the shape of the EEDF from Maxwellian significantly.

Another cause of deviation from the Maxwellian velocity distribution can occur
when conducting experiments in the coherent Thomson scattering regime (o 2 0.1,
ne > 1017 ecm™3). At such extremely high electron number densities, which can be
achieved in a laser spark plasma, ion contribution to the scattering signal becomes
very important, and sidebands appear in the Thomson scattering spectrum (see fig-
ure 4.3). The sidebands are a result of strong electron-ion interactions, which cause
fluctuations in the charge density of the plasma. However, these high electron densi-
ties are not usually achieved in nonequilibrium gas discharge plasmas.

In summary, a wide range of electron velocity distributions can be realized in gas
discharge plasmas, based on a variety of factors, resulting in correspondingly different
Thomson scattering lineshapes. This has been theoretically studied by Brown and
Rose in 1966 [52], where they analyzed relationships between a wide variety of elec-
tron velocity distributions and Thomson scattered spectra. Figure 5.8 shows different
spectral (Thomson scattering) shape functions calculated for different electron veloc-
ity distribution functions. It can be clearly seen that for all spectral distributions
shown, only the tail significantly depends on the electron velocity distribution. Thus,
only the 'wings’ of the Thomson scattering spectrum are expected to be affected by
the shape of the EEDF.
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Figure 5.8: Thomson scattering spectral shape functions for several types of electron
energy distribution functions. From reference [52]
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The studies presented in this dissertation all correspond to low values of the
Salpeter parameter, o < 0.08 and fairly high electron densities (n, > 10" cm™2). As
a result, it is expected that deviation from Maxwellian electron velocity distribution
would not be significant. In inert gases, experimental EEDFs, if not Maxwellian,
often closely resemble a Druyvesteyn distribution [25]. The difference between these
two theoretical distributions is due to one underlying assumption. In the Maxwellian
distribution, it is assumed that the electron collision frequency is independent of
electron energy, whereas in the Druyvesteyn distribution, it is assumed that the mean
free path length of the electrons is independent of energy. This difference causes an

error function type Thomson scattering spectrum to occur of the following form [52],

a (1 —erf [0.474 (kSA_V,kO)zb (5.8)

where a is the peak height, k, is the scattered wave vector, kg is the incident wave

vector, and Av' is the half-width at half-maximum (HWHM). This function for the
scattering spectrum is in contrast to the Maxwellian case, which produces a Gaussian

lineshape of the following form [52],

aexp [—ln(Z) (ks A‘y,l‘())Q] (5.9)

The resulting difference in the electron energy distribution (EEDF) is shown in fig-

ure 5.9.
The procedure for inferring the EEDF from the Thomson scattering spectrum is

outlined in the following sections.
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Figure 5.9: Maxwell (ny;) and Druyvesteyn (np) energy distribution functions for
same mean energy €. From reference [25].

5.5.1 Maxwellian Distribution

If a Thomson scattering spectrum is accurately represented by a Gaussian distri-
bution, a Maxwellian electron velocity distribution is present [52]. Then, using the
electron temperature inferred from the FWHM of the Thomson scattering spectrum
(see section 5.3), the exponential portion of the EEDF can be calculated from the

following equation [25],

3m?2(w? + v2,) mev? € _
fo=Cexp |- VT 5 | = Cexp e (5.10)

where T, is electron temperature, given as,

o MEE? o
7 3m2(w? + 1v2) o

where € is electron energy, w is the electric field frequency, v, is the electron-neutral

collision frequency, M is the neutral species mass, e is electron charge, F is the
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electric field (£ = Epsin(wt)), and v is the electron velocity. Equation 5.10 gives the
exponential portion of the Maxwellian velocity and energy distribution.
C in equation 5.10 is an integration constant, which is determined from the fol-

lowing normalization condition,

o (mi)w /0 " efo(e)de = n, (5.12)

where n, is the electron number density inferred from the integrated Thomson scat-
tering intensity (see section 5.4). The full EEDF, including the pre-exponential factor,
is given by,

n(e) = 2 (mi)/ Vehole) (5.13)

e

5.5.2 Druyvesteyn Distribution

If the Thomson scattering spectrum is accurately represented by an error func-
tion, a Druyvesteyn electron-velocity distribution is present [52]. Inferring the EEDF
in this case would be identical to the procedure outlined for inferring a Maxwellian
EEDEF, with the exception that the exponential portion of the EEDF would be cal-
culated from the following expression [25],

3

3am;
fo=Cexp —W(U4 + QUQWQZQ)} = Cexp {—

e i} (5.14)

M €
where [ is the electron mean free path length, and ¢y = eFl is the energy gained by
an electron over one free path length. After the distribution function is inferred from
the Thomson scattering spectrum, the normalization condition (equation 5.12) can be
applied to obtain the integration constant. The full EEDF, with the pre-exponential

factor, is then given by equation 5.13.
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To verify that the electron energy distribution function at the present conditions
is Maxwellian, a representative Thomson spectrum, taken in a nanosecond pulse
discharge in helium (P=200 torr), was fitted with a least-squares fitting procedure
with both a Gaussian lineshape (Maxwellian EEDF) and error function lineshape
(Druyvesteyn EEDF). The result is shown in figure 5.10. It is clear from the figure
that the Thomson scattering spectrum is represented more accurately with a Gaussian
lineshape, indicating that a Maxwellian electron velocity distribution is indeed present
in the plasma. All of the EEDFs obtained in the present experiments were inferred

from Thomson scattering spectra using the procedure outlined above.

Intensity (A.U.)

1
o5 | —Scattered Signal
sa b —Maxwellian (Gaussian)

~——Druyvesteyn (ERF
i yvesteyn (ERF)

0.6
05
0.4

03 |

5{8 529 530 531 532 533 534 535 536
0.1 Wavelength (nm)

Figure 5.10: Gaussian fit (Maxwellian EEDF) and error function fit (Druyvesteyn
EEDF) of experimental Thomson scattering spectrum taken in a sphere-to-sphere,
nanosecond pulse discharge in helium (P=200 torr, n, =~ 3 - 10" cm?).

Assessing this fit in more detail, it can be shown that approximately 99.9% (.999)

of the area under the Thomson scattering spectrum is accurately represented by
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a Gaussian fit. This result is consistent for all data sets presented in this work
(area represented accurately by Gaussian fits ranged from 99.6 to 99.9%). Since
the central portion of the Thomson scattering spectrum corresponds to the lower
energy electrons in the EEDF, and the wings of the Thomson spectrum correspond
to the higher-energy tail of the EEDF, it can be concluded from this analysis that a
Maxwellian electron energy distribution is present down to a relative population of
approximately 1072, Due to uncertainty of the measurements, the present results do
not provide information on EEDF behavior at relative populations below ~ 1073.

5.6 Nanosecond Pulse Discharge Sustained Between Spheri-
cal Electrodes: Experimental Conditions

The first set of Thomson scattering experiments was conducted in a diffuse, single-
filament, nanosecond pulse discharge sustained between two spherical copper elec-
trodes. Studies were conducted in a discharge with high coupled pulse energy (=17
mJ/pulse) in helium, as well as in discharges with moderate coupled pulse energy
(=4-5 mJ/pulse) in Hyo-He and O,-He mixtures.

5.6.1 Nanosecond Pulse Discharge Sustained Between Spher-
ical Electrodes: Pulse Characteristics

Figure 5.11 shows a photograph of the sphere-to-sphere electrode setup used in
these studies. This is essentially the same setup as used in the previous spontaneous
Raman scattering, Ny vibrational level population studies (chapter 3). The electrodes
are made of copper, with spherical tips, 7.5 mm diameter with a 1 cm gap between
the electrodes. All Thomson scattering measurements were taken on the discharge

centerline, midway between the electrodes. All of the following studies utilized the
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same magnetic compression, high-voltage, nanosecond pulse generator as described
previously (section 3.3). The pulser is capable of producing pulses with =18 kV
peak voltage and ~125 ns duration, at repetition rates of up to 10 kHz. In the
following experiments, the pulser was operated at 90 Hz in order to produce a stable,

reproducible, single diffuse filament discharge.

Figure 5.11: Photograph of sphere-to-sphere, copper electrode setup (electrode diam-
eter = 7.5 mun, discharge gap = 1 cmn)

Helium

Figure 5.12 shows voltage, current and coupled energy waveforms of the discharge
used in the high coupled energy (17 mJ/pulse) measurements in helium. Peak voltage
is ~10 kV, while peak current is &50 A, achieved approximately 60 ns after the

start of the current rise. Current pulse duration is ~125 ns. An important feature
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to note about these waveforms is the presence of a second (weaker) pulse starting
approximately 600 ns after the beginning of the primary pulse. This is a feature of the
high-voltage pulser, and is consistently reproducible. As a result of this 'secondary’
pulse, a small amount of additional energy is coupled to the plasma after the 'primary’
pulse. The total energy coupled to the discharge is 217 mJ/pulse, with 15 mJ coupled

by the primary pulse, and 2 mJ coupled by the secondary pulse.

Voltage (kV) Current
oupled Ene (Amps)
25 50
—Voltage
20 Coupled Energy 40
15 —Current 30
10 20
5 10
0 bbb i 0
-5 - -10
0 500 1000 1500 2000 2500
Time (ns)

Figure 5.12: Voltage, current and coupled energy waveforms for pure helium study
(P=200 torr). From reference [49].

Figure 5.13 shows an ICCD camera image of the broadband plasma emission in he-
lium (at the conditions of figure 5.12), with emission during the primary pulse shown
on the left and during the secondary pulse on the right. Both images are 100-pulse
averages, illustrating the production of a stable, diffuse, single filament discharge.
The primary pulse filament is ~3 mm in diameter (FWHM) midway between the

electrodes, while the secondary pulse produces a somewhat more constricted filament
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of ~2 mm diameter midway between the electrodes (likely due to residual ionization

remaining in the discharge gap from the primary pulse).

Figure 5.13: Broadband plasma emission images in helimm at the conditions of fig-
ure 5.12 (P=200 torr, 100-pulse average, 150 ns ICCD camera gate). Primary pulse
(left) and secondary pulse (right). From reference [49].

H,-He and O,-He

The Hy-He and Oy-He studies were conducted using the same high-voltage pulser
as in the helium study using a high coupled pulse energy discharge. However, these
experiments were conducted at a lower pressure (100 torr) and a lower coupled pulse
energy (4-5 mJ/pulse). Data sets were collected for 1%, 2% and 5% Hy in helium and
1%, 2%, 5% and 10% O in helium. The discharge conditions in these experiments
are summarized in table 5.1.

Figure 5.14 shows the discharge pulse voltage waveforms in Hy-He mixtures. Time
ralues are referenced relative to the start of the primary current pulse, defined as
t = 0. Peak voltage varies from 4.7 kV (0% Hs) to 3.4 kV (5% Hs), with voltage

values decreasing with increasing hydrogen mole fraction. Peak voltage is reached just
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Table 5.1: Hyp-He and Oy-He Thomson Scattering Experimental Conditions.

Gas Peak Voltage Peak Current | Coupled Energy Pressure
Mixture (kV) (A) (mJ/pulse) (torr)
He 4.7 13 5 100
Hy-He 3.4-3.6 16-17 4 100
Oq-He 3.5-3.7 15.5-16.5 4 100

after the start of the primary current pulse, at ¢ ~5-10 ns, with the secondary pulse
voltage peak following ~300 ns later. The general structure of the voltage waveform
does not change significantly with increasing Hy fraction, with the exception of the
secondary pulse moving somewhat closer to the primary pulse in time, occurring

about 75 ns earlier (i.e. 225 ns after main pulse).

Voltage (V)
5000

4000 |

3000 |

2000 |

1000 |

Time (ns)

-1000 *

Figure 5.14: Pulse voltage waveforms in Hy-He mixtures at the conditions of table
5.1. From reference [53].
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Figure 5.15 shows discharge pulse current waveforms in Ho-He at the conditions
of figure 5.14. Time values are again referenced from the start of the primary current
pulse, defined as t = 0. Peak current values vary from 13 A (0% H,) to 17 A (1%
H,). Peak current is reached at =100 ns, with the secondary pulse current peak
following ~300 ns later. Once again, the secondary pulse occurs somewhat sooner
when hydrogen is added to the mixture.
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Figure 5.15: Pulse current waveforms in Hy-He mixtures at the conditions of table
5.1. From reference [53].

Figure 5.16 shows the pulse coupled energy waveforms in Ho-He mixtures at these
conditions. Coupled energy in helium is =5 mJ/pulse, with 3 mJ coupled during the
primary, and 2 mJ during the secondary pulse, while in Hs-He mixtures pulse coupled
energy is ~4 mJ/pulse, with 2 mJ coupled during the primary, and 2 mJ during the

secondary pulse.
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Figure 5.16: Pulse coupled energy waveforms in Ho-He mixtures at the conditions of
table 5.1. From reference [53].

Figure 5.17 shows ICCD images of the broadband plasma emission in helium (at a
moderate coupled pulse energy of 5 mJ/pulse), with the primary pulse image shown
on the left and the secondary pulse image on the right. Both images are 100-pulse
averages, and illustrate the production of a stable, diffuse, single filament discharge.
Figure 5.18 shows single-shot (i.e. single pulse) ICCD images in heliumn at the same
conditions as figure 5.17. It can be seen that the single-shot images do not differ
significantly from the 100-pulse averaged images, justifying the claim of producing a
stable, diffuse single filament discharge. The primary pulse filament is ~3.5 mm in
diameter midway between the electrodes, while the secondary pulse filament is ~4
mm in diameter. Comparing these plasma filament images to those taken in helium

at high coupled pulse energy (figure 5.13), it can be seen that at these conditions
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the filament diameter is somewhat larger, most likely due to a lower pressure in the

present study (100 torr instead of 200 torr).

Figure 5.17: Broadband plasma emission ICCD images in helium (P=100 torr, 100-
pulse average, 200 ns ICCD camera gate). Left: Primary pulse, Right: Secondary
pulse. From reference [53].

Figure 5.19 shows ICCD images of the broadband plasma emission in Hy-He mix-
tures, including both the primary and secondary pulses. All images are 100-pulse
averages, and illustrate sustaining of a stable, diffuse, single filament discharge at all
sets of conditions. The filament diameter at these conditions is ~2.5-3.5 mm, with the
primary pulse generating a more diffuse filament compared to the secondary pulse.

Figure 5.20 shows the pulse voltage waveforms in Os-He mixtures. Once again,
time values are referenced from the start of the primary current pulse, defined at
t = 0. Peak voltage at these conditions varies from 4.7 kV (0% O,) to 3.5 kV (1%
05). Similar to the Hy-He mixtures, peak voltage is reached just after the start of the
primary current pulse, at ¢ &5-10 ns, with the secondary pulse voltage peak following

~300 ns later. Once again, the only noticeable change in the voltage waveform when
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Figure 5.18: Broadband plasma emission ICCD images in helium (P=100 torr, single-
shot, i.e. single pulse, 200 ns ICCD camera gate). Left: Primary pulse, Right:
Secondary pulse.

Figure 5.19: Broadband plasma emission ICCD images in Hy-He mixtures (P=100
torr, 100-pulse average, 200 ns gate). From reference [53].
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oxygen is added to the mixture is that the secondary pulse occurs somewhat earlier

in time (by about 75 ns).
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Figure 5.20: Pulse voltage waveforms in Oo-He mixtures at the conditions of table
5.1. From reference [53].

Figure 5.21 shows pulse current waveforms in Op-He mixtures. Peak current values
vary from 13 A (0% Hy) to 16.5 A (5% H,). Peak current is reached at ¢ =90 ns, with
the secondary pulse current peak following ~300 ns later. Similar to the results in
H,-He mixtures, the secondary current pulse occurs earlier in time (by about 75 ns).

Figure 5.22 plots pulse coupled energy waveforms in Os-He mixtures. Similar to
H, and Hs-He mixtures, coupled energy in helium is ~5 mJ/pulse, with 3 mJ coupled
during the primary pulse, and 2 mJ during the secondary pulse, and ~4 mJ/pulse in
09-He mixtures, with 2 mJ coupled during the primary pulse, and 2 mJ during the

secondary pulse.
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Figure 5.21: Pulse current waveforms in Os-He mixtures at the conditions of table
5.1. From reference [53].

Figure 5.23 shows broadband plasma emission ICCD images in O,-He mixtures,
including both the primary and secondary pulses. All images are 100-pulse averages.
A stable, diffuse, single filament discharge can be observed in all cases. The filament is
~2.0-3.5 mm in diameter in all cases, with the filament produced by the primary pulse
being somewhat larger than the one produced by the secondary pulse. Furthermore,

there is noticeable constriction of the filament with increasing O, mole fraction.
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Figure 5.22: Pulse coupled energy waveforms in Os-He mixtures at the conditions of
table 5.1. From reference [53].

Figure 5.23: Broadband plasma emission ICCD images in Os-He mixtures (P=100
torr, 100-pulse average, 200 ns ICCD camera gate). From reference [53].
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5.6.2 Nanosecond Pulse Discharge Sustained Between Spher-
ical Electrodes: Filtered Thomson Spectra

This section discusses the acquisition of the filtered Thomson spectra, with sample
fitted spectra in helium (at high coupled pulse energy), and in Hyo-He and Oy-He mix-
tures (at moderate coupled pulse energy) in a nanosecond pulse discharge sustained
between two spherical electrodes. In all studies, Thomson scattering signal is col-
lected from a 2.75 mm long, ~60 pum diameter region, which approximately spans the
overlap of the laser beam with the discharge filament. This signal collection cylinder
is centered midway between the electrodes. ICCD camera pixels corresponding to the
measurement region were binned together before reading out the spectrum, and thus

the data are inherently spatially averaged over this region.

Helium

In helium, at high coupled pulse energy, the data were taken at a pressure of
200 torr. Spectra were collected with 2200 individual laser shots per ’exposure’ (1.25
minute collection time), with four exposures averaged. The ICCD camera gate used
was 50 ns. A sample collected Thomson scattering spectrum, along with the spectral
fit is shown in figure 5.24. At these conditions, signal-to-noise (S/N), defined as
(S/Savg), where S,y is the mean deviation in the baseline, is approximately 80. The
entire spectral fitting procedure is described in section 5.2. Data points were collected

for time delays ranging from 20 ns to 3 us after the start of the primary current pulse.
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Figure 5.24: A typical Thomson scaterring spectrum in helium (P=200 torr, 80 ns
after start of discharge current pulse), shown with least-squares Voigt fit and inferred
Gaussian profile. From reference [49].

HQ-HC

In Hso-He mixtures, the experiments were conducted for 1%, 2% and 5% Hs in
helium, all at a total pressure of P=100 torr. The data collection conditions are
summarized in table 5.2, 9000 individual laser shots per ’exposure’ were used, with
4-exposure averages, to collect the Thomson scattering spectra. Data points (i.e.
Thomson scattering spectra) were collected starting 15 ns after the start of the pri-
mary current pulse for all gas mixtures. Thomson scattering spectra were collected
out to 3 ps, 850 ns, 750 ns and 600 ns for 0%, 1%, 2% and 5% H, cases, respectively.
Time ranges were shortened with increasing Hy fraction due to lower Thomson scat-

tering signal levels (i.e. lower electron densities).
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Table 5.2: Hy-He Thomson Scattering Data Collection Conditions.

. . Ligser A.CCUIH.l o Averaged Camera | Time Delay

Mixture | Shots per | tion Time
. Exposures | Gate (ns) Range
| _ Exposure (min.) __ - T

Pure He 9000 5 4 20 15 ns-3 ps
1% H, 9000 5 4 20 15 ns-850 ns
2% Hy 9000 5 4 20 15 ns-750 ns
5% Ha 9000 5 4 20 15 ns-600 ns

Figure 5.25 shows a sample Thomson scattering spectrum in a 5% Ha-He mixture,
100 ns after the start of the primary discharge current pulse, along with a spectral

fit. S/N for this spectrum is approximately 20. The spectral fitting procedure is

discussed in section 5.2.

Figure 5.25: A typical Thomson scaterring spectrum in a Hy-He mixture (5% Hy-He,
P=100 torr, 100 ns after start of discharge current pulse), shown with least-squares
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Voigt fit and inferred Gaussian profile. From reference [53].
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Table 5.3: Os-He Thomson Scattering Data Collection Conditions.

. Laser A.ccum'u la- Averaged Camera Delay
Mixture | Shots per | tion Time
. Exposures | Gate (ns) Range
Exposure (min.)
Pure He 9000 ) 4 20 15 ns-3 us
1% Oq 12600 7 4 20 10 ns-1.5 us
2% Oo 12600 7 4 20 10 ns-1.5 pus
5% Oy 12600 7 4 20 10 ns-650 ns
10% Oq 12600 7 4 20 10 ns-650 ns
Og-He

In O,-He mixtures, the experiments were conducted for 1%, 2%, 5% and 10%
Oy in helium, all at a total pressure of P=100 torr. The collection conditions are
summarized in table 5.3. In helium, 9000 individual laser shots were collected per
exposure, while in Oo-He mixtures, 12,600 laser shots were used. Additionaly, four
exposures were collected and averaged for all data points (i.e. delay time after the
start of the discharge current pulse). Data points were collected starting at ¢t = 15 ns
after the start of the primary current pulse in helium, and at ¢t = 20 ns for all other
gas mixtures. Thomson scattering spectra were collected for time delays out to 3 us,
1.5 ps, 1.5 ps, 650 ns and 650 ns for 0%, 1%, 2%, 5% and 10% O,-He mixture cases,
respectively. Time ranges were shortened with increasing O, fraction due to lower
Thomson scattering signal levels (i.e. lower electron densities).

In addition to the standard collection procedure described in section 5.2, oxygen-
containing gas mixtures require one additional step. In general, linear diatomic

molecules add additional interference to the Thomson scattering spectrum in the

form of pure rotational Raman scattering. Since Raman scattering is inelastic, the

125

www.manaraa.com



rotational lines will have a wavelength shift, and will not be spectrally centered at
the same wavelength as the incident radiation. As a result, the spectral masking pro-
cedure, which filters out Rayleigh scattering and the central portion of the Thomson
scattering, will have no effect in filtering this interference.

This interference is not a factor in the case of helium or Hy containing mixtures.
Helium is not a concern since it is a monatomic gas and therefore does not have a
rotational Raman spectrum. In Hy mixtures, the Raman shift is sufficiently large that
rotational lines are shifted outside of the Thomson scattering spectral region (i.e. B,
the rotational constant, is relatively large, By, = 60.853 cm ™! from NIST Chemistry
WebBook, corresponds to ~1.72 nm for 532 nm incident light), and thus do not inter-
fere with Thomson spectra collection. However, this is not the case for Oy molecules,
which have a much smaller rotational constant (Bp, = 1.438 cm™! from NIST Chem-
istry WebBook, corresponds to 0.04 nm for 532 nm incident light), and therefore
much smaller rotational energy spacing. For comparison, typical spectral width for
Thomson scattering spectra at the present conditions is ~106 cm™'. Figure 5.26
shows a typical Thomson/Raman scattering spectrum collected through the triple-
grating spectrometer in a 10% Oo-He mixture, 100 ns after the start of the discharge
current pulse. Fairly well resolved rotational structure of the O, Raman scattering
spectrum, overlapped with the Thomson scattering spectrum, can be observed.

In order to remove the Oy rotational Raman spectra from the Thomson spec-
tra, a background subtraction method was employed. Since rotational/translational
temperature is not expected to change significantly in nanosecond pulse discharge
afterglow plasmas over the timescale of ~10 us [13], the structure of the pure rota-

tional spectrum would not change significantly over this time delay. On the other
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Figure 5.26: A typical Thomson scaterring spectrum in an Og-He mixture (10% Os-
He, P=100 torr, 100 ns after start of discharge current pulse), with O, rotational
Raman structure overlapping with Thomson scattering signal. From reference [53].

hand, electron density in the afterglow is expected to change significantly on this
time scale, due to both electron-ion recombination and electron attachment to O,
molecules. This is evident by considering simple estimates of characteristic electron
recombination time and electron attachment time.

Characteristic electron recombination time ("1/e” decay time) can be estimated
as follows. Electron density decay rate is given as,

dn,
— = Brecnen; = 131-gcﬂg (5. 15)

dt

where [3,.. is the recombination rate coefficient, given as,
Bree ~ c[Te(eV)] (5.16)

where ¢ is 21078 em?/s for electron recombination with Hey, and ~10°7 ¢cm?/s for
electron recombination with Hy and Oy . Canceling n. from both sides of eqn. 5.15
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and rearranging yields the following expression for characteristic recombination time

of electrons,
1
ﬂnet:()

This is the ”1/e” decay time. For n.,_, = 3-10" cm™ and T, ~ 2 eV (typical

(5.17)

~o
Trec ~

conditions in the present experiments) in helium, 7. &~ 1 us. At the same conditions
in Hy or Og, 7, &= 100 ns. This indicates significant decay (by an order of magnitude)
of n, will likely occur within &1 us or less in the present experiments, resulting in the
Thomson scattering spectrum disappearing into the noise of the diagnostic at these
timescales.

The characteristic time for electron attachment can be estimated by,

1

TOs—attachment ~ ————— ( 5.1 8)
VOqy—attachment

where Vo, _attachment 15 the collision frequency for the electron attachment process,
given as,

2
VOy—attachment — kOg —attachment N 02 (5 . 19)

where ko, _attachment =~ 2.5 - 10730 ¢cm®/s (taken from the literature [25]) is the O
attachment rate coefficient, and Np, is O number density (=~ 3.22 - 10'7 cm™ at
partial pressure of oxygen Pp,=10 torr and T=300 K; approximately present experi-
mental conditions). Substituting, the characteristic timescale for electron attachment
at these conditions is ~3-4 us.

Consistent with the above analysis, time-resolved electron density measurements
in the present work show significant decay of electron density (by an order of mag-
nitude) within ~200 ns to 500 ns after the secondary pulse in Os-He mixtures (see

section 5.8 for Op-He mixtures).
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Based on the above analysis, a background, pure rotational O, Raman spectrum
was taken 5 us after the start of the discharge current pulse, allowing sufficient time for
significant electron recombination and attachment to take place (such that Thomson
scattering signal would completely decay), but not enough time for the rotational Ra-
man spectrum to be affected by temperature change in the afterglow. This spectrum
is shown in figure 5.27.
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Figure 5.27: Oy ’'pure’ rotational Raman spectrum at the discharge conditions of
figure 5.14 (10% Os-He, P=100 torr, 5 ps after start of discharge current pulse).
From reference [53].

The background spectrum (plotted in figure 5.27) is then subtracted from the raw
spectrum (plotted in figure 5.26), to isolate the final Thomson scattering spectrum.
This spectrum, plotted together with the least-squares Voigt fit and inferred Gaussian

profile is shown in figure 5.28. As can be observed, the Raman spectrum subtraction
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procedure works quite well, removing the rotational Raman structure almost com-
pletely without significantly affecting the Thomson scattering spectrum. S/N for this
spectrum is approximately 20. Once again, the detailed spectral fitting procedure is

presented in section 5.2.
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Figure 5.28: Thomson scaterring spectrum, at the discharge conditions of figure 5.14,
after Oy rotational Raman spectrum subtraction (10% Os-He, P=100 torr, 100 ns
after start of discharge current pulse), shown with least-squares Voigt fit and inferred
Gaussian profile. From reference [53].

5.7 2-D Kinetic Model

A two-dimensional kinetic model was used to predict the electron density and elec-
tron temperature in a nanosecond pulse discharge in helium. A brief summary of the
model is given here. For a more detailed description of the model, see reference [49].

The 2-D kinetic model used includes time-dependent conservation equations for
the number densities of electrons, ionic (He™, Hey, H™, H, and H3 ), and neutral
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species (including rotationally, vibrationally, and electronically excited Hy molecules
as well as ground state and electronically excited He species). These equations are
coupled with a two-term expansion Boltzmann equation solver for determination of
the electron energy distribution function (EEDF) and electron swarm parameters (as
well as electron impact rate coefficients), an equation for the electron temperature,
the Poisson equation for determination of the electric field, and the Navier-Stokes
equations for heavy species, including the energy equation predicting gas temperature.
Superelastic electron-neutral collisions, which are an important source of electron
heating during the afterglow, are incorporated as well.

The simulations for this work were done only in helium, for the high coupled pulse
energy conditions. The experimental voltage waveform (figure 5.12) was used as an
input parameter to the model. The model assumes a two-dimensional, axisymmetric
Cartesian geometry, simulating the discharge filament between two plane electrodes.
The computational domain is shown in figure 5.29, and incorporates a 9 mm diameter
cylinder, with two plane, copper electrodes at the ends, separated by a 1 cm gap. In
the experiment, spherical, rather than plane, electrodes were utilized. However, due
to a relatively small diameter discharge filament (/=3 mm, as determined from ICCD
imaging) compared to the electrode diameter (7.5 mm), the electrode curvature effect
was neglected in the model. The high-voltage pulse was applied to the top electrode,
based on the measured voltage and current waveforms (see figure 5.12), while the
bottom electrode was grounded. The discharge filament is located centrally within
the computational domain, along the axis of symmetry of the spherical electrodes.

The simulations were carried out in helium gas at a pressure of P=200 torr, with initial
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temperature T=300 K; i.e. at the same conditions as in the experiment illustrated in

figure 5.12.

HV

Figure 5.29: Schematic of the 2-D kinetic model computational domain. From refer-
ence [49].

5.8 Nanosecond Pulse Discharge Sustained Between Spheri-
cal Electrodes: Electron Temperature, Electron Density
and EEDF Results

This section presents the results obtained in nanosecond pulse discharges in he-
lium at high coupled pulse energy (17 mJ/pulse), as well as Hy-He mixtures, and
0,-He mixtures at moderate coupled pulse energy (4-5 mJ/pulse) in a single fila-
ment discharge sustained between two spherical electrodes. Results for time-resolved
electron temperature, electron number density and electron energy distribution func-
tion (EEDF) are compared with 2-D kinetic modeling predictions in helium at high

coupled pulse energy.
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5.8.1 Helium

Portions of this discussion are taken from reference [49]. All results presented
here were taken at P=200 torr in helium at high coupled pulse energy (17 mJ/pulse).
Voltage, current and coupled energy waveforms at these conditions are plotted in
figure 5.12. Figure 5.30 plots the experimental, time-resolved electron number density
in the discharge and in the afterglow. The results show an initial, fairly rapid increase
in electron number density over the first 100 ns (i.e. during the discharge pulse; see
figure 5.12). The peak measured electron density is n. ~ 3.4-10'® em 3. After this,
the electron density decays during the afterglow over 3 pus. One noticeable feature is
an increase in electron number density at ¢ &~600 ns. This is a result of the secondary
discharge pulse (see figure 5.12), which results in additional energy coupling and a

transient rise in electron density.
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Figure 5.30: Time-resolved electron number density in a nanosecond pulse discharge
and afterglow in helium (P=200 torr, 17 mJ/pulse).
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Figure 5.31 compares the experimental electron density with kinetic modeling
predictions. Symbols represent the experimental data, while the solid line represents
the 2-D kinetic model prediction. Error bars are representative of the temporal un-
certainty of the data due to the high voltage pulse generator jitter and the inherent
linewidth of the laser pulse (15 ns for all data points shown). It can be seen that the
modeling calculations reproduce the trends of rapid electron density increase, followed
by near-exponential decay, quite well. However, the model overpredicts the rate of the
initial rise, as well as the peak electron nummber density (by approximately a factor of
2). Temporal uncertainty of the data is likely a significant factor in the discrepancy of
the initial electron density rise rate (during the first 100 ns) between the experiment
and the model. Note that the secondary discharge pulse is not incorporated in the

model.
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Figure 5.31: Comparison of time-resolved electron number density measured at
the conditions of figure 5.12 with modeling calculations (helium, P=200 torr, 17
mJ /pulse). From reference [49).
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Figure 5.32 presents the experimental data for the time-resolved electron temper-
ature at the conditions of figure 5.12. Similar to the electron density, there is an
apparent initial rapid electron temperature rise during the discharge pulse followed
by decay in the afterglow. However, the initial rise in electron temperature occurs too
rapidly to be resolved by the present diagnostic. Peak electron temperature measured
was approximately 4 eV. However, the electron temperature at the early stages of the
discharge pulse (t<20 ns), when electron density is still too low to be detected, may
well be higher. It is also notable that the electron temperature decay occurs more
rapidly compared to that of the electron number density. This is expected, since the
timescale for energy loss in elastic and inelastic collisions is much shorter compared
to the timescale for two-body and three-body recombination, which are the dominant

mechanisms of electron number density decay at the present conditions.
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Figure 5.32: Time-resolved electron temperature measured at the conditions of fig-
ure 5.12 (helium, P=200 torr, 17 mJ/pulse).
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The characteristic time for electron recombination in helium was estimated earlier
in section 5.6 (see equations 5.15-5.17 and surrounding discussion) to be 7. =~ 1
us. The characteristic time for electron cooling can be estimated by considering the

electron energy balance [25],

de e’E? 2m.
€ _ _ . 5.20
dt me(w? +v2) M ‘1" (5:20)

where, the right-most term represents electron energy loss due to collisions, where M
is neutral/ion mass, € is electron energy, and v, is the electron collision frequency.
Considering only the collision (right-most) term in equation 5.20 and canceling e on

both sides, the characteristic time for electron cooling is given as,

M

2MeUp,

(5.21)

Te—cooling ~

Equation 5.21 represents an upper bound estimate for 7._c.oing, since it takes into
account only elastic collisions, in which the electron energy loss is very inefficient.

Noting that collision frequency is,
Um = VeNoOp, (5.22)

where v, &~ 10% cm/s is electron velocity, N is neutral species number density and
0., is the cross section for electron-neutral collisions. N ~ 10'® cm™ at P=100 torr.
Om & 6.8-10716 cm? for electron temperature of 1 €V in helium (typical conditions for
the present work) as taken from the literature [54]. This yields a collision frequency
of v, & 6.8-10'% 1/s. Substituting this into eqn. 5.21, and taking the electron and He
masses into account, the characteristic time for electron cooling in helium becomes
Te—cooling =~ 100 ns. This estimate is consistent with the data, since the electron
temperature decays from ~4.0 eV to ~0.4 eV (an order of magnitude decrease) within
approximately 150 ns (see inset of figure 5.33).
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Figure 5.33 shows a comparison of the experimental electron temperature with
the modeling predictions. It can be seen that the model reproduces the trends of
electron temperature rise and decay quite well, although it overpredicts peak electron
temperature value at the early stage of the pulse (up to T, =10 eV at t 220 ns after

breakdown).
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Figure 5.33: Comparison of time-resolved average electron temperature with modeling
calculations (helium, P=200 torr, 17 mJ/pulse). From reference [49].

One more item to note is that the electron temperature in the afterglow does
not decrease all the way to the gas temperature, but stabilizes around 7, = 0.3
eV (~3000 K). This is mainly due to superelastic collsions between electrons and

metastable excited helium atoms and excimers,

He*+e — He+e (5:23)
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Figure 5.34 shows a comparison between the experimental data and two modeling
predictions, one with superelastic collisions included in the calculations (left), and
the other without superelastic collisions (right). This illustrates that ignoring supere-
lastic collisions results in a significant under-prediction of the electron temperature
in the afterglow, which decays down to room temperature. Thus, electron heating by
superelastic collisions is an important process in the afterglow of a nanosecond pulse

discharge in helium.

100m
10°

Figure 5.34: Comparison of time-resolved electron temperature with modeling predic-
tions showing the effect of superelastic collisions. Left: superelastic collisions included
in modeling calculations. Right: superelastic collisions neglected in modeling calcu-
lations.

Figures 5.35 and 5.36 show contour plots of electron number density and electron
temperature predicted by the kinetic model, at two different points in time during the
discharge pulse. At the early stage of the breakdown process, shortly after the high
voltage pulse is applied, but before the electric field in the gap is sufficiently high for

ionization, initial "seed” electrons move toward the anode, leaving an electron-free
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region near the cathode, generating a high electron concentration region behind the
wave front. Thus, when the electric field in the gap reaches breakdown threshold,
ionization initially occurs near the anode, and an ionization wave propagates towards
the cathode, generating a high electron concentration region behind the wavefront.
During this stage, the voltage drop across the region with high electron concentration
(behind the wave) is relatively low compared to the rest of the discharge gap (ahead
of the wave). As the ionization wave moves closer to the cathode, the voltage drop
across the cathode layer increases.

Figure 5.35 plots the predicted electron number density distribution at the mo-
ment when the ionization wave reaches the cathode (left), and immediately after
the wave has reached the cathode (right). It is at this latter point when secondary
emission from the cathode becomes significant. It can be seen that the discharge
filament has a cylindrical shape before it reaches the cathode, but its head spreads
considerably after reaching the cathode. Spreading of the filament head produces
much higher secondary electron emission from the cathode, which is necessary to
maintain the current in the rest of the discharge. The predicted filament diameter
near the cathode is approximately a factor of two larger than the rest of the discharge
filament. Expansion of the discharge filament over the cathode surface predicted by
the model is qualitatively consistent with ICCD images of plasma emission shown in
figure 5.13. Note that the model significantly underpredicts the size of the ’cathode
spot’ observed in the experiments.

Electron temperature distributions, at the same moments in time, are shown in

figure 5.36. It can be observed that electron temperature in the cathode layer, where
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Figure 5.35: Predicted electron density distribution at two moments in time (helium,
P=200 torr, ~17 mJ/pulse). Left: moment when ionization wave reaches cathode
(t~0 ns). Right: Immediately after ionization wave reaches cathode (t=1 ns). From
reference [49].

the electric field peaks, is very high (up to T, ~25 eV), although the electron density
in the cathode layer is very low.

Figures 5.37-5.39 show time-resolved electron energy distribution functions (EEDFs)
in helium at high coupled energy (17 mJ/pulse). All EEDFs plotted are Maxwellian
EEDFs, inferred from the electron number density and electron temperature values
for each temporal data point (see section 5.5 for data reduction details). Figure 5.37
plots the EEDFs during the discharge pulse at 10 ns to 120 ns. It can be observed that
initially (t<100 ns). the electron energy distribution function has a well-pronounced,
high-energy tail, extending up to 220 eV. During this period of time, a major fraction
of the pulse energy (x70%) is coupled to the plasma. Shortly after this (t=120 ns),
the electrons begin to lose energy by collisions, with the tail rapidly vanishing.

This trend continues in the afterglow between the pulses (150 ns-3 pus), as shown

in figure 5.38. It can be seen that in the afterglow, as time elapses, the electron
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Figure 5.36: Predicted electron temperature distribution at two moments in time
(helium, P=200 torr, 17 mJ/pulse). Left: moment when ionization wave reaches
cathode (t~0 ns). Right: Immediately after ionization wave reaches cathode (ta1
ns). From reference [49].
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Figure 5.37: Time-resolved Maxwellian EEDFs from 0-120 ns at the conditions of
figure 5.12 (helium, P=200 torr, 17 mJ/pulse).
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temperature decays, such that a larger fraction of the electrons have lower energies.
The one exception is the data point at 650 ns. Here it can be observed that the
electrons are heated by the applied field again. This is a result of the additional
energy coupled to the plasma during the secondary pulse (see figure 5.12). Following

this, electron temperature and EEDF resume their monotonous decay in the afterglow.
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Figure 5.38: Time-resolved Maxwellian EEDF's from 150 ns-3 pus at the conditions of
figure 5.12 (helium, P=200 torr, 17 mJ/pulse).

Figure 5.39 shows the part of the EEDFs in figure 5.37. (n(e)/1/€) plotted on a
semi-logarithmic scale, which yields a series of straight lines, with the slopes inversely
proportional to the electron temperature. Thus, a steeper slope corresponds to a lower
electron temperature. The same trends as seen in figure 5.37 can be observed here.
Recall that based on the Gaussian fit to the Thomson spectrum (which assumes
a Maxwellian EEDF), a Maxwellian EEDF can only be confirmed by the present
experiments down to a relative population of 1073 (see section 5.5). For relative

142



populations below this value (i.e. in the high energy tail of the EEDF), the present

results are inconclusive, though in the plot the full EEDFs are shown as Maxwellian.
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Figure 5.39: Time-resolved exponential part of EEDF (n(e)/y/€) plotted on a semi-
logarithmic scale from 0-120 ns at conditions of figure 5.12 (helium, P=200 torr, 17
mJ /pulse).

5.8.2 Hsy-He

The following two sections discuss experimental results in Hy-He and Op-He mix-
tures, since the model has not been exercised at these conditions. Portions of the
discussion on the Hp-He mixtures presented here are taken from reference [53]. All
results presented here were taken in P=100 torr gas mixtures. Figure 5.40 shows
time-resolved electron density values obtained in Ho-He mixtures at the discharge

conditions of figures 5.14-5.16, which plot pulse voltage, current and coupled energy
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waveforms at these conditions. Similar trends to the results in helium at higher cou-
pled energy can be observed. An initial, rapid electron density rise over the first 100
ns of the discharge pulse is observed in all cases. This is followed by a partial decay,
and then by a second peak, due to the secondary pulse produced by the high-voltage
pulse generator, before decaying in the afterglow. Peak electron densities range from

1.8-:10 em 2 (5% Hy in He) to 3.3-10* cm 3 (He).
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Figure 5.40: Time-resolved electron number density in Hy-He mixtures at the dis-
charge conditions of figures 5.14-5.16 (P=100 torr, ~4 mJ/pulse). From reference

[53].

In helium, the temporal decay is relatively slow, such that the electron density
decay time after the discharge pulse (by one order of magnitude) is approximately
2 ps. As the Hy mole fraction in the mixture is increased, electron density decays
consistently more rapidly. The dominant electron-ion recombination processes for the

present experimental conditions are shown by eqns. 5.24-5.26. More rapid electron
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density decay at higher H, mole fractions is likely due to more rapid dissociative
recombination of electrons with Hy and H3 ions (eqns. 5.25,5.26) [49]. These processes
are significantly faster (by up to an order of magnitude [25]) compared to dissociative

recombination of electrons with Hej ions (eqn. 5.24).

Hej + e~ — He* + He (5.24)
Hf +e — H+ H(3) (5.25)
Hf +e — H+ H+ HorHy+ H(2) (5.26)

Figures 5.41 and 5.42 show time-resolved electron temperatures in Ho-He mixtures
at the discharge conditions of figures 5.14-5.16. Figure 5.41 plots electron temperature
during the first 200 ns after the beginning of the discharge current pulse (i.e. before
the secondary pulse), while figure 5.42 shows the full temporal evolution measured
(including primary and secondary pulses). In all cases, there is a very rapid initial
increase in electron temperature, within several nanoseconds after the start of the
current rise, which cannot be resolved with the current diagnostic. Peak electron
temperature values range from 2.6 eV (5% H, in He) to 7 eV (pure helium).

Between the pulses in the two-pulse waveform, the electron temperature decays
rapidly until additional energy is added by the secondary pulse. During the secondary
pulse, a second, slower electron temperature rise is observed (due to slower respective
increase in pulse voltage), before the electron temperature reduces once again. It can
be seen that the electron temperature decays approximately to the same level (0.3
eV) after the primary and secondary pulses, roughly 250 ns after the respective voltage
peaks. This is significantly higher compared to the initial gas temperature (=300 K)

and suggests that the electrons are heated in superelastic collisions between electrons
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Figure 5.41: Time-resolved (0 ns-200 ns) electron temperature in Hy-He mixtures
at the discharge conditions of figures 5.14-5.16 (P=100 torr, ~4 mJ/pulse). From
reference [53].

and metastable excited helium atoms and excimers in the short-term afterglow [49].
Similar to the helium data obtained at higher coupled energy, it can be observed that
the electron temperature decays considerably more rapidly than the electron density.
This is due to the fact that electrons lose energy more rapidly in every electron-neutral
collision, while two-body and three-body recombination (the dominant mechanisms of
electron density decay) occur on a significantly longer timescale, as discussed earlier
in this section and in section 5.6. Lastly, as H; mole fraction is increased, the electron
temperature in the plasma becomes somewhat lower (particularly during the primary
pulse, when the current and voltage waveforms are comparable in all mixtures). Also,
it should be noted that the difference in timing for the electron temperature rise during
the secondary pulse is due to the difference between the current and voltage traces

for the different mixtures used (see figures 5.14 and 5.15).
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Figure 5.42: Time-resolved (0 ns-1 pus) electron temperature in Hy-He mixtures at the
discharge conditions of figures 5.14-5.16 (P=100 torr, ~4 mJ/pulse). From reference
=

(53].

Figures 5.43-5.50 plot the time-resolved Maxwellian EEDFs in Ho-He mixtures,
inferred from the electron temperature and number density data plotted in figures 5.42
and 5.40, respectively. Figures 5.43 and 5.44 show the EEDF's in helium, for the early
(t =5 ns - 150 ns) and late (f = 200 ns - 2 ps) timescales, respectively. Similar to
the results obtained in helium with high coupled pulse energy, these EEDF's initially
have a well-pronounced, high-energy tail, until electron temperature becomes lower
as the electrons lose energy in the afterglow. After approximately 750 ns (i.e. shortly
after the secondary pulse), the EEDF shape no longer changes significantly. Only the
EEDF peak (around 0.3 eV) decreases slightly after this point. These results suggest
that very high energy electrons are present very early during the pulse (at t =~ 5 ns),

with energies up to ~30 eV, with relative population of 1072 in the tail. A significant
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shift toward the low-energy part of the EEDF is observed to begin at ~125 ns, which

is the end of the primary pulse.
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Figure 5.43: Time-resolved Maxwellian EEDF's for ¢ = 5 ns-150 ns in helium at the
discharge conditions of figures 5.14-5.16 (P=100 torr, =5 mJ/pulse).

In figure 5.44, EEDFs corresponding to the time range from ¢ = 350 ns - 650 ns
after the beginning of the discharge pulse regain a high-energy tail, indicating electron
heating by the field. This corresponds to the time regime during the secondary pulse,
when additional energy is coupled to the plasma. Following this, the electrons begin
to cool once more, resulting in progressively sharper and lower energy EEDF peaks.

Figures 5.45 and 5.46 plot the EEDFs for a 1% Hs in He mixture, for the short time
delays (¢ = 15 ns - 150 ns) and late time delays (¢ = 200 ns - 850 ns, after the primary
current pulse rise), respectively. The same general trend as observed in helium can be
seen here as well, with initial, high-energy tail EEDF's becoming progressively more
confined to the low-energy region. The results suggest that the most pronounced
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Figure 5.44: Time-resolved Maxwellian EEDFs for { = 200 ns-2 ps in helium at the
discharge conditions of figures 5.14-5.16 (P=100 torr, ~5 mJ/pulse).

high-energy tail, up to =20 eV, is formed at ¢ = 15 ns. This is lower than in helium,
but it should be noted that measurements in 1% Hy-He mixture started at { = 15 ns
after the beginning of the primary current pulse rise in this case, and not £ = 5 ns, as
was the case in helium. Comparing EEDFs at t=15 ns for these two cases shows that
the high-energy tails are comparable. One difference detected in the Hy-He mixture
is that the electron temperature is higher (i.e. peak EEDF value is lower) at the same
moments in time. This is discussed in greater detail later (see figures 5.51-5.54 and
related discussion).

The secondary pulse in the 1%Hs-He mixture occurs at ¢ = 250 ns-500 ns. The
additional energy coupling, which increases electron temperature, causes the high-
energy tail in the EEDF to reappear with electrons gaining higher energies, up to

~12 eV (see figure 5.46) at these conditions. Measurements were obtained up to
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Figure 5.45: Time-resolved Maxwellian EEDFs for ¢ = 15 ns-150 ns in 1% Hy-He
mixture at the discharge conditions of figures 5.14-5.16 (P=100 torr, ~4 mJ/pulse).

t = 850 ns after the start of the primary discharge current pulse. This time delay is
significantly shorter than the longest time dealy used in helium, ¢ = 2 s due to lower
electron densities in the Hy-He mixtures (i.e. lower Thomson scattering signal levels,
below the detection limit of the present diagnostic). See figure 5.40 for the results of
time-resolved density measurements at these conditions.

Figures 5.47 and 5.48 show EEDFs for 2% H, in He mixture, for the short (t = 15
ns - 150 ns) and long (¢ = 200 ns - 700 ns) delay times after the pulse current rise,
respectively. Very similar trends to the results in helium and 1% Hs-He are observed.
The results suggest that peak electron energies, up to € ~ 20 eV are present at
t=15 ns. Notably, the results indicate that somewhat higher peak value EEDFs,
compared to the 1% Hy-He mixture for short time delays (f = 15 ns - 200 ns), while

the opposite trend is suggested (lower peak value, higher T, EEDFs) at longer delay
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Figure 5.46: Time-resolved Maxwellian EEDFs for ¢ = 200 ns-850 ns in 1% Hy-He
mixture at the discharge conditions of figures 5.14-5.16 (P=100 torr, =4 mJ/pulse).

times, after the secondary pulse (t > 500 ns). This is explored further in the discussion
of figures 5.51-5.54.

Figures 5.49 and 5.50 show the EEDFs for 5% H, in He mixture, for the short
delays (t = 15 ns - 150 ns) and long delays (£ = 200 ns - 600 ns) after the primary
pulse current rise, respectively. Very similar trends to the mixtures with lower H,
concentrations are observed. The results suggest that the highest electron energies,
up to € ~14 eV, are significantly lower than at lower concentrations of Hy. Again,
for short time delays (¢ = 15 ns - 200 ns) EEDFs have slightly higher peak values
compared to the 2% Hy-He mixture, while for longer time delays (t > 500 ns) more
pronounced, high-energy tail EEDFs are present.

Figures 5.51-5.54 compare EEDFs in different Ho-He mixtures for select time de-

lays after the primary pulse current rise. Figure 5.51 shows the EEDFs for t=35,
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Figure 5.47: Time-resolved Maxwellian EEDF's for 15 ns-150 ns in 2% Hy-He mixture
at the discharge conditions of figures 5.14-5.16 (P=100 torr, ~4 mJ/pulse).
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Figure 5.48: Time-resolved Maxwellian EEDF's for 200 ns-750 ns in 2% Hs-He mixture
at the discharge conditions of figures 5.14-5.16 (P=100 torr, ~4 mJ/pulse).
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Figure 5.49: Time-resolved Maxwellian EEDFs for ¢ = 15 ns-150 ns in 5% Hy-He
mixture at the discharge conditions of figures 5.14-5.16 (P=100 torr, ~4 mJ/pulse).
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Figure 5.50: Time-resolved Maxwellian EEDF's for 200 ns-600 ns in 5% Hs-He mixture
at the discharge conditions of figures 5.14-5.16 (P=100 torr, ~4 mJ/pulse).
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75, 125 ns, while figure 5.52 plots the EEDF's for t=200 ns and the time delay cor-
responding to the end of the secondary current pulse (which differs slightly for each
gas mixture; see figure 5.15). Analyzing figure 5.51, for t=35 ns and t=75 ns, it can
be concluded that with increasing Hy fraction in the mixture, the electron temper-
ature is decreasing such that the EEDF peaks at lower electron energies. However,
at t=125 ns, in a 1% Hs mixture, the electron temperature is higher than in He at
the same time delay, such that the electron energy distribution spreads out further

toward higher energies. In mixtures with 2% and 5% Hs, the trend is reversed.
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Figure 5.51: Maxwellian EEDFs at 35 ns, 75 ns and 125 ns (P=100 torr, ~4-5
mJ /pulse) in different % Hy-He mixtures at the discharge conditions of figures 5.14-
5.16.

Analyzing figure 5.52, it is concluded that at t=200 ns, the electron temperature
increases as hydrogen is added to the mixture, such that the EEDF spreads out toward

higher energies. At the moment in time immediately following the secondary pulse,
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with the introduction of up to 2% H, the electron temperature increases causing the
EEDF to spread further to higher energies. However, at higher concentration (5%),

the EEDF tail begins to disappear since the electron temperature is lower.
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Figure 5.52: Maxwellian EEDFs for 200 ns and immediately following the secondary

current pulse (P=100 torr, ~4-5 mJ/pulse) in different Ho-He mixtures at the dis-
charge conditions of figures 5.14-5.16.

Figures 5.53 and 5.54 plot the same EEDFs as in figures 5.51 and 5.52, but with
the electron energy distribution divided by the square-root of the energy (n(e)/\/e)
and plotted on a semi-log scale. Plotting the exponential part of the EEDF on
a semi-log scale illustrates a simple-to-analyze linear trend of the electron energy
behavior. The same trends as discussed above can be observed here. Recall that
based on the Gaussian fit to the Thomson spectrum (which assumes a Maxwellian
EEDF), a Maxwellian EEDF can only be confirmed by the present experiments down

to a relative population of 1072 (see section 5.5). For relative populations below this
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value (i.e. in the high energy tail of the EEDF), the present results are inconclusive,

though in the plot the full EEDFs are shown as Maxwellian.

n(g)/el?
f’;‘;:&a"md] ——35 ns-0% H2 (Pure He) 35 ns-1% H2
i = =35ns-2% H2 = 35ns-5% H2
=75 ns-0% H2 (Pure He) == 75 ns-1% H2
1.0E-02 - = =75 ns-2% H2 — 75 ns-5% H2
: —125 ns-0% H2 (Pure He) 125 ns-1% H2
. = =125 ns-2% H2 == 125 ns-5% H2
1.06-04 + AN
\.
1.0E-06 T
1.0E-08 +
1.0E-10 +
1.0E-12 +
0 10 20 30 40 50 60
Energy (eV)

Figure 5.53: Exponential part of the Maxwellian EEDFs, n(¢)/1/€, plotted on a semi-
logarithmic scale for t=235 ns, 75 ns and 125 ns in % Hy-He mixtures at the discharge
conditions of figures 5.14-5.16 (P=100 torr, ~4-5 mJ/pulse).

As a reminder, note that the EEDFs plotted in figures 5.43-5.54 are based on
the following two assumptions: (1) the shape of the EEDF is Maxwellian, which
is consistent with the spectral shape of the Thomson scattering spectra measured
(i.e. they are accurately represented by a Gaussian spectral lineshape) at the present
conditions (see figure 5.25), and (2) Maxwellian EEDF is maintained up to high
electron energies (€ > T.). The present experiments do not provide direct evidence
for this second assumption, due to limited signal-to-noise. Further kinetic modeling
calculations, predicting EEDF by solving the Boltzmann equation for the plasma

electrons would help to clarify the validity of this assumption.
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Figure 5.54: Exponential part of the Maxwellian EEDFs, n(¢)//€, plotted on a semi-
logarithmic scale for t=200 ns and immediately following the secondary current pulse
in % Hy-He mixtures at the discharge conditions of figures 5.14-5.16 (P=100 torr,
~4-5 mJ /pulse).

5.8.3 Og—He

Portions of the discussion presented here on the results obtained in O,-He mixtures
is taken from reference [53]. Figure 5.55 shows time-resolved electron density mea-
sured in Oy-He gas mixtures at the discharge conditions shown in figures 5.20-5.22,
which plot discharge pulse voltage, current and coupled energy waveforms. Similar
temporal trends to the Hy-He mixtures are observed. Peak electron density values
range from 1.7-10" em 3 (10% O, in He) to 3.5-10" em 2 (helium and 1% O, in He).
Similar to Hy-He mixtures, as the O, mole fraction in the mixtures is increased, the

electron density decays more rapidly. However, in this case, it is likely that three-body

electron attachment to oxygen plays a primary role in electron decay,

e +02+M—= 0, + M (5.27)
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since it is a known rapid electron removal process in oxygen-containing plasmas at low
to moderate (T<500 K) translational/rotational temperatures, as is likely the case
here. The characteristic time for O, attachment was calculated earlier in section 5.6
as TO, —attachment =~ 3 — 4 ps (see equations 5.18-5.19).

Three-body attachment, unlike dissociative attachment (equ. 2.19), which has an
electron energy threshold of ~4.2 €V, does not require high electron energies, and
occurs even after the electrons are thermalized. In fact, the rate coefficient of this

process increases at low electron temperatures [25].
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Figure 5.55: Time-resolved electron number density in Op-He mixtures at the dis-
charge conditions shown in figures 5.20-5.22 (P=100 torr, ~4 mJ/pulse). From ref-
erence [53].

Figures 5.56 and 5.57 show time-resolved electron temperature in Oy-He mixtures.
Figure 5.56 shows a zoomed-in plot of electron temperatures during the first 200

ns after the beginning of the current rise (i.e. before the secondary pulse), while
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figure 5.57 shows the full temporal evolution (including both primary and secondary
pulses). The temporal trends are very similar to those in the Hy-He mixtures (shown
in figure 5.42). Peak electron temperature values range from 2.9 eV (10% O, in He) to
7.0 eV (pure heliwmn). Electron temperature, once again, decreases to the same level,
~0.3 eV, after both the primary and secondary pulses. Similar to Hyo-He mixtures, the
difference in timing for the electron temperature rise during the secondary discharge
pulse is due to the difference between the current and voltage traces for different

mixtures (see figures 5.20 and 5.21).
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Figure 5.56: Time-resolved (¢ = 0 ns-200 ns) electron temperature in Oy-He mixtures
at the discharge conditions shown in figures 5.20-5.22 (P=100 torr, ~4 mJ/pulse).
From reference [53].

Figures 5.58-5.65 plot time-resolved Maxwellian EEDFs in the Oy-He gas mixtures.
EEDFs measured in helium at moderate coupled pressure (5 mJ/pulse, P=100 torr)

have been previously shown in Figures 5.43 and 5.44. Figures 5.58 and 5.59 plot
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Figure 5.57: Time-resolved electron temperature in Oy-He mixtures at the discharge
conditions shown in figures 5.20-5.22 (P=100 torr, ~4 mJ/pulse). From reference
I

[53].

EEDFs in 1% Og-He mixture for the short (¢ = 10 ns - 150 ns) and long (¢t = 200
ns - 1.5 ps) time delays, respectively. Similar to the results in the Hy-He mixtures,
these EEDFs exhibit initially high-energy tails, before becoming more concentrated at
lower energies, as the electrons cool in the afterglow between the pulses. The results
suggest that the highest energy electrons are present at the shortest time delay (t=10
ns), with energies up to ~16 eV. This is somewhat lower than in the comparable
case in hydrogen (1% Hy-He mixture), which indicates electron energies of up to ~20
eV (see figure 5.45). A significant electron temperature reduction, indicating a shift
toward an EEDF with a less pronounced high-energy tail, is observed at ¢ ~125 ns,
which is the end of the primary pulse.

In figure 5.59, the results suggest that a number of EEDFs (corresponding to the

time delays ranging from t=250 ns-500 ns after the start of the primary discharge
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Figure 5.58: Time-resolved Maxwellian EEDF's for t=10 ns-150 ns in 1% Os-He mix-
ture at the discharge conditions shown in figures 5.20-5.22 (P=100 torr, &4 mJ /pulse).

current pulse) exhibit high-energy tails, up to ~12 eV, indicating significant electron
heating. This corresponds to the time regime during the secondary discharge pulse,
when additional energy is coupled to the plasma. Following this, the electrons begin
to cool once again in the afterglow, resulting in progressively higher peak, lower energy
EEDFs.

Figures 5.60 and 5.61 show EEDFs in the 2% O, in He mixture, for the short
(t=10 ns - 150 ns) and late (t=200 ns - 1.5 us) time delays after the primary current
pulse, respectively. Very similar trends to the results in the 1% Os-He mixture are
observed. The results suggest that the highest energy electrons, up to € = 16 eV,
are present at t=10 ns. Notably, lower peak value EEDFs corresponding to higher
electron temperatures than in the 1% Og-He mixture are present for the short time

delays (t=15 ns - 200 ns), while the opposite effect occurs (higher peak value, lower
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Figure 5.59: Time-resolved Maxwellian EEDF's for t=200 ns-1.5 ps in 1% Oq-He mix-
ture at the discharge conditions shown in figures 5.20-5.22 (P=100 torr, &4 mJ /pulse).

electron temperature EEDFs) for longer time delays, after the secondary pulse (t
> 500 ns). This trend is opposite to the one in 1% and 2% Hy-He mixtures. and
indicates that the presence of oxygen results in higher electron temperatures at shorter
timescales (£t<200 ns), while the presence of hydrogen seems to have a similar effect,
but on longer timescales (t>500 ns). EEDF trends in O,-He mixtures are analyzed
further in the discussion of figures 5.66-5.69.

Figures 5.62 and 5.63 show EEDFs in the 5% Os in He mixture, for the short
(t=10 ns - 150 ns) and long (t=200 ns - 650 ns) time delays after the primary pulse
current rise, respectively. Similar trends as in the lower O, concentration mixtures are
observed. The results suggest that the highest energy electrons are present at t=10ns,
up to € & 14 eV. At short delay time (t=15 ns - 200 ns), EEDF peak values are slightly

higher compared to the 2% O, mixture (i.e. lower electron temperatures), while at
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Figure 5.60: Time-resolved Maxwellian EEDF's for 10 ns-150 ns in 2% Os-IHe mixture
at the discharge conditions shown in figures 5.20-5.22 (P=100 torr, ~4 mJ/pulse).
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Figure 5.61: Time-resolved Maxwellian EEDF's for 200 ns-1.5 ps in 2% Os-He mixture
at the discharge conditions shown in figures 5.20-5.22 (P=100 torr, ~4 mJ/pulse).

163



long delay times (t > 500 ns), electron temperatures in the 5% O,-He mixture are
higher, resulting in energy distributions exhibiting a more pronounced, high-energy
tail. This is a reversal of the trend observed between 1% adn 2% Os-He mixtures. In
the 5% O,-He mixture, the electron density and electron temperature measurements
were conducted only out to t=650 ns, while measurements in 1% and 2% O, in He
mixtures were done for time delays up to t=1.5 ps. This is due to lower Thomson

signal levels in the 5% Oo-He mixture, as a result of lower electron densities.
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Figure 5.62: Time-resolved Maxwellian EEDF's for 10 ns-150 ns in 5% O,-He mixture
at the discharge conditions shown in figures 5.20-5.22 (P=100 torr, ~4 mJ/pulse).

Figures 5.64 and 5.65 show EEDFs for the 10% O in He mixture, for the short
time (t=10 ns - 150 ns) and long time (t=200 ns - 650 ns) delays, respectively. Very
similar trends to the 5% Oy concentration are observed. The results suggest that
high energy electrons, up to € 10 eV, are present in the mixture at t=10 ns. This
is significantly lower than with lower Oy concentrations. For short delays (t=10 ns
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Figure 5.63: Time-resolved Maxwellian EEDFs for 200 ns-650 ns in 5% Os-He mixture
at the discharge conditions shown in figures 5.20-5.22 (P=100 torr, ~4 mJ/pulse).

- 200 ns), EEDF peak values are slightly higher (i.e. lower electron temperature)
compared to the 5% Hy case, while later (t > 500 ns), energy distributions exhibit
higher-energy tails, reversing this trend.

Figures 5.66-5.69 show EEDFs in Oy-He mixtures for select time delays after the
primary pulse. Figure 5.66 plots EEDFs for t=35, 75, and 125 ns, while 5.67 plots
EEDFs for t=200 ns and the moment in time corresponding to the end of the sec-
ondary current pulse (which differs slightly for each gas mixture; see figure 5.21).
Analyzing figure 5.66, for t=35 ns, it can be observed that as O, fraction in the
mixture increases, the EEDF peak value increases, which corresponds to lower elec-

tron temperatures. However, for t=75 ns and t=125 ns, while the results in low
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Figure 5.64: Time-resolved Maxwellian EEDFs for 10 ns-150 ns in 10% Os-He mixture
at the discharge conditions shown in figures 5.20-5.22 (P=100 torr, ~4 mJ/pulse).
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Figure 5.65: Time-resolved Maxwellian EEDFs for 200 ns-650 ns in 10% O,-He mix-
ture at the discharge conditions shown in figures 5.20-5.22 (P=100 torr, ~4 mJ/pulse).
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oxygen fraction mixtures (1% and 2% O,) show the same trend of lower average en-

ergy EEDFs, at 5% and 10% Og-He mixtures, this trend is reversed, and the EEDFs

exhibit a high-energy tail once again.
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Figure 5.66: Maxwellian EEDFs in % O,-He mixtures for t=30 ns, 75 ns and 125 ns
at the discharge conditions shown in figures 5.20-5.22 (P=100 torr, ~4-5 mJ/pulse).

Analyzing figure 5.67, at t=200 ns, the EEDF shows essentially no change between
helium and 1% O,-He mixture. However, at 2% and 5% O, in He, the EEDF exhibits
a more pronounced high-energy tail, before this trend is reversed, and low average
energy EEDF is present at 10% O in helium. At the moment immediately following
the secondary pulse, a similar trend can be observed, although the EEDF appears to
have a higher average energy in a low percentage O,-He mixture (1% Os).

Figures 5.68 and 5.69 show the same EEDFSs as in figures 5.66 and 5.67, but with
the electron energy distribution divided by the square-root of the energy, (n(e)//e),
and plotted on a semi-log scale, providing simpler-to-analyze linear trends of the
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Figure 5.67: Maxwellian EEDF's in % Os-He for t=200 ns and inunediately following
the secondary current pulse at the discharge conditions shown in figures 5.20-5.22

(P=100 torr, ~4-5 mJ/pulse).

electron energy behavior. The same trends as discussed previously can be observed
here. Recall that based on the Gaussian fit to the Thomson spectrumn (which assumes
a Maxwellian EEDF), a Maxwellian EEDF can only be confirmed by the present
experiments down to a relative population of 1072 (see section 5.5). For relative
populations below this value (i.e. in the high energy tail of the EEDF'), the present
results are inconclusive, though in the plot the full EEDF's are shown as Maxwellian.
It is clear that comparison of the present results with kinetic modeling would yield
insight into the shape of the EEDF in Os-He mixtures (especially in the high-energy

tail), and help to clarify the validity of the assumptions made in the present work.
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Figure 5.68: Exponential part of the EEDF in % O.-He mixtures, n(e)/\/e, plotted
on a semi-logarithmic scale for t=30 ns, 75 ns and 125 ns at the discharge conditions
shown in figures 5.20-5.22 (P=100 torr, ~4-5 mJ/pulse).
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Figure 5.69: Exponential part of the EEDF in % O,-He mixtures, n(e)/+/e, plotted
on a semi-logarithmic scale for 200 ns and immediately following the secondary cur-
rent pulse at the discharge conditions shown in figures 5.20-5.22 (P=100 torr, ~4-5
mJ /pulse).
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5.9 Near Surface Nanosecond Pulse Discharge: Experimen-
tal Conditions

This section outlines the Thomson scattering experiment conducted in a near
surface, nanosecond pulse discharge generating a surface ionization wave. These ex-
periments were conducted in pure helium at P=100 torr. Measurements taken include
temporally resolved electron number density, electron temperature and electron en-

ergy distribution (EEDF).
5.9.1 Near Surface Nanosecond Pulse Discharge: Apparatus

The near surface discharge experiment was conducted in an environment very
similar to that outlined in chapter 4 and section 5.1. The only differences are the
electrode setup, housed at the center of the glass test cell, and the resulting discharge
geometry. Figure 5.70 shows a photograph of the glass test cell, with an inset in the
upper-left corner, showing the central part of the glass test cell (six-arm cross), with
the surface discharge assembly placed inside.

Figure 5.71 shows a more detailed schematic of the discharge electrode setup. The
surface discharge assembly consists of a rectangular quartz channel, held in place by
two plastic (Delrin), custom-machined inserts, which hold the assembly inside the
glass test cell. Within the quartz channel, the electrodes are attached to the bottom
surface of the channel. The electrodes are made of adhesive copper tape (0.1 mm
thick) and are positioned 17 mm apart. Adhesive copper tape used for the grounded
electrode is also attached to the outside surface of the bottom wall of the quartz
channel, which acts as a waveguide for the surface ionization wave which originates

at the high-voltage electrode. The left electrode (high-voltage electrode) was powered
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Figure 5.70: Image of experimental apparatus used in near-surface discharge experi-
ment. From reference [48].

by the same, home-built, magnetic compression pulser as described previously (see
section 5.1). A positive-polarity, double-pulse voltage waveform is produced, with
a peak voltage of ~6 kV and peak current of ~80 A. The pulse duration is ~150
ns; a pulse repetition rate of 120 Hz was used for this study. The resulting electric
discharge is initiated as a relatively slow-moving (0.2 mm/ns) surface ionization wave,
propagating from the high-voltage electrode (left) to the grounded electrode (right).
Once the wave reaches the grounded electrode, a near surface, quasi-DC discharge
is formed. Time resolved electron number density, electron temperature and EEDF

measurements were obtained in this quasi-DC near surface discharge. Figure 5.71

shows a schematic (not to scale) of the near surface discharge (violet), and the laser
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beam used for Thomson scattering measurements, propagating through the discharge

(green).
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Figure 5.71: Schematic of near-surface discharge electrode setup. From reference

148].

5.9.2 Near Surface Nanosecond Pulse Discharge: Character-
istics

Portions of this discussion are taken from reference [48]. Helium is flowed through
the discharge test cell in the axial direction, at a pressure of P=100 torr and a flow rate
of 1.75 slm. which corresponds to an estimated axial flow velocity of ~0.5 m/s. This
velocity is sufficiently high to ensure that the flow between the electrodes is refreshed
between consecutive laser pulses (30 Hz). When the high voltage pulse is applied to
the electrodes, a surface ionization wave forms at the high-voltage electrode. This

wave then propagates across the gap until it reaches the grounded electrode. At this

172



point, a quasi-DC, near-surface discharge is generated between the electrodes, over
the entire 17 mm gap. Based on ICCD images (see figure 5.73), the surface plasma
is approximately 1.3 mm thick and 12 mm wide.

Figure 5.72 shows the pulse voltage, current and coupled energy waveforms at the
present conditions. The DC input voltage to the pulse plasma generator was 475 V.
Peak output pulse voltage and current are ~6 kV and ~80 A, respectively, with the
double-pulse structure readily apparent. At the present conditions, the primary pulse
couples approximately 80% of the energy to the plasma, 11 mJ, with the remaining ~3
mJ coupled by the secondary pulse, resulting in a total coupled pulse energy of ~14
mJ. In figure 5.72, t = 0 corresponds to the moment when the surface ionization wave
is initiated and begins to propagate at the high-voltage electrode. This phenomenon

is well reproduced shot-to-shot.
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Figure 5.72: Voltage, current and coupled energy waveforms in the near surface,
nanosecond pulse discharge (heliim, P=100 torr). From reference [48].
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Figure 5.73 shows a collage of ICCD images showing broadband plasma emission
from the near-surface discharge (initiated as a surface ionization wave) and afterglow
in helium during and after the high-voltage pulse. All images are accumulations over
5 discharge pulses, with a 2 ns camera gate, and are taken at the conditions of fig-
ure 5.72. To reiterate, t = 0 corresponds to the moment when the surface ionization
wave was initiated at the high-voltage electrode. As can be observed from the im-
ages, the ionization wave propagates across the 17 mm gap between the electrodes
and reaches the grounded electrode approximately 84 ns after it is initiated. The
average wave speed is approximately 0.2 mm/ns. Furthermore, it can be seen that
the pulse voltage peaks and begins to fall approximately 185 ns after the wave begins
to propagate, i.e. about 100 ns after the wave reaches the grounded electrode. At
this moment, the main pulse current begins to rise dramatically (see figure 5.72), in-
dicating breakdown of the discharge gap and formation of a self-sustained discharge
between the electrodes. Nearly all energy is coupled to the plasma after this moment.
The pulse current peaks about 260 ns after the wave propagation begins. Thus, the
surface ionization wave propagates across the entire discharge gap while the applied
voltage is still fairly low (below 2 kV; see figure 5.72), and the discharge current at

this stage is very low, as expected.
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Figure 5.73: Broadband plasma emission for near surface discharge study (helium,
P=100 torr, 5-shot average, 2 ns gate). Time delays shown are relative to the start of
the surface ionization wave propagation (t=0). *Asterisks represent time delays for
which Thomson spectra were collected. From reference [48].



5.9.3 Near Surface Nanosecond Pulse Discharge: Thomson
Spectra

Portions of the following discussion are taken from reference [48]. Thomson scat-
tering spectra were obtained for a range of time delays from 185 ns to 950 ns after
the start of the surface ionization wave propagation. Accumulating spectra at shorter
time delays, i.e. before a self-sustained discharge was established across the electrode
gap, was attempted. However, the scattering signal was too weak to produce usable
spectra (i.e. electron density in the plasma was too low, or possibly, the plasma was
closer to the surface than the laser beam). For all time delays, the ICCD camera
was set to collect several thousands of laser shots, in order to achieve signal-to-noise
sufficient for data processing and inference of the electron density and electron tem-
perature. For time delays between 185 ns and 240 ns, 45,000 laser shots (25 minute
signal collection time) were accumulated and added together to create each ’expo-
sure’. For all other time delays, 14,400 laser shots (8 minute signal collection time)
were accumulated. To further improve signal-to-noise, ’exposures’ for each time de-
lay were collected 4 times and averaged. Finally, both discharge emission and stray
light backgrounds were collected and subtracted from the averaged Thomson scat-
tering spectrum, by turning off the laser and the discharge, respectively. A sample
filtered Thomson scattering spectrum, after background subtraction, taken 315 ns
after the start of the surface ionization wave propagation, is shown as the blue line in
figure 5.74, along with the fitted Voigt lineshape and inferred Gaussian profile. For
further information on the spectral fitting procedure, see section 5.2.

The Thomson scattering signal in the plasma was collected from an ~50 pym diam-

eter, 3 mm long volume. The signal collection volume was located halfway between
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the electrodes, along the centerline of the plasma (i.e. laterally and longitudinally),
approximately 1.1 mm above the dielectric (quartz) surface. This results in collection
from a region which is ~0.2 mm below the apparent upper boundary of the plasma.
The camera pixels corresponding to the signal collection region were binned together
prior to readout of the spectrum, resulting in spatial averaging over the signal collec-

tion volume for all data points taken.
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—Voigt Fit
08 - .
——Gaussian Profile
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— 1
529 531 533

Wavelength (nm)

Figure 5.74: Typical Thomson scattering spectrum (helium, P=100 torr, 315 ns after
start of surface ionization wave propagation), shown with least-squares Voigt fit and
inferred Gaussian profile. From reference [48].

5.10 Near Surface Nanosecond Pulse Discharge: Electron
Temperature, Electron Density and EEDF Results

This section presents the results in the near surface discharge Thomson scattering
experiment, including time-resolved electron number density and electron temper-
ature measurements, as well as Maxwellian electron energy distribution functions

L77



(EEDFSs) inferred from the Thomson scattering spectra. Portions of this discussion
are taken from reference [48].

Figure 5.75 shows time-resolved electron density in the near-surface discharge in
helium starting from 185 ns after the launch of the surface ionization wave (i.e. the
beginning of the primary current pulse) to 945 ns (just after the secondary current
pulse), plotted along with the current waveform. As illustrated in figure 5.75, ¢t = 185
ns is the beginning of the main current pulse, while the secondary current pulse
begins at ¢t ~ 750 ns. Initially, the electron density increases rapidly, from approx-

3 an increase of

imately n, ~ 2 - 10 cm™3 to the peak value of n, ~ 3 - 10* cm~
over an order of magnitude, over approximately 75 ns. The electron density then
begins to decay gradually over the next ~500 ns. During this period, the electron
density decay is likely dominated by dissociative recombination (see equation 5.24),
as detected previously in the nanosecond pulse, sphere-to-sphere filament discharge in
helium (see section 5.8). Dissociative recombination is a relatively slow process, where
the estimated recombination time for T/T, ~ 0.1 is Tree & (Bn.)"' =10 us, where,
B~ 8.9-107° (T/T,)*? cm?3/s, is the dissociative recombination rate coefficient in he-
lium [55]. Subsequently, a secondary increase in electron density is observed, which is
due to the additional energy coupling to the plasma by the secondary discharge pulse.
In essence, the electron density follows the discharge current. After the secondary
pulse is over, the electron density begins to decay once again.

Figure 5.76 plots time-resolved electron temperature at the conditions of fig-

ure 5.75. Peak electron temperature measured was 7T, ~ 4.25 eV at ¢ = 185 ns.

It is likely that the electron temperature at shorter delay times (before the surface
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Figure 5.75: Time-resolved electron number density in the near surface, nanosecond
pulse discharge experiment (helium, P=100 torr, ~14 mJ/pulse). From reference

148].

ionization wave reaches the grounded electrode) is higher. However, the present diag-
nostic is not sufficiently sensitive to take data at shorter delay times, due to relatively
low electron density. At { > 185 ns, the electron temperature rapidly drops to =0.5
eV over ~150 ns. After this, the electron temperature decreases more slowly. This
slower trend is likely due to superelastic collisions (see equation 5.23) becoming sig-
nificant and providing moderate electron heating in the afterglow [49]. At ¢ &~ 750
ns, a brief transient rise of electron temperature occurs, up to 7, ~ 1.25 eV. This is
caused by the secondary discharge pulse coupling additional energy to the plasma;
note that this transient rise coincides in time with the secondary current pulse. After
the secondary pulse, the electron temperature rapidly decreases once again.

Figures 5.77 and 5.78 show the time-resolved electron energy distribution func-

tions (EEDFSs) for the near surface discharge study in helium. All EEDFs presented
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Figure 5.76: Time-resolved electron temperature in the near surface, nanosecond pulse
discharge experiment (helium, P=100 torr, ~14 mJ/pulse). From reference [48].

here are Maxwellian EEDFS, inferred from the electron number density and electron
temperature values for each temporal data point (see section 5.5 for data reduction
details). Figure 5.77 gives the EEDFs for the short time delays, from t=240 ns - 375
ns after the start of the surface ionization wave propagation. The results suggest that
from 240 ns to 315 ns (i.e during the primary discharge pulse), that electrons with
high energies are present, with the EEDF's having a well pronounced, high-energy tail,
with energies of up to ~20 eV. Shortly after this (t=375 ns), the electrons begin to
cool, such that the EEDF tail rapidly disappears and lower electron energies become
prevalent.

Figure 5.78 gives the EEDFs for the long time delays, from t=400 ns - 1 us after
the start of the surface ionization wave propagation. The trend of the EEDFs are

seen to be converging toward low electron energies, with electrons losing energy until
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Figure 5.77: Time-resolved Maxwellian EEDF's for t=240 ns-375 ns after start of the
ionization wave propagation in a near-surface, nanosecond pulse discharge in helium
(P=100 torr, 14 mJ/pulse).

t=800 ns, where additional coupling of energy by the secondary discharge pulse causes
the electrons to gain energy once again, such that the EEDF tail extends out to ~6
eV (with an order of magnitude drop in population). After this ({ > 900 ns), the
electrons lose energy once again, and the EEDF exhibits dominance of low energy
electrons. Similar to the conclusion made in section 5.8, comparison of the present
results with kinetic modeling calculations can be used for model validation, as well
as to verify if the EEDF in the near-surface discharge is fully Maxwellian (i.e. even

at high electron energies).
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Figure 5.78: Time-resolved Maxwellian EEDFs for t=400 ns-1 us after start of the
ionization wave propagation in a near-surface, nanosecond pulse discharge in helium
(P=100 torr, ~14 mJ/pulse).
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Chapter 6: Conclusions and Future Work

This dissertation has presented studies of fundamental dynamics and kinetics of
nonequilibrium plasmas in nanosecond pulse discharges. Nanosecond pulse, high en-
ergy (>4 mJ/pulse), discharges at moderate pressure (75-200 torr) have been studied
in a number of gas mixtures including nitrogen, helium, hydrogen and oxygen. Mea-
surements of fundamental characteristics of plasmas in these discharges have been
accomplished using laser scattering diagnostic techniques, including spontaneous Ra-
man scattering and Thomson scattering.

Time-resolved measurements of Ny vibration distribution function (VDF), "first-
level’ Ny vibrational temperature (Tyo;), electron number density (n.), electron tem-
perature (7,) and electron energy distribution function have been conducted in differ-
ent types of nanosecond pulse, electric discharges. Electron number density, electron
temperature and EEDF control the local energy loading and electron energy partition
in the plasma (specifically, ionization and recombination rate coefficients), and there-
fore provide insight into rates of production of species in nanosecond pulse discharges
which are critical for applications such as plasma flow control (PFC) and plasma
assisted combustion (PAC). In addition, time-resolved measurements of vibrational
distribution function (VDF) and vibrational temperature (7y,) provide insight into the

rates of processes controlling vibrational energy loading and relaxation in nanosecond
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pulse discharges in molecular gases, and are important for NO formation (a regulated
pollutant), plasma lifetime (specifically in air plasmas) and the rate of temperature
increase.

Spontaneous Raman scattering has been used to study temporal evolution of the
Ny vibrational distribution function (VDF) in nitrogen and air, in a nanosecond
pulse, 'diffuse filament’ discharge sustained between two spherical electrodes. Highly
nonequilibrium conditions were observed, with vibrational levels up to v = 12 in
nitrogen and v = 11 in air significantly populated and detected. First-level Ny vibra-
tional temperature has also been measured, and found to exceed T, = 2500 K in air
and 4000 K in nitrogen, while the rotational/translational temperature at these con-
ditions is expected to be ~500-1000 K, indicating highly nonequilibrium conditions.
Time-resolved average number of vibrational quanta per Ny molecule have also been
measured, indicating a significant rise during the discharge pulse. Results in nitrogen
have been compared with 0-D kinetic modeling predictions. Trends for the Ny VDF's
and first-level Ny vibrational temperature were reproduced well by the model. How-
ever, VDF decay rate was significantly overpredicted, while the rate of the secondary
rise in vibrational temperature after the discharge pulse was underpredicted.

Future work in this area would be to perform kinetic modeling calculations for
all experimental conditions tested, preferably using a 2-D kinetic model. This has
the potential to shed light on several unresolved issues of Ny vibrational kinetics in
nanosecond pulse discharge plasmas, particularly the reason for the slower VDF decay
rate than predicted by the 0-D model. Also, measurements of the time-resolved Ny

VDF for different O, fractions in nitrogen would be extremely helpful to study the
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effect of oxygen molecules and O atoms in these plasmas in more detail (in particular,
V-T relaxation of Ny by O atoms).

A Thomson scattering diagnostic, for measurement of electron density, electron
temperature and electron energy distribution (EEDF) has been developed. A custom-
built, triple-grating spectrometer is used to filter out interference to the Thomson
signal from Rayleigh scattering, as well as to block stray light from reaching the
detector. Rayleigh scattering filtering is achieved using a spectral masking proce-
dure, which utilizes a stainless steel mask to physically block the spectrally 'narrow’
Rayleigh scattering signal, but allows the majority of the spectrally 'wide’ Thomson
signal through. The linear dispersion of the present diagnostic is ~1 mm/nm, while
the sensitivity level of Thomson scattering measurements allows for electron number
density measurements down to ~10'2 cm™3.

In the future, the Thomson scattering diagnostic sensitivity may be improved
in several ways. First, current grating efficiencies are ~40%. This results in only
approximately 6.5% of the scattered signal propagating through the triple-grating
spectrometer to the detector. This could be improved to ~35% (i.e. by a factor of
~5) using a modern transmission grating setup, where the individual transmission
gratings have ~70% efficiencies. This would require significant redesign of the triple
grating spectrometer, but may well be worthwhile for studying lower electron density
plasmas. Another possibility for improving the diagnostic sensitivity is replacing the
ICCD camera with a more advanced, filmless ICCD. The camera used in the present
experiments has a quantum efficiency of ~10% at 532 nm. Currently available filmless
ICCDs have potential for quantum efficiency of up to 50% at 532 nm, offering an

additional factor of five improvement.
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Temporally resolved electron number density, electron temperature and electron
energy distribution function (EEDF) have been measured in a nanosecond pulse,
‘diffuse filament’ discharge, sustained between two spherical electrodes and in a near
surface, nanosecond pulse discharge (initially developing as a surface ionization wave)
using a Thomson scattering diagnostic. Experimental studies have been conducted
in helium, as well as in various mole fractions of Hy in helium and O, in helium.
Sphere-to-sphere filament discharge results in helium, at high coupled pulse energy
(=17 mJ/pulse), have been compared with 2-D, axisymmetric, kinetic modeling pre-
dictions. Modeling predictions have yielded insight into major electron density decay
mechanisms (primarily dissociative recombination at the present conditions) as well
as the importance of superelastic collisions during the discharge afterglow. At these
conditions, electron densities were found to range from 10'% to 10* cm ™3, while elec-
tron temperatures ranged from 0.1 to 7.0 eV.

Future work in this area would be to perform further, 2-D modeling calculations
for the entire range of experimental conditions tested. This would greatly improve un-
derstanding of kinetic processes controlling EEDF in these discharges. Also, electron
number density, electron temperature and EEDF measurements in No-He mixtures
would be a significant advance for characterization of electron kinetics in air-species

containing plasmas.
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