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1. INTRODUCTION

Non-equilibrium atmospheric pressure plasma jet (APPJ) is a promising plasma
source that has been actively investigated during the past decade [1-3]. The
motivation behind the intensive research is the non-equilibrium or “cold” nature
of these devices which enables a vast variety of applications where gas tempe-
rature has to remain close to room temperature. First and foremost, APPJs have
been employed in biomedicine for sterilization [4], wound healing [5, 6] and
recently for cancer treatment [7, 8]. Some additional applications of APPJs
include surface treatment [9] and modification [10] of temperature sensitive
non-biological materials and nanomaterial synthesis [11].

An APPJ device typically consists of a dielectric tube with a powered
electrode wrapped around the tube or inserted into the tube. A noble gas such as
Ar or He is fed into the tube and plasma is ignited by applying sinusoidal or
pulsed voltage of several kilovolts with excitation frequencies varying from
several hundred hertz to gigahertz. An APPJ working in the kHz frequency
range appears continuous to the eye but actually consists of discrete highly
luminous travelling plasma fronts which have also been referred to as “plasma
bullets” [12] which propagate with velocities of up to 10° km/s. Several other
terms for this phenomena have been proposed in literature such as ionization
wave, plasma front and guided streamer.

The application of APPJs in biomedicine requires precise control over
plasma parameters. It has been shown that the propagation velocity of the
ionization wave and the spatio-temporal behavior of plasma parameters such as
electron density, electron temperature, gas temperature, density of ions and
various excited species are influenced by externally controllable parameters
such as the voltage characteristics, gas type and flow rate and the electrode
configuration of the APPJ device.

Additionally, the diameter of the dielectric tube can influence plasma para-
meters for example the electron concentration and temperature. Most common
is the use of quartz tubes with inner diameter in range of several millimeters and
wall thickness of 0.5-2 mm [3]. Reducing the tube diameter below the milli-
meter range could have inherent advantages at specific applications. Firstly, the
small spatial dimensions of the plasma jet can result in better spatial resolution
of plasma treatment at hand. Secondly, increased departure from thermo-
dynamic equilibrium [13, 14] i.e. higher electron temperature and lower gas
temperature can be expected due to the increased diffusion losses to the walls.
Thirdly, it is noteworthy that the well-known Pachen minimum for electrical
breakdown between two plane electrodes at atmospheric pressure occurs at the
sub-millimeter range.

The possible effect of the dielectric tube on important plasma parameters
(electron concentration, gas temperature, ionization wave velocity) has received
little attention except a few computational studies and experimental works in a
dielectric capillary in air flow [15, 16]. It was shown in air plasmas that the
ionization wave velocity increases with decreasing tube diameter and has a



maximum at 100 pm and decreases in even smaller diameter tubes [16]. The
effect of dielectric tube parameters such as the diameter, wall thickness and
dielectric constant in APPJs in noble gases has not been explicitly studied
before this thesis.

This thesis can be divided into four parts each with its own sub-goals. The
aim of the first part was to clarify the effect of external parameters such as
applied voltage, voltage polarity and gas flow rate and the spatio-temporal
behavior of the ionization wave for the APPJ in a 500 um tube. The aim of the
second part was to determine the effect of tube diameter in the range of 80-500
um on the ionization wave velocity and its spatio-temporal behavior inside the
quartz tube and in the He jet emerging into ambient air. The goal of the third
part was to determine the effect tube diameter in the range of 80-500 um on the
plasma sustaining voltage. The aim of the fourth part of the thesis was to
spectroscopically determine essential plasma parameters electron density, gas
temperature and He excitation temperature. Finally, several experiments were
conducted with Y-ZrO, microtubes to determine whether the dielectric tube
material substantially influences the plasma parameters.
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2. SCIENTIFIC BACKGROUND

2.1. Atmospheric pressure plasma jets
2.1.1. Main features of APPJs

Atmospheric pressure plasma jets (APPJs) are plasma sources that produce cold
non-equilibrium plasma typically in a noble gas flow through a dielectric tube
into ambient air [3]. The confinement of the plasma inside of the noble gas jet is
caused by much larger ionization rate of noble gas compared to the ambient air
surrounding the jet [3]. APPJs appear continuous when viewed with naked eye
or taking time averaged photographs like on figure 4.2. However, temporally
resolved imaging reveals that one or several fast moving ionization waves with
the duration of several hundred nanoseconds pass through the dielectric tube
and noble gas jet every half-period [17] or per applied voltage pulse [18]. These
ionization waves are highly luminous and move with velocity in the range of
10-10° km/s which is several orders of magnitude higher than gas flow rate [3].
They have been termed as “plasma bullets” [1], “guided streamers “[19] and
“guided ionization waves” [3].

Quartz tube Quartz tube
Gas flow Gas flow —m=
—— =
Plasma jet Plasma jet
Power
a source
Power source ( ) (b)
Quartz tube Quartz tube
Gas flow 4-\ Gas flow
— —&
Plasma jet Plasma jet
Power
source
Power source () (d)

Figure 2.1. Various electrode configurations utilized in APPJs.

Figure 2.1 shows the various electrode geometries that have been utilized in
APPJs including DBD jets, DBD-like jets and single electrode jets [20]. Typi-
cally the high-voltage electrode is either ring-shaped wrapped around the
dielectric tube or a thin rod inserted in the tube resulting in linear-field and
cross-field APPJs, respectively [21]. It is proposed [21] that the advantage of
the linear-field geometry is the more efficient transport of active species to the
treated substrate.
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The characteristics of APPJs are determined by externally controllable para-
meters like applied voltage amplitude, shape and polarity, repetition frequency,
gas flow rate and the dielectric tube diameter and material. Properties and
behavior of the ionization waves, the length of the plasma jet and also several
key plasma parameters such as discharge current, electron density, electron
temperature, excitation temperature, gas temperature, density of ions and active
radical species are determined by the operation conditions of the APPJ.

An important characteristic of APPJs is the plasma ignition voltage. Direct
current (dc) pulsed and sinusoidal (ac) voltages in several frequency ranges
(kHz, MHz and GHz) are most commonly employed. The dc pulsed excitation
employs fast pulse rise times on the order of some tens of nanoseconds that
results in over-voltage breakdown and the voltage amplitude has been seen to
strongly affect the propagation of the ionization wave [3, 12]. In the case of the
sinusoidal voltage with kHz frequencies, the applied voltage changes slowly in
time (AV/At) and during the short time of breakdown and ionization wave
propagation (~few hundred nanoseconds) the voltage remains practically
constant. The repetition frequency may affect the concentrations of species that
decay with time such as electrons, ions, radical and metastables [3, 22]. Polarity
of the applied voltage has been shown to effect the temporal behavior of the
ionization waves and the radial distribution of active species [23].

The gas flow rate determines whether the flow is laminar or turbulent. It has
been shown that the dimensionless plasma jet length (length/diameter) in He
depends on the Reynolds number (Re) [24]. The dimensionless Reynolds
number characterizes the measure of inertial to viscous forces and is given by

Re:(p.V-D)/‘u, (1)

where p and u are respectively the density and viscosity, V is the linear gas flow
velocity and D is the tube diameter. The dimensionless length of the plasma jet
increases with Re value up to the Re values 200-250 where the transition to
turbulent regime occurs and the length decreases.

2.1.2. Dielectric tube

The influence of dielectric tube on the discharge characteristics and plasma
parameters in APPJs has not been extensively studied. There are three important
characteristics of the dielectric tube: the inner radius of the tube, the relative
permittivity of the tube material and the wall thickness. Most often the APPJs
are ignited in quartz tubes with inner diameters in the range of a few millimeters
and wall thickness around 1 mm [3].

There exist a few theoretical and experimental works where the effect of
dielectric tube diameter was studied in an air discharge in a capillary [15, 16]
and several modelling studies in He [25, 26, 27]. The reduction of the physical
plasma dimensions affects the plasma ignition voltage. The most well-known is
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the breakdown between two parallel plate electrodes where the breakdown
voltage ¥, dependence on the similarity parameter (p-d) is called the Paschen
curve [28, 29]

_ _B@d
b ™ ciin(pad)”’ @)

where B and C are constants, p is the pressure and d is the gap between the
electrodes. These curves exhibit a minimum depending on the gas and electrode
material. For atmospheric pressures this minimum corresponds to sub-milli-
meter gap size. In air plasma confined to the dielectric tube, it has been shown
that reducing the tube diameter down to 100 um increases the propagation
velocity of the ionization wave and further reduction of the diameter decreases
the velocity [15, 16].

The relative permittivity of the dielectric has been shown to change the axial
Laplacian electric field distribution [15, 25]. Furthermore in a modelling study
in air an increase of g by an order of magnitude (from 1 to 10) resulted in a
decreased velocity and an increased maximum electron density [15].

Up to date no studies have been reported on the possible effect of tube wall
thickness. It is expected that the tube wall thickness influences the capacity and
might affect the breakdown voltage and possibly the velocity of the ionization
wave. Both the tube thickness and dielectric constant of the tube could also
possibly have an effect on the deposited surface charge on the inner walls of the
tube.

The following chapters give a short overview of the main topics connected
with the characteristics of APPJ-s investigated in the present study. The ignition
and sustaining voltage of the discharge as well as the velocity of ionization
waves are connected to the gas breakdown and subsequent development of
ionization waves. The plasma characteristics, i.e. the electron density as well as
electron, gas and excitation temperatures are influenced by the ionization waves
but also by the deviation of plasma from the thermodynamic equilibrium.
Finally, the importance of non-equilibrium plasma of APPJ in plasma chemistry
is explained and main applications are given.

2.2. Gas breakdown and ionization waves
2.2.1. Electron avalanches and breakdown mechanisms

Breakdown in gas discharges proceeds via two different mechanisms: Town-
send and spark breakdown mechanisms. For both mechanisms the breakdown is
initiated with the formation of electron avalanches which is the exponential
multiplication of electrons in the strong electric field £. This multiplication of
electrons per unit distance is in the case of uniform electric field

N (X) = Ngg - exp(a - x), 3)
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where n,, is the initial electron concentration, n, is the electron concentration
and « is the first Townsend ionization coefficient which is a strong function of
the reduced electric field E/N where N is number density of gas. The develop-
ment of an avalanche is depicted on figure 2.2. A single free electron produced
in the gas gap is accelerated in the direction opposite to the applied electric field
Ey. As the velocity of the electron increases and it collides with neutral gas
atoms it ionizes them by kicking out new electrons. Electron density in the
avalanche head follows a Gaussian distribution and the ion concentration in the
trail of the avalanche grows exponentially while radially it is also Gaussian.

Anode Anode

E, E,
|
Cathode Cathode

Figure 2.2. Avalanche formation as a result of a primary electron. Left hand illustrates
the start of an avalanche and right hand side figure the avalanche growth and the
relevant parameters.

Ions and photons created in the avalanche give rise to secondary electron
emission from the cathode which start new avalanches. At sufficiently strong
electric fields, this will lead to the Townsend breakdown mechanism which is a
uniform breakdown of the gas gap dependent on the secondary emission from
the cathode with breakdown condition given by

a-d=1n(]l/+1). (4)

Here d is the gap size and y is the secondary electron emission coefficient,
which depends on the cathode material, surface conditions, the gas type and the
reduced electric field E/N. The voltage where this condition is met and break-
down occurs is the breakdown voltage V;, given by Paschen criteria (1). The
Townsend mechanism dominates at small over-voltages and p-d values below
200 Torr-cm [29].
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At high over-voltages or large p-d values a change in the avalanche behavior
takes place because the large amplification of the electron number N~ exp(ox)
results in the creation of a significant space charge. At some critical value of the
number of electrons

N, =~ exp(ax) = 3*¥10% (axx > 20) (5)

the space charge electric field £, becomes equal to E,. This is known as the
Meek breakdown condition or the streamer formation criterion.

There are two important points to note. Firstly, at the Meek breakdown
criterion the avalanche radius is roughly equal to characteristic ionization length
1/a and the increase in transverse radius slows down. Secondly, the non-
uniformity of electric field affects the breakdown condition since it is the
ionization integral N, = f;z a(E)dx that has to exceed the threshold value.
Since a(E)~exp(E) stronger local electric field results in exponentially higher
ionization and the breakdown condition has to be met only at a limited space
region for the streamer to occur, for example as in corona discharge with
enhanced electric field near the sharp tip.

2.2.2. Streamer propagation models, positive and
negative streamers

A positive streamer is formed usually near the anode when the Meek criterion is
met. The propagation of the self-sustained positive or cathode directed streamer
is depicted on right hand side of figure 2.3. High-energy photons from the
primary avalanche or streamer head provide seed electrons for secondary ava-
lanches which form in the space charge electric field. These secondary ava-
lanches are pulled into the positive streamer head neutralizing it, forming a
quazi-neutral streamer channel and leaving behind a new positive space charge.
As a result of this repeated process the streamer propagates towards the cathode
with velocity in air at atmospheric pressure 10° cm/s which corresponds to
electron drift velocity in the electric field space charge at the streamer head [28,
29].

There exist two models for the description of the propagation of a self-
sustaining positive streamer. One model was proposed by Dawson and Winn in
1965 [30] and it describes the autonomous propagation of the streamer
independently of the external electric field of the anode with the assumption of
very low conductivity of the streamer channel. The model assumes that when
the secondary avalanches reach the streamer head the number of charges and the
radius of the avalanche and streamer head become equal. The positive space
charge is then neutralized by the electrons of the avalanche. The electric field in
the streamer head remains constant according to this model.

15



Anode Anode

Cathode Cathode

Figure 2.3. Propagation of an anode directed negative streamer (left) and a cathode
directed positive streamer (right). Also shown is the direction of the Laplacian electric
field and streamer propagation direction (red arrows).

A different model has been proposed by Klingbeil [31] and Lozansky and
Firsov [32] which considers the streamer channel as an ideal conductor
connected to the anode. The streamer channel is viewed as an anode extension
and the streamer propagation takes place due to electron drift in the maximum
electric field £, located at the tip of the streamer which is given by

Emax _ 15092
s _ 3.4 (Ho%2, ©)

where / and 7 are the streamer length and radius, respectively. The increase of
E,.. with the streamer length should also lead to increased electron drift
velocity. It is noteworthy that in APPJs the conductive channel has a finite
resistance [19] and both of the models are expected to be somewhat inaccurate.
The formation of a negative or anode directed streamer takes place in the gap
at the same condition as the positive streamer (E,~FE;). The mechanism of
propagation is similar and is shown in left hand side of figure 2.3. Secondary
avalanches are again initiated by photoionization due to high-energy photons
from the primary avalanche. Different in this case is that the propagation
direction of secondary avalanches is in the same direction as the streamer
propagation. The streamer propagation occurs as the neutralization of the
positive tails of secondary avalanches by the negatively charged streamer head.

16



2.2.3. lonization waves in APPJs

Both Townsend and Spark breakdown mechanisms can occur in APPJs
depending on the electrode configuration. The Townsend breakdown is ex-
pected to occur with configurations shown on figure 2.1a and 2.1c while the
configuration of 2.1b and 2.1d should lead to spark breakdown.

- Gas jet
e e h
Gas ﬂuWE

Powered
electrode

Quartz tube

- Gas jet
e e
Gas ﬂu‘wt> FO o @u D
IR ) e

Powered -
o Quartz tube
Ey
—=
Gas jet
_-e‘ e Q
Gas flowp ) @ &e
L= e a” g 8_4%
e @ ® % 4
Pﬂ“‘El'H- Quartz tube
electrode

Figure 2.4. Propagation of the ionization front in an APPJ from top to bottom. E, is the
space charge electric field direction.

The propagation mechanism for ionization waves in APPJs was initially pro-
posed by Lu and Laroussi [1] and later developed by Karakas et a/ [33]. It is
very similar to that of streamers. The propagation of a positive guided
ionization wave is shown on figure 2.4 together with the space charge electric
field direction. The propagation is caused by the acceleration of electrons in the
space charge electric field of the ionization wave. The main difference is that
classical streamer propagation relies on generation of seed electrons via
photoionization [28] while it has been concluded that photoionization is not
essential in plasma jets since seed electrons are already present from previous
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discharge cycles [3]. However, photoionization may increase the propagation
velocity of ionization waves in APPJs. Another major difference with classical
streamers is that in free space the propagation path is stochastic while in APPJs
the direction of propagation of streamer is pre-determined by the dielectric tube
and the noble gas jet axis [3].

2.2.4. The velocity of the ionization wave

In the case of APPJs working in the kHz range the travelling velocities of
ionization fronts have been measured to be in the range of 10*-10" m/s [3].
According to a number of studies, velocity of the ionization front is affected by
several experimental parameters including electrode geometry [34], gas type
[35], excitation voltage amplitude [36], polarity [23, 37] and frequency [38, 39].

A recent study [34] compared the effect of two electrode geometries: a
DBD-like configuration (figure 2.1a) and a single ring electrode with a second
grounded plate electrode placed 2 cm downstream from the tube orifice (figure
2.1b). It is important to note that in the latter configuration the ionization front
reached the grounded plate electrode. A similar accelerating propagation was
observed for both configurations but the maximum velocity of the ionization
front reached 8 km/s for the DBD-like jet and 40 km/s for the second set-up.

A lot of research on APPJs has been performed in noble gas flows of helium
and argon but only recently a comprehensive study was performed comparing
the effects of gas type (helium or argon) on the ionization wave velocity [35]. It
was shown that with similar APPJ set-up the maximum velocity of the
ionization wave is 2-3 times higher in He than in Ar [35].

The voltage amplitude has been shown to increase the ionization wave
velocity in several experimental [12, 34] and theoretical works [19]. In a study
by Karakas et al [36], the velocity increased from 50 km/s to almost 250 km/s
when the amplitude of the unipolar positive voltage pulse was increased from 4
to 7 kV. Xiong et al [38] showed an increase of the maximum velocity from
150 km/s to 250 km/s when the applied voltage was increased from 7 to 9 kV.
Boeuf et al [19] have calculated that the maximum velocity increases from 14 to
23 km/s as the applied voltage is increased from 4 to 6 kV and also point out the
effect of pre-ionization density on the propagation velocity. Finally, it was
observed by Ning et al [40] that at higher excitation voltages two consecutive
discharge pulses may appear. These two separate ionization waves travel with
velocities that differ by two times. The first ionization wave travelled with
velocity of 6 km/s while the second ionization wave velocity reached 12 km/s.

Besides the applied voltage amplitude also polarity, frequency and wave-
form are known to influence the propagation velocity of ionization waves. It has
been shown with calculations [23] and in experiment [37] that both the
maximum velocity and propagation distance are lower during the negative half-
cycle. It has been proposed that these differences are analogous to positive and
negative streamers which were described in section 2.2.2. The increase of
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frequency of the applied voltage from 1 to 10 kHz has been shown to influence
the temporal evolution of reactive species [38] while the maximum velocity and
propagation distance were not influenced. Contrary, in another experimental
study [39] the maximum velocity increased from 18 to 33 km/s as the frequency
was increased from 2.5 to 20 kV. Different outcomes can be explained by the
different electrode geometries: in the first study [38] the powered electrode was
inserted in the quartz tube (figure 2.1d) while the second study [39] used a DBD
set-up of two ring electrodes around the dielectric capillary (figure 2.1a).

The waveform has been shown to have a strong effect on the ionization wave
velocity. Pulsed excitation led to almost two times higher maximum velocity
than sinusoidal excitation (24 km/s and 13 km/s, respectively) [41].

Finally, inside a thin capillary the ionization wave velocity has been shown
to depend on the dielectric tube diameter [15, 16] but no systematic study on
effect of the dielectric tube diameter on the ionization wave velocity in He
APPJs has been performed.

2.3. Plasma parameters in non-equilibrium APPJs

2.3.1. The concept of a non-equilibrium plasma

Plasmas are often classified as thermal and non-thermal plasmas [28]. Thermal
plasmas can often be classified as thermodynamic equilibrium (TE) or local
thermodynamic equilibrium (LTE) plasmas which allows the simplest
description of the plasma. Plasma parameters i.e. electron and gas temperature
and electron density are relatively easily obtainable by spectroscopic means in
the case of thermodynamic equilibrium [42]. TE plasmas are described by one
single temperature 7, which is the same for all particles and radiation. The
distribution of translational energy of plasma particles ¢r is given by the
Maxwell energy distribution function with temperature 7. The internal energy is
distributed among excited electronic, vibrational and rotational levels according
to the Boltzmann distribution

no_9; &
= g0 &P (D), (7
where n; and n, are the concentrations of particles on the level j and ground state
and g; and g their statistical weights respectively. In addition, in the TE plasma
the Boltzmann equation also describes the chemical equilibrium, the Saha
equation describes the ionization-recombination balance and radiation is in
equilibrium with the plasma and is given by the Planck’s law for blackbody
radiation [28, 42].

LTE assumes one temperature for all plasma species but this temperature
varies in space [28, 42]. This temperature can be identified with the spectrally
determinable excitation temperature. In addition, LTE model allows for
optically thin plasma which means that radiation is not in equilibrium with
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plasma. Typically, this is true for atmospheric non-equilibrium plasmas and the
intensity /,, which is a measure of radiation power of the transition p—q given
by

Ipq = npApqhvpg, ®)

where n, is the population of the upper level, 4, is the Einstein coefficient for
the given transition, 4 is the Planck constant and v,, is the transition frequency.
By registering the intensity of a given transition with a spectrometer the relative
population of the upper state of the transition can be determined. By re-
presenting the relative populations in the Boltzmann plot [42], the temperature
can be obtained according to equation (7).

Non-thermal plasmas typically deviate from the thermodynamic equilibrium
which means that the energy distribution of different species can be charac-
terized by different energies and translational and internal energy of plasma
species is not in thermodynamic equilibrium [28, 40]. The cause of thermal
non-equilibrium is particular to each plasma system but several general physical
reasons can be listed. Due to the electron-to-ion mass ratio in the order of 107
the kinetic energy exchange between electrons and heavy particles is low. In
addition, there exist gradients and fluxes of electron densities which cause an
energy flux out of the plasma. Furthermore, APPJs produce non-thermal highly
non-equilibrium plasmas in short time frames of a few hundred nanoseconds to
a few microseconds which is shorter than the typical time required for thermo-
dynamic equilibrium to establish (~ms) [28, 29]. As a result, the electrons and
heavy particles (neutrals and ions) have considerably different translational
energies which can be characterized by different temperatures. The gas
temperature remains below 1000 K (often at room temperature) while electron
temperatures can reach 10 000 K.

Partial local thermodynamic equilibrium (PLTE) is sometimes used to
describe non-equilibrium systems. It assumes that only part of the population of
excited states, electrons or ions is in thermodynamic equilibrium and the energy
distribution can be characterized by the temperatures 7., 7, or T differing for
each species [42]. T, can be again obtained from line intensities according to
equation (7) but it is only weakly related to electron temperature [28, 42, 43].

2.3.2. Recombining and ionizing plasmas

In the case when the LTE is not valid and/or in the region of states where PLTE
is not applicable the complete balance of excited levels in non-thermal plasmas
is given by the Collisional Radiative Model (CRM) [42, 44]. CRM is a set of
coupled rate equations for each excited level, for the ground state and for ions
under specific plasma conditions [44] which takes into account the total popu-
lation flux into and out of the level. These equations are solved numerically.
The population flux into the level consist of the electron impact excitation from
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the lower lying levels, collisional and radiative de-excitation from higher levels
and recombination [44]. The population flux out of the level is the sum of
collisional de-excitation to lower levels, electron impact excitation to higher and
lower levels, electron impact ionization and radiative depopulating [44].

Recombining plasma component

~nen(1)

" VAN

z
ny(p) m(p)

p n(p)

v n(l)

1 (1) ~Dellz

Ionizing plasma component

Figure 2.5. Schematic energy level diagram (left) and the concept of ionizing and
recombining plasma components (right).

It is possible to isolate contributions from two separate population channels for
a specific excited level p with population n(p) for a simplified structure of
excited levels as depicted on figure 2.5. The contribution from ions with density
n. is termed recombining component #y(p) and the contribution from the atomic
ground state is termed ionizing plasma component. In general, the ionizing
component increases for levels closer to ground state n(1) while recombining
component decreases for these levels [44].

The plasma as a whole can be characterized as ionizing or recombining if
either of the components is dominant and the plasma is far from ionization
balance as a result of time dependence or spatial inhomogeneity. An ionizing
plasma is defined as [n./n(1)]<<[ n./n(1)];z with IB denotes the plasma in
ionization balance. In this case n(1) is overpopulated. A recombining plasma is
defined as [n./n(1)]>>[ n./n(1)]s, with n, being overpopulated [44]. As an
important example, the ionizing component may dominate when the charges are
removed from the plasma by diffusion and the recombining component is
consequently decreased.

It has been shown that APPJs plasmas are ionizing [45] with the majority of
atomic state distribution function (ASDF) deviating from the Boltzmann
distribution. Only the excited levels closest to the ionization threshold are in
equilibrium. The distribution of excited levels detectable from the emission
spectrum is characterized by excitation temperatures 7,3 and T, which are
determined by the Boltzmann plot method [42]. T3 and T, characterize the
lower and the middle part of the ASDF in He and were found to be ~15 000 K
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and ~3000 K, respectively [45]. T;; is closer the real electron temperature but
requires absolute intensity measurements while 7. is easier to determine but it
is only weakly coupled to the electron temperature.

2.3.3. Effect of reducing plasma dimensions

The losses of charged and excited species due to diffusion are an important
feature of plasmas and can determine the state of the plasma [28]. Diffusion
losses grow as the plasma dimensions or pressure is reduced. On the other hand,
it is known that with increasing pressure the electron and gas temperatures tend
to equalize and non-equilibrium can be sustained by decreasing the physical
size of the plasma [13]. The diffusion losses of electrons and ions to the walls
can be expressed by the diffusion frequency vp

D
Vo =y 9)

where D, is the ambipolar diffusion coefficient and Ap is the characteristic
diffusion length given for cylindrical geometry as

L= &2 4 (M2

7=+ O (10)
where R and L are the radius and length of the cylinder, respectively [14]. The
ambipolar diffusion characterizes the combined diffusion of ions and electrons
and can be approximately given for non-equilibrium plasmas as

D,=5-1,, (11)

where y; is the mobility of ions which decreases with pressure, T, is the electron
temperature and e the elementary charge.

In self-sustaining plasmas operating at stationary steady state the charged
particle losses are compensated for by ionization. As the diffusion losses
increase with decreasing plasma confinement size the electron temperature must
grow to account for the increased losses by enhancing ionization rate kr~
\/i-exp(—I/Te), where I is the ionization potential. At the same time the in-
creased diffusion of the heavy particles from plasma to the walls results in more
effective cooling and the combined effect is increased non-equilibrium as the
plasma dimensions are reduced [14].
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2.3.4. Non-equilibrium plasma chemistry

The non-equilibrium plasma chemistry offers selectivity and energy efficiency
advantages over thermal plasmas in areas such as pollution control, volatile
organic compound (VOC) removal because the input energy into non-thermal
plasma is used mainly for the production of energetic electrons in contrast to
thermal plasmas where the whole gas stream is heated.

The ozone synthesis which is one of the oldest known plasma chemical
processes [46] is a good example of low-temperature atmospheric pressure
plasma chemistry. It is based on creation of active species by direct electron
impact excitation and further reactions of these excited species [46]. The
endothermic synthesis of ozone is a result of a three body collision between O
atom and O, molecule in non-thermal (near room temperature) dry air plasmas
The O radicals are produced in discharge by the dissociation O, molecule as a
result of electron impact. The gas temperature has to remain close to room
temperature to prevent the dissociation of O; [46].
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Figure 2.6. Reaction rate coefficient (cm’/s) as a function of electron temperature for
three different reactions in plasma.

The efficiency of non-thermal plasma chemistry is determined by the specific
reaction mechanisms and the electron energy distribution function (EEDF). It is
primarily the high energy electrons of the distribution “tail” that take part in
excitation and ionization. The selectivity of non-thermal plasmas is based on
selective excitation of species typically by direct electron impact or through
some more complicated pathway. The control over excitation is established by
tailoring the EEDF or electron temperature by adjusting the external parameters
(e.g. applied voltage). Figure 2.6 illustrates this by showing production rate of
three direct electron impact reactions as a function of electron temperature
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calculated with data from Niemi et al [47] As a rule, the EEDF is non-
maxwellian in non-thermal discharges and has to be calculated separately for
specific operating conditions.

APPJ research has in large part been motivated by biomedical applications
which are based on reactive oxygen species (ROS) and reactive nitrogen species
(RNS) chemistry. The production of reactive species responsible for low-
temperature plasma chemistry such as reactive oxygen species (ROS) and
reactive nitrogen species (RNS) involves several hundred reactions [48]. The
RNS originate mostly from nitric oxide (NO) and include nitrogen dioxide
(NOy,), nitrate (NOs) radicals and various non-radical species. The ROS include
hydroxyl (OH), hydroperoxyl (HO,), carbonate (CO7), alkoxyl (RO), super-
oxide (07), carbon dioxide (CO?) etc radicals and several non-radical species
such as ozone (Os), singlet oxygen ('0,) etc.

The ROS and RNS based plasma chemistry can potentially be improved by
reducing the plasma dimensions which ultimately leads to an EEDF with larger
“tail” part with high energy electrons. The increased 7, at smaller plasma
dimensions can result in increased generation of active species. It has been
shown with molecular beam mass spectrometry that a micro-plasma-jet com-
pared to an APPJ in the millimeter range produces higher concentrations of Oy,
H', CO; and O, [22]. The main method for measuring concentrations of
species such as OH* radical and O* radical is laser induced fluorescence (LIF)
[49-51]. It has also been shown that both the He flow rate and the electrode
position relative to each other can affect the temporal evolution of active species
concentration [49].

2.4. Applications of APPJs
2.4.1. Biomedical applications

Plasmas have been used as a means for sterilization in packaging, food industry
and medicine for some time already [4], but the advent of cold atmospheric
plasma sources (CAPs) including APPJs with gas temperatures of less than
40°C has only recently sparked the research for plasma medical applications on
living tissues. The interdisciplinary research area involves chemistry, physics,
engineering, plasma-engineering, biology, microbiology and medicine. In large
part, the research of APPJ has been driven by their applicability for biomedical
purposes.

Certain safety regulations apply concerning various aspects of CAPs ope-
ration when treating living tissues. Ultraviolet (UV) radiation can cause changes
to the DNA and lead to cell death and a maximum rate of allowed UV radiation
has been set at 30 ;,tW/cm'2 [4]. Species with longer life-time, such as O;, NO
and NO, can be harmful to living organism in excess amounts and therefore an
upper limit or 50 ppb is recommended for Oz, 5 ppm for NO, and 25 ppm for
NO over a period of 8 hours. As some plasma sources employ the human skin
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as a second electrode an upper limit of 0.5 mA at 1 kHz and 20 mA at 100 kHz
are set.

Plasma based sterilization effect is historically known for over a century but
the application of CAPs dates back only to the end of the 20™ century [4]. There
are two major areas for application of CAP in sterilization: firstly sterilization
of medical equipment primarily in hospitals and secondly sterilization of bio-
logical surfaces for example human skin. Both areas expect efficient inacti-
vation of bacteria but while the sterilization of medical equipment poses little
safety concerns the biological surfaces require that the treated sample or patient
is protected from potentially harmful species in the plasma.

The four main inactivation mechanisms include heat, UV-radiation, charged
species and reactive species. Temperature as high as 170°C and UV radiation in
range of 200- 300 nm with power density of a few mW*s*cm™ are required to
kill bacteria. Gas temperatures in CAPs are close to room temperature and it has
been shown that no significant emission occurs below 285 nm with a power
density of only 50 pW*s*cm™ [52]. Therefore, charged and reactive species are
mainly responsible for antibacterial activity in CAPs. Charged species accu-
mulating on the outer shell of a cell cause an electrostatic force outward from
the cell that will result in the cell rupture if it exceeds the tensile strength of the
cell. Reactive species such as already described ROS and RNS are able to
permeate the cell wall and cause cell death.

The possibility to treat cancer with CAPs has emerged during the past
decade with the development and advancement of cold plasma sources [53].
The effect of cold atmospheric plasmas is to induce apoptosis in the cancer cell.
Apoptosis is a programmed process which leads to cell death and can be
activated intrinsically or externally. The effect of CAPs in treatment of cancer
cells has been shown to be twofold [54]. Firstly, ROS are produced in the
plasma in contact with the treated sample and the active species are transported
into the cell causing cell death. A second possibility is that various radicals
and/or RNS play a role in cell signaling pathways. That means that RNS or
active radicals [55] created in the plasma enter the cell and make the cell
produce extra ROS leading to above threshold levels of ROS for cell apoptosis.

2.4.2. Surface treatment and modification

Low-temperature plasmas at low pressures have been utilized for surface
modification, etching, thin film deposition and cleaning of surfaces for several
decades in the microelectronic and polymer industry [56]. Atmospheric pressure
treatment removes the need for additional vacuum equipment that is often
expensive and complicates the treatment process [57]. Temperatures down to
room temperature are achievable in atmospheric pressure plasmas including
APPJs [2] which allows for treatment of temperature sensitive substrates such
as already described biological samples and also industrial polymers. A distinct
advantage of APPJs as compared to e.g. DBDs is the possibility to locally treat
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3D structures as the plasma is not confined in the narrow region between the
electrodes [9]. A further advantages of plasma treatment compared to chemical
methods is its environmental friendliness.

Since APPJ device dimensions are in the millimeter range a very small
defined treatment region is attainable allowing for precise local treatment.
Furthermore, it has been proposed that reducing the physical size of the plasma
down to nanometer size can have even more pronounced emergent effects on
nanomaterial synthesis [58]. Some interesting published results on plasma
synthesis of nanomaterials include carbon nano-spheres created by a plasma in a
liquid method [59], growth of graphene at several hundred degrees lower
temperature than with chemical methods [60] alumina nanoparticles created in
acids [61].

Many industrial polymers such as polyethylene, polypropylene, polystyrene,
polyethylenterephthalate have low surface energy which results in poor
adhesion and wettability [62]. At the same time the melting temperature of these
polymers is a few hundred degrees which necessitates strict temperature control.
In several works adhesion improvement due to increased surface energy [62,
63] and decreased contact angle i.e. better wettability [64, 65] have been
observed after plasma treatment. In a study [62] PET, PE and PP were studied
and the appearance of several oxygen containing functional groups like OH,
CO, COH and NOx=1,2 were found after plasma treatment. Plasma treatment
has also been employed to several natural polymers most of which are heat
sensitive such as plant fibers [66] and various textiles [67] and also to bio-
degradable polymers [68].

Plasma enhanced chemical vapor deposition (PECVD) is a well-known
method for producing thin films with well controlled morphology and chemistry
[69]. In addition to the advantages of atmospheric pressure operation mentioned
previously APPJs offer some additional features for the CVD process such as
localization of reactor wall pollution caused by low diffusion, deposition in
small volumes down to nanoscale, low-volatility liquids can be used as aerosol
precursors [69], fast deposition rates and capability to grow patterned and
nanostructured surfaces [70]. Furthermore, an important advantage of utilizing
APP]Js is the possibility to produce thin films locally in small areas (~1mm?).
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3. RESEARCH AGENDA

The main aim of the present study was the investigation of the effect of
dielectric tube diameter on various plasma characteristics. It was shown in
previous sub-chapters that the plasma characteristics in an APPJ are affected by
a number of external parameters and the configuration of the plasma jet. As a
consequence, the first part of the work deals with the characterization of an
APPJ in a quartz tube with fixed tube diameter of 500 um. The considered
APPJ has a single electrode configuration and is excited by a sinusoidal voltage
waveform in the kHz frequency range. The determination of the sensitivity of
the electrical characteristics (ignition and sustaining voltage and current pulses),
plasma parameters and the propagation of ionization waves on the external
parameters (applied voltage, gas flow rate, electrode distance) constitutes the
first part of the study.

Second part of the thesis is concerned with the effect of the dielectric tube
diameter on:

a) The plasma sustaining voltage.

b) The ionization wave velocity.

¢) Several plasma parameters i.e. electron concentration, N, rotational tempera-
ture and He excitation temperature.

Quartz tubes with inner diameters ranging between 60-500 um are used in these

studies.

Final section of the theses describes preliminary experiments with Yttria
stabilized ZrO, microtubes which should have 10 times larger dielectric
constant when compared to quartz. The goal was to characterize the plasma in
Y-ZrO, microtubes by spectroscopic means and to determine the ionization
wave velocity in an Y-ZrO, microtube.
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4. EXPERIMENTAL SET-UP AND METHODS

4.1. Experimental set-up

The experimental set-up used in the studies in this thesis is shown in figure 4.1.
Spectral characterization and determination of plasma parameters (#q, Ty, Texc)
was performed with only a single electrode (without the ground electrode) and
the optical fiber was connected to a spectrometer. The characterization of the
500 um tube and the determination of ionization wave velocity were performed
with the exact set-up shown on figure 4.1 and utilizing a photomultiplier tube
(PMT).

Commercially available quartz microtubes with a fixed wall thickness of
~10 um and a series of inner diameters D;,= 500, 300, 200, 100 and 80 um and
wall thickness of 10+5 pm were used in the experiments. The inner diameter of
the tubes was measured with the uncertainty of 20 pm. A photo of a working
plasma jet in a 500 pm quartz tube is shown on left side of figure 4.2. The two
electrodes, the tube orifice, a glass plate and the He flow direction are high-
lighted in the figure. The glass plate is used to avoid bridging of the discharge
and possible arching.

He
Quartz tube =~ 7
. Powered I
| electrode
Lens [’\j}m\/olt%ge—” Oscilloscope
PMT/ Fibre! e
spectroemeter [ ]
1 . lsor10mm !
W
Y 41020 mm
Ground
electrode

QR
Figure 4.1. Experimental set-up (R — resistor, i — current, u — voltage and / — emission

intensity measured by photomultiplier PMT or recorded with a spectrometer). Spectral
characterization was performed without the ground electrode.

28



The 1 mm wide powered cylindrical electrode was placed around the tube either
5 or 10 mm from the microtube orifice (figure 4.1). The electrode was prepared
by wrapping a 100 pm diameter copper wire 10 turns around the tube. The
surface of electrode was smoothened by soldering indium on the wrapped wire
and connections to avoid sharp edges of electrode. This electrode allowed to
reduce the contribution of discharge outside of the tube [I].

The grounded electrode was a copper plate with the diameter of 20 mm and
it was placed 20 mm downstream from the tube orifice (figures 4.1 and 4.2), In
some tests the grounded electrode was set 10 mm downstream of the tube
orifice but the jet was found to be less stable at this condition. The used
electrode configuration produced longitudinal electric field along the axis of the
tube [I].

Figure 4.2. Photo of the plasma jet in a 500 pm quartz tube (left) and of Y-ZrO, micro-
tube (right).

A photo of a working plasma jet inside Y-ZrO, tube is shown on the right side
of figure 4.2. The Y-ZrO, tube was melted onto a larger silica capillary. The
electrode was constructed on the Y-ZrO, tube 5 mm from the orifice using
platinum paste. It was then mounted on a platform that was movable by micro-
meter screws in three directions. Sustaining voltage of this Y-ZrO, microtube
was 16 kV, but we observed that the voltage varies from one tube to another.
Helium with purity of 5.0 (99.999%) was fed into the microtube with the
flow rate in range of 10-500 sccm set by an Alicat Scientific flow controller.
These flows corresponded to linear velocities of 0.1-200 m/s for different tube
diameters. All experiments were carried out in the laminar flow regime [24].
Details of flow rate, linear velocity and Re number are given in table 4.1. In the
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experiments concerning the comparison of ionization wave velocity for diffe-
rent tube diameters, the flow rate was adjusted so that the Reynolds number
given by equation (1) was Re = 200, which is near the upper limit of laminar
flow regime and results in maximum length of the He jet. The estimated pres-
sure inside the tubes with 100 um diameter (5 mm from the tube orifice) was
approximately 170 kPa at 100 sccm.

Table 4.1. Re number, flow rate and linear velocity given for 80, 100, 200, 300 and
500 pm diameters.

diameter flow rate line velocity
(um) Re number | (sccm) (m/s)
80 200 80 266
100 200 100 213
200 200 200 106
300 200 300 71
500 200 500 43
500 119 300 25
500 40 100 8
500 8 20 1.7

4.2. Measurement of electrical characteristics and
ionization wave development

The sustaining voltage was determined by igniting the discharge at high applied
voltages and subsequently decreasing the voltage until the discharge extin-
guished. For the ionization wave velocity determination, the amplitude of the
applied voltage, V,, was set 1 kV above the sustaining voltage for each tube dia-
meter. Sustaining voltage was determined for each tube diameter at the start of
the experiments. At these conditions, a single ionization wave was usually ob-
served during a half-period while at higher voltages multiple ionization waves
occurred.

Electrical characteristics were recorded with the Tektronix TDS-540B
oscilloscope. The voltage was measured with a capacitive voltage divider and
1:10 Tektronix P6139A probe. In ignition voltage measurements the Velleman
PCS-500 oscilloscope was used instead. Current was determined from the
voltage drop on the resistor, R. Optical emission from the plasma was collected
with an optical lens system with focal length of 60 mm and projected with the
magnification of 1:1 onto an optical fiber (I mm diameter) coupled with the
Hamamatsu 1P28A PMT or a spectrometer. The end of the fiber was movable
along the projected jet axis with the spatial resolution of 1 mm. Time delays
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caused by different lengths of cables and the PMT was taken into account in the
figures shown in section 5 and in the calculation of the ionization wave
velocity.

The 500 um tube was characterized more thoroughly. The number of current
and emission pulses during one period of applied voltage was determined by
recording waveforms of one half-period with high sampling rate and with
resolution of 500 ns/div. The oscilloscope trigger was set to 0 V of voltage
signal and the optical emission was collected 5 mm downstream from the
electrode. Using the same experimental conditions, the procedure was repeated
several times to obtain statistically more reliable information.

The development of a certain ionization wave was determined for all tube
diameters by recording the electrical current and light emission by the means of
PMT signal during single current pulse. For these experiments, the trigger levels
were set to select the current signal within certain amplitude range which
corresponded to 75-90% of the highest recorded amplitude. The light emission
was recorded along the axis of the tube and He jet by moving the optical fiber
along the projection of the jet in steps of 1 mm. In these measurements, the
resolution was 200 ns/div (2 ns per data point). The propagation velocity of the
ionization wave was calculated from the time delay between the onsets of
radiation in different positions along the tube axis.

4.3. Spectroscopic measurements

Spectral measurements were carried out in a similar way as ionization wave
measurements. In this case a single quartz lens with a focal length /= 75 mm
was used. It focused the emitted light with magnification 1 onto the optical fiber
of 0.8 mm in diameter. The emission of the plasma jet was collected in 1 mm
steps along the tube-length of 5 mm between the electrode and the outlet of the
tube (figure 4.1).

Spectra were recorded with two different spectroscopic systems. The spectra
in the broad range of 230-850 nm were obtained by Andor Mechelle-5000
spectrometer coupled with an iCCD camera. The spectral resolution of the
spectrometer was 0.045 nm at 230 nm and 0.155 nm at 750 nm. This setup was
used for the estimation of He excitation temperature. He lines at 447.1, 471.3,
492.2, 501.6, 587.6, 667.8, 706.5 and 728.1 nm were used in these measure-
ments. The MDR-23 spectrometer (grating of 1200 grooves per mm) coupled
with the Apogee Alta U1107 CCD camera gave somewhat higher resolution in
the spectral region 300-500 nm (FWHM ca 0.06 nm). This setup was used for
the recording of the emission from trace impurities N, and H which allowed the
determination of N, rotational spectra and the measurement of the broadening
of the Hy 486.1 nm line. Relative spectral sensitivity of both systems was
determined in energetic units by using a deuterium-halogen calibration source
Ocean Optics DH-2000-Cal.
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4.3.1. Electron density

The determination of electron density by Stark effect is based on what is called
plasma micro-fields in which all charged particles affect the emitting particle
[42, 71]. The majority of spectral investigations of plasma density are based on
the hydrogen Balmer series lines H, (transition 3—2; 656 nm) and Hg
(transition 4—2; 486 nm). For these hydrogen lines the Stark effect is linear i.e.
the frequency shift of a Stark component changes linearly with the electric field.
At atmospheric pressure and low temperatures the Stark broadening of the Hg
line becomes dominant above electron concentrations of 5-10"* cm™ [72, 73]. In
this work the electron density was determined according to the formula

n,=10" (45.r/0.94666)"** cm” (12)

found in reference [74].

The actual line width is a combination of natural, Doppler-, pressure-, Stark-
and Zeeman broadening mechanism and apparatus function [42, 71]. The
natural broadening which is caused by the uncertainty in energy of the involved
levels due to their finite lifetime is typically negligible in plasma spectroscopy
(~ 10* Hz). Doppler broadening arises as a result of the Doppler effect — the
frequency of the emitted radiation changes as a result of motion of the emitting
particles. For atmospheric pressure low-temperature plasmas, the Doppler
broadening is also unimportant. The pressure broadening has Lorentzian shape
and as the name suggests is caused by the density of particles surrounding the
emitter. It is composed of three mechanisms: Stark, resonance and Van der
Waals broadening [42, 71] which all have a Lorentzian form. The apparatus
function of spectral instruments determines to what extent the recorded
spectrum deviates from that of the true spectrum. In slit instruments the contri-
butions to the apparatus broadening are from the finite width of the slit and
diffraction by the focal aperture. The experimentally measured spectrum is
generally a Voigt profile which is a convolution of the Lorentz and Gauss
profiles.

The fitting procedure of Hp line for the estimation of electron density is
described in article I. The main source of error in the determination of electron
density was the uncertainty of the fitting by Voigt profile which was between
0.02-0.03 nm depending on the intensity of the line. The broadening due to van
der Waals effect was also important and it was subtracted from the total
Lorenzian FWHM. The n,, in the units of cm” was then calculated from A Stark
according to equation (12).
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4.3.2. Gas temperature

The N, (C-B, 0-0) transition with the band head at 337.1 nm and N, (C-B, 0-2)
transition with the band head at 380.5 nm were used to determine the rotational
temperature of N,. The rotational temperature can be determined either from a
Boltzmann plot for rotational levels or comparison with synthetic spectra. In
present study, the measured spectra were fitted with calculated synthetic spectra
in 10 K steps and the temperature assuring the best fit was taken as the rotatio-
nal temperature [I]. Uncertainty of the fitting procedure was estimated from the
difference between the temperature allowing best fit and the temperatures where
the synthetic and measured spectra started to clearly deviate from each other.
The estimated uncertainty was 50-100 K depending on the intensity of emis-
sion. The spectra obtained for the N, (C-B, 0-0) transition with the band head at
337.1 nm was not used routinely because it had additional features at 336 nm
corresponding to NH impurities and this also decreased the accuracy of fitting.
However, we checked that the rotational temperatures obtained from two tran-
sitions coincided in the limits of uncertainty.

The rotational temperature can be used as a measure of the gas temperature
with the assumptions that the rotational quantum is conserved during electron
impact excitation from the ground state and the ground state is populated via
collisions with heavy particles. Additional possibility is the fast thermalization
of rotational distribution of excited states before emission occurs. In the latter
case, the excitation of N, may also occur by energy transfer from excited heavy
particles e.g. He metastables. For He plasma jets, it is usually assumed that
these conditions are fulfilled.

4.3.3. Estimation of electric field

It has been proposed that for an atmospheric pressure discharge it is possible to
determine the electric field from the intensity ratio of He singlet lines at 667.8
nm (3'D—2'P) and at 728.1 nm (3'S—2'P) [75, 76]. The singlet lines were
chosen because they are primarily excited from the ground state. The upper
level concentration 7, in equation (7) is dependent on the excitation rate which
is in most cases a direct function of the reduced electric field. The excitation
rate dependence on electron concentration is eliminated by the ratio of the two
lines. This is a relative method and requires calibration for absolute electric
field measurement e.g. with Stark polarization effect. The electric field is then
determined by the change of distance between the He 492 nm line (4'D—2'P)
and its forbidden counterpart (4'F—2'F). This method was utilized to verify the
validity and to calibrate the line intensity ratio method [75]. In the present
study, the line ratios were outside of the available calibration range and the line
ratios were used only as an indication of electric field values.
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5. RESULTS AND DISCUSSION

5.1. Investigation of the APPJ in a 500 pm quartz tube
5.1.1. Effect of applied voltage

For all tube diameters during each period of applied voltage there appeared one
or several short (~100 ns) current pulses accompanied by optical emission. Each
of these pulses corresponds to the propagation of an ionization wave described
in section 2.2.3 and further discussed in section 5.1.3. The time variation of the
appearance of the pulse(s) during each half-period (e.g. as depicted on figure
5.1 left) is known as jitter. In our experiments jitter was in the range of a few
microseconds. The one possible cause of jitter could be that some of the
avalanches do not transition to ionization waves but sink to the walls of the
dielectric tube.

Figure 5.1 depicts the current and optical emission registered during one
period of the applied voltage at the gas flow rate of F, = 100 scem. At 7 kV
amplitude voltage only one pulse was detectable during the positive half-period
of the applied voltage (figure 5.1 left). With the increase of the V', to 7.5 kV a
second pulse started to appear occasionally and with further increase of the
voltage amplitude there was a growing number of half-periods where two pulses
occurred. At even higher voltages larger number of pulses started to appear and
at V4, =20 kV up to 7 pulses could be counted during the same positive half-
period (figure 5.1 right) and article II. During the negative half-period there
were two pulses observable already at lowest voltages.
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Figure 5.1. Applied voltage waveform and observed current and optical emission (OE)
pulses at F, = 100 sccm at V; = 7 kV (left) and V, = 20.5 kV (right). Optical emission
was registered 5 mm downstream of the high-voltage electrode.

The number of pulses occurring during the both polarities was investigated
more thoroughly by counting the pulses over six half-cycles. The average
number of pulses per period during the positive half-period is shown on figure
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5.2 as a function of applied voltage for flow rate F, = 100 sccm. While the flow
rate effect on the number of pulses was negligible at lower applied voltages
there occurs on average 2 more pulses at 20 sccm than at 500 sccm at 20 kV
applied voltage [II]. As a conclusion, the main effect of increased applied
voltage is to increase the number of pulses per half-cycle.

On average there appeared 1-2 pulses more during the negative half-cycle
and a change to what seemed to be a continuous discharge occurred at higher
voltage amplitudes (typically at 20 kV) [II]. It was not possible to clarify
whether the plasma became continuous or the subsequently following pulses
were not resolved (figure 5.1 right).
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Figure 5.2. Number of pulses as a function of applied voltage amplitude during positive
(red diamonds) and negative (blue squares) half-periods.

5.1.2. Effect of gas flow rate
5.1.2.1. Length of the plasma jet

The length of the plasma jet outside of the tube was obtained from the photo-
graphs (figure 5.3). There was a transition of the color from white to violet
which was attributed to the transition from the emission of He plasma jet to the
afterglow of various nitrogen bands. The length of the jet was taken as the
distance between the tube orifice and transition point. The length of the plasma
jet was mostly influenced by the flow rate (figure 5.3) similarly to the obser-
vations of other studies [3, 12]. With the increasing flow rate, the length of the
plasma jet reached approximately 2—11 mm depending on the flow rate and tube
diameter. The increase of the jet length with increasing flow rate is typically
explained by the increased length of the He gas jet that allows ionization waves
to travel further [3]. At highest flow rates (above 1500 sccm) the length started
to decrease which can be explained by the transition of the flow from the
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laminar to turbulent regime [24]. In several other studies [3, 12] the plasma jet
length was also influenced by the applied voltage while in our experiments the
effect of voltage was too small to be observable.
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Figure 5.3. The length of the plasma jet as a function of flow rate in a 500 um quartz
tube at V, =20 kV. The images of the jet at selected flow rates are also shown.

In subsequent experiments, the flow rates were chosen to cover as wide range of
the jet lengths as possible without transition to turbulent regime. The upper limit
of used flow rate was 500 sccm which resulted in the Reynolds number of Re =
200 and was clearly in the laminar gas flow regime [24]. Flow rates resulting in
the same Reynolds number were later used in the experiments with other tube
diameters.

5.1.2.2. Sustaining voltage

When the tube radius was reduced down to 300 pm (sections 5.2 and 5.3) the
ignition voltage was above the limit for the power source and ignition pro-
ceeded via a Tesla coil. For clarity, therefore throughout this thesis the sus-
taining voltage is analyzed instead of the ignition voltage. Figure 5.4 shows the
sustaining voltage for the 500 pm tube as a function of the flow rate. The
sustaining voltage remained similar between 100 to 500 sccm for two electrodes
but was somewhat higher for the single electrode configuration (without the
grounded copper plate) at 100 sccm. A noticeable increase of sustaining voltage
was observed at flow rate of 20 sccm with 500 um tube and also with smaller
tubes. The sustaining voltage was affected by the tube diameter to be described
in section 5.3. The sustaining voltage also increased when the electrode sepa-

36



ration was increased from 2 ¢cm to 3 cm. This is explainable by the decreased
Laplacian electric field at the same applied voltage.

At applied voltage V, values up to 2 kV above the sustaining voltage it was
possible to observe single pulses during the positive half-period of voltage for
all gas flow rates (figure 5.4). The effect of increasing flow rate was to decrease
the voltage at which two pulses appeared similarly as the sustaining voltage was
decreased.
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Figure 5.4. The sustaining voltage for the 500 um tube as a function of flow rate F, for
single electrode configuration and with grounded plane electrode positioned 3 cm
(green) and 2 cm (yellow) from the powered electrode. Also shown is the minimum
applied voltage amplitude at which at least 2 pulses were detected (blue).

5.1.2.3. Current pulse

The effect of flow rate was further clarified by registering the instantaneous
values of electrical current and optical emission with better temporal resolution.
At a fixed voltage amplitude and flow rate, the peak values of currents varied in
a large range as shown in figure 5.5. For the comparison of the current pulses
obtained at different experimental conditions, the trigger levels chosen to record
only current pulses with a narrow range of peak values. As an example, for 100
measurements 79% of the current peak values were in the range of 0.1- 0.5 mA
for F. =100 sccm and V,; = 7 kV as illustrated in figure 5.5. The trigger levels
were set at 90% of the highest values observed during these 100 recordings and
as an example the trigger was set to record pulses with amplitudes between 0.5—
0.6 mA for flow rate of 100 sccm.
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Figure 5.5. Histogram for the current amplitude intervals of 100 measurements at a
flow rate Fr= 100 sccm and applied voltage V=7 kV.

The recorded current pulses are shown on figure 5.6. It was confirmed that the
shape of the first current pulse of a half-period was essentially the same when
voltage amplitudes were higher and had good reproducibility. The full width at
half maximum (FWHM) was in the range of 100-500 ns and increased with
increasing flow rate. The initial slow increase of the current was similar to all
flow rates. With increasing flow rate, the currents continued to rise for longer
time which resulted in higher peak values and longer pulse. The average peak
values and the FWHM of the pulses increased at least 4 times when flow rate
increases from 20 sccm to 500 sccm. After reaching the maximum value, the
current started to slowly decrease. Similar trends for current pulses cor-
responding to first ionization wave were observed for negative voltage polarity
at different flow rates.
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Figure 5.6. Current pulses during the positive half-period with V, = 7 kV for F, = 20,
100 and 500 sccm. Current pulse for a subsequent ionization wave (marked with an
arrow) is shown on the secondary axis for 7, = 100 sccm.
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The shape of a subsequent current pulse of the same positive half-period had
much shorter rise time and the maximum observed current value was above
10 mA. The difference in shape between first and subsequent pulses during
negative half-period was not as clear as during the positive half-cycle. The
initial increase of the currents followed the same trend and also the peak value
and FWHM of the pulses increased with increasing flow rate.

5.1.3. lonization wave propagation
5.1.3.1. First ionization wave of each half-period

The propagation of the first ionization wave of each half-period is shown on
figure 5.7 for F, = 100 sccm. The current pulse (black) is shown together with
optical emission pulses registered in several positions along the dielectric tube
and plasma jet axis. Positions 3-9 mm are inside of the quartz tube while
positions 10—14 mm are outside in the He jet. Similar development was seen for
all flow rates and for varying distance (3 cm and 2 cm) of the grounded plate
electrode.

Figure 5.7 shows the ionization wave propagation during both the positive
(left) and negative (right) half-cycles for V; = 7kV. At these conditions only one
ionization wave per half-cycle is observed (figure 5.1 left) and a more detailed
description of the propagation can be found in article II. It was not possible to
determine the ionization wave development during the first 2-3 mm below the
powered electrode as the optical emission pulse had a long onset period of about
300 ns and the signal remained close to the noise level. At 3—4 mm downstream
from the powered electrode the emission pulse obtained a clear wave-front with
a sharp well-defined onset.

—Current
4mm
—6mm
—8mm
—9mm
—10mm

—Current
3mm
—Smm
—7mm
=9mm
I 1Tmm
—=13mm

=
o

Curent (mA)
Intensity (a.u.)

o

|

Current (mA)
o
wn
Intensity (a.u.)

0 2 -0.5 2
0 200 400 600 800 0 200 400 600 800
Time (ns) Time (ns)

Figure 5.7. Current and optical emission pulses recorded during the positive (left) and
negative (right) half-cycle at different axial positions (V; =7 kV and F,= 100 sccm).
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Abrupt increase of the emission intensity near the tube orifice was accompanied
with the strong increase of emission intensity of second positive system of N,
molecules and can be explained with the diffusion of ambient air into the He jet.
The farthest distance where the emission could be registered increased with the
flow rate (=11, 14 mm and 18 mm for 20, 100 and 500 sccm respectively). The
farthest distance where the emission could be registered was in correlation with
the length of the plasma jet as shown in figure 5.3.

During the negative half-cycle the emission first appeared at 3—4 mm down-
stream from the electrode and the ionization wave moved initially towards the
powered electrode. A similar phenomenon has recently been observed during
few first nanoseconds of the negative corona discharge in air at atmospheric
pressure [77]. A clear downstream development of the ionization wave was
observed only after the first ionization wave had reached the electrode (figure
5.7). This event can be correlated with a hump in the current pulse at 250 ns in
figure 5.7. The optical emission intensity of the ionization wave moving
towards the tube orifice increased slightly and reached a maximum at the tube
orifice similarly with positive half-period.

In the case of first current pulses of both positive and negative half-periods,
the instantaneous displacement current increased as long as the ionization wave
moved downstream from the electrode. The increase of the current during the
propagation of ionization wave can be explained both by increased velocity of
the ionization wave and by the decreasing distance between the ionization front
and grounded electrode. The distance covered by ionization wave increased
with the flow rate and we consider this as the main reason for increased current
pulses at higher flow rates. The results also suggest that the grounded electrode
did not influence the development of ionization wave at these conditions and
the measured current was displacement current.

5.1.3.2. Subsequent ionization wave of a half-period

Figure 5.8 shows the propagation of a subsequent ionization wave of the posi-
tive half-cycle at V, = 20.5 kV during the positive half-cycle (note the different
time-scales as compared to figure 5.7 and 5.8). The emission actually appeared
first at the tube orifice (position 9 mm shown in dark blue on figure 5.8) and
moved simultaneously towards the powered electrode and downstream of the jet
in ambient air. In addition, differently from the first pulse the optical emission
intensity was lowest at the tube orifice and increased as the ionization wave
travelled in both directions. It can also be seen on figure 5.8 that the emission in
the He jet has first a very narrow maximum and then approximately 100 ns later
a second broader maximum.
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Figure 5.8. Current and optical emission pulses during the positive half-cycle for a
subsequent ionization wave recorded at different axial positions (¥, = 20.5 kV and F,=
100 sccm).

The different propagation behavior of first and subsequent pulses is further
illustrated on figure 5.9. The different behavior of the subsequent pulses is
explained in detail in article II. According to the model proposed there, the sur-
face charge accumulated on the wall during the development of the first
ionization wave and reduced the Laplacian electric field inside the tube. The
enhanced electric field near the tube opening [25] facilitates the following break-
downs of a same half-period near the tube exit. We found that the time delays
between two consecutive pulses remained nearly equal which suggests that the
electric field became sufficiently large for the next breakdown after a certain time
interval. Similarity with the Trichel pulses of negative corona [78] suggests the

possible effect of space charges that accumulated during the streamer develop-
ment.
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Figure 5.9. The axial distance plotted as a function of time for first and
subsequent ionization waves for at .= 100 sccm and V', = 6; 20.5 kV.
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5.2. The effect of dielectric tube diameter on the
ionization wave velocity

5.2.1. First ionization wave of positive- and negative half-periods

Figure 5.10 depicts the temporal evolution of the ionization front during both
the positive and negative half-periods at Re = 200, V, — Vi = 1 kV for
microtube diameters D = 80, 160, 300 and 500 um. Increase of the applied
voltage by several kV had practically no effect on the temporal evolution of the
ionization front contrary to the typical observations for pulsed DC voltage
(section 2.2.4). Similarly to the results obtained with 500 um tube, during the
first few millimetres the onset of optical emission was not well defined and
starting point of the ionization front propagation was taken when a clear steep
onset of optical emission was observed (e.g. position 3 mm on figure 5.7).
During the positive half-cycles the ionization front can be seen to accelerate
during its propagation inside the microtube for all tube diameters (figure 5.10)
and the data points were fitted with an exponential function. Outside of the
microtube a linear fit was used.

The temporal evolution of the ionization front during the negative half-
period was similar to the positive half-period. A notable difference was the
suitability of a simple linear fit for the approximation of the data both inside and
outside of the microtube.
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Figure 5.10. Temporal evolution of the ionization wave during the positive (left) and
negative (right) half-period. Lines show an empirical fit to the data.

The comparison of the velocity of the ionization front for positive and negative
half-periods at the tube orifice is shown as a function of microtube diameter on
figure 5.11. There was a clear increase of the velocity as the diameter decreased
while the velocity was somewhat smaller for negative half period. However, for
positive half-period, the velocity depended also on the position in the tube and it
was about two times smaller at the distance of 4 mm from the tube [III]. The
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largest velocities were 170 km/s and 145 km/s for positive and negative half-
periods respectively observed for the 80 um tube.

The effect of dielectric tube diameter on ionization wave velocity has pre-
viously only been observed in APPJ in air by Jansky ef a/ [16]. They measured
the ionization front velocity inside a microtube (diameter 37.5-300 um) which
was initiated by a pulsed DC voltage and observed increase of the velocity from
200 to 800 km/s when the diameter decreased from 300 um to 100 pum. The
measured velocity values of up to 170 km/s for the 80 um diameter in this work
are an order of magnitude smaller than the aforementioned values in air. This
can be explained by stronger electric fields necessary to sustain the discharge in
air [19].
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Figure 5.11. Ionization wave velocity dependence on the quartz tube diameter during
both voltage polarities. Lines are a guide for the eye.

In He plasma jets, the ionization wave velocities have been measured only for
larger tube diameters (typically D~ 2—5 mm) and are in the range of 5-50 km/s
[3], however no systematic study has been carried out concerning diameter. The
measured velocities are lower for parallel field geometry [21] and for sinusoidal
excitation [75] ranging only to about 5-20 km/s. In a plasma jet excited with
sinusoidal voltage utilizing similar electrode configuration as in the present
study but in a larger quartz tube ((D= 2 mm) velocity has been measured to
range from 5 to 40 km/s in the He jet [34]. These velocity values are compar-
able to what we measured in the case of 300 and 500 pm tubes. Velocity during
the negative half-period has been measured to be somewhat smaller than during
the positive half-period [3].

In experiments with all tube diameters the maximum velocity was observed
at the tube orifice. The increase of the velocity at the tube orifice has been ex-
plained by the enhanced electric field at the orifice due to the discontinuity of
surface charges [25]. An additional explanation for the continuous increase of
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the velocity of ionization wave of positive half-period during the propagation
inside of the dielectric tube is the formation of well-conducting channel. Ac-
cording to the ideally conducting streamer channel model described in the
section 2.2.2., the electric field in the positive streamer head should increase
continuously with channel length. The channel conductivity expectably de-
creases outside of the tube due to the electron attachment to oxygen molecules.

5.2.2. Possible cause of velocity increase

It has been shown [34, 79], that the velocity of ionization wave is in correlation
with the local electric field strength in the head of ionization wave [34, 79]
which is the sum of the Laplacian electric field, the electric field of the space
charge in the head of ionization wave and the electric field of the surface charge
[III]. The increase of Laplacian electric field with decreasing tube diameter is
connected with the increase of sustaining voltage as shown in subsequent
section 5.3. The effect was also obtained by numerical calculations in [26].

The increase of space charge electric field at decreasing tube diameter is not
clear. The electron density in the plasma increased from ~10'* cm™ at 500 pm
to ~10" cm™ at 80 um diameter as discussed in section 5.4.2. Furthermore, the
calculations of a theoretical study [19] suggested that the electric field on the
axis increases with the decrease of tube diameter and the electron density scales
as n. ~ (1/D?) in the diameter range of 1 to 3 mm. A fit to the data is given on
figure 5.14 as n, ~ (1/D). With the assumption that the thickness of the space
charge layer does not depend on the tube diameter, the volume of the space
charge scales as (1/D%). As a consequence, the expected total space charge in
the ionization wave remains same or decreases with decreasing diameter.

The electric field of surface charges remaining on the surface from the
previous half-cycle is also unknown. It has been shown that the surface charges
inside the capillary originating from the previous half-cycle increased the
ionization wave velocity in air [80]. A numerical study suggested that the
velocity increases with the increase of linear surface charge density [16]. A
study by same authors showed [81] that at the same applied voltage, the
decrease of the tube diameter from 250 to 100 pm resulted in about two-fold
increase of the surface charge density while the surface charge per unit length of
the tube remained similar. In our case it is not clear whether the surface charge
per unit length remains the same because the potential during breakdown also
expectedly increases with decreasing diameter.
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5.3. The effect of dielectric tube diameter on
the plasma sustaining voltage

As briefly described in section 5.1.2 when the tube diameter was below 300 pum,
the ignition voltages were above the available limit of voltage source and
proceeded only via external ignition with a Tesla coil. The registered sustaining
voltages, Vs, were somewhat lower than the ignition voltages, V;; the diffe-
rence between these two voltages became larger as the tube diameter decreased.
The voltage necessary for sustaining the plasma after the first ignition can be
smaller due to the surface charges deposited on the dielectric tube during the
previous half-cycle as indicated by the presence of current and optical emission
pulses already at 0 V (figure 5.1). In addition, the production of residual long
lifetime species (e.g. metastables) stores the energy which allows to use lower
voltages for following breakdowns. Due to the difficulties with ignition, only
sustaining voltage was investigated more thoroughly.

The dependence of sustaining voltage on the tube diameter at the flow rate of
100 sccm is shown in figure 5.12 for the single electrode configuration and for
the configuration with two electrodes with the distance of 3 cm. The sustaining
voltage increased monotonically with decreasing tube diameter for both
configurations. A noticeable difference (2 kV) in sustaining voltage between the
two configurations is seen only with the smallest tube diameters of 80 um. A
series of experiments were carried out with the tube of 300 pum diameter by
varying the position of the electrode from 2 to 10 mm of the tube edge and the
position of electrode had insignificant influence on the sustaining voltage. There
was a slight decrease of Vs, at increasing flow rates but the effect of tube
diameter was considerably larger when the flow rate was above 10 sccm.
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Figure 5.12. Sustaining voltage, Vs, as a function of tube diameter at a flow rate of
100 scem (red solid line for the single electrode configuration is a guide for the eye).
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The plasma jet configuration with one ring electrode outside the tube studied in
this thesis has strongly inhomogeneous Laplacian electric fields which are
directed mostly along the tube axis [I]. In addition, experimental data shows
that the second grounded electrode has little to no influence on the breakdown
(figure 5.12). Furthermore, it was verified and can also be seen on figure 4.1
that the gap between the electrodes is not visibly bridged even at highest flow
rates which means that the propagating ionization wave does not reach the
grounded bottom electrode. These observations suggest that Spark breakdown
mechanism as described in sections 2.2 is valid in the present configuration.

One possible explanation for the increase of sustaining voltage at smaller
tube diameters is the increased loss of electrons during the development of
avalanche. According to the Meek criterion (5), the avalanches transform to a
streamer when the electric field of the avalanche space charge becomes
comparable to the Laplacian electric field. As shown in Table 5.1, the
characteristic diffusion times to the walls calculated according to equations (8-
10) become comparable to avalanche development times which are several
nanoseconds [82, 83]. As a result of the increased electron losses, it is necessary
to increase the ionization rate by applying higher voltage to facilitate the
streamer formation as the tube diameter is reduced. Similarly, it has been
observed for air plasma inside ceramic foams that the onset voltage of plasma
formation increases by several kilovolts as the pore size is reduced from 120 to
70 pm [84].

Table 5.1. Characteristic times of diffusion to the walls for electrons, 7., and He meta-
stables, 7z, ,, at varying tube diameter obtained as a reciprocal of diffusion frequency
D/(R/2.4)°.

Diameter, pm Te, NS THe m> 1S
100 16 7.8
200 66 31
300 150 70
500 400 200

Furthermore, it was recently shown by calculations of Cheng et al [26] that as
the dielectric tube diameter is reduced from 1 mm to 0.2 mm the electron
concentration prior to breakdown was reduced by almost four order of
magnitudes. They argued that this reduction is caused by radial electron drift.
Another possible explanation for the decreased pre-ionization level of electron
concentration may be connected with the production of electrons via the
Penning effect [85]. The time periods before the breakdowns at each half-cycles
are between one quarter and one half of the period of applied voltage e.g.
between 40-80 ps (figure 5.1). The decrease of tube diameter increases the
diffusion losses of He metastables as shown in table 5.1 and the diffusion time
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of metastables decreased below 40 ps at tube diameters of 200 um. Therefore,
the density of He metastables and consequently the pre-ionization level can be
considerably lower at smaller tube diameters. As a note the He metastable
concentration is most probably not affected by depletion by convective the gas
flow as argued in article L.

5.4. The effect of dielectric tube diameter on
electron concentration, N, rotational and
He excitation temperature

5.4.1. The spectra

The time-averaged spectra of plasma in a 200 um diameter tube under a flow
rate of 100 sccm are shown in figure 5.13. The most intensive bands recorded in
the spectral region 300450 nm belong to trace gases- OH(A-X), N(C-B) and
various N, (B-X) transitions. Lines corresponding to a and B transitions of
hydrogen Balmer series are also detectable. In the range of 450 to 800 nm there
are various He lines (most notably 501.6, 587.6, 667.8, 706.5 and 728.1 nm)
and a line belonging atomic oxygen triplet state (777 nm).
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Figure 5.13. Emission spectrum recorded at 3 mm below the electrode for a 60 pm tube
and Fz=20 sccm and V= 13.6 kV at two wavelength regions.

He based plasma jets are usually considered to be optically thin [3], i.e. the
absorption of the emitted light by the plasma itself is negligible and this was
also confirmed for our case. In the case of the tubes with larger diameter, the
intensities of the lines varied along the tube as shown in article I. At about 3
mm downstream from the electrode the intensity became practically constant up
to the tube orifice. Roughly 3 mm below the powered electrode the glow inside
the tube somewhat contracted compared to the first few millimeters. This effect
has been seen in a recent computational study and it was correlated to the
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spatial distribution of electron density in the ionized channel left by the
propagating ionization wave [86]. Most of the spectral measurements that will
be described below were carried out 3 mm downstream of the electrode to
minimize the intensity variation.

The spectra were acquired averaging over large number of applied voltages
which makes the interpretation of the following results for n., T,, and T,
somewhat difficult because the plasma is formed from the ionization waves as
described in section 2.2.3. The propagation timescale of one ionization wave is
of the order of a few hundred nanoseconds while the average time delay
between the ionization waves is more than 10 ps. The excitation of emitting
species occurs mainly during the short time-period (in the order of tens of
nanoseconds) when ionization wave passes the discharge volume where the
emission is collected [3, 31]. The intensities of registered He lines are
expectedly related to the strong electric fields in the head of the ionization
wave.

5.4.2. Electron density

Electron concentration was determined for the single electrode configuration
from the broadening of Balmer f transition (4-2) of atomic hydrogen at 486.1
nm as described in the section of experimental methods (section 4.3.1). At
atmospheric pressures and at low temperatures, the broadening of HB line is
dominated by the Stark broadening, when the n,, is above 5-10 > em™'[74, 75,
87].

The electron density, n,, is highest in the formed plasma plume [15, 16, 88]
whereas the emission of excited species takes place in the time scale of =100 ns
(4;=9.6-10° ") [33] and thus the Stark broadening of hydrogen 486.1 nm line
describes most likely the electron density in the discharge channel behind the
head of the ionization wave.
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Figure 5.14. Time averaged electron concentration as a function of tube diameter at 15
kV applied voltage for distances of 1 and 3 mm below the electrode (left). The line
(1/D) is a guide for the eye. Time averaged normalized intensity and electron con-
centration as a function of applied voltage for 500 pm tube (right).
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Electron densities were determined for all tube diameters along the whole tube
length downstream from the electrode and at different applied voltages (8—15
kV). The electron densities as a function of diameter obtained at 1 and 3 mm
downstream from electrode are shown in figure 5.14 (left). The determined
electron density was considerably larger only for 100 um tube. In the limits of
uncertainty, the electron densities remained unchanged in the whole length of
the tube while the intensity of Hy line decreased in the direction of tube outlet.

The increase of applied voltage from 8§ to 15 kV had no considerable effect
on the electron density (figure 5.14) even though the intensity of Hg 486.1 nm
line increased more than an order of magnitude. This is consistent with the
variation of the number of pulses with applied voltage described in section
5.1.1. (figure 5.1). As the voltage is increased more pulses appear each half-
period and the total time-averaged intensity (the sum of intensity of all pulses)
increases while the averaged electron density in a single pulse remains similar.

The n, values determined in the plasma jet with similar configuration as our
jet outside of the tube were in the same order of magnitude as what we
determined [42, 88]. The increasing electron density n, in smaller tube
diameters found in our experiments also complies with the simulation results
[15, 19, 27]. On figure 5.14 (left) the line representing the 1/D dependence
seems to fit the data for both positions quite nicely, though in a computational
work the dependence has been suggested to be 1/D* [19].

5.4.3. N, rotational temperature

The rotational temperature of N,(C-B) was determined from the N, (C-B, 0-0)
transition at 337.1 nm and N, (C-B, 0-2) transition at 380.5 nm as described in
section 4.3.2. Due to the decrease of emission intensity, the uncertainty of
temperature determination increased with the position downstream from the
electrode. In the limits of accuracy, the temperature remained below 500 K in
the whole used voltage range.

The dependence of rotational temperature of N,(C-B) on applied voltage
registered at | mm downstream from the electrode is shown in figure 5.15. The
increase of temperature 7,, together with the applied voltages for all tube
diameters is explainable by the increasing number of plasma pulses during a
period of applied voltage which resulted in increased energy deposited into the
discharge. At a given applied voltage the temperature 7,, decreased with
decreasing tube diameter. For tube diameters 300 and 500 pm the temperature
T,,: practically coincides. For smaller tube diameter, the temperature 7,
becomes smaller at same applied voltage.
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Figure 5.15. The N,(C-B) rotational temperature as a function of the applied voltage for
different tube diameters at 100 sccm. The temperatures were determined 1 mm down-
stream from the electrode.

5.5.4. He excitation temperature

He excitation temperature, 7,,., was determined from Boltzmann plot of various
He emission lines as described in [I]. Figure 5.16 illustrates the change of He
excitation temperature and normalized time-averaged intensity with tube
diameter of 500 um at 100 sccm flow rates. The excitation temperatures in-
creased slightly with increasing voltage but the rise remained below the un-
certainty of measurements (figure 5.16). The intensities of He lines on the other
hand increased considerably. These results suggest that similarly to the electron
density, the increasing number of pulses resulted in the increase of intensity
while the average excitation temperature of a single pulse remained almost the
same.
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Figure 5.16. Time averaged normalized intensity and He excitation temperature as a
function of applied voltage for 500 um tube.
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He excitation temperature obtained at constant voltage and flow rate can be seen
to decrease from 2800 K to 2000 K with the increase of diameter from 80 pm to
500 um (figure 5.17) which shows that the tube diameter is the main parameter
determining the excitation temperature. It can be seen on figure 5.17 that the N,
rotational temperature on the other hand increased with increasing tube
diameter when other parameters were kept at the same value. The gas flow rate
and the measurement position along the tube had also no clear effect on the
excitation temperature.
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Figure 5.17. He excitation temperature (blue) and N, rotational temperature (red) as a
function of dielectric tube diameter at 100 sccm measured 3 mm downstream from the
electrode.

The values of excitation temperatures were similar to the values obtained in
[42] but were an order of magnitude lower than the expected values of transla-
tional electron temperature 7, which should be between 10000 and 20000 K
[14, 42, 87]. The discrepancy between T,,. and 7, is often observed in the case
of helium based plasmas and is explained by strong deviation of the atomic state
distribution function (ASDF) from thermodynamic equilibrium in ionizing
plasmas (section 2.3.2). The difference in T, and T,,. is explained by diffusion
losses of charged particles which have to be compensated for by the over-
population of lower levels.
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5.5. Y-ZrO, microtubes

The effect of the dielectric tube material on the sustaining voltage and ioni-
zation wave velocity was tested with microtubes which were made from Y-ZrO,
[89]. Yttria stabilized ZrO, is a material with high dielectric constant of 40
which is ten times higher than the dielectric constant of quartz. This results in
increased capacitance of the dielectric tube and possibly also increases the
surface charge density on the inner walls of the tube. The surface charge density
in turn affects the ionization wave velocity according to several theoretical
studies [16, 80].

We have performed some preliminary experiments to measure spectra along
the tube axis and to determine the ionization wave velocity. Thorough charac-
terization is not yet performed due to difficulties in producing Y-ZrO, micro-
tubes with desirable diameter, length and quality. The smallest inner diameter of
Y-ZrO, microtube which allowed to ignite the plasma was 50+5 pum (wall thick-
ness 15+5 pum) but it was not possible to sustain the plasma for extended
periods of time. Larger tubes with diameters in the range of 60—80 um seemed
to be more durable and easier to ignite but the production of such tubes was
complicated. In addition to large diameter, the tube length of 10-15 mm is
desirable for comparison of the results with the results obtained with quartz
tubes but tubes having both large diameter and sufficient length were not
available. It should also be pointed out that the few tubes which allowed to
obtain the following results broke down structurally after 4-5 hours of working
plasma but the reason is not known at this point.
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Figure 5.18. Temporal evolution of the ionization wave during the positive half period
in a 60 um Y-ZrO, microtube and in an 80 pum quartz tube. Flow rate was F= 10 and
20 sccm for Y-ZrO, and quartz tube, respectively.
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Figure 5.18 shows the temporal evolution of the ionization wave along the
discharge axis as a function of time for a 60 um Y-ZrO, microtube and an 80
um quartz tube during the positive half-cycle of applied voltage. It can be seen
that in both cases the ionization wave was similarly accelerating inside the tube.
Differently from the quartz tubes, in the case of the Y-ZrO, microtube the
optical emission had a clear onset already at 2 mm from the powered electrode
although the position uncertainty can be higher (maybe up to 1-2 mm). Outside
from the tube the optical emission was recordable up to 4-5 mm in case of
quartz tube and only 1-2 mm in case of the Y-ZrO, microtube. This can be
explained by smaller length of the He jet caused by somewhat smaller tube
diameter. The velocity of the ionization wave during its propagation in the tube
(positions 5-10 mm) was 200 and 170 km/s for the quartz and Y-ZrO, micro-
tube, respectively. These preliminary results suggest that higher dielectric
constant results in smaller velocity of ionization wave in Y-ZrO, microtubes
when compared to quartz tubes with same diameter especially when taking into
account the expected increase of velocity when the tube diameter changes from
80 pum to 60 pm.

Figure 5.19 shows the comparison of the 667/728 nm line ratio in a 60 um
Y-ZrO, microtube and in a 60 um quartz tube. In a 60 um quartz tube the ratio
was highest (approximately 10) near the powered electrode and fluctuated
between 7.5 and 9 afterwards. It decreased closer to the tube orifice (positions
8-10). The 667/728 nm line ratio was about two times less in the Y-ZrO,
microtube and varies between 4 and 6. It was constant for the most part along
the axis and only a slight decrease can be observed near the tube orifice.
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Figure 5.19. The 667/728 nm line intensity ratio along the discharge axis in a 60 um Y-

ZrO, microtube and in a 60 um quartz tube. Flow rate was Fz= 10 and 20 sccm for Y-
ZrO, and quartz tube, respectively.
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6. OPEN PROBLEMS

Photographing of the ionization wave propagation at different positions along
the tube axis with iCCD cameras is quite common in literature concerning
APPJs [3]. This requires accurate triggering of the camera to precisely catch the
short time window when the ionization wave is present in a certain position and
collecting several hundred to thousand frames to increase total luminosity of the
photograph. Concerning the tubes with diameters less than 500 pm that we have
investigated the appearance of pulses from one half-cycle to the next half-cycle
of the same polarity varies by 1-2 ps. method to reduce this jitter significantly
has to be found to make the photographing the propagation of the ionization
wave possible.

Spectral measurements separately for positive and negative voltage polarity
would allow for a clear distinction how the tube diameter affects plasma para-
meters such as n,, T,,, and T, depending on the voltage polarity. It might also
prove possible to give an estimate of the time-averaged electric field during
each half-cycle depending on the tube diameter.

It is likely that changing any of the experimental parameters such as ignition
voltage waveform (e.g. from sinusoidal to pulsed dc), electrode geometry or the
type of gas (e.g. from helium to argon) could have a significant effect on the
dependencies of plasma parameters on the tube diameter as shown in this work.

In order to properly investigate the difference between the quartz and Y-
ZrO, microtubes and the possible effect of dielectric constant of tube material
more experiments must be performed with Y-ZrO, microtubes. The main
problem during the experiments has been the large variability of the inner tube
diameter, wall thickness and also the length of Y-ZrO, tubes (2-3 fold). Deter-
mination of plasma parameters including n,, T,, and T, is rather complicated
as the total light intensity from such small discharge volume is low and to
achieve reliable determination of those parameters the reproducibility of Y-
ZrO, tubes with the exact same diameter and wall thickness is necessary.

An entirely uninvestigated problem is the influence of tube wall thickness.
Increased wall thickness should increase the ignition voltage if other parameters
(tube diameter, gas flow rate and electrode geometry) are not changed since the
voltage drop inside the dielectric increases. We observed that some Y-ZrO,
microtubes were not suitable at all to ignite plasma and we believe that one
possible cause is the varying tube wall thickness.
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7. SUMMARY

The main aim of the thesis was to investigate the effect of dielectric tube dia-

meter (80-500 um) on atmospheric pressure plasma jet characteristics such as

sustaining voltage, ionization wave velocity and plasma parameters such as
electron density, gas temperature and He excitation temperature. The time-
averaged electron density, gas temperature and He excitation temperature were
determined from the Stark broadening of the Hg line, the N, rotational tempe-
rature and intensities of spectral lines of He, respectively. lonization wave velo-
city was determined from the temporal delay of the optical emission corres-
ponding to the travelling ionization wave at consecutive positions along the tube
axis.

The main results of this work are as follows:

e [gnition and sustaining voltage increase with decreasing tube diameter. The
increase is attributed to the increased losses of charged species to the tube
walls which have to be compensated for by increased ionization as a result of
stronger applied electric field.

e Electron density and He excitation temperature increase while the N,
rotational temperature decreases with decreasing tube diameter. The tube
diameter had stronger effect on these plasma parameters when compared to
applied voltage or flow rate.

e Jonization wave velocity increases with decreasing tube diameter for both
voltage polarities. The increased velocity can be attributed to stronger
electric field during the breakdown and propagation of the ionization wave.

e It was determined that within a few kilovolts above the sustaining voltage a
single ionization wave occurs each half-cycle of applied voltage and its
characteristics depend only weakly on the applied voltage and flow rate.
With increasing voltage the number of ionization waves observed during
each half-period increases monotonically. The consecutive ionization wave
start travelling from the tube exit instead of the high-voltage electrode.
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8. SUMMARY IN ESTONIAN

Dielektriktoru diameetri mdju atmosfaari rohul té6tava
He plasmajoa parameetritele

Atmosfadrirdhul tootav plasmajuga tekitatakse dielektriktorust viljuvas inert-

gaasi joas, rakendades korgepinge elektroodile vahelduvpinge. Kui kasutatava

vahelduvpinge sagedus on kilohertside suurusjargus, koosneb plasmajuga kuni

1 ps kestusega ionisatsioonilainetest, mis levivad kiirusega kuni 10° kmy/s.

Sellistest ionisatsioonilainetest koosnev plasmajuga on madalatel temperatuu-

ridel tootav efektiivne keemiliselt aktiivsete {ihendite allikas ja seetSttu on neid

seadmeid viimase kiimnendi viltel uuritud intensiivselt biomeditsiini raken-
dustes.

Biomeditsiini rakendused eeldavad tdpset kontrolli plasma parameetrite {ile.
Ionisatsioonilainete kiirust ja plasma karakteristikuid, nagu niiteks elektronide
tihedus, elektronide temperatuur ning gaasi temperatuur, on vdimalik kontrol-
lida rakendatava pinge kuju ning amplituudiga, gaasi koostisega, gaasivoo
kiirusega ja ka elektroodide konfiguratsiooniga. Dielektriktoru diameetri muut-
mine vOib anda veel {ihe vdoimaluse plasma parameetrite kontrollimiseks, kuid
seniajani ei ole sellel teemal siistemaatilisi uuringuid tehtud.

Kéesoleva doktoritod eesmirgiks oli madratleda dielektriktoru diameetri
moju plasma kustumispingele, elektronide arvtihedusele, gaasi temperatuurile,
He ergastustemperatuurile ja ionisatsioonilaine kiirusele He atmosféddri rohul
todtavas plasmajoas. Dielektrikutoru diameetrit muudeti vahemikus 80-500 pm.
Elektronide arvtihedus, gaasi temperatuur ning He ergastustemperatuur méaérati
spektroskoopia meetoditega vastavalt Hp joone Starki laienemisest, N,
rotatsioontemperatuurist ning He joonte intensiivsustest. lonisatsioonilainete
kiirus méérati voolupulsi ja optilise kiirguse vahelise ajalise nihke muutusest
piki toru telge iga millimeetri tagant.

T606 peamised tulemused on:

e Plasma siittimis- ja kustumispinge kasvab dielektriktoru diameetri vihe-
nedes. Kasvu pohjusena voib tuua laengukandjate difusioonikao kasvu toru
seintele. Selle kao kompenseerimiseks on vaja suurendada ionisatsiooni, mis
saavutatakse tugevama rakendatava elektrivéljaga.

e Elektronide tihedus ning He ergastustemperatuur kasvavad toru diameetri
vihenedes ning samas gaasi temperatuuri iseloomustav N, rotatsioon-
temperatuur viheneb. Toru diameetri moju neile parameetritele oli kasutatud
plasmajoa kontsentratsiooni korral olulisem kui rakendatud pinge amplituud
v0i gaasivoo kiirus.

e Jonisatsioonilaine kiirus kasvab samuti dielektriktoru diameetri vdhenedes.
Selle pohjuseks on tugevam elektrivili ionisatsioonilaine peas.

e Kaoigi kasutatud toru diameetrite korral tekib ldvepinge ldhedastel pingetel
iga poolperioodi jooksul iiks ionisatsioonilaine, mille parameetrid (leviku
kiirus, kiirendus) praktiliselt ei sdltu rakendatud pinge amplituudvéértusest.
Teatavast pinge amplituudvairtusest (~2-3 kV ldvepingest kdrgemal)

56



korgemal tekib {iihes poolperioodis kaks vOi enam ionisatsioonilainet.
Seejuures liigub esimene ionisatsioonilaine kdrgepinge elektroodist toru otsa
suunas ning jiargnevad ionisatsioonilained initsieeritakse hoopis toru otsa
lahedal ning levivad sealt kahes suunas.
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