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Abstract

Non-thermal atmospheric-pressure plasmas have received much attentions due to their
substantial capacity for application in the fields of plasmas, such as plasma nanoscience, plasma
medicine, and plasma chemistry. In applications of such plasma sources, radicals generated
inside the plasma play key roles in the resultant of chemical reactions. Since the generation of
radicals is governed by the presence of free electrons in plasmas, measurements of the electron
density (ne) and electron temperature (Te) are essential for understanding plasma behavior. On
the other hand, the most input power is supplied by electrons in non-thermal plasmas. Hence, to

improve plasma devices efficiency, knowing the plasma parameters are so important.

The purpose of this research is applying laser Thomson scattering (LTS) method as a
diagnostics system to measure ne and Te in non-thermal atmospheric pressure plasmas such as
capacity coupled discharge (CCD), dielectric barrier discharge (DBD), and the early stage of the

high-voltage waveform that is called primary streamer.

Capacity coupled discharge (CCD) has been selected as a non-thermal atmospheric pressure
plasma. Since CCD does not have a dielectric layer between discharge electrodes, the formation
time and the spatial position of the CCD plasma could be controlled. The spatial distribution and
temporal variation of ne and Te have been examined. At the center of the discharge, ne and Te has
been estimated to be 4.6 (+ 0.6) x 1022 m= and 1.7 (+ 0.3) eV, respectively, at the time of 15 ns
after the start of the discharge. A significant deference has been observed in temporal behavior
between ne and T after the discharge generation. Temporal behavior of ne and Te are discussed
on the basis of two recombination processes: three-body electron-ion recombination because of
high electron density and electron-ion dissociative recombination due to the formation of dimer
ion in high pressure. Both of these mechanisms are operative in this system. The rapid decrease
of Te until 35 ns can be explained by two processes: the termination of power input to the
discharge and the energy transfer by elastic collisions between the electrons and neutral particles
or ions. Assuming the above values (neand Te), the total collision frequency is estimated to be
approximately 1x10'? Hz. The thermal relaxation time of electrons with neutral particles is

calculated to be less than 20 ns. Considering this time, it is understood that the energy of the
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electrons can be transferred to the neutral particles in a short time. On the other hand, the
decrease of Te is gradual after 35 ns. It has been suggested that the three-body recombination
process can be a heating source for electrons because the third electron of the process can obtain
a part of the ionization-energy released by the process. The obtained results are useful for

discussing the particle and power balances of the discharge plasma.

In addition, LTS measurements have been successfully applied to DBD. Temporal evolution
of electron density and temperature were found to be similar to those of CCD. Because the total
current charge for DBD was a fifth of that of CCD described above, the electron density of DBD
was relatively low and was (1.03 +0.08) x 10?2 m™ at the center of the discharge.

Furthermore, the LTS method have been developed to diagnose streamer plasmas. The LTS
signals were detected clearly and the values of ne and Te of the streamer were obtained for the
first time. In order to avoid laser perturbation and obtain sufficient intensity of Thomson
scattering signal, two cylindrical lenses have been employed to optimize spot size of a probing
laser at a focusing point. The electron density and electron temperature were successfully
measured to be ~10'® m= and ~2 eV, respectively in the initial stage of the primary streamer. As
time passes, the electron density and electron temperature decreased to the minimum. These

features of the streamer were found to be consistent with reported simulation-results.
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Chapter 1

Introduction

Over 15 billion years ago the matter which composed the universe was so hot that everything
was in the form of plasma. Nowadays, more than 99% of the universe is composed of plasma. In
a simple definition, when we heat up a solid, it turns into a liquid. Further heating turns the liquid
into a gas and more heating leads to a plasma. A plasma medium contains very large number of
free electrons, positively charged ions and neutral atoms or molecules which governed by
electromagnetic force. In this phase of matter, the heat is the expression of the separate electron
and ion motions. Plasma is essential to explain the universe and also is extensively used in

industry to improve the standard and quality of life.
1.1 Electrical discharge characterizations

An effective method to create plasmas is through electrical breakdown of gases, which is the
process of producing charged particles by applying a strong electric field to the gases. Electrical
discharges have been investigated extensively since the 19" century, when vacuum pumps and
electricity sources became available. In the early 1900s, Townsend described the breakdown
mechanism. In order to understand breakdown phenomena in gases, the electrical properties of
gases should be studied. The processes by which high currents are produced in gases are
essential. The electrical discharges in gases are two types: 1. Non-sustaining discharges 2. Self-
sustaining discharges. The breakdown in a gas is the transition of a non-sustaining discharge into
a self-sustaining discharge. The formation of high current in a breakdown is due to the ionization
in which electrons and ions are created from neutral atoms or molecules, and their migration to
the anode and cathode respectively leads to high current. Townsend theory and streamer theory
are the present two types of theories which explain the mechanism of breakdown under different
conditions as pressure, temperature, electrode configurations, electrode surface properties and

availability of initial conducting particles. The operating pressure could be low, around
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atmospheric or high. The distinction between atmospheric and low pressure can be made when
considering the pressure at which the plasma is generated. In plasmas, the electrons receive high
energies. If the electrons and the other species such as molecules and ions obtain a thermal
energy distribution at the same high temperature, the plasma is called thermal, indicating that the
plasma is in thermal equilibrium. If only the electrons have high energy and the other species
temperature remain in room temperature (about 300 K), the plasma is called non-thermal or non-
equilibrium plasma. Dielectric Barrier Discharge (DBD) is typical plasma in non-thermal
category. Fig.1.1 shows voltage-time characteristics of plasma in atmospheric pressure. It gives
an overview of atmospheric pressure plasmas. Traditional plasma sources include plasma torches,
corona discharges, and dielectric barrier discharges. Three good review papers about

atmospheric pressure plasmas and plasma sources can be found in Ref. [1- 3].

1
' Atmospheric pressure glow
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Fig.1.1 Voltage-time characteristics in atmospheric pressure plasmas



1.2 Streamer

The initial stage of the electrical breakdown is the development of ionization waves, also
known as streamer discharges. In order to understand the streamer structure, it is necessary to
distinguish different stages of streamer. Based on the steamer dynamics, there are three stages for
streamer phase: 1) the electron avalanche phase 2) the streamer propagation that is called
primary streamer 3) the streamers have crossed the gap. This final stage of evolution is also

known as a secondary streamer or micro discharge.

Townsend theory for breakdown and development of ionization process cannot explain
streamer phenomena. So the streamer theory was proposed to explain these observed phenomena.
The theory predicts the development of a filamentary discharge directly from a single avalanche
in which the space charges develop by the avalanche itself is said to transform the avalanche into
a plasma streamer. Approximately, 10% — 10 free electrons/m? are always present in environment
due to cosmic ray and UV radiation. A free electron will accelerate in an electric field. Hence, it
gains energy and collide with a molecule. It can release an electron provided that it has received
sufficient energy during acceleration. As a result of the ionization, two free electrons are created
in the electric field. Both electrons accelerate in the electric field. During the passing through the
electric field, the electron may undergo multiple ionization collisions. Generally, the electrons in
the avalanche due to high mobility move very fast compared with the positive ions. By passing
the time when the electrons reach the anode, the positive ions are still in the original positions
and form a positive space charge at the anode. This enhances the field, and the secondary
avalanches are formed from a few electrons produced due to photo-ionization in the space charge
region. This happens first near the anode where the space charges are in maximum and a further
increase in the space charges. This process is so fast and the positive space charges extend to the
cathode rapidly resulting in the formation of a streamer. As a result, narrow luminous tracks
occurring at breakdown are called streamers. As soon as the streamer head approaches to the
cathode, a cathode spot is formed and a streamer of electrons rushes from cathode to neutralize
the positive space charges in the streamer. It leads to a filamentary discharge and breakdown

occurs.

Generally, it is assumed that for pd values below 10 Torr-m and gas pressures varying from

0.01 to 300 Torr, the Townsend mechanism operates, while at higher pressures and pd values the
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streamer mechanism plays the dominant role in explaining the breakdown phenomena. However,

some unclear issues still exist in these statements.

8
For example, in air at atmospheric pressure transition to streamer occur when more then 10
5 6
electrons accumulated in avalanche. The streamer velocity is in the range 10 -10 m/s, the radius

4 -3
of the propagating streamer head and the resulting ionized channel is about 10 -10 m. The
reduced field E/N at the streamer head can reach 500 to 800 Td (1 Townsend or Td corresponds

-21 2
to 10 V.m), a value that is several times higher than the reduced field at breakdown (about 100

to 200 Td). Table 1 shows some properties of streamer in air at atmospheric pressure.

Table 1: Streamer properties in air at atmospheric pressure

- . -10 -9
Duration: 10-20 ns Total Charge: 10 -10 C
Filament radius: 0.1 mm

20 21
Electron density: 10 -10 m™3
Peak current: 0.1 A

Mean Electron energy: 1-10 eV

6 7 2
Current density: 10 -10 A/m ) 5 6
Streamer velocity: 10 -10 m/s

To continue streamers propagating, being available of new free electrons which can develop
into an avalanche is important. Hence, it is necessary to distinguish between cathode directed
streamers CDS (positive streamers) and anode directed streamers ADS (negative streamers). The
difference is due to the applied voltage polarity on the electrode (active electrode). There is a
main difference between CDS and ADS when we look at the streamer propagation direction
relative to the applied electric field. For the CDS these directions are parallel, but for the ADS
are antiparallel. In addition, at the ADS the electrons travel in the same direction relative to the

streamer propagation. The required secondary electrons are generated in the streamer head and



then accelerate in the direction of streamer of propagation. At the CDS, the situation is
complicated. The electrons travel in the direction opposite to the streamer. To continue streamer
propagating, a mechanism is required that generates free electron in the sheath surrounding the
steamer head, which then accelerate and create an avalanche. If the electrons are generated too
far from the streamer head, the electric field is too low to obtain a positive net ionization. The

suitable region for new avalanche creation is called active region.
1.3 Dielectric barrier discharges (DBD)

The discharge between two electrodes, from which at least one is covered with a dielectric
layer, at atmospheric pressure (called dielectric barrier discharge or silent discharge) has been
known more than a hundred years. Initial experimental investigations were reported by Siemens
in 1857. In that time, they concentrated on the generation of ozone. In recent years, properties of
DBD plasmas and its dynamics in different electrode configurations have been investigated
numerically by researchers [4-7]. DBD plasma is typically obtained between two parallel
electrodes separated by a gap of some millimeters and exited by alternating current (AC) voltage.
They are very attractive for industrial applications due to providing non-thermal and non-
equilibrium plasma conditions at around atmospheric pressure. The dielectric barrier can be
made from glass, quartz, ceramics, or polymer materials of low dielectric loss and high break
down strength. The presence of the dielectric leads to the formation of a large number of micro-

discharges [8].
1.3.1 Micro-discharge Formation

Many investigations show that at atmospheric pressure electrical breakdown in planar
electrode configuration occurs in a large number of nanosecond filaments referred to as a micro-
discharge. These micro-discharges are randomly distributed with respect to space and time. Most
of the industrial applications of barrier discharges operate in this filamentary mode. The micro-
discharges have complex dynamic structure and are formed by channel streamers that repeatedly
strike at the same place as the polarity of the applied voltage changes. Thus, it appears to the eye
as bright filaments. The extinction voltage of the micro discharges is not far below the voltage of
their ignition. Charge accumulation on the surface of the dielectric barrier reduces the electric

field at the location of a micro discharge, which results in current termination within tens of



nanoseconds after breakdown. The short duration of current in Micro-discharges leads to low
heat dissipation, and the DBD plasma remains strongly non-thermal. The nature of the discharge
depends on the gas mixture employed, the dielectric, and the operating conditions. Also the
number of generated micro-discharges per unit of electrode area and time depends on the power
density. The energy density and transferred charges is determined by the gap distance, operating

pressure, and dielectric layer properties.

Barrier discharges can exhibit two major discharge modes: streamer (with bright micro-
discharges) and glow. The glow mode of DBD is not necessarily uniform, and it can be
filamentary. These glow filaments are formed by avalanches rather than streamers. In fact,
micro-discharges are initiated by Townsend, not a streamer breakdown. The glow mode by
DBDs is usually referred to as the Atmospheric Pressure Glow (APG) [9]. The filamentary mode
IS a topic for investigations in recent years. Much experimental works have been done in this

area [10-15]. Both glow and filamentary discharge modes are formed at atmospheric pressure.
1.4 Atmospheric pressure thermal plasma

Thermal plasmas are partially or strongly ionized gases, usually created by electric arcs at
atmospheric or low pressure. If the current in the gap is increased to about 1 A or more, the
voltage across the gap reduces suddenly and remains rather weak. In such a condition, the
discharge becomes very luminous and noisy. Firstly, the energy given to the plasma is captured
by the electrons because of their high mobility (the same as non-thermal plasma). Then, due to
the high electron number density, elastic collision frequencies are very high. Therefore, energy
transfer leads to an equal distribution of energy and there is thermal equilibrium among all the
kinds of particles allowing a single temperature to be defined for the plasma at a given position.

A good review paper about thermal plasma can be found in reference [16].
1.5 Applications of atmospheric pressure plasmas

Nowadays, Applications of plasma technologies are numerous and involve many industries.
The atmospheric plasma sources based on structure, power supply, plasma temperature, and
operating conditions are very different. Therefore, they have wide applications. Although
plasmas generated at low pressure show interesting properties, industrial applications working at

atmospheric pressure has great advantages. Because the processing can be continuous and
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vacuum vessels, pumps are unnecessary. The review and discussion of applications for

atmospheric pressure plasmas especially in non-thermal plasma can be found in references [2, 8].
1.5.1 Non-thermal atmospheric pressure plasmas applications

One of the old applications in atmospheric pressure plasma is 0zone generator. The discovery
of chemical compound of ozone belongs to 1839 and it has been done by Christian Friedrich
Schonbein. After that, Werner Siemens, in 1857, proposed a method to generate ozone by
passing air or oxygen through an alternative discharge in a DBD plasma. Nowadays, this method

still is used in industrial ozone generation.

The dielectric barrier discharges also used for the control of gaseous pollutants and
destruction compounds. The early investigations on the destruction of chemical compounds were
carried out by Berthelot in 1876. Non-thermal plasmas use most of the discharge energy to
produce energetic electrons. The electrons generate reactive free radicals which can decompose

toxic compounds.

One of the new applications in DBD plasmas are Plasma displays which utilize Xe VUV
radiation to excite phosphor layers deposited inside the tiny gas discharge cells used for
individual pixels. In ac plasma displays all electrodes are covered by dielectric layers and sputter
resistant MgO coatings. The original idea to use dielectric barrier discharges for large area

displays originated at University of Illinois in 1964.

One of the most recent additions to dielectric barrier discharge applications is plasma
biomedicine. Recent years, many researches have been done research in cancer cell treatment

and wound healing such as bacteria sterilization, blood coagulation, etc under plasma treatment.

A good relevant example of plasma application in high technology is plasma etching in single
crystal silicon, which is so important in the fabrication of integrated circuit. Finally, we probably

would not have personal computers and cell phones like we have now without plasma processing.
1.6 Diagnostics of non-thermal atmospheric pressure plasmas

There are numerous techniques for plasma characterization that have limited applications in

different plasma sources. The diagnostics of atmospheric pressure plasmas requires special and



precise designed experimental techniques and instrumentation. Because, the plasma conditions
achieved vary over a wide range. For example, their time scale and the spatial dimensions are
such that temporal and spatial resolution of several nanoseconds and microns. Since Langmuir
probes (traditional diagnostics in plasma) perturb the plasma enough to generate unreliable
results and also indicates that they are problematic for measuring low energy electrons, most of
the experimental diagnostics studies on the non-thermal atmospheric pressure plasma are limited
to optical and spectroscopic methods to acquire data about densities of different species [17,18].
Although these methods are rather difficult, they provide good information about atomic and

molecular species, their excited and ionization states, and some other plasma parameters.
1.6.1 Laser Thomson scattering diagnostics

The most powerful technique for plasma characterization is laser Thomson scattering. It has
special place in the laser diagnostics of plasmas. The theory and application of Thomson
scattering has long history. The technique is named for J.J. Thomson who introduced the theory
for the scattering of electromagnetic radiation by electrons in 1907. The history of this technique
belongs to fusion plasma studies. The biggest impact of laser diagnostics for general plasma
physicists came when a team of British physicist decisively demonstrated the high performance
of T-3 tokamak in the Soviet Union in 1969 by measuring the electron density and temperature

of the discharge by Thomson scattering [19].

In diagnostics of high temperature and high electron density thermal plasmas (Arc electrical
discharges), a single pulse ruby laser has been employed [20]. In order to use the same technique
in glow discharge plasmas, there is a limitation to the number of scattered photons which can be
detected. In the steady state in which lower density discharges usually operate, this limitation can
be overcome by accumulating data for a large number of laser pulses. This method has enabled
Thomson scattering to be applied to various types of glow discharges, such as electron cyclotron
resonance (ECR) discharges [21, 22], radio-frequency inductively coupled plasma (ICP)
discharges [23-25], a magnetic neutral loop discharge [26], radio-frequency capacity coupled
discharges [27], and plasma display panel (PDP) micro-discharge plasmas [28-30] . A Good

review and discussion can be found in these references [31-33].



Generally, electrons play a key role in energy transfer and many other processes within
plasma sources. Therefore, a complete characterization of any plasma need spatially and
temporally resolved data for the electron density and electron temperature as well as electron
energy distribution function. Thomson scattering provides a reliable and non-intrusive method
that determine inherently radially resolved absolute values for these fundamental parameters,
without the assumptions about cylindrical symmetry or thermodynamic conditions in the plasma
that are required by the other techniques. These advantages make LTS inherently superior to
alternative techniques, such as electric probes and microwave interferometry. However, the small
scale, strong laser absorption, stray light, plasma gradients, and multiple ion species in the higher
density plasma are a significant experimental challenge.

1.7 Aim of the research

Characteristics of the DBD plasmas which are usually produced between parallel plane
electrodes have not yet been understood well that is because diagnostics of micro discharges
forming the DBD plasma are very difficult due to their short life times and small size. In order to
assist understanding of DBD plasmas characteristics such as electron density and electron
temperature, we are going to develop laser Thomson scattering (LTS) as a diagnostic method. In
this system we have the light source that is second harmonics beam of the Nd: YAG Laser.
When the YAG laser is injected into DBD plasma, Thomson scattered light is radiated from the
electron. The local electron temperature and electron density in DBD plasmas are measured by
the spectroscopic analysis of the Thomson scattering spectrum.

As a first step of the research, we will try to apply LTS to short pulsed discharges at around
atmospheric pressure. Capacity coupled discharge (CCD) plasmas can be used as a first target of
the measurement, because they can be produced at a desired position and at a predictable time.
Usual DBD plasmas are not suitable for LTS measurements because it is difficult to produce
DBD plasmas at a fixed position and at a fixed time. First, we must develop an electrode pair
which can resolve this problem. The total electric charge which flows during the discharge
period can be adjusted by choosing the capacitance of the capacitor. As a function of the

capacitance, basic structures of atmospheric discharge plasmas can be studied at this stage.



The next step is development of discharge electrodes which can be compatible with LTS
measurements. Then we execute LTS measurements to measure spatiotemporal evolution of

electron density and electron temperature.

Finally, we apply LTS method at the early stage of the breakdown which is called streamer.
Due to low electron density in streamer and small Thomson scattering cross section which lead
to the weak scattering signal level, we must develop LTS method in this plasma new phase. In
this case, we consider power density and energy of the laser probe and also employ photon

counting detection technique to obtain a high signal to noise ratio.
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Chapter 2

Laser Thomson scattering technique for non-thermal atmospheric pressure plasmas

2.1 Introduction

As mentioned in previous chapter, the knowledge of the electrons is important to evaluate
possible mechanisms such as excitation and ionization mechanisms, including electron impact
and radiative recombination, and in a more indirect manner, charge transfer and Penning
ionization. The electron density and electron temperature also effect the electrical conductivity,
thermal conductivity and viscosity of the plasma as well as they play key role in ambipolar
diffusion. Thomson scattering determine the electron properties in discharge plasmas. The
electromagnetic radiation of a laser beam incident on plasma, and forces the free electrons in the
plasma to oscillate and induces them to radiate light. Since the electrons move rapidly with
respect to both the laser beam and the detector, the resulting Thomson scattering signal is
broadened due to Doppler effect.

2.2 Laser-plasma interaction

When a laser beam is injected into a plasma, the laser radiation scatters non-resonantly from
free and bound electrons in the discharge. The total spectrum of scattered light contains three
main components: (1) Thomson scattering component which emerges from scattering by free
electrons. (2) Rayleigh scattering component which arises from incoherent scattering from the
bound electrons in the atoms and ions. (3) Stray light component which appears from laser
radiation scattering by the surfaces and windows of the chamber. The Thomson and Rayleigh
scattering, which are both Doppler-broadening due to motion of the scattering particles, have
different spectral widths due to the much higher velocity of the electrons compared with the

atoms ions. A schematic of scattering spectrum is shown in Fig. 2.1.
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Fig. 2.1 Different components of the total scattered spectrum

2.2.1 Principle of Thomson scattering

When the electromagnetic radiation of an incident laser beam interacts with a charged particle
in a plasma, the oscillating field of the radiation induces the charge to oscillate in resonance with
the field. The oscillating charge radiates light which is called Thomson scattering. Since the
radiating charges are moving rapidly with respect to both the laser beam and detector device, the

wavelength of scattered radiation that reaches a detector is doubly Doppler shifted. The wave
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length of scattered light will be a function of the velocity component of the charge along the
differential scattering wave vector, K, which is defined as the vector difference between the

wave vector of the scattered light, Ks, and the wave vector of the incident laser beam, Ki.
K=Ks- Kj (1)

Figure 2.2 shows the relationship among these wave vectors. The magnitude of K is a
function of the laser wavelength i, and the detection angle 6 between scattered vector Ks and
incident vector Ki. In the non-relativistic condition, the velocity of the scattered particle is small
compared to the speed of light. So it can be assumed that the wavelength of scattered radiation

and incident radiation are approximately the same.

K = 2K; sin (g) = 47”5in(g) (2

The Doppler shift of the scattered radiation AX can be written as follows:

(3)

Where Ai is the wavelength of the incident laser beam, v is the velocity of the particle, A is the
scattered wavelength, and c¢ is the speed of the light. This equation shows the dependent

parameters of the Doppler-broadened Thomson spectrum.
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Fig. 2.2 The relation among the wave vector of the incident laser beam K, the vector

along the observation direction Ks, and the differential scattering wave vector

K.

Charges with velocities parallel to K scatter light with the maximum wavelength shift.
Because they are moving in the same direction relative to both the laser and the detector. On the
contrary, those charges moving perpendicular to K, will scatter light wavelength equal to laser
wavelength. Because the Doppler shifts with respect to the laser and detector cancel each other.

Based on the eqs. 2 and 3, the wavelength shift is minimized and maximized at 6=0 and 6=180,
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respectively. Also larger Doppler shifts are obtained with longer wavelength lasers. So broader

spectrum can be achieved larger by choosing laser wavelengths and angles.

The most important parameters that govern the shape of a Thomson scattering spectrum are
the differential scattering wave vector and the Debye length. These two parameters have been

combined to define the scattering parameter which is called a:

1 Ai nee?

@ == m ) 4)

sin(g) 4nkpT,

The value of a determines the character of the scattering which is observed in an experiment.
It is clearly depend on the laser wavelength, electron temperature, electron density, and
scattering geometry. Based on a, there are three scattering regimes. If the wavelength associated
with the scattering wave vector is equal to or greater than the Debye length, so that a >1, then the
incident laser beam interacts with the shielded charges what is known as coherent scattering.
Conversely, if the scattering wavelength is smaller than Debye length (o < 0.1), then the incident
wave interact to charges individually, producing incoherent scattering. On the other hand, the
range in which 0.1< o <I.5 is a transition region between the two regimes of coherent and
incoherent scattering. These different scattering regimes produce different spectra. So the value
of a in a specific experiment should be considered always when data are interpreted. For
example, for a >1 the scattering is insensitive to the electron energy distribution [1]. The value of
a is determined from the mean velocity of the bulk of the electrons, so information about
electron energy distribution function (EEDF) cannot be obtained at large value of a. At
intermediate value of o, approximately o=I, the shape of the spectrum is affected by both
electron density and electron temperature. Therefore, by fitting the spectrum to theoretical curves
and both electron density and electron temperature can be calculated from the spectral shape [2].
Finally, by assuming that o is much smaller than 1 and the electron energy distribution is

Maxwellian, it provides a very convenient method for determining electron temperature.

The total scattered power induced by an incident laser beam can be expressed relatively. If a
beam of radiant power P and cross sectional area A interacts with a plasma over a length L, and
if the density of particles in this area of the plasma is n, then the beam will interact to the volume

(V) with a total number of particles (N) as follows:
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N=nV=nAL )

The cross section of each particles is o, then N particles have a total cross section of nALo.
Therefore, in the case of a plasma medium, the fraction of the cross section that is filled with

particles, and the fraction of photons that are scattered is:

nALo

f= " =nlLo (6)

And the scattered power is:
P, = PinLo @)

The interaction between an electron and a photon induces the electron to oscillate as dipole, so
the Thomson scattering cross section and the scattered power is not isotropic. This cross section

can be written as follows:

d 2 \2
% = (meecz) sin?(9) (8)

where 9 is the polar angle between the polarization direction of the laser beam and the detected

scattered light direction. The angle 9 can also be written as follows:
9 =18 (8§x8) 9)

where $ is the unit vector corresponding to the scattered light, pointed from the detection volume
to the detector, and é is the unit vector directed along the laser electric field direction. Fig. 2.3
shows the relative orientations of the laser beam, the scattering, and the detector. The directional
dependence determine the effect of the laser beam polarization on the observed scattering signal.
The maximum value of the cross product, and the strongest scattered signal, will obtained from
an electric field polarized perpendicular to the plane defined by the laser beam and the

observation direction.
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Fig. 2.3 the spatial relationship between the laser beam, the electric field polarization, and the

detector.

By integrating over the entire solid angle, the value of the Thomson cross section calculated to
be:

dor 8me*
—dO) =0 = ——
f aq T ™ 3m2c*

= 6.653 X 10™25¢m? (10)

The calculation shows that the Thomson scattering cross section is extremely small,
consequently the signal intensity of scattering is too weak. Eqgs. 7 and 10 show that even in
experiments with high powered lasers, due to low electron number densities, it might be difficult

to probe using Thomson scattering.
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Introducing the value and directional dependence of ot and the frequency dependence of Ps,
the scattered power in solid angle dQ and within a frequency range do induced by the electric

field of incident laser beam of power P can be written as follows [3]:

PlneLe

PdQdw = 25— d0dw|$ X (§ X é)|°S(K, w) (11)

Where L is the interacting length between the laser and the plasma viewed by the detector, § is
the unit vector pointed from the detection volume to the detector, é is the unit vector directed
along the laser electric field, and S(k,®) is the spectral density function which reflects the
spectral distribution of the scattered photons. This function which conveys the density of ions
and electrons in the plasma, is a function of k, a, ®, electron temperature and ion temperature.
The ion scattering is not included in this scattered power expression because of the mass
dependence of the scattered power. lons are too massive to be accelerated by laser. So they do
not radiate detectable scattering. The expression also assumes that the electrons motion is non-
relativistic which allows the Lorentz force of the laser magnetic field on the free electrons to be

neglected.

The spectral density function shows the shape of the Thomson scattering spectrum which is
defined by fluctuations in local electron density or motion. The function S(k,®) is an
autocorrelation of these fluctuations as a function of the wave vector and frequency. The detailed
derivations of the function can also be found in ref. [3]. The function reflects the fact that
shielding due to both ions and electrons affects Thomson scattering from electrons at large
values of a. Also, due to the big difference in mass of ions and electrons, scattering due to
electrons shielded by ions would occur at very different velocity shifts than electrons shielded by
the other electrons. In this case, the expression can be separated into an ion term and an electron
term as long as the electron temperature is not much greater than the ion temperature. It causes
the analysis of the scattering spectra to be much more convenient. By assuming that the plasma
is collisionless (the collision frequency is less than plasma frequency) and distribution functions

of electron and ion are both Maxwellian, the function can be written as follows [4, 5]:

2222 gy, 4 2(

71'2

S(k,w) = |

.2
|2 exp( ;{l )d)(i = Fa()(e)d)(e +

T2

2
1+a2W()( ) 1+a2) | 1+ﬁ2W()()

( )ZFB(XL)Xm (12)
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where

w 13) a’ T,
Xe:k_l)e, Xi:k_vi ) '82=21+a2T_i (13)
_ exp(=x2)
Fa (Xe) - |1+a2W(Xe)|2n.1/2
exp(—x?)
Fﬁ (Xi) = [1+B82W (x;)|2m/2 (14)
-1 X2 (X oX*dp — jml/2yp—x2
W0 =1—2xe™" [ eX"dP —in'/?ye (15)

The index of i in eq. (15) can be (e) or (i). Also the mean thermal speed of the electron and ion

are as follows:
2kgT, 2kgT;
Ve = (5007 vi= ()Y (16)

In above equations, Z is the charge number of the ion, T; is the ion temperature, and m; is the ion
mass. The first term in eq. (12) is the electron term, and second one is the ion term. By

integrating eq. (12) over frequency o the equation becomes as follows [2]:

[ S(k, 0) 52 = Se(k) + S;(K) (17)
Where

Se(K) = — (18)
Si1) = (19)

(1+a2)(1+a?+2(1¢)a?)

i

It can be seen by these two equations the electron feature has a total intensity that depends on
the parameter o merely with a frequency spread that is function of Te. The same explanation can
be said for ion term. When a is much smaller than 1, the ion terms in both egs. (12) and (17)
become approximately zero. In this case, scattering is on the scale of individual electrons, so
shielding by both electrons and ions can be neglected and the shape of the spectrum reflects the
electron velocity distribution. The expression for the scattered power based on the egs. (11) and

(12) after conversion from frequency to wavelength units can be written as follows:
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P.dQdA = 7 d0d2IS X (§ X &)|2exp( (20)

Zlovenl/zmgﬁsin(g
2.2.1.1 Electron temperature

The exponential term in eq. (20), reflects the Gaussian shape of a Maxwellian electron energy
distribution. In fact, when the electron velocity distribution function is Maxwellian, the Thomson
scattered spectrum is Gaussian in shape. This term depends on Te for a particular experimental
design, so it can be used to drive the electron temperature form spectrum. Taking the natural

logarithm of both sides of eq. (20) yields:

-c?m,

In(R) = - AA% + cte (21)

8kBTe)%sin2(E)
where Te is in ¢V and Ao and AX are in the same units. Therefore, by plotting the natural log of
the Thomson scattering intensity as a function of the wavelength square, the electron temperature

can be derived from the slop of the line.

For example, by considering the slop of the line is A, the perpendicular angle of Thomson
scattering experimental setup (0 = 7/2), and the incident laser wavelength of 532 nm, the electron

temperature in term of eV can be calculated as:

Te= 222 (22)

2.2.1.2 Electron density

The electron density (ne) is proportional to the total intensity of the scattered signal directly. It
can be obtained from normalized magnitude of the spectrum integrated over the whole
wavelength rang. Thus, ne can be determined from the measured spectrum if the absolute
sensitivity of the detection system is calibrated accurately. This calibration is easily done by
measuring the Rayleigh scattered intensity when the chamber is filled with gas at operated
pressure without plasma. In fact, the most convenient method for calibration employs Rayleigh
scattering. Rayleigh scattering produces a signal at the laser wavelength, as a result of scattering
from gas atoms. This signal is not significantly Doppler broadened because the atoms in the
plasma are moving much more slowly than the electrons. The intensity of Rayleigh scattering

from a known density of gas, like that of Thomson scattering, is dependent on the laser power,
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the number density, and cross section of the scattering. In this case, the scattered signal
intensities from a plasma with unknown electron density ne (l,) and from a gas with known

density no (lg) are given by these two following egs. :
L, = neorpAdy foys (23)
Ig = noo-RA/lgfsys (24)

in which oth and or are differential cross sections for Thomson scattering and Rayleigh
scattering, respectively. Also AAp and AAg are the spectral widths of the scattered spectra from
the plasma and the gas, and fsys is a function of the laser energy and the efficiency of the detection
system. Since both measurements are made using and the same laser and detection systems, fsys is

the same, so the electron density can be calculated as follows:

N, = Ny 22222 (25)

IgoTh Alp

Actually, the spectral widths of the measured spectra are convolutions of the true scattered
spectra (Thomson and Rayleigh) and the instrument function of the spectrometer used to
measure the spectra. Since the actual Rayleigh width is extremely small, the width of the

measured gas spectrum simply equals to the width of the instrument function of the spectrometer

[6].
2.2.2 Rayleigh scattering

Elastic scattering of photons by heavy particles is called Rayleigh scattering. In this process,
the particles do not gain or loss internal energy. It is well known that Rayleigh scattering occurs
when the size of the particles is considerably smaller than the wavelength of probing radiation.
The Rayleigh scattering signal is proportional to the density of heavy particles (n). By applying
the ideal gas law P=nnksTg, the heavy particle density is inversely proportional to the gas

temperature Tg at constant given pressure P.

Orayleigh

The differential cross section = for Rayleigh scattering depends on the species, which

means that the measurement should be done with the same gas composition. However, in some

gas species the cross sections for Rayleigh scattering are very similar. For example, the cross
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section of argon and air are very similar: 5.4 x 10> m? for argon versus 6.2x 10*m? and 5.3 x

10-%2m? for nitrogen and oxygen, respectively [7-9].
2.2.3 Raman scattering

Inelastic scattering by molecules, which can undergo a rotational or vibrational transition, is
referred to as Raman scattering. In this process, the internal energy (rotational and vibrational) of
the molecules change that it lead to specific wavelength shifts of the scattered photons. In Raman
scattering the scattered photon /ovs has different energy than the incident photon %vi. Those
photons which have lost energy to the molecule form stoke lines and those photons which have

gained energy from molecule form Anti-Stoke lines, as can be seen in Fig. 2.4 [9, 10].

hoi + M(E)) — M7(Ex) + hos (26)
hvi- hvs=Ef-Ei >0  Stokes lines (27)
hvi- hvs=Ef-Ei <0  Anti-stokes lines (28)
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Fig. 2.4 Schematic view of the Raman scattering

2.2.4 Laser perturbation in plasma

The advantage that the laser is said to have over probe techniques as a plasma diagnostics
method is that there is no way perturbs the plasma whose properties are being measured.

However, it is clear that the concentration of an intense laser beam into a plasma can probably
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influence the plasma’s electron temperature and density, so it gives the measured value of these
parameters unreliable. Two kinds of perturbation effect can be distinguished. The first one is
simple heating of the plasma local to the laser beam by absorbing beam radiation. The second
one is that the laser beam can increase the ionization degree and electron density by direct photo-

ionization or multi-photon process.

The electrons in the plasmas can be heated by electric field of the intense laser beam. Heating
of the plasma can be treated as occurring through the process of inverse bremsstrahlung, which is
the absorption of the photon by an electron near a heavy ion.

Assuming the electron-electron relaxation time is short compared to the length of the laser
pulse, radiation absorbed by inverse bremsstrahlung can be regarded as increasing the electron
temperature in plasma during the laser pulse. The fractional increase in electron temperature has
been estimated by Kunze (1965) [11, 12]. The increase in electron temperature can occur under
these conditions and under the further assumption that heat has not been much conducted away

during the time of the pulse. The formula for the fractional increase is as follows:

e — 532 x 1077 (%) B (1 - exp (- )lpAT (29)

Te 2 Te
e

where n is the electron density in cm™, Ze is the charge on the ions, T is electron temperature in

eV, A is wavelength of the laser light in cm, lo is laser intensity in W/cm?, and 4z is laser pulse

length in seconds. The 4o in exponential expression is photon energy associated with laser

emission.

In addition to heating the plasma, laser beam can perturb the plasma by direct photo-
ionization or multi-photon processes. Direct ionization only occur for the excited atomic states
that are less than 2.33 eV below the continuum (for laser beam 532 nm). The cross sections of
multi-photon processes are much smaller than that of direct photo-ionization, but multi-photon

processes may become important at very high laser irradiations [13].

2.3 Application of laser Thomson scattering to non-thermal atmospheric pressure micro

discharge plasmas
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Thomson scattering diagnostics for measurements of electron density and electron
temperature in atmospheric pressure discharge plasmas have been developed in our laboratory
for more than ten years [14, 15]. The LTS measurements have also been reported by another
research group [16]. In general, micro discharge plasmas are characterized by small volume,
limited spatial extension of the discharge, and the relatively high pressure levels of the gas in the
discharge. Therefore, to apply LTS to micro-discharge plasmas, it is so important to consider
these special features of the micro-discharge plasmas on the LTS experiment design. The small
discharge volume results in a small scattering volume. Consequently, it leads to small Thomson
scattering signal. Due to limited spatial extension of the discharge and the need to perform the
LTS measurement extremely close the electrode, increase the intensities of the stray light signal
level. Also because of the relatively high pressure levels applied in micro-discharge plasmas and
the low degree of ionization, the neutral densities are several orders of magnitude higher than the
electron density. It increases the intensity of Rayleigh scattering signal which may overwhelm
Thomson scattering signals. Another problem is the possibility of perturbing the discharges by
the laser probe. To solve the above mentioned challenges, we discuss in more details about

experimental arrangements as well as outline the structure of streamer and micro discharge.
2.3.1 Streamer and micro-discharges in atmospheric-pressure

Generally, the Townsend breakdown mechanism can be applied only for relatively low
pressures and short gaps (pd < 40 Torr.m at atmospheric pressure d < 0.05 m). Another
breakdown mechanism called streamer which happen in larger gaps at high pressures. The
streamer provides breakdown in a local narrow channel. Streamers are also primarily related to
avalanches, but in large gaps the avalanches cannot be considered independently. A streamer is
a thin ionized channel that rapidly propagates between electrodes by an intensive primary
avalanche. This avalanche also generates photons which launch numerous secondary avalanches
in near the primary one. Electrons of the secondary avalanches are pulled by the strong electric
field into the positively charged trail of the primarily avalanche, creating the rapidly propagating

streamer between electrodes [20].

As avalanche propagation, the primary electrons drift to the anode, ionizing the gas and
generating avalanches. The ionization in avalanches is usually described by Townsend ionization

coefficient o, indicating the number of produced electrons per unit length along electric field:
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dne
dx

= amne 1)
The total number of produced electrons equal to:
ne = negexp(ax)  (2)

As shown in eq. (2), number of electrons in avalanche grows exponentially with distance
traveled by avalanche and ionization coefficient that depend on the electric field. Since collision
rates is high at atmospheric pressure, electron avalanche can grow up and generate considerable
charge density at its tip, already after traveling a short distance. The qualitative change happen
when the charge amplification in the avalanche exp (ox) becomes large and create space charge
that it leads to appreciable electric field which should be added to the external one. The electrons
are in the head of the avalanche while the positive ions remain behind that form an electrical
dipole. The local electric field due to charge separation resulting from the difference in drift
velocities of electrons and ions is superposed on the applied electric field. In front of the
avalanche head the applied and local electric fields add up to make a stronger electric field which
boost ionization process. On the contrary, inside the avalanche, the total electric field is lower
than the external one which slows down the ionization. Once the avalanche head reaches the

anode, electrons flow into the electrode and it is mostly the ionic trail that remains in the gap.

Collisional ionization in the high electric field region at the avalanche head leads to fast
propagation of the ionization region and the formation of a bright plasma channel which is called
streamer. As a matter of fact, a strong primary avalanche is able to boost the external electric
field and form a streamer. The avalanche to streamer transformation takes place when the
internal field of an avalanche becomes comparable with the applied one. If the gap is short, the
transformation happen only when the avalanche reaches the anode. Such a streamer that grows
from anode to cathode called the cathode directed or positive streamer and vice versa, if the
avalanche to streamer transformation can occur far from the anode, the anode directed or

negative streamer grows toward both electrodes.

The streamer velocity is in the range of 10° — 10° m/s, the radius of the propagating streamer
head and the resulting ionized channel is about 10 — 10 m [21]. High energy photons emitted

from the primary avalanche provide photo-ionization in the vicinity, which form the secondary
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avalanches. Electrons of the secondary avalanches are pulled into the ionic trail of the primary
one and create a quasi-neutral plasma channel. The cathode directed streamer starts near the
anode, where the positive charge and electric field of the primary avalanche is the highest. The
streamer looks like a thin conductive needle growing from anode. The plasma density in the
streamer also corresponds to the maximum electron density in the head of the primary avalanche
that is about 108 — 10°m,

The measurements of region described in this research are shown in Fig. 1.1: 1) streamer 2)
secondary streamer (in small scale is known as micro discharge). They are becoming the most
commonly used plasma source for plasma processing applications used in plasma nano-science,

plasma medicine, and plasma chemistry [17-21].

A strong primary avalanche is able to boost the external electric field and form a streamer.
When the streamer channel connects the electrodes, the electrical current may be significantly
increased to form secondary streamer or micro-discharge. In our research, we use positive
streamer or cathode directed streamer. Such streamer grows from anode where the positive
charge and electric field of the primary avalanche is the highest. The streamer looks like a thin
conductive needle growing from the anode. The electric field at the tip of the anode needle is
very high, which provides high energetic electrons and streamer growth velocities, about 10° —
10° m/s. The streamer cross the gap in a few nanoseconds and forms a conducting channel of
weakly ionized plasma. An intensive electron current flows through this plasma channel until the
local electric field collapses. This collapse is caused by the charges accumulation on the
dielectric surface. The collection of processes in the discharge gap initiated by avalanche and
developed until electron current termination is called micro-discharge. Fig. 2.5 shows streamer
propagation from anode to cathode while attracting additional avalanches. A micro discharge is
formed by channel streamers that strike at the same place each time the polarity of applied
voltage changes [20]. In the most of cases, dielectric barrier discharges are not uniform and

contain enormous micro-discharges built from streamers and distribute in the discharge gap [19].
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Fig. 2.5 Avalanche development, avalanche to streamer transition, and streamer propagation in

discharge gap.

2.3.2 Scattered signals and signal to noise level in micro-discharge plasmas

The main practical problem in measurement of the spectrum is that the cross section for
scattering of radiation from electrons is extremely small, so the amount of scattered light is also
extremely small, even when high intensity lasers are used as a light source. The total number of
photo-electrons Npe which should be detected in a scattering experiment can be estimated using

following expression:
E
Npe = (h_z)AVNeO-ThAQTLng (30)

In this equation, E_ is the laser energy, h is the Planck’s constant, v is the laser frequency, AV is
the scattering volume, 4Q is the detection solid angle, 7 is the pulse length of the laser, 7 is the
transmission of the section system, and ¢ is the quantum efficiency of the detector used. The

detected signal for a given electron density can be calculated using this expression.
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For the case of the micro-discharge used in this study, laser energy E. is 10 mJ, laser
wavelength is 532 nm, beam diameter is 50 pum, the pulse length of the laser t.is 8ns, the
scattering volume AV is defined in terms of multiplication of slit height (1mm) and slit width (0.1
mm) of the spectrometer, and spot size that is calculated to be 5 x 10*2m?3, 4 = 0.1, 4Q = 0.13
srad, and & = 0.35. Assuming that the electron density in this study is in order of 1022 m, the
number of photoelectrons detected per laser pulse is estimated to be about 5000. This number of
photoelectrons forms small signal. Even the number of photoelectrons in streamer phase
decrease too much. In addition, the background emission of plasma in the region of the laser
wavelength may be easily as large as this. The weak signals problem is overcome to some extend
by averaging the detected signal over many laser pulses. This procedure can improve the
measured signal to noise ratios greatly. By using this procedure, there is a disadvantage that
random fluctuations in the discharge which happen over short time duration cannot be detected.
The signal to noise ratio is determined by the relative sizes of the Thomson scattered signal and
the background plasma emission. Usually signals are obtained by analogue mode; however,
when the signals become too weak, photon counting methods can be used. In this case, the signal
to noise ratio is as follows:

Nt

SN =

(31)

where Nt and Ng are the number of detected photo-electrons due to Thomson scattering and
background emission, respectively. It should be noted that the signal to noise ratio depends on
the amount of data which is averaged, and the other factors which determine Nt such as the laser

energy, and other parameters in eg. 30.
2.3.3 Thomson scattering experimental system

As Fig. 2.6 shows, the plasmas source mount inside of a stainless steel chamber which is
called discharge chamber. It contains several large glass windows for optical access. The laser
beam enter and exit the chamber through Brewster windows, while a series of baffles on both the
entrance and exit paths served to minimize the transmission of stray light due to scattering of the
laser from the windows. The beam is injected perpendicular to the axis of the chamber and is
focused by lens. The focal length determine spot size consequently determine spatial resolution.

The Thomson scattered light is collected by a lens and directed into a triple grating spectrometer
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(TGS). The entrance slit of TGS is oriented so that its longer side is parallel to the direction of

the laser beam propagation. This feature enable the maximum amount of scattered light to enter

the detection system.

Delay Generator

| Spectrometer

Laser

Detector

Lens

Beam Dump

GBI

Brewster Window

_ 1

Viewing Dump

Fig. 2.6 Schematic of experimental arrangement for a laser Thomson scattering system

The output of the TGS is detected by an ICCD camera. The detection system is oriented to

detect scattering from the plasma via window on the chamber. The entire detection system could

be translated and rotated so that scattering could be observed from different radial position in the

plasma. A small viewing dump is positioned so that the stray light is minimized.

As mentioned in previous section, one of the keys to the success of this kind of experiment is

the accumulation of the scattering data which is necessary to overcome the problem of the
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extremely small scattered signal from a single laser pulse. In addition to above main feature,
desirable properties of good beam divergence, good quality beam profile and good reliability, the
laser source should be able to be operated at a relatively high repetition rate at a relatively high
energy per pulse. Moreover, the wavelength should be in the mid-visible range, where sensitive,
low noise detectors are available. In high temperature plasmas a single-pulse ruby laser, with an
energy 1 J per pulse was used initially as a natural extensions of experiences [22]. Measurements
were made by accumulating data for ten laser pulses for each wavelength point of the measured
spectrum. Based on this requirement, the YAG laser, operated at the second harmonic
wavelength of 532nm, has been found to be the most suitable laser used up until now for

Thomson scattering experiments in non-thermal atmospheric pressure plasmas.

A spectrometer which can disperse the measured spectrum sufficiently so that the Thomson
scattering and Rayleigh scattering spectra can be separated is required. For these type of
discharges which have electron temperature of few eV, the Thomson scattering spectrum with is
typically 2-3 nm. The use of triple grating spectrometer (TGS) increases the rejection of stray
light and Rayleigh scattering at wavelengths from the laser wavelength. The grating constants in
our study is 1200 grooves/mm that is favorable since it results in the best dispersion, yielding the
best spectral resolution and narrowest instrumental profile. This allows more accurate

measurement of weak signals. In addition, using larger grating constants the focal length

As mentioned before, the signals in Thomson scattering experiment are usually weak, and this
means that sensitive, low-noise detectors are essential. In old investigations, photomultipliers
with quantum efficiency of between 10% and 20% was used [14, 15]. ICCD cameras with low
noise, high gain, and quantum efficiencies of 35% are readily available and very reliable at

present time in non-thermal atmospheric pressure plasmas.

To process the detected signals by ICCD camera, two different procedures are used. In first
method which is called analogue mode, the signal are averaged for a large number of laser pulses
inside of ICCD camera and the averaged data are transferred to a personal computer for analysis.
The size of the scattered signal and the size of the background plasma emission signal can both
be determined by this single measurement. This analogue method of data acquisition are
adequate for initial Thomson scattering measurements, from capacity coupled discharges and

dielectric barrier discharges with density above 10 m=. However, for lower density discharges
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photon counting method are used to acquire a high signal to noise ratio [23]. In photon counting
methods, the detected signal level is compared to an externally set reference signal, and if the
detected signal is larger than the reference signal, a single photon is considered to have been
detected. In this method, the uncertainty in the detected signal is determined only by photon
statistics. However, this method can only be used when the signal levels are expected to be
extremely small, as signals which are due to multiple photons striking the photocathode are
recorded as single photon events. This method is appropriate for the cases when the scattered

signal and the background plasma emission is very small [6].

The detection system is calibrated using Rayleigh scattering from air or nitrogen gas at room
temperature. The chamber is filled with air or nitrogen to pressure of several hundred torr, so that
the Rayleigh scattered signal is much larger than the stray light signal. Both vacuum pump and
gas inlet are closed to air not flow through the chamber. Measurement of the Rayleigh scattered

signal using this procedure determine the response of the detection optics and ICCD camera.
2.4 Summary

In this chapter, the principle of laser scattering especially laser Thomson scattering were
described. Then methods for calculation of electron density and electron temperature from
measured data were described. The plasma sources used in this research were briefly mentioned.
Finally, the experimental setup for non-thermal atmospheric pressure plasma were explained in

details.
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Chapter 3
Two-dimensional spatiotemporal measurements of electron density and electron

temperature in non-thermal atmospheric pressure plasmas using laser Thomson scattering

Laser Thomson scattering (LTS) techniques has been applied to measure spatiotemporal
evolution and two dimensional distribution of electron density (ne) and electron temperature (Te)
in a capacity coupled micro-discharge (CCD) and dielectric barrier discharge (DBD) as two non-
thermal plasma sources generated at around atmospheric pressure plasma. Such discharges are
produced with good reproducibility by using a set of electrodes composed of a needle and a
hemisphere with a spacing gap of 0.5 mm. First, the technique of applying LTS to micro discharge
plasmas is presented. Then the spatiotemporal evolution measurement of electron density and
electron temperature in two dimensions are presented and discussed.

3.1 Introduction

Non-thermal plasmas produced at atmospheric pressure have received attention as a result of
their significant capacity for expanding application fields of plasmas such as plasma nano-science,
plasma medicine, and plasma chemistry [1-5]. They have also key roles for applications such as
the treatment of harmful exhausted gases, the ozone production, light sources, and recently,
material processing. The dielectric barrier discharge (DBD) is one of the prominent methods to
produce such plasmas [6-8]. For the applications of such plasmas, radicals generated in plasmas
play key roles and their measurements are important for understanding chemical reactions in
plasmas. Since generations of radicals are governed by free electrons in plasmas, measurements
of electron density (ne) and electron temperature (Te) are prerequisite for diagnostics of plasmas.
Therefore, in order to control and optimize these plasmas for the applications, understanding of
discharge processes and plasma characteristics are needed. Non-thermal plasmas are usually
composed of a lot of pulsed micro-discharges having a diameter less than 100 pm and their current
durations are a few tens of nanoseconds for many cases [3, 6], so to know the characteristics of
non-thermal atmospheric pressure plasmas, measurements of neand T, of one pulsed discharge are
needed. However, they are produced randomly both in time and in spatial position. Therefore, only

limited diagnostics methods such as optical emission spectroscopy (OES) have been applied, and
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complete understanding of these plasmas behavior have not yet been achieved. In order to
contribute to the detail understanding of non-thermal atmospheric pressure plasmas, we have
developed laser Thomson scattering (LTS) technique as a diagnostics method for the measurement
of temporal evolution and spatial distribution of ne and Te in one pulsed micro-discharge. The LTS
method can give local values of these plasma parameters with high spatial and temporal resolutions,
if the method is appropriately utilized. This method have already been applied to high pressure
plasmas such as micro-discharge plasmas for plasma display panels and laser-produced plasmas
for extreme ultraviolet light sources, and have been shown advantages of LTS as a diagnostic
method of them [9-13]. Especially for high pressure plasmas, the probing laser beams used for the
LTS diagnostics may sometimes induce the perturbation in the plasmas. Therefore, the conditions
under laser perturbation have been examined, and have been shown the way to avoid the laser
perturbation in Ref. [14].

In order to apply LTS to pulsed discharge plasmas, they should be controlled well both in time
and in position. Therefore, as a first target of the LTS diagnostics, we have selected a capacity
coupled discharge (CCD) which is one of the types of non-thermal atmospheric plasmas. In CCD
electrical circuit, there is a small capacitor in series with a pair of metal electrodes. For the case of
CCD, there is no dielectric layer between the electrodes and the capacitor works as a dielectric
layer of DBD that is the discharge can be truncated in a short time as the capacitor charges up. An
external capacitor is connected in the series with the power supply circuit and the discharge
electrode. After generation of the discharge, the charge accumulates in the external capacitor, then
the voltage between the electrodes decreases, so the electrical discharge stops. In the CCD,
electrode can be designed more freely, therefore, the controls of the position and the generation
time of the pulsed micro-discharge is more easily compared to the other type of discharges such
as the DBD. By selecting the shapes of metal electrodes appropriately, the position and the starting-
time jitter of CCD can be easily adjusted. Besides, the discharge current of CCD can be easily
controlled by changing the capacitor [15, 16]. Finally we produced a CCD plasma with excellent
reproducibility. Next step, we extend the investigation to dielectric barrier micro discharge.

In this chapter, we present a LTS diagnostic system which have a good spatial resolution by using
an ICCD camera as the detector. Also we show two-dimensional distributions of ne and Te in the
CCD plasma with the spatial resolution of about 50 um, while the diameter of the plasma are

around 500 pm, and confirm the validity of the measured results. We also discuss about the results
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of spatiotemporal evolutions of plasma parameters in the pulsed CCD as well as the diffusion,
recombination process, and the energy balance of the discharge in recombination phase.
3.2 Experimental methods and procedure

The principle of LTS for the diagnostics of plasmas has been described in details in previous
chapter. Therefore, we just here mention the principle to the extent necessary to understand the
situation of LTS for this study. Thomson scattering is characterized by a parameter a as shown in

following equation.
a=— (1)

where k is the absolute value of the differential wave number vector determined by the incident
laser wave number vector and the scattered light wave number vector, and Ap is the Debye length.
Since a is found to be in the range between 0.5 and 2 in this investigation, Thomson scattering is
in collective regime. In the collective regime, the LTS spectrum consists of the ion term and the
electron term. The ion term has a very narrow spectrum (< 0.1 nm) and is quite difficult to detect.
On the other hand, the electron term is relatively broad (> 1 nm). Therefore, the electron term has
been observed to diagnose the plasma in this study. As mentioned about a range, values of ne and
Te can be evaluated by the spectral shape and the peak wavelength of the electron term [17, 18].
Besides, the absolute intensity of the electron term also gives information to determine the value
of ne, so this is used to check the consistency of the LTS.
3.2.1 Electrical circuit and electrode configuration

Figure 3.1 illustrates an electrical circuit for the generation of pulsed CCD. A capacitor Cy
(200 pF) is charged up to 3 kV by a DC power supply. By using a semiconductor switch (BEHLKE,
HTS40-06), a pulsed voltage with a rapid rise time (10ns) is applied between electrodes. After an
ignition of CCD, the external electric field between electrodes weakened because the discharge
current charges up a capacitor C» (50 pF), which is connected with the discharge electrode in series,
then the discharge stops. Afterwards, the charge accumulated by the C; attenuates by a time
constant 50 ps by a resistance (1 MQ) connected in parallel for the next generation of the pulsed
CCD. Using this CCD circuit, it becomes possible to generate repeatedly the mono-polar pulsed
CCD that disappears in a short time (less than 50 ns). The repetition rate of 10 HZ is set to

synchronize the pulsed CCD plasma with the incident laser beam.
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The electrical circuit for generation of dielectric barrier micro-discharge is similar as shown in
Fig. 3.2. Bipolar high voltage is applied by two high voltage semiconductor switches. A Teflon

layer with 200 um thickness as a dielectric is coated on the surface of the hemispherical electrode.

High Voltage
Semiconductor
Switch
P 50 Q
ﬁ

10 kQ |:| 'Electrode

DC
Power Supply

| 200pF

val| rel] -

50pF

50 Q

Fig. 3.1. The electrical circuit for pulsed CCD plasmas. A capacitor C1 (200 pF) is charged by a

DC power supply (Max. 5 kV), and a steep mono-polar pulse voltage is applied to the
electrode with a semiconducting switch (BEHLKE, HTS50-06). After an ignition of
CCD, a capacitor C ) (50 pF) helps to vanish the plasma immediately.
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Fig. 3.2. The electrical circuit generates dielectric barrier micro discharges. A capacitor (200 pF)
is charged by an AC power supply (3 kV) and a pulsed voltage is applied to the inter-

electrode gap by two high voltage semiconductor switches.

Electrode configuration used in CCD experiment is shown in Fig. 3.3. The electrode set, which
is consisted of needle electrode (¢=1.6 mm, a radius of curvature at the needle tip is 40 um, because
this condition achieve the minimum time jitter of the discharge) and a hemispherical electrode
(p=2.4 mm) with a separation gap of 0.5 mm, are placed in a vacuum chamber. These electrodes
are made of tungsten. The mono-polar pulsed CCDs are generated in pure neon gas at a pressure
of 400 Torr.
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The generation position of the pulsed CCD was observed by optical emission images which are
taken by the gated ICCD camera. A typical optical emission image of a pulsed CCD at t=5 ns is
shown in Fig. 3.3. In this case, the gate width of the ICCD was set to be 2 ns. By comparing with
several tens of the images, the difference of the position of the pulsed CCDs was estimated to be
within £30 um. The timing jitter (within £2 ns) is much shorter than the duration (around 40 ns)
of the CCD and the electron decay state over 300 ns. And the position difference being within £30
um is smaller than the radius (about 1 mm) and the length (over 0.5 mm) of the CCD. Therefore,
such temporal and spatial uncertainties of the generation of the pulsed CCD are regarded as not to
affect the spatiotemporal measurements using LTS.

Waveforms of voltage and current of the discharge are shown in Fig. 3.4. The voltage of the
hemispherical electrode can be calculated by dividing the electrical charge, which is the product
of the electrical current and time, by the capacitance of the capacitor connected to the
hemispherical electrode. Then, the voltage between electrodes (plotted in black) can be obtained
by subtracting the voltage (voltage between the anode and the ground, plotted in red) applied to
the needle electrode and the voltage to the hemispherical electrode. The rise-time of the discharge
current is defined as t = 0 in this paper. The discharge current has a peak value of 13 A, and is
vanished within 20 ns from the start. By integrating the current waveform, the total charge of the
discharge was estimated to be 1.2x10°" C. The time jitter of the discharge start was about +2 ns.
The difference of the position of each discharge was evaluated by taking many pictures of CCD
plasmas using the ICCD camera. As a result, the difference was found to be within £30 um. Such
temporal and spatial uncertainties were quite small compared to the discharge duration and the
discharge size (~0.5 mm). Therefore, these uncertainties were found to be not a problem for the
present study. This condition allows us to have reproducibility of the LTS signals at fixed time of
the pulsed CCD.

3.2.2 Laser Thomson scattering applied to micro-discharge plasma

A schematic illustration of the LTS system used in this experiment has been shown in Fig. 3.5.
The light source of LTS is the second harmonics beam (A=532 nm) of the Nd:YAG laser
(Continuum, Surelite I11). The laser beam (pulse duration . of 10 ns, repetition rate of 10 Hz) is
focused and injected along with the x-axis between the electrode gap. In order to avoid a plasma

perturbation and a breakdown by the laser injection itself, the laser energy (EL) is chosen to be 5
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mJ. The spot size (ro) and the laser power density (W) at the focus point are about 50 um and
2.6x10% W/m?, respectively. The LTS emission including Rayleigh scattering and stray light near
532 nm are focused on the entrance slit of a triple grating spectrometer (TGS) by a collecting lens
perpendicular to the axes of the laser beam and the electrode set, and detected by a gated ICCD
camera (Princeton, PI-MAX UNIGEN [I, minimum gate width of 2 ns). Because the direction of
the entrance slit height (10 mm) corresponds to the direction of the incident laser path, one-
dimensional (x axis direction as shown in Fig. 3.3) spatially resolved measurements are achieved
at the same time. The diameter of the discharge are around 500 um at the middle of the discharge

gap and the spatial resolution in the x direction are set to be 55 um.

<
o
=
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=
)
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a2

0.5 mm

Laser Beam

Fig. 3.3. Atypical optical emission image of a filamentary pulsed CCD at t=5 ns measured with
ICCD camera. It also shows electrode configuration of the CCD plasma. The electrode
set is consisted with needle electrode (¢p=1.6 mm, a radius of curvature at the needle tip
is 40 pm) and a hemispherical electrode (¢p=2.4 mm) with a separation gap of 0.5 mm.

Radial direction (x) and Axial direction (z) are defined as described in this figure.
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Fig. 3.4. Voltage current characteristics of the CCD plasma
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Fig. 3.5. Schematic illustration of the laser Thomson scattering system in micro discharge plasma

The configuration of TGS is shown in Fig. 3.6 and is almost the same as that used in other
experiments [9-12, 19]. The LTS spectrum is broadened by kinetic motion of the electron in
discharges, while spectral widths of the stray light and the Rayleigh scattering appearing at the
incident laser wavelength are very narrow. A reverse-slit placed by the first focus position cuts
only the laser wavelength part including the strong stray light and Rayleigh scattering from the
incident light that is dispersed by the first grating. The only LTS spectrum is dispersed reversely
by the following (second) grating, and is output from the second (normal) slit. In other words, the
first part before the second slit plays the role to separate the LTS light from the incident light as
same as an inverse dispersion double spectroscope. Finally, the LTS spectrum without the stray
light and Rayleigh scattering, which is dispersed by the third grating, is detected by the ICCD
camera. The rejection rate of the TGS was obtained to be 10® at a wavelength 1.0 nm away from
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the laser wavelength. The spectral resolution of the light detecting system is achieved to be 0.34

nm at the case of the incident slit width of 100 pum.

In order to make spatial-resolved measurements under fixed alignments of the laser beam and
the LTS detecting system, both electrodes were fixed on the z-axis translation stage, and moved
by 10 um with a micrometer. For the temporal-resolved measurements, the timings of the laser
pulse and the gate of the ICCD, which are synchronized with a repetition rate of 10 Hz, are varied
with respect to the pulsed CCD using two delay generators (SRS, DG-535). In order to increase
the signal to noise ratio, the LTS spectrum was accumulated over 2000 times of the pulsed CCD

by the gated ICCD camera and recorded by a computer based data acquisition system.

gratingl slitl, grating3
[ — ——
_ lensl
lens2 lens5 —
™
lens6
mirror
~ i
_ ¥ mask \sI|t2
lens3 \ lens4
S
] ICCD
% grating2 Camera.

Fig. 3.6. Optical arrangement of the triple grating spectrometer with a mask for eliminating

Rayleigh scattering and stray light.
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3.3 Measurements of electron density and electron temperature using LTS

Figure 3.7 (a) and (d) show a LTS image measured from the pulsed CCD at t=15 ns and 205
ns, respectively. In both cases, the axial position z=0. The LTS intensity is represented by the color.
Dark parts seen at the center of the LTS image are due to a wavelength stop near the laser
wavelength (0.8 nm) by the reverse-slit of the TGS. Because the x-axis is corresponding to the
radial direction of the pulsed CCD, the radial profiles of ne and Te at one z position are derived
from a LTS spectrum extracted from the LTS image. Figure 3.7 (b) and (c) shows a LTS spectrum
at the z=0 and x=0 (center of the pulsed CCD) extracted from x=0 of Fig. 3.7 (a). Similarly, Fig.
3.7 (d) and (e) shows a LTS spectrum at the z=0 and x=0 extracted from x=0 of Fig. 3.7 (d). At
almost times and places in the pulsed CCD, the LTS phenomena were in collective Thomson
scattering regime. The ne and the Te can be evaluated from any two in shape, peak wavelength, and
intensity of the LTS spectrum in the collective regime [20]. In this experiment, ne and Te were
obtained in the fitting of the experimental data with the theoretical spectrum by the least squares
method approximation. In order to demonstrate the relationships among ne, Te and LTS spectrum,
Fig. 3.7 (b) and (e) show theoretical LTS spectra corresponding to different n. and same Te, and
Fig. 3.7 (c) and (e) show theoretical LTS spectra corresponding to different T. and same ne. It can
be seen from these figures that a 20% deviation of ne or Te gives clearly different spectrum.
Because the solid curves are most close to the measured LTS spectra, we could conclude that ne =
4.5%10??m™ and Te = 1.7 eV for the spectrum measured at t=15 ns and ne = 1.8x102?m=2 and Te =
0.6 eV for the spectrum measured at 205 ns. Over whole experiment from t=15 ns to 205 ns, the
error ranges for these values were estimated to be within £20 %. It was also confirmed that the
intensity of LTS, which was calibrated by the Rayleigh scattering from nitrogen gas, was

consistent with the ne and Te deduced from the spectral shape and the peak wavelength.
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Fig. 3.7. Spectrum images of LTS signals measured in the CCD at =15 ns (a) and 205 ns (d).
In (b) and (c), the LTS spectrum at the z=0 and x=0 extracted from (a) are fitted by
theoretical curves with slightly different parameters to check the sensitivity against the
parameters. In () and (f), the LTS spectrum at the z=0 and x=0 extracted from (d) is also

checked similarly.
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Figures 3.8-3.11 show spatial distributions of ne and T. of the pulsed CCD at t=15 ns, 55 ns,
105 ns and 205 ns. For the measurements of spatial distributions of neand Te, five axial positions
were selected as shown in Fig. 3.3 (2). z=0 means the center of the electrode gap and z=100 pm
and 200 um are for the needle electrode side and z=-100 and -200 um are for the hemispherical
electrode side. Spatial resolution was 50x50x55 um, which was determined mainly by the laser
spot size. As clearly seen in Fig. 3.8 (a), at t=15 ns ne are much different each place. At this time,
the power input to the CCD is still large. n. is peaked near the tip of the needle electrode (z=200
um) where the electric field concentrates, and the value exceeds 10>* m. On the other hand, even
at the same time the n. near the hemispherical electrode (z=-200 pum) is 10 times lower than that
at z=200 pum, and the spatial distribution is flat over 500 um. While the spatial distributions of Te
are z=100, 0, -100, -200 um are flat and the values are around 1.5 (£0.5) eV. At t=55 ns (Fig. 3.9
(@) and (b)), the power input to the CCD is completely finished. The value of ne starts to decrease
and the Te decreases about 0.9 eV. Finally at t=205 ns (Fig. 3.11 (a) and (b)), both of ne and Te take

the same values in all places.

3.4 Estimation of gas temperature by rotational temperature measurement

In order to estimate the gas temperature (Tg) in the pulsed CCD, the rotational temperature of
N was obtained from the optical emission spectra of the 2nd positive system (C3I1,—B3I1g, 1=375
— 381 nm) [21]. In this experiment, a pulsed CCD was generated in a mixture gas of 0.1 % of N>
and pure Ne at 400 Torr. The optical detection system was almost the same as that of the LTS
measurements. The only exception was to remove the reverse-slit from the TGS. The entrance slit
width of the TGS was set at 50 um, and the gate width of the ICCD camera was set at 10 ns. In
order to perform the measurement with a good signal to noise ratio, optical emission of the N2 2nd
positive system was accumulated for 20000 times of the pulsed CCD. The Ty was estimated from
the obtained emission spectrum of the N2 2nd positive system, as assuming the gas temperature is
equal with the rotational temperature. As a result, no apparent increase of T4 from room
temperature was observed. The Tg in the pulsed CCD was found to be below 400 K because the

accuracy of the measurement was of £100 K.
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Fig. 3.8. Distributions of ne (a) and Te (b) in the pulsed CCD at t=15 ns.

52



16
T4t =55ns (a)
g 12
X 10 F
=
"i 8 n
5 6t '//\\
S 4t s
NI s
M= .--?r-' == --%-%-"-Ql%-ﬂ--l
O L i 'l L 1
=300 -200  -100 0 100 200 300
x (um)
3.5
5 5| =55ns (b)
Y
= 25}
2 15
E ._,__.__,_...—-—-0-—-—.‘
+ 1} g —£1
3 Ao g F Ay g
M oos fm--G= OO - -
O L 1 [ [ 1

300 200 -100 0 100 200 300
x (um)

Fig. 3.9. Distributions of ne (a) and Te (b) in the pulsed CCD at t=55 ns.

53



— 6
£ s =105ns (a)
% al
2
2 51
-
3 |m-m

0 1 1 1 1 1

2300 -200  -100 0 100 200 300

x (pm)

= 14T =105ns (b)
[k ]
L 12 -
5 L
2 08 ,g,u—a:%{
E Y r N b
2 ¥ |
- L B r.—ﬁ = - L o
e 06 l--l'.f::-“"'-&— ‘T TN,
3 04 9
D
=02 f

O 1 1 [l [ 1

300 <200 -100 O 100 200 300

x (um)
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Fig. 3.11. Distributions of ne (a) and Te (b) in the pulsed CCD at t=205 ns.
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3.5 Temporal variations of electron density and electron temperature

Fig. 3.12 shows temporal variations of ne and T. measured at the center of the discharge (z=0,
x=0) by the LTS. The LTS measurements has been done at t=15, 25, 35, 55, 105, 205 ns. A big
difference in the transient behavior between ne and Te has been observed. ne remains almost
constant with the value of 4.5x102 m™ for the first 40 ns, and afterwards decreases monotonously
to 1.7x10%? m= at 205 ns with a time constant. The decreases of n. after t=15 ns is considered to
be dominated mainly by diffusion and recombination because the input of the electric power to the
discharge is almost stopped after that time. A diffusion of electrons in plasma is expressed by a
following eq. (2);

v, @

where Ds is the ambipolar diffusion constant and approximated by eq. (3);

D, ~ 1, 21 ®3)

where wi (=e/mijvin) is a mobility of ion, g is the Boltzmann constant, m; is mass of ion (Ne*) and
vin IS collision frequency between ion and neutral. Using these equations, the D, in the present
CCD was estimated to be 1.8x10° m?%s by using T;=300 K and T.=0.8 eV. Therefore, the radius
extension width (4r; Ar=(Dat)?) of the CCD from t=15 ns to 205 ns by the diffusion is estimated
to be less than 20 um. Because the diameter of the CCD was more than 600 um, a contribution of
the diffusion to the decrease of ne at the center of the CCD was estimated about 10%. Based on the
spatial profile in Fig.3.9 and Fig. 3.11 at time duration between 55 ns and 205 ns, the radial flux
and the rate of decreasing electrons in surrounded area of 4x10” m? are calculated to be 8x10'¢ s
1 and 6x10'8s?, respectively. By this consideration, it is concluded that the diffusion is not main

factor of the decrease of ne. Next, the decrease of ne by means of recombination is discussed.
3.5.1 Recombination mechanism in neon plasma at around atmospheric pressure

Electron-ion recombination is highly exothermic process. The process should therefore have a
specific channel of accumulation energy consumption related to either dissociation of molecules,
three-body collisions, or radiation, defining the three major groups of mechanisms of electron-ion

recombination as follows:
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Dissociative electron-ion recombination: The fastest electron neutralization mechanism in

molecular gases or, in the presence of molecular ions, is dissociative electron-ion recombination:
e+AB* —» (AB)’ —» A+B"

Recombination energy in these processes goes into dissociation of the intermediately formed
molecule ion and to excitation of the dissociation products. These processes are common for
molecular gases, but they can also be important in atomic gases because of the formation of

molecular ions in the ion conversion processes:
A"+A+A — AP +A

The dissociative recombination mechanism is quite fast and plays the major role in molecular
gases. Reaction rate coefficients for most of the diatomic and three-atomic ions are in the order of
10" m3st. The process has no activation energy, so its dependencies on both electron Te and gas
To temperatures are not strong:

Ki¥'(Te,To) o 1/ToTe> (4)

If the pressure is high enough, the recombination of atomic ions such as Ne* proceeds through
the preliminary formation of molecular ions as described by equation 2. The molecular ion can
then be fast neutralized in the rapid process of dissociative recombination. The ion conversion

reaction rate coefficients are quite high.

When the pressure exceeds of 10 torr the ion conversion is usually faster than the following
process of dissociative recombination, which becomes a limiting stage in the overall recombination

kinetics.

Three-body electron-ion recombination: The electron-ion neutralization can be provided by a

three-body electron — ion recombination in atomic gases in the absence of molecular ions:
e+e+A" _5 A'+e

Energy excess in this case goes into kinetic energy of a free electron, which participate in the
recombination act as a third body partner. Note that heavy particles (ions and neutrals) are unable
to accumulate electron recombination energy fast enough in their kinetic energy, and are
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ineffective as the third body partner. The three body recombination process described by equation
3 is the most important one in high-density quasi-equilibrium plasmas. Concentrations of
molecular ions are very low in this case (because of the thermal dissociation) for the fast
mechanism of dissociative recombination, and the three body reaction dominates. The three-body
electron-ion recombination process described by equation 3 is reverse process with respect to the
stepwise ionization. For this reason, the rate coefficient of the recombination can be derived from
stepwise ionization rate coefficient and the Saha thermodynamic equation. For practical

calculations, recombination rate coefficient can be presented in the numerical form:
K = (c0/1)10°8(1/Te)*® (5)

Where K:* is measured in m®s?, oo (m?) is the gas-kinetic cross section and | and Te are the
ionization potential and electron temperature (eV). Typical values of K;*¢' at room temperature are
about 102 m®s?; at Te=1 eV, this rate coefficient is about 1073° m®s. At room temperature, the
three-body recombination is able to compete with the dissociative recombination when the electron

concentration is quite high and exceeds 10 m=,

The equation representing the decrease of ne by recombination is shown as follow [22, 23]:
D _an?  eq.(6)

Where o is recombination coefficient of electrons. As mentioned before, there are several
mechanisms for electron-ion recombination. In a plasma with high electron density and relatively
low temperature (1-2 eV), the three body recombination process is much faster than by a simple
two-body radiative process. In such plasma, electrons recombine with positive ions by a three body
process. In atmospheric pressure plasma, whether molecular or monoatomic gas, a two-step

reaction for recombination of electrons in plasma has been proposed [24-26].

First step is formation of molecular ions. A three-body collision forms Ne>" molecular ion.
Ne*+2Ne —» Nex'+Ne

Second step is dissociative recombination of the molecular ions

Ne.*+e ——> Ne+ Ne”
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If the pressure is high enough (above 200 torr), the conversion of atomic ions proceed through
the first step to form molecular ions. The ion conversion reaction rate coefficients are quite high.
Also in this two-step process, decay time speed is determined by the first step. Because the process
speed of the second step in experimental situation is much high and the molecular ion can be fast
neutralized in the rapid process of dissociative recombination. The dissociative recombination rate

coefficient is not so strongly dependent on the electron temperature. This rate is a dependency of

T 043

e

The three body electron-ion recombination reaction is as following:
Ne*+2e ——> Ne'+e

The three-particle electron-ion recombination plays key role in high density quasi-equilibrium
plasma and it could be as a heating source for electrons. Energy excess goes into the Kinetic energy
of a free electron which participates as a third body partner in this recombination. The rate

coefficient has a dependency of , . 722in this reaction [23-30]. Also the charge exchange

reaction are taken into account.
Neo*+ 2Ne —> Ne* + 3Ne

According to above reactions, the electron density (ne) can be calculated in recombination phase

by eg. (6) as a function of time as well as ion (Ne*) and dimer ion (Ne2") density.

Recombination can be considered the dominant process for decreasing ne because the power
input to the discharge was truncated after t = 20 ns. In the present case, two recombination
processes should be considered: three-body electron-ion recombination and neon-dimer ion (Ne2")
formation followed by dissociative recombination. Therefore, the following rate equations are

utilized for the densities of the electron, neon ion (Ne®), and Ne,":
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n, =[Ne"]+[Ne;] @)

dINe’] | e R
T - _klne [Ne ]_ kZ[Ne ][Ne] (8)
AL ke iner —ken et

Here, [Ne], [Ne™], and [Ne2"] are the densities of the neon atom, Ne*, and Ne,", respectively. We
assume [Ne] to be constant at a value of 1.3 x 10%° m, while ki, ko, and ks are the rate coefficients
of the three-body electron-ion recombination (m®s™?), dimer-ion formation (m°®s™?), and dissociative
recombination (m3s1), respectively. The related reactions, values of the three coefficients, and

source references are shown in table 1.

In Fig. 3.12, three curves calculated from the rate equations are shown, which are normalized
to the experimental ne data point at t = 25 ns when the ionization process becomes unimportant.
The dot-dashed curve is calculated using two recombination processes. The dashed curve is
calculated based on the formation process of the molecular ions and dissociative recombination
(k1 = 0, in this case). The dotted curve is calculated by assuming that the three-body electron-ion
recombination is the only process (k2 = ks = 0). Obviously, the calculated density decay of the dot-

dashed line at t = 205 ns is approximately half the experimental value.

Note that the rate coefficients have some ambiguity. Since the 1960s, the rate coefficients of
the three-body electron-ion recombination have been analyzed based on experiments and the
collisional-radiative model [31, 32] with the assumption that the coefficients are the same for all
noble gases [22, 23]. However, some reported values differ by a factor of 3 or more [27, 29, 33,
and 34]. The ki value used here was reported to have an ambiguity of a factor 3 in Ref. 29. The
three-body electron-ion recombination process is important for the electron density region larger
than 10?2 m=. Moreover, the three-body recombination process can be a possible heating source

for electrons in the density decay phase as we will discuss in more detail later [28, 31]. The
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coefficient k3 has also been reported to have an ambiguity of a factor 10 [24]. However, the rate of
the dimer-ion dissociative recombination is much larger than the rate of the dimer-ion formation.
Thus, in this case, the ambiguity of ks does not significantly affect the current result. The value of
the rate coefficient k> used here [35] has been adopted for excimer laser [36] and plasma display
panel [26] studies. Finally, note that the electron density in this study is larger than those of the
discharge plasmas of such applications by one or two orders of magnitude. For the present case, it

may be necessary to consider the process that breaks the dimer-ions into Ne ions and Ne atoms.
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Fig. 3.12 Temporal variations of n. and T. measured at the discharge centeratz=0and x=0. The
dotted line shows the calculated electron density by three-body electron-ion
recombination, the dashed line indicates the calculated electron density by dissociative
recombination, and the dot-dashed line represents the calculated electron density by both

recombination processes.
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Table 1. Reactions and rate coefficients.

Reactions Rate coefficients Ref.
Three-body recombination Ne*+2e —» Ne+e ki=1.7 x 103 T4 (mbsh) | 29
Dimer ion formation ~ Ne*+2Ne — Ne2" +Ne | ko= 4.4 x 10 (m®s?) 35
Dissociative recombination Ne,* +e — Ne"+ Ne | k3= 3.7 x 107,24 (m3?1) | 35

TeineV.
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3.6 Electron particle collision and energy balances

As shown in Fig. 3.12, Te is 1.7 eV at t = 15 ns during electrical power input; however, this
rapidly decreases to 0.8 eV at t = 35 ns. After that time, Te behaves a gradual decrease, and the
decrease is a little about 0.2 eV for 170 ns from t=35 ns to 205 ns. The rapid decrease of Te can be
explained with two processes: the termination of the power input to the discharge at t = 20 ns, and
the energy transfer between the electron and neutral particles or ions by elastic collision. The main
reason of a rapid decrease of Te observed to t=35 ns is considered to be the energy transfer by
elastic collision between the electron and the neutral particle and/or the ion. Therefore, we consider

the collision frequency of electrons with neutral particles (ven) and with ions (vei).

The collision frequency of electron with neutral particle (ven) and the one with ion (ve) are

shown respectively by the following equations:

<U, > 8 T,
Vg = ——— = Bt NyONe 1 v =2.9%1072n, In A/T,>'? (10)
e m,

where <ve> is root-mean-square velocity of electron, Aen is mean free path of electron to neutral

particle, me is mass of electron, no is density of neutral particle, one (= 5.2x102° m?) is collisional
cross section of neon and In 4 ~10 is the Coulomb logarithm. Assuming the averaged of Te and ne
to be 1.5 eV and 4x10% m, respectively, at the central part of the discharge, the total collision
frequency ve (= ven + vei) is estimated to be about 1x10'% Hz. This value shows little change from t
=15 ns to 205 ns.

Thermal relaxation time (z) of electrons with the neutral particles is defined as a following

Tg mg
(2 ) -

Where Ty is gas temperature and mg is mass of the neutral (neon). The thermal relaxation time of

equation;

electrons with neutral particles (Ne atoms) is calculated to be less than 20 ns with the assumption
that Te and Tg to be 1.5 eV and 300 K, respectively. By considering this time, it is understood
that the energy of the electron is able to be transferred to the neutral particle in a short time as a

compare with large value of total collision frequency.
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As mentioned before, Te behaves a gradual decrease from t=35 ns to 205 ns and the decrease is
a little about 0.2 eV for 170 ns. In order to explain this behavior, energy balance of a free electron
after t=35 ns is discussed. It is considered that the energy dissipation of free electron occurs mainly
through the elastic collision with the neutral particle and the ion. The power loss (Piess) of the free

electrons by the elastic collision can be estimated by eq. (12):
|:)Ioss = 3—I—eve (me/mi )N (12)

Where N is total number of the free electron. Let’s consider the power balance in the discharge
region with a length of 100 um at the center in the discharge axis. At t = 205 ns, the radius of the
region is approximately 220 um, the averaged electron density is 1.4x10% m=, and the electron
temperature is 0.6 eV. The power loss for electrons by elastic collisions with Ne atoms at room
temperature in this region is estimated to be Piss =~ 2.3 W (Calculated based on the spatial profile
of electron density in Fig. 3.11 (a) at 200ns and Te = 0.6 eV derived from Fig. 3.11 (b)). The
electrical resistance in this volume is calculated to be 1.4 Q, and the current necessary to support
the electron temperature in the discharge volume by the ohmic heating power is approximately 1
A. However, no such current exist at t = 205 ns. On the other hand, the third free electron can
receive energy through three-body electron-ion recombination. The third free electron can acquire
the energy up to the total of the ionizing energy 21.6 eV of Ne and thermal energy 0.6 eV of the
electron or less by the three body recombination. At this time, the recombination rate of electrons
in this volume is estimated to be 2.2x10* s, and the power due to the release of Ne atom
ionization energy (21.6 eV) into the discharge volume is estimated to be Prec= 7.6 W. In this case,
it is found that Prec is about 3 times larger than Piess. It is suggested that an energy transfer to the

electron by three-body electron-ion recombination process suppresses a rapid decrease of Te.

Here, the fact that Pin is 3 times larger than Poy: is because of the uncomplicated assumption in
which all the ionizing energy is transferred to the third free electron. However, of course, this
assumption is not accurate. In the real case, considerable amount of ionizing energy should be
given off through radiations. In order to know the accurate energy transferred to the third free
electron, an investigation with the collisional-radiative model is needed. Concerning this problem,
many studies have been done for expanding thermal plasmas (ETP) [29, 31]. In the study for ETP
generated with Ar gas, it has been concluded that a part of ionizing energy (2.6 eV) goes to the

third free electron by one three-body recombination event [29]. Since the ionizing energy of Ar is
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15.75 eV, the energy of 2.6 eV corresponds to 17% of the total ionizing energy. Similarly, in the
other study about ETP with several noble gases (Ne, Ar, and Xe) has shown that about 16% of
ionizing energy should go to the third free electron by three-body recombination [37]. As shown
in Fig. 3.12, around half of the free electron density decrease is a result of dimer-ion dissociative
recombination. Based on these facts, the contribution of three-body recombination to the electron
heating is estimated to be only 0.6 W. However, there are large ambiguities in the analysis of the

recombination processes, and further study of this process is necessary.

3.7 Temporal variation of electron density and electron temperature in dielectric barrier

micro-discharge

According to Fig. 3.13, the behavior of the electron density and the electron temperature are
the same as CCD plasma. Electron density remains constant before 30ns. After that, it decreases
gradually until 200ns. However, electron temperature decreases dramatically until 50ns after that
it remains constant. To justify this trend, all the discussions in previous sections (3.5 and 3.6) can
be extendable in DBD. Experimental study of plasma parameters behavior in nano-second pulsed
filament in both dielectric barrier discharge and capacity coupled discharge can be comparable.
First, we selected the capacity coupled discharge (CCD) instead of DBD to develop the diagnostic
method of the pulsed filament discharge. The total electric charge that flows through the discharge
channel vary from 20 nC to 850 nC by changing the capacitance in electrical circuit. We applied
LTS successfully as a diagnostics method in pulsed filamentary discharge. Temporal evolution of
electron density and electron temperature could also be measured as shown in Fig. 3.14 (a), (b).
Finally, we could show that increase of total charge leads to increase of electron density; however,

the electron temperature does not change.
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3.8 Laser perturbation in plasma

In this experimental condition, it is necessary to carefully consider Te increasing (4Te) due to
inverse-bremsstrahlung process taken place by the laser incidence to plasmas. The thermal dose to
the electron, which is well defined and formulated by Kunze et al. [38, 39] is reversely proportional
to Te¥? in proportion to the laser power density and ne. In the filamentary pulsed CCD, it is
considered that the laser heating becomes the maximum at t=55 ns when ne (=4x10% m™) is still
high and Te (~0.7 eV) has decreased rapidly, as can be seen in Fig. 3.12. Therefore, in order to
observe the laser heating effect, the ne and Te at t=55 ns were measured using the LTS by changing
the E_Las 1, 2.5, 5, and 10 mJ. As a result, ne and Te were the same values within the measurement

error range of £10 % at any E..

ATe under the present condition (ne=4x10%> m, T=0.7 eV) is roughly estimated to be 0.6 eV
at EL=10 mJ (W.=5x10%* W/m?) by the equation of Kunze et al. In order to estimate the actual AT
precisely, at least two effects have to be taking into account. When a thermal diffusivity
(x = (51 2)nxy)) - k- Spitzer's thermal conductivity) in plasma is large enough, the absorbed laser
energy is distributed to the whole area expanded by Ar. (=(y,)¥?) to the radial direction in
addition to laser spot (ro) in the pulse duration (z.) of the laser [39]. Therefore, the estimated value
of ATe=0.6 eV is overestimated for the portion of (ro/(ro+A4r.))*2. Concerning this effect, ATe in
the laser spot is lowered to 0.1 eV, because of the ¥=0.18 m?/s and (ro/(ro+4r.))*?=0.14 at t=10 ns
in the present experimental condition. In addition, as considering that the thermal relaxation of
electron with the neutral particle and the ion is 20 ns or less, 90 % or more of the absorbed laser
energy is distributed to the neutral particle and the ion in ro, as described in the previous section.
As a result, the actual AT. taking into account above two effects is estimated to be about 0.01 eV.
It can be confirmed that there is no apparent difference on ne and T. measured at different laser
energies. Therefore, it is concluded that the influence of an inverse-bremsstrahlung process by the
laser incidence can be neglected in this experiment, and ne and Te of the filamentary pulsed CCD

are precisely measured using the LTS.
3.9 Conclusion

Spatiotemporally-resolved measurements of the ne and Te of a pulsed CCD, which is one of the

non-thermal plasmas generated at atmospheric pressure, have been performed using the LTS
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technique. At the center of the discharge, ne and Te has been estimated to be 4.6 (+ 0.6)x10% m™
and 1.7 (£ 0.3) eV, respectively, at the time of 15 ns after the start of the discharge. The obtained
results are useful for discussing the particle balance and power balance of the discharge plasma. It
has been found that the transient behavior of the pulsed CCD is dominated by the three-body
electron-ion recombination because of high electron density as well as electron-ion dissociative
recombination due to the formation of dimer ion in high pressure. Both of these mechanisms are
operative in this system. It has also been found that the pulsed CCD is maintained in non-thermal
state for a long time more than the thermal relaxation time that elastic collision became
predominant. Finally, the results show that the LTS can be the powerful method to diagnose non-
thermal atmospheric pressure plasmas.

LTS measurements have been successfully performed on the pulsed filament micro-discharge
of DBD. Temporal evolution of electron density and temperature could also be measured. It has
been investigated that the peak values of electron density and electron temperature at the center of
the pulsed filament discharge are (1.03 +0.08)x10??> m™ and 2.62 ( +0.2) eV, respectively. It has
also been found that the behavior of the micro-discharge of DBD is governed by the three-body

recombination and dissociative recombination.

For all cases (different total charges), the electron density decreases with a time constant of 100
ns. This decay time is consistent with three body recombination and dissociative recombination.
Increasing of total charges leads to increasing electron density; however, electron temperature does
not change significantly.
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Chapter 4

Diagnostics of cathode-directed streamer using laser Thomson scattering

Laser Thomson scattering diagnostics has been developed for the study of the ionization
waves in initial stages (streamer) of electrical discharge in pure helium gas. Temporal evolutions
of electron density and electron temperature in streamer moving toward the cathode have been
measured locally (2 mm near to needle) in helium electrical discharge. In order to avoid laser
perturbation and obtain sufficient intensity of Thomson scattering signal, two cylindrical lenses
have been used to optimize spot size of a probing laser at around focusing point. At position of 2
mm from the anode electrode (needle electrode), electron density (ne) and electron temperature
(Te) have been measured to be around 10® m2and 2 eV, respectively in the initial stage of the

primary streamer.
4.1 Introduction

Atmospheric pressure plasmas produced by pulsed discharges are investigated as an effective
source of non-equilibrium plasmas. It is well known that the electrical breakdown at around
atmospheric pressure is described by a streamer theory [1]. Based on the streamer dynamics, the
initial stage of the electrical breakdown is the development of nonlinear ionization waves in a
non-ionized medium, known as streamer discharges (or primary streamers), and finally it leads to
the creation of a weakly ionized non-equilibrium plasma [2-4]. Then, the streamers cross the gap.

This final stage of evolution is also known as a secondary streamer.

In the study of streamers, some have dealt with the structure and propagation of streamers.
For instance, Ref. 5 measured the development of neon streamer as a function of the electric field
strength and the streamer length. The propagation of air streamers and their dependence on the
applied voltage, the distance between electrodes [6], and pressures [7] have been investigated.
Time resolved measurements [8] have been successfully performed. Reference [9] measured and
simulated pulsed streamer in three spatial dimensions. Furthermore, spectroscopic studies of

streamer discharges have been reported. One of them is based on measurements and analyses of
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absolute intensities of the second and first negative systems of molecular nitrogen to determine
the reduced electric field and an electron number density [10, 11]. Also, Ono et al. applied
optical diagnostics such as laser-induced florescence, laser absorption, and optical emission
spectroscopy technique to measure density and temperature of different active species produced
inside the pulsed streamer discharge under atmospheric pressure [12, 13]. However, there is no
direct measurement on the primary streamer to examine temporal evolution of electron density ne

and electron temperature Te.

Measurements of ne and Te are important to understand the basic structure of the streamer.
Also, for the industrial applications of streamers, active species generated inside the streamers
play key roles. Generation of such species is governed by free electrons inside the plasmas.

Therefore, measurements of ne and Te are essential to understand the behavior of active species.

Laser Thomson scattering has been known as one of the most reliable method to measure
ne and Te of plasmas. It also provides a high spatial resolution [14-19]. The successful application
of LTS diagnostics to micro discharges (secondary streamers) has been reported [20]. However,
there are two challenges when the LTS method is applied to the primary streamers. The first one
is that, due to a small Thomson scattering cross-section and the low electron density in the
primary streamer (on the order of 10* m), the scattering signal level becomes extremely low.
The second one is the laser perturbation against the plasma electric state. Because the primary
streamer accompanies the very high electric field, the superposition of the strong electromagnetic
field in the laser spot may change the electric state in the streamer.

The current investigation aims to solve the above mentioned problems of the LTS method to
diagnose the primary streamer and present temporal evolution of ne and Te in the initial stages of

the cathode-directed streamer.
4.2 Experimental setup and procedure

The electrode set consists of a needle electrode (diameter of 1.6 mm) and a hemispherical
electrode (diameter of 2.4 mm) with a gap distance of 16 mm. These electrodes are made of
tungsten. The electrodes were placed in a vacuum chamber. The power was applied by repetitive
nanosecond high-voltage pulses with a rise time of 10 ns and the peak voltage of 3 kV. The

mono-polar high-voltage pulses were generated from a DC power supply using a fast high-
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voltage semiconductor switch (BEHLKE HTS50-60) with repetition rate of 10 Hz. The mono-
polar pulse generated pulsed discharge in pure helium gas at a pressure of 250 Torr. Our
previous research report of the capacity coupled discharge [20] describes the similar
experimental setup and electrical circuit. The polarity of applied voltage to the needle electrode

was positive that it led to the formation of a positive streamer moving toward the cathode.

The principle of the Thomson scattering diagnostics has been already reviewed [19, 20], and
therefore, we only mention that the Thomson scattering in this study is in the incoherent regime
and the scattering is induced by electrons moving independently. The scattered light intensity
gives the electron density ne. The thermal motion of electrons makes the scattered spectrum to be
Gaussian due to the Doppler broadening. So the spread of the scattered spectrum gives the

electron temperature Te.

The light source of the laser Thomson scattering was the second harmonic beam (A = 532 nm)
of a Nd:YAG laser (Continuum, Surelite I11). The laser beam (pulse duration of 10 ns, repetition
rate of 10 Hz) was focused by lens and injected inside the chamber between the electrodes gap.
First, a plano-convex lens with focal length of 200 mm was employed to focus the laser beam
with 8 mJ energy. This setting provided a spot size of 50 um and a power density of 5x10%
W/m2. This condition induced the perturbation of the electric state in the streamer. Then, it was
replaced with a combination of two cylindrical lenses with focal lengths of 300 mm and 400 mm
in order to avoid the laser perturbation. Further explanation on this issue will come at the next
section. The Thomson scattering spectrum was analyzed by the triple-grating spectrometer
(TGS). The configuration of the TGS, which was used to reduce the stray light, was almost the
same as that used in other experiments [14-20]. Finally, the spectrum was detected by a gated
ICCD camera (Princeton, PI-MAX UNIGEN II).

The propagation of pulsed streamer was observed by the gated ICCD camera directly and
without the TGS. Figure 1 shows an optical emission image of streamer at different time. In this

case, the gate width of the ICCD was set to be 2 ns and the accumulation number was 50.

In order to perform temporally-resolved measurements, the timing of the laser system and the
ICCD camera, which were synchronized with the laser repetition rate of 10 Hz, were varied with

respect to the pulsed discharge using two delay generators (SRS, DG-535). In order to increase
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the signal to noise ratio, the LTS spectrum was accumulated over several thousand pulsed

discharges by the ICCD camera and recorded by a computer based data acquisition system.
4.3 Results and Discussion

Based on the ICCD pictures shown in Fig. 4.1 and the waveforms of applied voltage and
current shown in Fig. 4.2, two phases can be observed in the streamer: primary streamer and
secondary streamer [12]. At the early stage, the primary steamer formed as a cloud in the
duration of 0 to 70 ns. The streamer starts with an ionization cloud at the tip of the needle
electrode (Fig. 4.1 (a), (b)). The time in Fig. 4.1 (a) is defined as a time origin (t = 0) in this
paper. Then, the streamer expands as a spherical shell toward the hemispherical electrode at a
distance of 16 mm as shown in Fig. 4.1 (c) and Fig.4.1 (d). After that, it reaches the
hemispherical electrode (Fig. 4.1 (e)) and finally, by increasing the current, the secondary
streamer is created (Fig. 4.1 (f)). The streamer velocity is calculated to be 10° m/s. This value is

in good agreement with reported values [23].

The curvature radium of the tip of the needle electrode is around 40 um, and therefore, the
electric field intensity when the voltage of 3 kV is applied is estimated to be 8 x 107 V/m and the
streamer discharge starts from this point. In order to observe the effect of the high electric field
associated with the streamer, it is desirable to set the observation point as close to the needle tip
as possible. However, at the point of 1 mm from the needle tip, for example, stray lights
produced by the needle electrode obstructed the signal detection. Finally, the position at 2 mm

from the needle tip was selected for the Thomson scattering measurement of this paper.

Figure 4.3 shows an example of the obtained LTS spectrum. Detailed conditions for this
spectrum will be described later. In order to keep the signal to noise ratio of the measurement
high enough, the photon-counting detection technique was employed. The Thomson scattering
signals were accumulated by ICCD camera over 5000 laser shots. It can be seen from Fig. 4.3
that the measured spectrum is well fitted by a Gaussian curve. Therefore, we can determine

values of ne and Te.

Since there is high electric field in the primary streamer particularly near the needle electrode,
frequent electron-impact excitations of the gas atoms may take place in this region. Hence, there
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is a probability of the laser perturbation by the strong electromagnetic field by the probing laser

with a high power density.

Intensity X 0.05

Fig.4.1. Time evolution of the cathode-directed streamer in helium gas. The images were
captured by ICCD camera. The colors of images are artificial and show signal
intensities. The ICCD camera covered the wavelength range from ultra-violate to
near infra-red. (a) the streamer starts from the tip of the needle electrode. (b) (c) (d)
(e) it expands as a shell toward the hemispherical electrode at a distance of 16 mm.

(F) the secondary streamer.
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Yamamoto et al. [24] reported that the Thomson scattering signal is affected by the photo-
ionization of metastable xenon atoms when the laser power density is greater than 10%° W/m?2.
Chen et al. [25] also showed that the photo-ionization of metastable argon atoms affects the
Thomson scattering spectrum when the power density of the probing laser is greater than 4 x
10 W/m?2. For the case of the streamer, due to the very high electric field, the effect of the
photo-ionization of all excited atoms must be taken into account. In order to examine the effect
of the laser perturbation, the dependence of the signal intensity on the laser power density was
investigated. In this investigation, we changed the laser beam focusing system from a usual
plano-convex lens to the combination of two cylindrical lenses whose setup will be shown later.
The essential point here is that the beam spot of the probing laser by the two cylindrical lenses
had a diameter of 0.2 mm which is much larger than the spot diameter size of 50 um by the
initially used plano-convex lens. Using the new laser focusing system, the probing laser energy
was changed in the range from 10 mJ to100 mJ. The result is shown in Fig. 4.4. This
measurement was done at t = 16 ns when the laser beam hit the streamer head. The figure shows
that the signal intensity is linear to up of 1.3 x 10 W/m? and above that power density, the
signals clearly deviate from the linearity. Therefore, Thomson scattering measurements must be

performed below the laser power density of 1 x 10 W/m?,

Based on the above result, we decided to set the laser spot size to be 0.2 mmx1 mm (actual
shape is elliptical) for the further measurements of this study. The setup of the two cylindrical
lens system was taken as shown in Fig. 4.5. As shown in Fig. 4.1(b), the laser beam is injected
from the bottom side of the paper to the upper side. The laser spot size of 0.2 mm is in the
direction of the streamer development (left to right). The scattered light is collected using the
sight line which is 90 degree perpendicular to the paper surface, and the spot size of Imm is in
this direction. In order to have a clear LTS spectrum, the laser energy increased up to 100 mJ. In
this case, the laser power density is 5x10% W/m2. This value is well below the threshold for the

laser perturbation. The LTS spectrum shown in Fig. 4.3 was obtained using this setup.
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Fig. 4.4 Signal intensity of the Thomson scattering as a function of the laser power density.
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Fig. 4.5 Setup of cylindrical lenses system to shape the laser spot size (the vertical spot size
of 1 mm and the horizontal spot size of 0.2 mm). The axis of the second lens (focal
length of 400 mm) axis is perpendicular to that of the first lens (focal length of 300

mm).
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Figure 4.6 shows temporal evolution of ne and Te at a point 2 mm from the needle electrode.
At t=16ns, the electron temperature is around 2 eV. At this time the laser beam hit the head of
the streamer as shown in Fig.4.1 (b). As time passes, Te decreases to reach the value of 0.83 eV
at t=36ns. On the other hand, ne is about 3 x 10'® m™ at this time interval, and after that, it
decreases to 1x10® m= at t=56ns. This behavior shows that the electron temperature and electron
density have their maximum values at the head of the streamer. It is reported [2] that, in front of
streamer head, the external and internal electric fields add up to make a stronger total field,
which boost ionization. Thus, intense ionization and excitation of gas atoms occur in this region.
This could be a strong reason why the light emitted in the streamer head appears in the ICCD
images of this experiment (Fig 4.1. (b), (c), (d)). On the other hand, inside the streamer or the
plasma channel behind of the streamer head, the total electric field become weaker, which may
slow down the ionization [23]. These features of the streamer are consistent with our
observations. Also, the measured values of ne are rather close to simulation results of the helium
streamer at the atmospheric pressure in Ref. 23 and Ref. 26. At t=72ns, the streamer channel
reach the hemispherical electrode (Fig. 4.1 (e)), so the electrical current significantly increased to

form a secondary streamer. From this time, Teand ne increase dramatically until 140ns (Fig. 4.6

(a) (b)).
4.4 Conclusion

We have developed the LTS method to diagnose the streamer. In order to avoid the laser
perturbation, we optimized the laser spot size by using two cylindrical lenses. Because we could
utilize a relatively large laser energy without the laser perturbation, we could clearly detect LTS
signals and measure values of ne and Te of the streamer for the first time. Also, temporal
evolution of ne and Te measured at a point 2 mm from the needle electrode are consistent with

reported results of the streamer simulations.
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Fig. 4.6 Temporal evolution of a) electron density and b) electron temperature of the streamer.

The measured position is at 2 mm from the needle electrode.
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Chapter 5

Conclusions

The main purpose of the research described in this thesis is applying laser Thomson scattering
method to measure plasma parameters such as electron density and electron temperature in
dielectric barrier micro discharge and the early stage of breakdown voltage (primary streamer)
with high spatial and temporal resolution.

Generally, the electron density and temperature in typical plasma play key role in ionization
mechanisms, including electron impact and recombination as well as chemical reactions. Thus,
the knowledge of the plasma parameters is so important to evaluate such mechanisms. One of the
most reliable and precise methods of monitoring these parameters is laser Thomson scattering
(LTS) diagnostics system. Since diagnostics of micro-discharges forming the DBD plasmas are
very difficult, characteristics of such plasmas have not yet been understood well. DBD plasmas
are initiated in large number micro-discharges filaments of nanosecond duration. Therefore,
detailed measurement of one pulsed filament discharge is important for understanding of DBD.
However, direct measurements of DBD parameters are very difficult, because the life time and
radius of the micro-discharges are lower than 100 ns and 100 pm, respectively. Moreover, they
are produced randomly both in time and position. As the first step of research, we selected
capacity coupled discharge (CCD) as a non-thermal atmospheric pressure plasma instead of
DBD to determine diagnostics of the pulsed filament discharge. Due to the CCD circuit does not
have a dielectric layer between discharge electrodes, we could control the formation time and the
spatial position of the CCD plasma. For the measurements of spatial distributions of neand Te,
five axial positions were selected. z=0 means the center of the electrode gap and z=100 pm and
200 um are for the needle electrode side and z=-100 and -200 pum are for the hemispherical
electrode side

e The LTS method was successfully applied to the CCD plasma and measurements of

spatial distributions of ne and Te of the pulsed filament discharge were demonstrated at
t=15 ns, 55 ns, 105 ns, and 205 ns.
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e 1. is peaked near the tip of the needle electrode (z=200 um) where the electric field
concentrates, and the value exceeds 10> m>. On the other hand, even at the same time
the ne near the hemispherical electrode (z= -200 um) is 10 times lower than that at z=200
um, and the spatial distribution is flat over 500 um while the spatial distributions of Te at
z=100, 0, -100, and -200 um are flat and the values are around 1.5 (£0.5) eV. At t=55 ns
the power input to the CCD is truncated. The value of ne starts to decrease and Te
decreases about 0.9 eV. Finally at t=205 ns both of ne and T, take the same values in all
places.

e At the center of the discharge, ne and Te has been estimated to be 4.6 (+ 0.6)x10%> m= and
1.7 (£ 0.3) eV, respectively, at the time of 15 ns after the start of the discharge. It has
been found that the transient behavior of the pulsed CCD is dominated by the three-body
electron-ion recombination because of high electron density as well as electron-ion
dissociative recombination due to the formation of dimer ion in high pressure. Both of
these mechanisms are operative in this system. It has also been found that the pulsed
CCD is maintained in non-thermal state for a long time more than the thermal relaxation
time that elastic collision became predominant. Finally, the results show that the LTS can
be the powerful method to diagnose non-thermal atmospheric pressure plasmas.

e LTS measurements have been successfully performed on the pulsed filament micro-
discharge of DBD. Temporal evolution of electron density and temperature could also be
measured. It has been investigated that the peak values of electron density and electron
temperature at the center of the pulsed filament discharge are (1.03 +0.08)x10%? m™ and
2.62 ( +0.2) eV, respectively. It was also found that the behavior of the micro-discharge
of DBD is governed by the three-body recombination and dissociative recombination.

« For all cases (different total charges), the electron density is almost the same before 30 ns.
After that, it decreases with a time constant of 100 ns. This decay time is consistent with
three body recombination and dissociative recombination. Increasing of total charges
leads to increasing electron density; however, electron temperature does not change

significantly.

We developed LTS method to diagnose streamer plasmas. As a result, temporal evolution of
electron density and electron temperature has been measured at 2mm from the needle electrode.
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In order to avoid the laser perturbation, the laser spot size was optimized by using two
cylindrical lenses. Since a relatively large laser energy without the laser perturbation was
utilized, the LTS signals were detected clearly and the values of ne and Te of the streamer were
obtained for the first time.

e At t=16 ns, the electron temperature is around 2 eV. As the time passes, T. decreases to
reach the value of 0.83 eV at t=36ns. On the other hand, neis about 3 x 10 m= at this
time interval, and after that, it decreases to 1 x 10 m at t = 56ns. This behavior shows
that the electron temperature and electron density at the head of the streamer have the
maximum of values.

e At t=70ns, the streamer channel reaches the hemispherical electrode, so the electrical
current significantly increase to form a secondary streamer. At this time, T and ne

increase dramatically until 140 ns.

Basically, laser Thomson scattering diagnostics can be applied for all gases of plasma
discharge. However, due to rotational and vibrational states in molecular gases, noble gases have
simple spectrum compared to molecular gases. Therefore, as first step in micro-discharge
investigation, analysis of Thomson scattering spectrum in noble gases is easier. The next step of
our research is applying this technique to discharges in molecular gases such as nitrogen and

oxygen.

In future investigation in streamer phase, we must consider the directional dependence of
wave vector of incident probe laser beam and external electric field. These two vectors are
perpendicular in current experiment that might effect in LTS measurement, because the electrons
in streamer phase accelerated in electric field direction. Therefore, we are going to rotate

electrode setup to change the angle of incident wave vector and electric field.
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