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Abstract

This thesis presents experimental studies of low-temperature atmospheric pressure
plasma sources with generic ability to effectively treat large-scale
three-dimensional (3D) objects. The reported large-scale plasma sources are
developed through parallelisation of single plasma jets. This strategy outshines the
other reported strategies for treatment of uneven surfaces by being able to produce
spatially extended plasma directly onto the surface of heavily three-dimensional
objects. Comparable studies of the design of elemental plasma jets bring out a
hybrid electrode configuration, the capillary-ring jet, as the best elemental jet to
be used in the parallelisation. It is found that the introduction of a ballast resistor
to the individual jet circuit or built-in capacitance is important to assure the
jet-to-jet synchronism, stability and uniformity. Electrical and optical analyses of
one-dimensional (1D) array of atmospheric pressure plasma jets demonstrate
robust temporal and spatial jet-to-jet uniformity both for flat and sloped surfaces.
Hexagonally-arranged two-dimensional (2D) arrays of atmospheric pressure
plasma jets show good level of insusceptibility to variations of the downstream
samples in their physical dimensions as well as structural and material properties.
The reaction chemistry impact area of a 2D 37-jet array is estimated to be 18.6
cm’. These confirm the plasma jet arrays as a viable option as large-scale
atmospheric plasma sources, well suited for many processing applications
including plasma medicine. The spatially separated dual-frequency excitation
further benefits the plasma jet in that separate control of different important
plasma parameters is possible. Enhanced plasma properties achieved by the

dual-frequency offer greater potential to the jet arrays.

Key words:  gas discharge, atmospheric pressure glow discharge, plasma

source development, plasma jet, plasma jet arrays, dual-frequency
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Chapter 1: Introduction

Chapter 1
Introduction

1.1 Historical review of gas plasma

Plasma, the so-called the fourth state of matter, is essentially a group of
electrons, ions, neutral particles and UV photons. Though it contains charged

particles, it maintains approximately electrical neutrality as a whole.

Most matters in the universe are in the state of plasma, such as
astrophysical medium, stars and ionosphere. However, the plasma presented
in our daily life is often realised by means of ionisation, either naturally or
artificially produced. Lightning and the polar aurora are examples of naturally
occurring plasmas. They are ionised due to either strong electrical field
induced by accumulated charges or collision with solar wind particles. Indeed,
electrical discharge is the most straightforward way to realise ionisation and
thus produce plasma. In most cases, it happens in a gas medium, so the

generation of plasmas is often related to gas discharge.

The early research of gas discharges can be regarded as the genesis of
modern electronic and electrical engineering, and the progress of its research
has been contributing to the development of modern science greatly. The
earliest human acquaintance with gas discharge can certainly be traced back
to the observation of lightning. However, it was not until the 18" century that
scientific experiments were conducted to study gas discharges. The pioneer
scientists at that time were E G von Kleist who invented the Leyden jar, a

primitive capacitor, in 1745 and Benjamin Franklin who introduced the
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Chapter 1: Introduction

concept of positive and negative polarity as well as single fluid theory in

1750’s!"". Franklin also explained the lightning phenomenon experimentally.

The 19" century witnessed a rapid progress in the gas discharge research.
Russian scientist V. V. Petrov and English scientist Sir Humphry Davy
reported and studied arc discharge in the early years of the 19" century"?. Sir
Humphry Davy’s laboratory assistant, Michael Faraday, carried on
experiments in direct current (DC) electrical discharge tubes at pressure of 1
Torr and voltage up to 1 kV. This classical work first discovered glow
discharge in 1830’s. Michael Faraday also named some basic terms in

electrical science such as ‘electrode’, ‘anode’, ‘cathode’ and ‘ion’!"".

Gas discharge research in the late 19™ and early 20™ century was very
active and it led to the origin of atomic physics. Sir Joseph John Thomson
carried out experiments and obtained quantitative result of the charge-to-mass
ratio (i.e. e/m) in 1897"!, This confirmed the existence of the electron which
later was officially proposed by Dutchman Hendrik Antoon Lorentz to use the
term ‘electron’ in 1906!"'. Sir William Crookes introduced the term
“ionisation’ in 1898, Beginning in 1900, John Sealy Edward Townsend, a
student of J. J. Thomson conducted various experiments and studied the
electrical conduction of gases''?, which later developed into the Townsend
Theory that describes how electron multiplication results in gas breakdown.

He also directly measured the value of the electrical charge of an electron.

The concepts of ‘plasma’ and ‘sheath’ were introduced by Irving
Langmuir in 1928 and 1925 respectively!'.. He also made great contributions
to gas discharge physics and invented the Langmuir probe, an important
plasma diagnostics device for determining electron temperature, electron

density and electric potential of a plasma generated at reduced gas pressures.

Gas discharge research in the 20" century was vibrant. On one hand, the
research on DC discharges continued. On the other hand, the research was

directed into gas discharges excited at ever-increasing frequencies. For
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Chapter 1: Introduction

instance, radio frequency (RF) excited plasmas were first observed in 1891
and the understanding of the mechanism of discharge initiation was reported
in 1920’s"%. The radar technology developed during the Second World War
stimulated the use of microwave frequency for gas discharges, and in 1970’s

the laser technology were also used for gas breakdown!"!'2],

Plasma science had been developing in line with the development of gas
discharges since the introduction of the term ‘plasma’, but it has its own
impetus. The ongoing interest in energy sources from controlled fusion has
led to a key and significant research activity since 1950°s and this massive
scientific program spurred plasma research in universities and national
laboratories worldwide!"". The attempt to create and confine high temperature
plasma magnetically also benefited industrial plasma applications. From
1970’s, the microelectronics industry has undergone a rapid development and
it was the cornerstone for the so-called information revolution. Plasma
technology is now extensively used in microelectronics fabrication, such as
deposition and etching. It is so indispensable that for manufacturing a modern
integrated circuit, plasma-related work takes up one third of the whole

[1.3]

fabrication process Other plasma application areas include lighting,

metallurgy, aerospace, automotive and biomedicine, just to name a few.

A noticeable new trend of plasma research is driven by the advent of
atmospheric pressure plasma, especially atmospheric pressure glow discharge
(APGD), back to some thirty years ago'*!. Since then, APGD has been an
attractive topic in the plasma research community. Glow discharge, which
was discovered at reduced gas pressures in 1830’s, once again became the
focus of attention because its atmospheric pressure version removes the need
for the vacuum system and as a result opens the door to a vast range of new
applications. This thesis is largely motivated by the considerable application

potentials of and the related technical requirements for APGD.

There are two important concepts associated with gas plasma, namely
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degree of ionisation and temperature. The degree of ionisation is used to

characterise the ionisation level in a plasma and it is defined as!'*
lonisation degree = n,/(n,+n,) (1.1)

where n, and n, are the densities of electrons and neutral atoms. By this
definition, a plasma can be regarded as fully ionised if its ionisation degree
approaches unity, partially ionised if its ionisation degree is significantly less
than unity, and weakly ionised if its ionisation degree is between 10° and

1071, According to the ideal gas law,
p= nkT (1.2)

where p, n and T are the pressure, density and temperature of the gas
respectively, and & is Boltzmann’s constant. For a gas at one atmosphere and
300 K, its density is approximately 2.447x10" molecules (or atoms) per
cubic centimetre. Given n, = 10° ~ 10'? cm™ for a typical APGD!"%'”), APGDs

are weakly ionised plasmas.

Temperature in the context of gas plasma is a reflection of the thermal
kinetic energy of particles and is often measured in Kelvin (K). Electron
temperature (7) is used to reflect the electron kinetic energy, and depends on
the electron energy distribution function. As the electron energy distribution
function is difficult to measure, particularly at atmospheric pressure, a
common approximation is to use its population-averaged, or the mean
electron energy. For a Maxwellian energy distribution function the
relationship between this mean energy and the electron temperature is given
by <¢>=3/2kT.. Although the mean electron energy is a function of space and
time, it is sometimes described as a constant of a range (e.g. 1 ~ 5 eV) to
indicate the broad scope of chemical reactions the plasma can initiate. In
general, for non-equilibrium plasma or non-thermal plasma, the electron
temperature is much larger than the neutral particle temperature (7,), while

for equilibrium plasma or thermal plasma, T, = T,. APGDs are non-thermal
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plasmas. Figure 1-1 shows typical densities and electron temperatures of
plasmas, both naturally occurring and laboratory-generated'*'*l. They

include non-thermal plasmas and thermal plasmas.

T T T T T I

Laser
201 _
10 plasmas

Fusion
aclor
Fusion

experiment

! Process
@)‘ plasmas
i Solar 1
lonosphere| corona
5L .
10

Interstellar gas m
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aa
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Fig 1-1: Typical densities and electron temperatures of natural and
laboratorial plasmas!' ',

Rotational temperature and vibrational temperature describe the
population of rotational and vibrational states in molecular species
respectively. As the population of rotational state is controlled by collisions
with heavy particles, rotational temperature may be used to approximate gas
temperature. Vibrational transitions, on the other hand, are primarily
dominated by electron collisions, so vibrational temperature is sometimes

related to electron temperature!'”’.
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1.2 Low-pressure gas discharges

1.2.1 Regimes

A classical experiment was done in a DC electrical discharge tube at low
pressure and it may be used to illustrate different gas discharges. Figure 1-2
shows the current-voltage characteristic (CVC) of this DC low-pressure
discharge, sustained between two circular electrodes!'. Basically the
discharges can be divided into three broad regimes, namely dark discharge,

glow discharge and arc discharge, which are labelled in red in the graph.

1
Dark Discharge | Glow Discharge | Arc Discharge
1 ]
i :
1 ]
Townsend ! :
f>"- regime 1 !
g h ! £ breakdown )
® . *voltage !
@ ’
o i glow-to-arc
(o) :‘\/transition
> '\l
]
' F abnormal
(hormal glow| glow ! | thermal arc
B background l r Inon-\‘\]_’/ K
<— jonisation thermal
A 1 1 1 | 1 | | | 1 | 1 1 1

10" 10® 10°® 10* 10* 10° 10* 10°
Current (A)

Fig 1-2: Current-voltage characteristic of a DC low-pressure electrical
discharge!"".

In the dark discharge, the region between point 4 and B in figure 1-2 is
called the background ionisation regime where ionisation caused by the
cosmic rays or other radiation provides a current flow. With an increasing
voltage, the current increases in this regime as more charged particles are able
to flow into the electrodes. The background ionisation regime is followed by

the saturation regime which is located between point B and C. As all the
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charged particles caused by the background ionisation have reached
electrodes and the applied voltage is not high enough to create new ionisation
in this regime, its current stops to increase with voltage. Townsend regime
occupies the curve between point C and £, in which Townsend theory applies.
Townsend theory features an avalanche, multiplication of electrons and
positive ions. This avalanche happens because the electric field is strong
enough to energise electrons above the ionisation energy of the gas atoms or
molecules before they reach the anode. As a result of the avalanche, the
current increases exponentially with the voltage. Just as its name implies, the
dark discharge is weak and normally no visible light can be observed except
the region between point D and E, which is called the corona discharge. In
this regime, the local electric field on the surface of the cathode exceeds the
breakdown strength of the working gas due to sharp edges or tiny
protuberances of the electrode. Light can be seen near these locally enhanced

regions.

The point E represents the end of the dark discharge. After that, the
discharge develops into the glow discharge and immediately transfers to the
point F, which is located in the normal glow discharge region. Now the
current is significantly higher and the discharge is clearly visible. In the
normal glow discharge region from point F to G, the current undergoes an
increase of several orders of magnitude while the voltage remains
approximately constant. This is because the discharge coverage on the
electrode surface is not 100% but keeps increasing till the current reaches the
point G, at which the entire electrode surfaces are occupied by the plasma.
From point G to H, the discharge is in the abnormal glow discharge region,
which features a positive slope of the current-voltage curve. If the discharge
starts from the glow discharge regime and moves to the left in the CVC curve,
then a hysteresis is likely to happen. Instead of going from point F to E, the

discharge remains in the normal glow discharge region till the point /. This
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is a condition with much lower plasma density than in the point F, and only

after the discharge reaches F then it transits back to the Townsend regime.

At point H, the current density is so high that it heats the cathode and
triggers a glow-to-arc transition as indicated by the dotted line between point
H and [. This transition is instantaneous, after which the discharge is in the
arc discharge regime. The arc discharge can be divided into non-thermal arc
and thermal arc depending on whether electrons and ions are in thermal
equilibrium state. They also feature different current-voltage characteristics.
For the non-thermal arc region between point / and J, the current increases as
the voltage decreases. For the thermal arc region from point J to K on the

other hand, the voltage undergoes a slow increase with increasing current.

1.2.2 Applications

Early activities in the history of gas discharge research focused mainly
on low-pressure discharges and they have resulted in extensive understanding.
This has been critical in underpinning the industrial applications of
low-pressure plasmas. The majority of current plasma industrial applications
are carried out at reduced gas pressures between 1 mTorr to a few Torr. This is
partly because at low-pressure it is easy to obtain a large-volume plasma with
good stability. Large-volume plasma can in turn facilitate a high product yield,

a key factor for large-scale industrial applications.

Most low-pressure plasma applications utilise glow discharges.
Microelectronics industry is one such example. Etching, deposition
(specifically plasma enhanced chemical vapour deposition, PECVD),
stripping and cleaning, all these necessary working procedures of
semiconductor processing rely on the participation of glow discharge
plasma''~!. Similarly, these plasma-assisted procedures are also critical for the

[1.10]

fast-developing panel display industry" ™.
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Other major application areas of low-pressure glow discharges include

] 1.13

surface modification!""", manufacture of novel materials'"'?, lighting!""* and

sterilisation"'¥, These have benefited a broad range of industries.

1.3 Atmospheric pressure glow discharge

The different discharge regimes found in the aforementioned classical
DC electrical discharge can all be found at atmospheric pressure. Different
from the corona discharge, which occurs in a non-uniform electric field with
plasma only produced in a relatively small region near the electrode area of
high potential gradient, and the arc discharge, which is often formed in a
narrow conductive channel with a high temperature and a high current density,
APGD features a uniform and normally stable discharge with reasonably high

plasma density.

Since most current industrial plasma applications are based on
low-pressure glow discharges, it is both desirable and timely to explore
APGD given its practical advantages. Specifically for low-pressure plasma
processing, a sealed chamber and its affiliated pumps are necessary. This
inevitably increases the costs of investment and maintenance, and also limits
the processing speed because of the need to work in a batch fashion. Although
APGDs have a relatively short history, and their research and applications lag
behind that of low-pressure plasmas, the chamber-free APGDs are found to be
able to broaden the scope of plasma industrial applications and even

substitute low-pressure plasmas for some of their current applications.

It should be noted that atmospheric plasmas operate in a very different
parametric range to their low-pressure counterparts. At atmospheric pressure,
the collision frequency is in the terahertz range and the electron mean-free

1.15]

path is at most a few micrometres"'”. This is very different from the

low-pressure plasma, and also a much higher voltage is needed to break down
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the gas at atmospheric pressure. Once broken down, the gas discharge is
relatively susceptible to transition from a stable glow discharge plasma to an
unstable streamer or arc, compared to the low-pressure case. In other words,
the glow-to-arc transition occurs much easier at atmospheric pressure than at
low pressures. The resulting localised plasma, such as streamer and arc, is
normally with high gas temperature which tends to damage the objects being
treated. APGDs, on the other hand, can be produced with a gas temperature

close to room temperature. This thesis focuses on APGD.

1.3.1 Generation of APGD

The generation of an atmospheric pressure glow discharge normally
requires a much higher voltage than in the case of low-pressure, and the
glow-to-arc transition is a major challenge for maintaining APGD. Noble
gases are often used as the gas medium for generating APGDs because they
have much smaller Townsend ionisation coefficients than molecular gases
when the ratios of the applied electric field to the breakdown electric field are
the same. As a result, if the overvoltage and the gap distance are not too large,
the electron multiplication in a noble gas is usually kept under the critical
value, over which glow-to-arc transition happens. Helium and argon gases are
the most common gases used for producing AGPDs and a trace of molecular

gas may be mixed into noble gas to enhance plasma chemistry.

In terms of the means by which electrical power is coupled to produce
AGPD, both inductively coupling and capacitively coupling are feasible.
Inductively coupled plasmas tend to have a high plasma density with
relatively high gas temperature, which limits their use to cases where high
temperature is tolerated. Capacitively coupled plasmas, on the other hand, can
produce low-temperature plasmas at frequencies from a few Hz to a few

hundred MHz. The following discussion focuses on capacitively coupled

-10-
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APGDs.

AC

— [ clectrode
dielectric

Fig 1-3: A schematic of a dielectric barrier discharge.

There are several approaches to mitigate glow-to-arc transition.
Dielectric barrier discharge (DBD) is an effective and common approach and
it has been demonstrated both experimentally and theoretically!''®. DBD can
be generated using various electrode configurations for which at least one
electrode is covered by dielectric material or a dielectric is placed between
the electrodes. The dielectric can restrict an uncontrolled increase of the
discharge current and limit the current density within the glow discharge
regime. In general, alternative current (AC) sinusoidal waveform is used to
generate DBDs. A schematic of a DBD is shown in figure 1-3. Electron
avalanches develop from the dielectric surface at the instantaneous cathode
and the number of electrons doubles with each generation of ionizing
collisions. These electrons drift towards the instantaneous anode until they are
blocked by the dielectric and then distribute on the surface of the dielectric.
At the cathode side, the avalanche-generated ions are also blocked. These
blocked electrons and ions form an electric field which is in the opposite
direction to that of the original electric field in the discharge gap. As a result,
the voltage drop on the discharge gap starts to reduce and the discharge dies

away. When the voltage polarity changes in the next half cycle, the above

-11-
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process happens again. This leads to repetitive generation and extinction of a
uniform APGD in the discharge gap.

A similar approach to the above is to employ resistive electrodes!'""'*],

The resistive electrodes are essentially ballast resistors and they provide a
negative feedback to the applied voltage and keep the voltage drop on the gas

gap to a moderate extent.

A dramatically different strategy to the control of glow-to-arc transition
is to use either radio frequency excitation"'*'** or pulse power**'?4. In
these situations, APGDs can be achieved even without the use of dielectric
barrier. For a RF discharge, the transition time of an electron travelling from
one electrode to the other can be longer than the half cycle of the applied
voltage so both electrons and ions can be trapped between the electrodes in
the oscillating electric field"*". This prevents the discharge from arcing and
makes it possible to generate an APGD. As for a pulsed discharge, the
periodic short voltage pulses make the discharge as a sequence of transient
breakdown. The pulse widths of the voltage pulses are either comparable or

shorter than the timescale of the glow-to-arc transition. This allows the

glow-to-arc transition to be effectively mitigated!'*®!.

1.3.2 Applications of APGDs

Since the late 1980’s!"*, with the development of various APGD
plasma sources, APGDs have been used for widespread applications. It is

found that APGD is able to be used in some of the application areas of

1.27-1.29] [1.30]

low-pressure plasmas. These include deposition! , etching" ™, surface

1.31,1.32

modification! I'and material synthesis' . In addition, APGD has opened

doors to new areas of applications, such as plasma aerodynamics!'**'**]

[1.36-1.43]

photonics ,  microfluidic!"**,

modification of electromagnetic

]

propagation!'*>'*! remediation of volatile organic compounds!'*”, synthesis

-12-
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gl148

of nanoparticles** and plasma medicine!"**".

Perhaps the most remarkable application area of APGDs is biomedical
applications. Since those earliest results published in late 1990°s!"°*'*?, this
field has undergone an exponential growth and led to the birth of plasma
medicine, an emerging interdisciplinary research subject sitting at the frontier
of plasma science. It involves different subjects such as plasma science,
medicine, biology, microbiology, physics, chemistry and engineering. Broadly
speaking, plasma medicine investigates the use of non-thermal plasma in
medicine. In the following paragraphs, attention is paid to plasma medicine,
as the goal of this thesis is to develop large-scale plasma sources for

biomedical applications.

Plasma medicine has a relatively short history!**'**!4 with its first
report on bacteria inactivation by APGD in 1996!'*".. Since then the depth and
breadth of the field have been expanding much further. Now the attention
goes beyond the bactericidal effects to more broad topics such as hospital
hygiene issues, wound healing and skin disinfection. The initial results
achieved by the pioneer researchers showed great promise, and plasma
medicine could be a hot research area in the centuries-old plasma science and

can bring profound benefits to humanity in the 21* century.

The generation of plasma is a complex process, and all the participants
such as UV radiation, reactive species, charged particles, heat, current and
electric field, can interact with the target to be treated. This interaction is
target-specific, i.e. some factor is effective while others may be not. In some
cases, synergistic effects exist. As for the treatment targets, they are in various
forms from bacteria, cell to living tissue and skin. Based on their cellular
structure, they are grouped into prokaryotic cells and eukaryotic cells in the

following discussion!*,

The interaction between plasma and prokaryotic cells can be roughly

divided into three areas, namely sterilisation of inanimate objects, disinfection

-13-
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gl1:49

of biological surfaces, and modification of cellular functions"*"). Sterilisation

of inanimate objects has been the major component of plasma medicine

research so far. It is found that APGD can be effective against both

] ] [1.52]

and gram-negative bacteria!*”, spores''*¥, viruses!'*%,

gram-positive!' >

1.57,1.58 1.59,1.60 1.61]
5

fungit I"and biomolecules! 1. 1t could also inactivate biofilm" ", an

extracellular polysaccharide matrix in which bacteria are embedded. The
results targeting two stubborn biological contaminants, namely prion and
Methicillin-resistant Staphylococcus aureus (MRSA), are worth particular
attention. Prion is a misfolded protein causing for transmissible spongiform
encephalopathy. While all current commercial decontamination methods are
ineffective against prion, it has been found that low-temperature plasmas can

remove protein substantially and this suggests its capability to inactivate

[1.59,1.60,1.62

prion I MRSA is a bacterium and it is a major source of the so-called

hospital acquired infections. The proved bactericidal effect of APGD on

MRSA in laboratory could open the door for an effective approach to stop

hospital acquired infections'"**,

Disinfection of biological living tissues is more complex than
sterilisation of inanimate objects. This is because biological tissues have more
complicated structures and an overdose of plasma-generated substances is
harmful to healthy living tissues. Balance has to be made between

effectiveness and toxicity. The progress in this direction is directly linked to

1.64

other applications such as food decontamination*!, disinfection of open

1.58]

wound!'** and skin disease treatment' For modification of cellular

functions, research on genetic effects of APGD was reported recently!*,

The interaction between plasma and eukaryotic cells has a broad range

of applications including disinfection of living tissues!"*, blood

1.54]

coagulation!**, induction of apoptosis in malignant tissues!®”, localised

[1.67 1.68

modulation of cell adhesion"*” and proliferation!*® and tissue modification

in electrosurgery!“’!. All these provide a hope that in the future APGD can be

-14-
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extensively used during a clinical procedure as well as aftertreatment. Similar
to how low-pressure plasmas had benefited the growth of microelectronics
industry, atmospheric plasma technologies could have a profound impact on

medicine and healthcare.

Generally speaking, oxidation is the major reason for the bactericidal
effect induced by a typical helium/oxygen plasma generated at frequencies
below very high frequency band of 30 ~ 300 MHz and the most important
bactericidal species of APGD is believed to include oxygen atoms! '],
Ozone may also be an important participant but it depends on its yield in the

[1.49

plasma*!. OH radicals and UV photons are believed to play minor roles as

70 This suggests that for sterilisation and

their yields are normally small'
disinfection applications by a helium/oxygen plasma, plasma source designs
should seek a maximum production of oxygen atoms. Plasma-generated
reactive oxygen and nitrogen species are also believed to be the factors
causing coagulation, necrosis and apoptosis, while charged particles and

electric field are responsible for cell membrane permeabilisation!'*"),

1.3.3 Plasma source design for biomedical applications

The objects to be treated by plasma in biomedical applications are broad.
They include the inanimate objects such as surgical instruments and catheters,
as well as biological objects such as human skin, tissue, tooth and wound. In
most cases, these objects are uneven, and some of them have heavily
three-dimensional structures. Moreover, these objects quite likely have a
surface with a few centimetres at least in one dimension. Consequently, for
biomedical applications, plasma source is required to be able to treat

large-scale uneven substrates effectively.

For applications that require treatment of large but flat surfaces, one can

easily use DBD!" " or barrier-free APGD!" ' to achieve uniform treatment
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Chapter 1: Introduction

with a length scale of even larger than one metre. However, for treatment of
large object with uneven surfaces, the object is often too big to be placed into
the electrode gap. Even when it can be placed into the gap, it is impossible to

achieve a uniform treatment due to its uneven surfaces.

Treatment Target
. ﬁ’heFI'd'ating Electrode

Fig 1-4: A picture of a floating-electrode DBD!**,

It seems that there are three different ways to realise large-scale
treatment of uneven surfaces. The first one is DBD with uneven substrate (e.g.
tissue) as one electrode and the corresponding plasma source is called
floating-electrode DBD!"~*, which is shown in figure 1-4. This plasma source
employs a powered metal electrode covered by a dielectric material and a
human thumb or living tissue as the counter electrode. This human thumb is
electrically floating. When it is close to the other electrode, plasma can be
produced directly on the surface of the human tissue upon certain applied
voltage. The typical distance between the dielectric-covering powered
electrode and the human floating electrode is less than 3 mm and atmospheric
air is the gas medium!**. Because of the existence of the dielectric barrier,
discharge current is limited to a small value which is safe to human. This

floating-electrode DBD has been used for applications such as bacteria
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sterilisation and blood coagulation, and effective treatment results were

1.54,1.73,1.74

reached! 1. Another plasma source, the so-called ‘plasma dispenser’,

can also be classified into this category!'>*,

The advantages of the floating-electrode DBD are obvious. This plasma
source is easy to cover a large surface and the use of air as the working gas
makes it cost-effective. On the other hand, its disadvantages are also clear.
Because of its very small gas gap, this source can only be used to treat mildly
uneven surfaces, leaving the majority of the targeted applications unattended.
Moreover, judging from the discharge images and its current waveform, it is
clear that the discharge is essentially not a glow discharge, but an unstable
discharge with many streamers distributing randomly in the gap. Although
these phenomena are normal for an air DBD discharge, it is unclear whether
these filaments may lead to uncontrolled (hence difficult to reproduce) dose

distribution on the tissue surface.

The second way to realise large-scale treatment of uneven surfaces relies
on afterglow. It is characterised by the generation of a plasma in an upstream
electrode region and then a transportation of the mostly uncharged plasma
species to a downstream application region by a gas flow. In other words, it
relies on the gas flow to convey the reactive species to the area of treatment.
Several plasma sources with quite distinct structures fall into this category.
They include parallel-plate type with the direction of gas flow either

d[1‘75_1'77

perpendicular to that of the externally applied electric fiel I or parallel

1.79,1.80

to that of the electric field"'*”'’), pin-to-pin plasma brush! I and some

'SL182 In these cases, the electrons and ions are most

types of plasma jets!
likely trapped in the upstream electrode gap, and the treatment efficacy relies
on uncharged plasma species and photons in the form of an afterglow.
Considering the short-lives of some reactive plasma species as well as the

distance between the plasma generation and application regions, the treatment

efficacy may be compromised due to recombination of short-lived plasma
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species.

Atmospheric pressure plasma jets, an important group of atmospheric
pressure plasma sources, are known to be a kind of effective localised

treatment tools for biomedical applications'*!

. By appropriate designs,
plasma jet can generate a plasma plume up to a few centimetres long, so it is
possible to use a plasma jet to treat three-dimensional objects. Moreover,
using the plasma jet, plasma species can be produced directly onto the surface
of the object to be treated"*!. To overcome its inherent small plasma
coverage, individual plasma jets can be arrayed up to form a larger plasma
source. This could be the third way to realise large-scale treatment of uneven
surfaces, with clear advantages over the other two ways. The parallelisation
of plasma jets will be discussed in Chapter 4 ~ 6. As more and more plasma
jets are packed together, issues such as plasma stability, processing uniformity,

plasma reactivity as well as scalability need to be investigated. These will be

discussed.

1.4 Scope of the thesis

This thesis provides an experimental study of the development of
large-scale atmospheric pressure plasma sources for treatment of uneven
surfaces. The plasma produced by these sources is spatially extended, i.e. the
plasma is not confined in but extended spatially from its generation region.
The intended applications mainly are sterilisation and decontamination of
surgical instruments and/or living tissues. Further to this, the plasma sources
can be used in plasma wound healing and blood coagulation. The underlying
requirements of these applications are the ability to treat three-dimensional
objects at a downstream gas temperature lower than 70 °C, as well as

excellent plasma stability, reactivity and uniformity.

Plasma biomedical applications are of significant importance and the
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field has been a hot research area since the late 1990°s. These researches can
be of great benefit to modern medicine. With this great potential, however, the

plasma sources suitable for treating 3D objects are currently rare.

This thesis explores two possible routes to realise its goal. One is
through a spatially extended DBD plasma and the other is based on single
plasma jet and plasma jet arrays. The plasma diagnostics involved in this
research are electrical measurement, fast imaging, optical emission

spectroscopy and mass spectrometry.

1.5 Organisation of the thesis

In Chapter 1, brief introduction is given to the history of gas plasma
research, low-pressure gas discharge, atmospheric pressure glow discharge
and its biomedical applications. This outlines the background of this research

and its significance.

Chapter 2 provides a review of plasma diagnostics used in this thesis.
These include electrical measurement, fast imaging, optical emission

spectroscopy and mass spectrometry.

In Chapter 3, experimental characteristics of an atmospheric pressure
‘plasma curtain’ are presented. Electrical parameters and images are analysed
to demonstrate the streamer-free uniformity of the plasma curtain and the

presence of two operating modes.

Chapter 4 discusses single APGD jet. First, classification and review of
current APGD jets are given. The jets are classified into 9 groups in terms of
their generic jet structures. Special attention is paid to whether the jet
structure is appropriate for parallelisation. This is further investigated by a
dedicated comparison of three selected single jets to bring out the best design.
In three different scenarios, namely without a downstream electrode, with a

grounded downstream electrode and with a dielectric downstream substrate,
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the configuration of a powered capillary electrode and a grounded ring
electrode, the so-called ‘capillary-ring plasma jet’, is shown to offer distinct

advantages.

To investigate the parallelisation of single plasma jets, a 1D array of
atmospheric plasma jets is proposed in Chapter 5. The 1D plasma jet array
features individual ballasts, which effectively helps to achieve jet-to-jet
uniformity by providing negative feedback to the applied voltage. Electrical
measurements, fast imaging and optical emission intensities all support a
robust temporal and spatial jet-to-jet uniformity, both for treating a flat

surface and a sloped surface.

The parallelisation is advanced in Chapter 6 to introduce a 2D array of
atmospheric plasma jets. It employs the capillary-ring plasma jet as its
elemental jet. It is found that a built-in feedback control mechanism exists.
This helps the jet array achieve uniformity even without using ballasts. This
uniformity is established by analysing emission intensities. The 2D plasma jet
array is more densely designed with the combined plasma area taking up to
60% of the cross-sectional area of the jet-holding unit. Bacteria inactivation
experiments reveal that the impact of the bactericidal effect is much larger
than the array’s physical size. This correlates to a sterilisation area of 18.6
cm’by a 37-jet array when the physical size of the 2D jet array is about 4.9
cm’. The discussion proves the 2D plasma jet arrays are practical large-scale
atmospheric pressure plasma sources with ability to treat three-dimensional

objects.

Chapter 7 focuses on a spatially separated dual-frequency plasma jet, for
which a RF plasma is produced in the upstream region and kilohertz
frequency is used to draw the plasma to the downstream. It demonstrates that
the combination of the two frequencies can control plasma intensity and
plume length in a separated fashion. The dual-frequency plasma jet is able to

produce a plume much longer than the RF plasma jet and with much higher
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reactive species production.

Finally, major conclusions of the thesis are given and future work is

discussed in Chapter 8.

1.6 Contributions of the thesis

Over the thesis period of 36 months, 5 journal papers have been
published. The work has been presented at leading international conferences
in 12 conference contributions. The key contributions reported in this thesis

are summarised as follows:

1. Cold atmospheric pressure slot plasma jet:

This work is detailed in Chapter 3. The uniformity of the spatially
extended plasma curtain is proved by 10 ns exposure images and this device
is the only one among all the published slot-shaped plasma jets that has been
specifically shown for its plasma uniformity. Part of the results in this chapter
were reported in ‘Atmospheric dielectric-barrier discharges scalable from 1
mm to 1 m’, J. L. Walsh, Z. Cao and M. G. Kong, IEEE Trans. Plasma Sci.,
36, 1314 (2008)

2. Advantages of capillary-ring plasma jet:

This work is detailed in Chapter 4. This is the first reported study on a
direct comparison of three common atmospheric pressure plasma jets and the
advantages of the proposed capillary-ring plasma jet are explained. Many of
the results in this chapter were reported in the section 2 of ‘Spatially extended
atmospheric plasma arrays’, Z. Cao, Q. Nie, D. L. Bayliss, J. L. Walsh, C. S.
Ren, D. Z. Wang and M. G. Kong, Plasma Sources Sci. Technol., 19, 025003
(2010)

21-



Chapter 1: Introduction

3. 1D array of atmospheric pressure plasma jets:

This work is detailed in Chapter 5. The reported 1D plasma jet array
employs ballast resistors to effectively achieve excellent temporal and spatial
jet-to-jet uniformity and it is the first reported jet array which shows
applicability for treating 3D objects. Most of the results in this chapter were
published in ‘Atmospheric plasma jet array in parallel electric and gas flow
fields for three-dimensional surface treatment’, Z. Cao, J. L. Walsh, and M. G.

Kong, Appl. Phys. Lett., 94, 021501 (2009)

4. 2D arrays of atmospheric pressure plasma jets:

This work is detailed in Chapter 6. This densely constructed 2D plasma
jet array is shown to achieve excellent uniformity, stability and reactivity with
ability to treat three-dimensional objects. The plasma source has been shown
clearly to be a practical choice for large-scale biomedical applications. Most
of the results in this chapter were published in the section 3 of ‘Spatially
extended atmospheric plasma arrays’, Z. Cao, Q. Nie, D. L. Bayliss, J. L.
Walsh, C. S. Ren, D. Z. Wang and M. G. Kong, Plasma Sources Sci. Technol.,
19, 025003 (2010) and ‘A Two-dimensional cold atmospheric plasma jet
array for uniform treatment of large-area surfaces for plasma medicine’, Q.
Nie, Z. Cao, C. S. Ren, D. Z. Wang and M. G. Kong, New Journal of Physics,
11, 115015 (2009)

5. Dual-frequency plasma jet:

This work is detailed in Chapter 7. This is the first reported research for
a spatially separated dual-frequency atmospheric plasma. The combination of
the two frequencies can effectively tune the plasma density and plume. Most
of the results in this chapter were published in ‘A Cold Atmospheric Plasma

Jet Controlled with Spatially Separated Dual Frequency Excitations’, Z. Cao,
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Q. Nie and M. G. Kong, J. Phys. D: Appl. Phys., 42, 222003 (2009)
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Chapter 2
Review of Plasma Diagnostics

2.1 Introduction

It is important to understand the characteristics of plasma qualitatively
and when possible to measure key plasma parameters quantitatively. Various
plasma diagnostics methods have been developed in the past, mostly for
low-pressure gas plasmas. Perhaps the most noticeable is the Langmuir probe,
which was developed by Irving Langmuir in the 1920°s™". Langmuir probe is
extensively used for measuring key plasma parameters, such as plasma
potential, electron kinetic temperature and electron density of low-pressure

(221" The theory of the Langmuir probe assumes the absence of

plasma
collisions of charged particles in the probe sheath, so the measurement can
reflect the genuine characteristics of the plasma. This requires that the ion
mean free path is larger than the sheath thickness. However at atmospheric
pressure, the ion mean free path is typically less than a micrometer while the
sheath thickness is a few hundred micrometers®®**%. Therefore collisions in
the sheath are inevitable. As a result, the existing Langmuir theory is not
applicable to APGD. While there have been attempts to extend the use of the
Langmuir probe to APGD, it is fair to say that a great deal of progress is
needed before the Langmuir probe becomes an acceptable diagnostic tool for

atmospheric plasma*~.

A common diagnostic for atmospheric plasmas is optical emission

spectrometry (OES). OES is the spectroscopic technique to measure emission
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radiation from atoms, molecules and ions. It can be used to assess the amount
of the excited species both qualitatively and quantitatively. Stark
broadening®® and line ratios technique®®’ are both based on OES and they
can be used to measure the mean electron density. It is also possible to
introduce a light into atmospheric plasma for absorption spectroscopy, for
example two-photon absorption laser-induced fluorescence spectroscopy
(TALIF) for measuring ground-state oxygen atoms”®*°. Apart from
spectroscopic diagnostics, some diagnostics are based on the effects of free
charges on electromagnetic radiation. For example, laser Thomson scattering
examines the scattering of laser light from electrons for direct and
simultaneous measurement of both electron density and electron

[2.10,2.11

temperature I Interferometry measures the refractive properties of a

plasma which depends on the plasma characteristics including the plasma

density and collision frequency™ ',

Although the above mentioned methods are available, in reality they are
not always feasible. Stark broadening is only useful for plasma with an

electron density higher than 10" ¢cm™?”. Given that 10" cm™

is normally
higher than the electron densities of APGDs, Stark broadening is in general
unsuitable for the plasma sources reported in this thesis. The line ratios
method is developed based on collisional-radiative models””. However this
method entirely relies on the completeness and accuracy of the
collisional-radiative model used and for atmospheric plasmas it is at present
only applicable for pure argon®”.. In general, Thomson scattering is the most
accurate method to measure electron density and electron temperature, but it
suffers from weak signal-to-background ratio™'”. Interferometry may also
require electron density to be sufficiently large, i.e. higher than 2x10'

3[2.13

cm™*5] In addition, the volume of the plasma has to be large when using

millimetre wave interferometry>'?.

This chapter provides a brief review of some of the commonly used

-30-



Chapter 2: Review of plasma diagnostics

diagnostics for APGDs. These diagnostics include electrical measurement
which will be covered in section 2.2, fast imaging in section 2.3 and optical
emission spectroscopy in section 2.4. In section 2.5, a novel mass
spectrometry for measurements of atmospheric plasma will be introduced and

discussed.

2.2 Electrical measurements

2.2.1 Voltage measurement

Voltage measurement for atmospheric plasmas is usually done by using a
voltage probe and an oscilloscope. The voltage probe makes a physical and
electrical connection between an electrode and an oscilloscope, and it
combines with the oscilloscope to form a measurement system. Figure 2-1
shows an equivalent circuit for using a voltage probe to make a measurement.
The voltage probe can be best described as a probe resistance R, in parallel
with a probe tip capacitance C, when the probe is attached to the circuit.
Ideally, the impedance of the probe is very large, so the probe does not draw
any electrical current from the power source £ and it can have a genuine
value for the voltage drop on the load R;. However, because of the existence
of R, and C,, the measured value of the voltage on the load can deviate from
its true value. For an AC excitation at a high frequency, the reactance of the
tip capacitor tends to be small, and so more current is drawn by the probe. It
is therefore advisable to use a voltage probe with a high probe resistance R,
and a low probe tip capacitance C,. The existence of the C, affects the

bandwidth of the probe.

It is the bandwidths of both the probe and the oscilloscope that
determine the overall bandwidth of the measurement system. It is therefore
important to use a probe matched to the oscilloscope. For the measurement of

a sinusoidal signal, the bandwidth of the measurement system needs to be
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higher than the signal frequency. If measuring a non-sinusoidal signal, it is
recommended to have the system bandwidth five times higher than the signal

frequency.

——Cp § Rp

E@ é §RL

L

Y

== == —
Power i Load Probe
Source

Fig 2-1: An equivalent circuit for voltage measurement using a voltage probe.

For the experiments reported in this thesis, the generation of plasma
needs at least a few hundred volts. A high voltage probe, Tektronix P6015A,
is used. This probe has a bandwidth of 75 MHz and a typical rise time of 4 ns.
The maximum frequency measured throughout in all experiments is less than
6 MHz, which is well within the probe’s bandwidth. The voltage probe has a
probe resistance of 100 MQ and a tip capacitance of 3 pF. The plasma
impedance (R;) typically ranges between tens of kQ up to a few MQ. The
probe’s maximum measurable voltage is 20 kV which offers a considerable

margin over the range of the voltage measured in the studies reported here.

2.2.2 Current measurement

Generally speaking, two methods of current measurement are considered.

One is to add a resistor in series with the gas gap and measure the voltage
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drop on that resistor using a voltage probe (voltage probes). Since the current
of a DBD is normally in the milliampere range and the added resistor should
be sufficiently small not to influence the discharge, the voltage drop on that

resistor tends to be too small and the signal-to-background ratio is poor.

The other method is to use a current probe (also called current
transformer). Current probe is a coil-shaped transformer through which the
current-carrying conductor is placed. This coil-shaped transformer is
connected to an oscilloscope. When a current flows through the conductor, it
creates a magnetic flux around the conductor. This magnetic flux field
induces a voltage to the output of the probe and this voltage signal can be
measured via the oscilloscope. Essentially, the current probe operates as a
closely coupled transformer. The sensed conductor is the primary winding
while the wound coil is the secondary winding. As a result, the output of the
current probe is proportional to the current in the conductor as long as the
magnetic core does not reach flux saturation. The latter can be judged by
whether the product of the average current amplitude multiplied by the pulse
width exceeds the saturation limit of the magnetic core. In order to improve
the sensitivity when measuring a small current signal, it is advisable to loop
the conductor through the probe several turns.

The current probe used in experiments is a Pearson current monitor
model 2877. It has a bandwidth from 300 Hz to 200 MHz. Its maximum peak
current and rms current are 100 A and 2.5 A respectively, and the saturation
limit is 0.4 mA-s. For the experiments carried out for this thesis, the measured
currents fall into the above ranges. When possible, the measured conductors

are wound through the probe to improve sensitivity of current measurements.

2.3 Fast imaging

Gas breakdown and the generation of plasma are both transient
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processes often at a time scale as short as a few nanoseconds. To better
understand these transient processes, fast imaging with very short exposure
time is vitally important. Domestic digital cameras can have an exposure time
of a few thousandths second. However, at this time scale the light emission
from the plasmas captured by the camera is normally too weak to be seen. In
addition, an exposure time of one thousandth second is still too long for
important transient phenomena in atmospheric pressure plasmas. For example,
streamers are known to have a lifetime of only tens of nanoseconds at
atmospheric pressure™!!. This requires an exposure time of 10 ns or less, for

which domestic digital cameras are inadequate.

Intensified charge-coupled device (ICCD) is a good fast imaging tool. It
comprises an image intensifier and a charge-coupled device (CCD). The
image intensifier is mounted in front of the CCD and it can both magnify the
light input and trigger a short shutter. The minimum exposure time of the

ICCD camera used in the experiments reported here is 3 ns.

imf\ge intensifier
v
photocathode ¥ phosphor
] — =
camera N N ccDh
lense -
—_—
\

microchannel plate

Fig 2-2: A schematic of an ICCD camera.

Figure 2-2 shows a schematic of an ICCD camera. The image intensifier
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is an evacuated tube mainly consisting of three parts, namely the
photocathode, the microchannel plate and the phosphor. After the input light
goes through the camera lens, photons hit the photocathode and produce
photoelectron emissions. An electric field exists between the photocathode
and the microchannel plate, and directs those photoelectrons to move to the
microchannel plate. The microchannel plate is a thin disc comprising a
honeycomb of tiny glass channels with a resistive coating. A high voltage is
applied across the microchannel plate and further accelerates the
photoelectrons when they go through. Photoelectrons can knock secondary
electrons from the channel walls and as such a multiplication process takes

place. Eventually a group of electrons exit from each channel.

As these electrons hit the phosphor, light is emitted from the phosphor.
The light exits from the image intensifier and is coupled to the CCD by either
a fibre optic coupler or a lens. The light signals picked up by the CCD are
converted to electric signals which are further transmitted to a computer for

data processing.

A key advantage of the ICCD is its ability to have a very short exposure
time. This is achieved by a pulse generated by an electric circuit inside the
camera. This pulse is typically with very short rise and fall times in a
sub-nanosecond range and by changing the value of the pulse, it can control
whether the photoelectrons emitted from the photocathode can reach the
microchannel plate. As a result, an effective shutter control is established. The
minimum gate time (exposure time), i.e. the minimum time needed to drive
the intensifier from ‘off’ to ‘on’ and to ‘off’ again, determines the minimum
exposure time of the ICCD. It mainly depends on the structure of the
photocathode and the pulse-generating electric circuit. The gate time can also
be set to a longer time to enable images with longer exposure time. The
magnification of the image intensity is achieved by tuning the voltage

potential applied across the microchannel plate. This is known as the ‘gain’.
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It should be noted that different models of ICCD may have a different
spectral response which may affect the experimental results greatly. This is
due to the different materials used for the photocathode and their thickness.
ICCD should be chosen for a best wavelength response of interest. Also noted
is that the different types of phosphor have different light decay times.
Therefore the frame rate, i.e. how quick an ICCD is triggered, should be
carefully selected. If the frame rate is so high that the light emission from the
phosphor during the last frame has not decayed completely, the image is then
overcounted with undesirable extra contributions. The upper limit of the
frame rate may also be confined by the ability to transfer data from the CCD
to a computer. This is related to the readout time of per CCD pixel and the

total number of the pixels.

The ICCD camera used in the experiments reported in this thesis is
Andor iStar DH720. It has 960%x256 active pixels with each size being 39x39
um?. Its minimum gate time is 3 ns and it has a broad wavelength response

from 180 ~ 850 nm. The phosphor decay time (to 10%) is 2 ms.

To gain knowledge of the evolution of a plasma, it is important to relate
the time instants when the images are taken to those of the applied voltage.
This is achieved by using an external trigger, i.e. the trigger signal to take an
image is sent out from a function generator which also provides the excitation
signal for the power supply. By this means, the trigger signal is synchronised
to the applied voltage and it always triggers ICCD at the same instant relative
to the applied voltage in each cycle of the applied voltage. By setting a ‘delay
time’ to the ICCD, it is possible to trigger the camera to take image at any
given instant. In our experiments, the gate time and the delay time are first
selected, then the ‘gain’ should be properly selected so the CCD does not go
into saturation. If the highest possible light intensity of a single shot is too
weak, it is advisable to accumulate images over several cycles. In this case,

the sampled signal of each cycle is summed on the CCD to integrate together
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to a stronger intensity. In order to directly compare plasmas of different

instants, it is important to choose the same ‘gain’ and the same gate time.

2.4 Optical emission spectroscopy

Optical emission spectroscopy is a common diagnostic used in plasma
research. It provides a non-invasive method to investigate atoms, ions and
molecules by analyzing emission spectra of excited plasma species. Both
identification of plasma species and a quantitative estimate of their densities

are possible with OES>**7],

The emission spectrum can be explained by the atomic emission

214 An atom consists of a nucleus and a cloud of electrons which

theory
surround the nucleus and occupy different electronic shells and orbits that
define their energy levels. An atom usually stay at its ground state, i.e. the
atom 1is at its least energetic state. At this state, all the electrons are also at
their least energetic states. If a ground state atom is exposed to heat or
electromagnetic radiation, or is involved in collisions with other particles
(energetic electrons, excited atoms or ions), it is most likely that either the
kinetic energy of the atom increases or the atom is excited to excited states.
The transition of an atom from its ground state to an excited state involves an
electron being promoted to a higher energy level. Because the excited state is
unstable, an atom at an excited state is inclined to return to the more stable
ground state or to a lesser excited state. Accordingly, the electron in the
higher energy level also returns to its ground state or to an excited state of a
lower energy level. This transition can be achieved either by collision with

another atom or ion, or by the release of a photon. Based on the law of

conservation of energy, the latter can be described as
AE =hv (2.1)

where AE is the difference between the two electron energy levels, 4 is
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Planck’s constant and v is the frequency of light. Considering
v=c/A (2.2)

where ¢ is the speed of light and A is the wavelength of the light. Equation

(2.1) can be revised as
AE=hc/A (2.3)

Equation (2.3) indicates that the wavelength of the emitted photon is
determined by the difference between the two electron energy levels which
are involved in the transition responsible for the photon emission. One
transition relates to one spectral line of optical emission. Since all the electron
energy levels are well-defined and the transitions between different energy
levels are only allowed if they are in line with the quantum mechanical theory,

each kind of atom has its own characteristic spectrum.

It should be noted that the above principles also apply to ions as ions can
also be excited. In this case, photons are emitted when excited ions return to
their ground state or a more stable state. Given that the atomic emission
theory applies to both atoms and ions, the emission spectra include both
characteristic spectra of atoms and ions. Plasma contains energetic electrons,
ions and atoms, and the collisions among these particles make excitation and
ionisation happen quite often. Because of this, OES can be used as a
diagnostic for plasma research. Different from atomic absorption
spectroscopy and atomic fluorescence spectroscopy, OES does not rely on an

external radiation to acquire spectra®'.,

A common instrument used in optical emission spectrum analysis is the
spectrograph. It can separate wavelengths associated to different particles and

measure the relative light intensities of every spectrum line.

Figure 2-3 shows a schematic of a spectrograph, of which the main
components are indicated. First, the emission from a plasma is picked up by

an optical fibre and the light is guided to pass through a slit. A collimating
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mirror is then used to turn the dispersive light into a collimated light. The
collimated light is dispersed into a spectrum by either a prism or a diffraction
grating. If a prism is used, the collimated light undergoes refraction after it
enters a prism because of the change of medium. The refraction angle of a
collimated light is dependent on its frequency and this makes the collimated
light dispersed after it goes out of the prism. A diffraction grating has several
advantages over a prism such as better efficiency and an ability to deal with
UV light, so they are more often used in spectrographs. The diffraction
grating reflects rather than refracts the incident light, and disperses the light
into individual wavelengths. By choosing different gratings, different
wavelength ranges are selected, and the dispersed lights with individual
wavelengths are focused onto different locations in a detector by a mirror. The
collection of these individual spectra provides information about excited
plasma particles. Traditionally photographic papers were used as detector and
nowadays charged-coupled devices are normally used thus providing a
computerised way to efficiently detect plasma species.

plasma collimating mirror

(fibre)

diffraction grating\ % mirror

detector

Fig 2-3: A schematic of a spectrograph.
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Two different spectrographs are used in the experiments reported in this
thesis, namely Andor Shamrock SR-303i spectrograph and Ocean Optics
2000 spectrometer. Shamrock SR-3031 is equipped with a motorised slit and a
triple grating turret. It has a focal length of 303 mm and combines with Andor
iStar DH720 ICCD. The three grating options provide detection coverage of
different wavelength ranges and the best resolution can be reached at 0.05 nm.
Ocean Optics 2000 spectrometer has a slit with a width of 25 um and a single
grating. Its detection coverage is set to 350 ~ 1000 nm with a resolution of 1.5
nm. The detector used is a 2048-element linear silicon CCD array. Since the
detection efficiency of a spectrograph is not uniform over the whole detection
range due to the existence of the grating efficiency curve, the spectrograph
can only provide spectral lines in relative intensity and the intensities of
different spectral lines are not directly comparable. A radiometric calibration
source with a continuous spectrum of known absolute spectral intensity can
be used to calibrate the spectrum obtained by the spectrograph by considering
the efficiency function of the spectrometer. This can provide a spectrum in
absolute spectral intensity. An Ocean Optics LS-1-CAL NIST traceable white
light source with known absolute intensity values at wavelengths from
300-1050 nm is used for radiometric calibration whenever it is needed in the

experiments reported here.

Figure 2-4 is a typical optical emission spectrum for an atmospheric
pressure helium plasma plume as an example to show typical plasma species.
The spectrum is measured by using Ocean Optics 2000 spectrometer and
absolute spectral intensity is obtained. The presence of helium plasma is clear
as helium lines are found at 587 nm and 706 nm from the spectra. Because
the plasma plume is ejected into the ambient atmosphere, the species from the
atmosphere can also be found. They include atomic oxygen (645 nm, 777 nm
and 845 nm), nitrogen molecular ions (391 nm and 427 nm) and nitrogen

molecule (357 nm).
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Fig 2-4: Typical optical emission spectrum for an atmospheric pressure
helium plasma plume.

By knowing the spectrum of some plasma species, it is possible to obtain
information about gas temperature. This is done by comparing the spectrum
obtained from experiment with that from simulation (i.e. the synthetic
spectrum). At atmospheric pressure, the rotational relaxation time is fast, so
rotational temperature can be assumed to equal to gas temperature®'®. After
user-specified rotational temperature is input, a simulation code (LIFBASE, a
database and spectral simulation software for diatomic molecules) can
provide the synthetic spectrum by calculating transition probabilities and
populations of radiating species’™'”. So the best-fit between the simulated
spectrum and experimental spectrum can be used to deduce gas
temperature’™'?!. The first negative system of molecular nitrogen located
around 391 nm is associated with radiation transitions of nitrogen molecular
ion. It is used to determine gas temperature in this thesis. Figure 2-5 shows
such an example for which the experimental spectrum is found to fit the

simulated spectrum well at gas temperature of 300 K.
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Fig 2-5: An example of deducing gas temperature by comparing experimental
spectrum and simulated spectrum.

2.5 Mass spectrometry

APGD is a weakly ionised plasma and most atoms and ions are at their
ground states. It is known from the discussion in the last section that the OES
can only detect excited species, thus it is impossible to use OES to directly

measure ground-state plasma species.

Mass spectrometry (MS) is a non-invasive analytical technique for the
determination of the elemental composition of substances. It can be used to
measure molecules, atoms and ions, both qualitatively and quantitatively™'®],
Therefore MS has the advantage over OES for being able to measure heavy
plasma species (other than electrons) quantitatively. Additionally, the

2.19]

detection limit of MS is usually 2-3 orders of magnitude better than OES™>"!,

These make MS an excellent plasma diagnostics.

It has been a long time since MS was first used as a diagnostic for

plasma research®*”". So far most MS studies have been used for low-pressure
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plasmas. In principle, a mass spectrometer consists of three parts, namely an
ion source, a mass analyser and a detector. The ion source is used for ionising
the sampled particles into ions, mostly by electron impact ionisation and
Penning ionisation. A number of ion source technologies have been developed
in the past. Similarly, different mass analysers have been developed with
quite different designs. Both electric field and magnetic field can be designed
to guide the ions’ motion when they pass through the mass analyser and their
paths are differentiated by ‘mass-to-charge ratio’. More specifically, the ions
in an electromagnetic field are governed by Lorentz force which can be

described as

F=q(E+vxB) (2.4)

where F is the Lorentz force, g is the electric charge of the ion, £ is the
electric field, B is the magnetic field and v is the instantaneous velocity of the
ion. Because v is much smaller than the speed of light, Newton’s second law

of motion is valid in this case, which gives

F =ma (2.5)
where a is the acceleration. By equating the above two equations, the
following is obtained

m_1Evvxn (2.6)
qg a

Equation (2.6) indicates that only the ions with the same mass-to-charge ratio
wound have the same motion. This links to the function of the detector, being
able to count the number of ions as a function of m/qg, as the detector is placed

to collect the ions which hit it at different places.

For mass spectrometer used for low-pressure plasma measurement, it
normally uses a two-stage or three-stage differential pumping system with
mass spectrometer placed in the last stage which has the lowest pressure

within all stages. The pressure difference allows the plasma particles to be
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extracted to a lower pressure stage and finally these species are ionised and

analysed.

For the measurement of atmospheric pressure plasmas, the difference
between atmospheric pressure and the required low-pressure in the last stage
is so considerable that a supersonic free jet inevitably forms in the pumping
system due to a great pressure gradient. If a mass spectrometer is not
designed carefully, the particles in the free jet could collide with each other
and this affects the mass spectrometer results dramatically. Special

arrangement has to be implemented.

Figure 2-6 shows a schematic of a three-stage differential pumping mass
spectrometer system developed in Ruhr-Bochum University, which has a
special rotating chopper design to increase the signal-to-background

ratiol221:222

1. This system was used to measure densities of plasma species to
be discussed in Chapter 4.

rotating
chopper

sampling .
. ion source
orifice
skimmer \_/u
[+ 1]
[+ 1]
S B
ol © | %
ti_ (1] E =
rd G ®
pump

Fig 2-6: A schematic of a three-stage differential pumping mass spectrometer

system with a rotating chopper design**'*%%,

The system has three differential pumping stages with the ion source in
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the line of sight with the sampling orifice. The orifice has a diameter of 100
um. The atmospheric plasma to be measured is placed to the orifice. Different
pumps are used to pump down the pressure in the 1% stage, 2" stage and 3™
stage respectively. Due to the great pressure gradient, a free jet is formed
inside the pumping system. This system places a chopper in the 1% pumping
stage as indicated in figure 2-6. This chopper has a 2 mm long conical
skimmer embedded in a 1.5 mm thick metal disk™*!. The disk is rotated by an
ultrahigh vacuum motor at 14.3 Hz and this allows the chopper to block the
sampling at most of the time and only open it periodically. The design of this
skimmer ensures that the free jet is formed directly in the o pumping stage
while its leakage to the 1% pumping stage is very few. Meanwhile, the pump
in the 1% stage still works to ensure a relative low pressure which helps to
maintain the low pressure in the 2" stage. The typical pressures in the 1%, 2™
and 3" pumping stages are 25 Pa, 2x107 Pa and 2.8x10” Pa. Under this
condition, very few collisions between the sampled particles and background
particles occur. The sampled signal and background noise are measured when
the sampling 1s opened and blocked respectively and a high

signal-to-background ratio can be achieved.

Three factors are believed to cause distortion to the results of this mass
spectrometer measurement and they have to be considered in calibration. The
first factor is composition distortions, which arise from the operation
conditions of the differential pumping system. An overview of this issue can

>#1 One major composition distortion is radical

be found in a review paper
diffusion in the free jet. The behaviour of radical diffusion is that lighter
particles are more likely to diffuse radically than the heavier particles when
they travel downstream. Consequently, the percentage of heavier particles
occupied in those detected by the mass spectrometer is overcounted while that

of lighter particles is underestimated. The radical diffusion can be calibrated

by using a reference material as similar as possible in both composition and
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behaviour to the sampled particle!'***,

For instance, an atmospheric
helium/oxygen plasma plume, if measured by a mass spectrometer, tends to
have an overcounted result for oxygen-containing particles. The calibration
uses a small amount of neon (atomic weight 20) or methane (molecular
weight 16) for calibrating atomic oxygen (atomic weight 16) and a small
amount of argon (atomic weight 40) for calibrating ozone (molecular weight
48). The calibration is conducted by comparing the signal intensity of the
calibration particles to that of sampled particles. Knowing the density of the
calibration particles, density of sampled particles can be estimated. This

calibrated result significantly mitigates the distortion although a method error

still exists.

Two other distortion factors arise from the mass spectrometer itself. The
first one is the ionisation possibilities of the particles when they go through
the ion source and the other is the transmission function of the mass

spectrometer. These can also be taken into consideration in the calibration.

2.6 Summary

This chapter provides a brief review of common plasma diagnostics used
for APGDs, especially those relevant to the work of this thesis. It is only with
these diagnostics that a good understanding of the behaviours and

characteristics of the plasma sources is possible.

Four diagnostics are introduced in this chapter, namely electrical
measurement, fast imaging, optical emission spectroscopy and mass
spectrometry. Electrical measurement can provide temporal descriptions of
plasmas and they are also used to monitor voltage and current. Fast imaging
enables short exposure images which uncover the dynamic evolution of
plasmas in detail. Both optical emission spectroscopy and mass spectrometry

provide a non-invasive method to identify plasma species. Emission spectra
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can be obtained by OES and they are signatures of excited atom and ions. MS
is able to provide measurements on atoms, ions and molecules, no matter

whether they are excited, based on mass-to-charge ratio.
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Chapter 3
APGD Slot Jet

3.1 Introduction

One of the key development issues for atmospheric pressure plasma
sources is to increase the size of the plasma coverage for large-scale industrial
applications. The research led by Roth at the University of Tennessee in the
middle 1990’s appears to be the earliest attempt to scale up APGDP!. Their
plasma sources are based on large-scale parallel-plate DBD discharge for in
situ treatment of flat materials such as polymer sheets. Figure 3-1 shows a
picture of their plasma source working in helium. It is found that uniform
helium atmospheric plasma, seen from naked eyes, is produced in a 2.5 cm
gap with the diameter of the electrode being 19 cm. If air is used as the
working gas, the gap has to be greatly reduced to less than 5 mm to avoid

s1321 Tt should be noted that the claimed uniformity of the plasma

filament
was ascertained from visible luminosity of the plasma and its effect on
workpieces at the microscopic scale, rather than more direct evidence such as
nanosecond exposure images. Similar plasma sources were later proposed by

Others[3.3,3,4]

, and a roll-to-roll plasma source, as a route to continuous
treatment of polymer films, was proposed by Roth®™'. Due to the relative
small gap distance, this kind of parallel-plate DBD plasma source is only

appropriate for treating thin and flat objects, such as polymer sheets.
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‘ 18 cm \

Fig 3-1: Picture of a large-scale atmospheric pressure plasma source proposed
by RothB? 132

Another strategy for fulfilling large-scale plasma coverage is to build a
plasma source and operate it in afterglow mode. This overcomes the problem
of the small gap associated with the aforementioned in situ treatment. One of
the earliest attempts in this direction is the plasma source developed by Park
et al., as shown in figure 3-2P!. This plasma source consists of two parallel
planar metal electrodes of 10x10 cm® which are typically separated by quartz
spacers of 0.16 mm thick. Plasma excited at 13.56 MHz is generated between
the parallel planar electrodes and a large gas flow rate is needed to bring out
the plasma to the downstream region where sample is treated. The working
gas is typically a helium flow of 50 standard litres per minute (slm) mixed

with oxygen of 500 standard cubic centimetres per minute (sccm), equivalent

to 5.21 m/sP~,
X
RF . @
13.56 MHz
( ) ; 5
RF Electrode
?._ffrff.r.r-F'.r.n"J’fffifffffifffffffffifffﬁ
D] Discharge __wE
':5 [ e P -.n
i Ground
— Quanz  Electrode
SPACErs I

Fig 3-2: Schematic of the atmospheric pressure plasma source developed by
Park et al.®?),
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Other large-scale plasma sources featuring afterglow treatment include
RF-driven hollow slot™*#,  kilohertz-excited DBD reactor®, and

310321 The RF-driven hollow slot generates plasma

DC-excited plasma brush!
between its two or three upstream long electrodes, and this RF plasma is then
blown by gas convection out of its generation region, through a long slot
formed between electrodes. The gap of this slot is typically less than 1 mm
and its length is up to 0.5 m. With an appropriate gas flow rate, a curtain of
plasma is formed between the slot exit and the downstream substrate.
Typically the RF electric field is perpendicular to the direction of the gas flow

3131 this means

field. Coupled by the electron and ion trapping by the RF field!
that it is difficult to drive the upstream plasma to the downstream substrate
and a very high gas flow rate is usually necessary (the gas velocity at the slot
exit is 3.33 ~ 16.67 m/s). The DC plasma brush follows a similar design in
which two rod electrodes are used to generate a plasma upstream in DC and a
high gas flow field forces the upstream plasma towards a downstream
substrate. In doing so, a plasma brush is formed. Again the electric field of the
plasma excitation is perpendicular to the direction of the gas flow field,
making it necessary to use high flow rates. Such plasma sources with their
electric field and the gas flow field at 90° to each other are known as the

s®!'¥. The above plasma sources all highly rely on

cross-field plasma source
the high gas flow to transport the reactive species to the downstream
application region and the plasma plume is often very short. These impose

some practical limitations.

It is desirable to generate large-scale plasma which can be produced
directly onto the object to be treated, no matter whether the object is of planar
or 3D structure. To address the need of cross-field plasma sources for high
gas flow rate and short electrode-to-sample distance, electrodes may be
configured so that the electric field is aligned in the same direction as the gas

flow field. Such plasma sources are known as the linear-field devices”'".
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Fig 3-3: Schematic of (a) a slot plasma jet with arrows indicating the
direction of the gas flow field and that of the electric field; (b) a slot
plasma jet proposed by Niel ',

One such example is schematically shown in figure 3-3a, and it is
referred as slot plasma jet in this thesis. The slot plasma jet has a rectangular
cross-sectional area with the long side being at least several centimetres.
Therefore treatment of a large substrate surface would require the device to be
moved in one direction only. From literature, the only plasma source of this
kind appears to be the one proposed by Nie'"l. This source consists of a

cubic quartz tube with a hollow cross-sectional area of 5x29 mm” and two
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metallic electrodes (see figure 3-3b). One electrode is wrapped around the
quartz tube and is connected to a 45 kHz AC power supply. The other
electrode, a steel plate covered by a quartz substrate, is grounded and placed 8
mm away from the tube nozzle. This design was a good initiative but the
focus was mainly on different plasma modes (i.e. a diffuse mode, a
self-organised mode and a completely disordered mode) rather than the
characteristics of the spatially extended plasma. More studies are needed,
especially for the uniformity of the spatially extended plasma. The uniformity
is believed to be a vital factor for reliable treatment of potentially

three-dimensionally structured samples.

In this chapter, an experimental study of an atmospheric pressure glow
discharge slot jet is reported. This slot plasma jet differs with those published
slot jets in having a three-electrode design. The design is detailed in section
3.2. Its electrical, optical and spectral characteristics are introduced in section
3.3 with detailed discussion on plasma uniformity and plasma modes. The
shortcomings of this slot plasma jet are briefly discussed in section 3.4.

Finally, a summary is given in section 3.5.

3.2 Design and experimental setup

A picture of a prototype atmospheric pressure slot plasma jet is showed
in figure 3-4. Basically the slot jet device can be divided into two parts. The
upstream part of the device is a dielectric cassette with a gas cavity inside. It
has a round gas inlet channel through which the plasma-forming gas is fed.
The function of the gas cavity is to make the gas flow evenly across the entire
width of the slot. This is critical for the uniformity of the sheet plasma
produced. The design of the cavity channel and the possibility to integrate a

porous material into the cavity help the horizontal uniformity of the gas flow.
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§ gas inlet

Fig 3-4: Picture of an atmospheric pressure slot plasma jet.

The downstream part of the slot jet is where the electrode region is. Here
two parallel ceramic sheets are separated by insulation spacers introduced to
the side edge of the ceramic sheets to form a gas channel slot of a rectangular
cross-section. One end of the ceramic sheets are inserted into the upstream
gas cavity and sealed, so the plasma-forming gas is fed evenly through the
gap between the ceramic sheets. Different gap distances are investigated and
normally a gap distance of 1.7 mm is found to result in the most uniform
plasma. For the prototype device reported here, its width is 25.4 mm and its
gas channel has a hollow cross-sectional slot area of 25.4x1.7 mm? at the exit

point of the gas flow.

Two copper electrodes are wrapped tightly around the outside of the
ceramic sheets as shown in figure 3-5. The copper electrode near the outlet of
the slot jet is connected to an AC power supply at 30 kHz and an amplitude
adjustable up to 5 kV. The distance between the edge of this electrode to the
jet outlet is fixed to 3 mm. The other copper electrode can be grounded or
floating, and the distance between these two electrodes is nominally set to 13

mm.

The third electrode, a grounded copper plate covered by a plasma-facing
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ceramic sheet is placed 8 mm away from the slot nozzle. It combines with the
other two electrodes to form a three-electrode system. Therefore there are two
discharge regions. One is inside the slot gas channel and between the two
copper electrodes, and it is referred as the upstream discharge region in the
following discussion. The downstream discharge region occupies the gas
channel between the copper electrode near the nozzle (the powered electrode)
and the downstream ceramic sheet. Both discharges generated in these
regions are DBD because of the use of ceramic sheets. The directions of the
gas flow and the electric field are the same. As indicated by the insert in
figure 3-5, the insulation spacer has a curved gas-facing surface to mitigate
possible localised gas flow field and localised electric field which may disturb

the uniformity of the downstream plasma curtain.

Insulation ' | *Gas

| eIeCtl‘ic
+ i
-
~£

Fig 3-5: Schematic of a three-electrode slot plasma jet.
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In the experiments reported here, a Tektronix P6015A voltage probe and
two Pearson 2877 current probes are used to measure the electrical
parameters. Currents are measured for both the upstream and downstream
discharge regions simultaneously and their waveforms are recorded by a
Tektronix DPO4104 oscilloscope. Both a domestic camera and an Andor
DH720 ICCD camera are used for imaging. An Andor Shamrock SR-303i
spectrograph with a grating of 1200 is used for taking broad spectra and a
grating of 2400 is used for measurements of specific spectral lines. A helium

flow of 25 sIm (99.996%) is used unless otherwise stated.

3.3 Characteristics of the slot plasma jet

3.3.1 Electrical measurements and two modes

Fig 3-6: Pictures of the slot plasma jet with (a) plasma only presented in the
downstream discharge region; (b) plasmas presented both in the
upstream discharge region and the downstream discharge region.
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The appearances of the slot plasma jet in working condition, taken by a
domestic camera, are shown in figure 3-6. Depending on the amplitude of the
applied voltage, the slot plasma jet can operate either with only the
downstream discharge (as figure 3-6a with a peak applied voltage, V,, = 2.75
kV) or with both the upstream and downstream discharges (as figure 3-6b
with V,= 4.5 kV). From the side view in the left-hand side of the pictures, it
is clear whether a plasma is present in the upstream region. The plasma in the
downstream plasma region is characterised by a sheet-like plasma with an
area of 25.4x8 mm®. This is referred as the plasma curtain in this thesis. The

plasma curtain is bright, stable and uniform when seen with naked eyes.
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Fig 3-7: Voltage and current waveforms of a two-electrode slot jet shortly
after the downstream plasma curtain forms.

Firstly we consider the case where the upstream ground electrode is
removed. Figure 3-7 shows typical voltage and current waveforms of the
two-electrode slot plasma jet. The peak applied voltage V, is 2.5 kV,
corresponding to a condition immediately after the gas breakdown in the
downstream discharge region. A uniform plasma curtain is established. The

voltage and current waveforms reflect a typical DBD with the discharge
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current leading the applied voltage by approximately /2 in phase. There is
mainly one current pulse in each half cycle of the applied voltage suggesting
the absence of multiple discharge events per half cycle and possibly the

absence of streamers.

With increasing applied voltage, the amplitude of the current is seen to
increase and the plasma curtain becomes more intense. Figure 3-8 shows the
peak-peak current and the dissipated power as a function of the applied
voltage. It is found that the dissipated power increases monotonically from
0.27 W at V,= 2.5 kV to 0.88 W at V,= 4.5 kV. As more power is coupled
into the plasma, the ionisation degree is expected to increase which in turn
produces a visually brighter plasma. The highest voltage for maintaining a

stable plasma is about 4.5 kV and it is indicated in figure 3-8.
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Fig 3-8: The peak-peak current and the dissipated power as a function of the
applied voltage for the two-electrode slot jet.

We now consider the slot plasma jet with its most upstream electrode
grounded. Depending on whether plasma is generated in the upstream
discharge region, two operating modes of the slot plasma jet, namely a single

discharge mode (SD mode) and a dual discharge mode (DD mode), are
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observed. In the SD mode, only a downstream plasma curtain is present but
no plasma exists in the upstream region, while in the DD mode plasmas are
generated in both the downstream and upstream region. The pictures in figure

3-6 are representative for these two operating modes.
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Fig 3-9: Current and voltage traces of the slot jet, in (a) single discharge
mode and (b) dual discharge mode.

The current and voltage traces in the SD mode and the DD mode are

showed in figure 3-9 under the same condition as that in figure 3-6. From
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these traces, temporal characteristics of the discharges in the two discharge
regions are revealed. /,; and I, are used here for the current flowing from the
power electrode to the upstream ground electrode and to the downstream
ground electrode, respectively. In the SD mode, /4 is characterised by one
large spike per half cycle of the applied voltage. This current spike is largely
the conductive current of a significant discharge event, and the more gradual
current component of much lower amplitude, onto which the large current
spike is added, represents a displacement current. Since no discharge occurs
in the upstream region, there is only displacement current in /,, which is
largely sinusoidal. The minor distortion is due to dynamics of the

accumulated charges on the surface of the two upstream ceramic sheets.

In the DD mode, the current traces of both /,; and /; are dominated by
one big spike every half cycle of the applied voltage. The instants for the
onset of the two discharges are slightly different in the positive half cycle of
the applied voltage in that the plasma in the downstream region occurs earlier

than the one in the upstream region.

Figure 3-10 shows the peak-peak current as a function of the applied
voltage for the three-electrode slot jet when increasing V), from 1.25 kV to
5.25 kV with a step of 0.25 kV. The red and blue lines represent /I, and 1,
respectively. With increasing V), the breakdown of the downstream region
occurs at ¥, = 3.0 kV and immediately after the breakdown V), drops to 2.5
kV which is enough to sustain the discharge. The dashed line shows the
transition region. The breakdown of the upstream discharge region occurs at a
higher applied voltage of ¥, = 3.5 kV. In the graph, the pre-breakdown region,
the SD mode, and the DD mode are clearly marked. The error bars shown in
the graph indicate that the amplitudes of the currents change moderately with
time and this may be due to the interaction between the two discharges of
different regions. This interaction tends to be stronger at large applied voltage.

In the pre-breakdown region where V), < 3.0 kV, the CVC of both discharge
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regions are linear and go through the origin when extending to low voltage,
suggesting a pure capacitive characteristic. In the SD mode region of 2.5 kV
<V, <3.5kV, as the plasma only appears in the downstream region, /4 is
much bigger than /,,. In the DD mode region of V}, > 3.5 kV, after an abrupt
increase in amplitude immediately after the breakdown, /,; increases faster
than 1. The appearance of the upstream discharge lowers the increase of /;
and thus keeps the downstream plasma curtain remaining stable even when V),
reaches 5.25 kV, a voltage nearly 20% higher than the highest possible

applied voltage in the two-electrode slot jet case (see figure 3-8).
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Fig 3-10: The peak-peak current as a function of the applied voltage for the
three-electrode slot plasma jet.

The dissipated power of the two plasma regions as a function of the
applied voltage of the slot jet is presented in figure 3-11, in which similar
trends to the CVC in figure 3-10 are observed. However two differences
should be noted. Firstly, there is an obvious drop for the dissipated power of
the plasma curtain after the transition from the SD mode to the DD mode.
Secondly, the dissipated power for both regions increases monotonously in

the DD mode. The first difference clearly shows the appearance of the
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discharge in the upstream region changes the original trend of the increase of
power consumption in the downstream plasma curtain. Therefore the slot jet
in the three-electrode configuration has a much broader operation range and
works at a much higher voltage than the two-electrode slot jet. The
monotonous increase of the downstream power consumption in the DD mode
is likely to contribute to a similar monotonous increase of the reactive species
produced. The advantage of the three-electrode slot jet over two-electrode slot
jet is more than a broader operation range. As a second plasma appears in the
upstream of the plasma curtain, the electrons produced in the upstream may
contribute as seed electrons to the downstream discharge, and also the
reactive species produced in the upstream discharge region can be blown to
the downstream application region by the gas flow thus adding to the
concentrations of radicals. The three-electrode slot jet is more effective in
production of reactive plasma species than its two-electrode counterpart even

when the former is operated at lower power dissipation.
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Fig 3-11: Dissipated power as a function of the applied voltage for the
three-electrode slot jet.
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3.3.2 Dynamics

From an application point of view, it is of interest to investigate whether
the plasma is uniform and how it develops in the downstream discharge
region where the sample is placed. To this end, fast imaging using an ICCD

camera is used.

Figure 3-12 shows the evolution of the downstream plasma when V), =
3.75 kV and the helium flow rate is 15 slm. The slot jet is in the DD mode.
The images in figure 3-11a and 3-11b are in the positive half cycle and
negative half cycle respectively. Each image is taken in a single shot with an
exposure time of 1 ps and all the images are consecutive with a total time of
10 ps in the same half cycle. In the graph, the positions of the ceramic sheets
and the ground electrode are indicated. All the images are normalised to the
same intensity range so they are directly comparable. It is found that the
plasma occupies the downstream discharge region only for 3 ~ 4 ps. This is
consistent with the width of the current pulse. Light emission can be seen
near the surface of the downstream ceramic sheet for a few ps after the
downstream plasma is quenched. This suggests that excitation happens in the
gap for a longer time scale and some plasma species can cause photon
emission when they arrive at the surface of the downstream ceramic sheet.
The highest light intensity in the positive half cycle is found to be 56% higher
than the highest light intensity in the negative half cycle. This is because the
light emission seen from the images of the positive half cycle is from the
negative glow region of the plasma. It is known that the negative glow is the
brightest region of a glow discharge, and the highest light emission seen from
a negative half cycle is possible from the anode glow, which is darker than the

negative glow.

The uniformity of the plasma curtain in these images as a microsecond
scale is reasonably good, especially in the negative half cycle. The gas

velocity here is 5.72 m/s. Better uniformity is observed at higher flow rates.
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Fig 3-12: Evolution of the downstream plasma in (a) the positive half cycle,
(b) the negative half cycle of the applied voltage. The gas flow rate
is 15 slm.
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Figure 3-13 shows an image taken when the current reaches its peak in the
positive half cycle and with an exposure time of 1 ps. The flow rate in this

case is 25 slm. It is clear that better uniformity is achieved than its counterpart

in the 15 slm case.

Fig 3-13: Image of the plasma curtain taken during the positive current peak.
Exposure time is 1 ps and the helium flow rate is 25 slm.

Exposure time of 1 ps is too long to establish possible non-uniformity,
for example, caused by streamers. To this end, images with 10 ns exposure
time are taken under the same condition as those in figure 3-12. Figure 3-14
corresponds to the instant when the current reaches its peak in the positive
half cycle. It is clear that the plasma curtain is free of any obvious streamers
and is spatially glow-like across the width of the 25.4-mm-wide slot jet. The
uniformity is further confirmed for a slot jet of 50 mm wide (data not shown).

This genetic characteristic is highly desirable for applications demanding a

streamer-free treatment.

Fig 3-14: Image of the plasma curtain taken during the positive current peak.
Exposure time is 10 ns and the helium flow rate is 15 slm.
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3.3.3 Optical emission spectrum

Optical emission spectrum provides information of plasma species. In
the experiments reported here, the emission spectrum is obtained from the
downstream plasma near the downstream ceramic surface. Figure 3-15 shows
the spectra from 200 nm to 800 nm taken at V}, = 2.75 kV (the SD mode) and
V, = 4.5 kV (the DD mode) respectively with the same optical setup and a
fixed fibre-to-plasma distance. Emission lines of helium, nitrogen and oxygen
species as well as OH radicals are found in the spectra. This is consistent with
the experimental condition that the plume of the helium plasma curtain
plunges into the ambient air in the downstream region and causes ionisations
and excitations of air molecules. Specifically, N, bands are found at 316, 337,
357, 375, 380, 405 and 715 nm; N,  bands at 353, 391, 427 and 470 nm;
helium line at 706 nm; atomic oxygen line at 777 nm. At 309 nm, OH line is
found. The overall spectrum is similar for the two modes, while higher
emission intensities are always obtained in the DD mode. Detailed
spectroscopic measurements focusing at 337, 706 and 777 nm with a grating

of 2400 are shown in figure 3-16, in which results are obtained from 5

4
-
> m Mode-SD
Gj 3 I~ s a5 ;ls':l
p—— My’
Z\ My
-— | e0s
w 2 Oa:fs :::53 3]3"3 N HE N15 ?c"}
S Lo J J
a?(ﬁ

EE 1 #ﬂ—ﬁhwuhhﬂﬁleJ&JJd] A J“ M'LJMWmNM*w&LkwwA»LM
— T T T T T T

— 4 My ~ My /N;

= BT Mode-DD

. gL T

8 4

= ol %%%$ !

) oH ?os %

c 308~ kg |

o - AmmiwmnuhdLﬂhﬁﬁﬂﬂJ LM*W“LM

200 300 400 500 600 800
Wavelength (nm)

Fig 3-15: Overall spectra of the slot jet.

-67-



Chapter 3: APGD slot jet

4.0
SD Mode , DD Mode
36+
5 PP e p T
G 3.2r Ig/'“\\./%?i\%\i
> i ,I/_i E Ty
“n o:
2 2.8 ./LI/%/‘E
£ NA | —=—337nm
= 5l i —e—706nm
: Iy ! 777nm
I i
20 1 1 | | 1 1

25 30 35 40 45 50
Applied Voltage (kV)

Fig 3-16: Optical emission at 337 nm, 706 nm and 777 nm as a function of
the applied voltage.

independent measurements for each point. It is of interest to note the highest
intensity of each spectral line does not appear at the highest applied voltage.
Instead they occur at V), = 4.5 kV. When V), <4.5 kV, the emission intensities

of 706 and 777 nm increase monotonically with the applied voltage.

3.3.4 Temperature

Atmospheric pressure helium plasmas tend to have a low gas
temperature and this is desirable for biomedical applications. The gas
temperature of the atmospheric helium plasma jets reported elsewhere is
found near room temperature and this is a reference point for the slot plasma
jet discussed here. Temperature measurements are carried out using two
methods. First, a temperature strip is used and placed at 8 mm away from the
slot nozzle and the measured gas temperature is shown in figure 3-17. It is
found that the gas temperature increases from 24 °C to 28 °C with the

increase of V), from 2.5 kV to 5 kV. The second method is to obtain the
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rotational temperature of the plasma by comparing experimental and
simulation results of the emission spectrum at specific wavelengths. This is
because rotational relaxation is fast at atmospheric pressure. As a result,
rotational temperature may be used to approximate gas temperature”'%, The
insert in figure 3-17 shows a comparison at V, = 4.5 kV, in which
experimental result of the first negative system of molecular nitrogen at 391
nm matches the simulation result well at 300+10 K. Together with the
measurement obtained with the temperature strip, this confirms that the gas

temperature of the plasma curtain is very close to room temperature.
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Fig 3-17: Gas temperature measurement for the plasma curtain at the
downstream region near the downstream ceramic sheet.

3.4 Shortcomings

There are a few shortcomings which may limit the widespread use of the
APGD slot jet reported in this chapter. First, the nozzle-to-sample distance is
8 mm and this may be too small for some applications. A larger
nozzle-to-sample distance is possible. However this implies an increase in the

helium flow rate above 15 slm. Second, in order to further enhance the
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reactivity of the plasma curtain, it is desirable to mix molecular gas such as
oxygen into the helium carrier gas. It is found that the uniformity of the
downstream plasma curtain may be significantly compromised if a small
amount of oxygen (i.e. > 0.1%) is mixed into the helium. It is known that the
production of oxygen atoms may be optimised around O,/He mixing rate of
0.5%"'"*!*]_ The last but not the least, it is found that the uniformity of the
downstream plasma curtain relies markedly on the uniformity of the electric
field between the powered electrode and the downstream ground electrode. If
an uneven object is placed between these two electrodes, the electric field will

be affected, thus affecting the uniformity of the downstream plasma curtain.

3.5 Summary

In this chapter, a spatially extended atmospheric pressure slot plasma jet
is presented as a route to large-scale plasmas. The slot plasma jet presented is
able to produce a 25-mm-wide spatially extended plasma curtain with a
typical plume length of 8 mm. It features a three-electrode configuration with
two possible operation modes, namely the single discharge mode and the dual
discharge mode, as well as a streamer-free uniformity of the downstream

plasma curtain.

Electrical measurements demonstrate the operation range of the two
modes and it shows the upstream plasma contributes to the stability of the
downstream plasmas curtain by limiting the increase of the power
consumption in the downstream region. The evolution and uniformity of the
downstream plasma curtain are revealed by fast imaging. Its homogeneous
character is confirmed by 10 ns exposure image. Both the overall spectrum
from 200 ~ 800 nm and intensities of specific spectral lines are studied. It
confirms the existence of reactive species in the downstream application

region. The gas temperature of the plasma near the downstream electrode is
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measured by two different methods, which both confirm a room temperature.

Although the three-electrode slot plasma jet is capable of producing a
spatially extended cold plasma curtain with excellent uniformity and stability,
this excellent uniformity is only sustainable when a largely flat surface is
treated. To a certain extent, this compromises a full realisation of the
objective of this thesis for achieving a capability to treat three-dimensional
objects. As a result, new strategies are needed. In the following chapters, the
parallelisation of plasma jets, i.e. the plasma jet arrays, will be studied and

discussed.
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Chapter 4
Single APGD Jet

4.1 Introduction

Atmospheric pressure plasma jets are a kind of atmospheric discharge
sources which are so named because of their production of jet-like plasma.
Normally a noble gas is fed through a housing tube and ionised in the strong
electric field set up by one or more electrodes. The plasma species are flushed
by the flow of the carrier gas out of the tube nozzle and thus brought in
contact with the ambient environment. By doing so, a jet-like plasma plume is
formed outside of the housing tube!*!. Atmospheric pressure plasma jets have
attracted much attention for the past ten years and are well-known for their
widespread use in various biomedical applications, such as sterilisation,

(#2441 This is mainly because the plasma

protein removal and teeth bleaching
chemistry achieved in the plume can produce abundant chemically reactive
species at low gas temperature. Also, the plasma generation region of an
APGD jet is spatially separated from the usually downstream application
region thus providing a good level of plasma insusceptibility to variations in
geometrical and material characteristics of different biomedical samples, for
instance, bloods, body fluids, bones, plastic and metallic implants. Their
plume length is typically of a few centimetres long, well-suited for treating
large geometrically complex objects without compromising the plasma

stability. Furthermore, the plasma plumes are normally of a few millimetres in

diameter so the plasma can access to small cavities and the inner surfaces of
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tiny tubular objects such as catheters.

In this chapter, a review of single atmospheric plasma jets is given in
section 4.2. Plasma jets reported so far in literature are classified into nine
categories based on their different structures. Comments will be given on
whether each category of plasma jets may be appropriate for parallelisation,
as the idea of parallelizing jets will be developed in the following chapters for
constructing plasma array sources. A dedicated assessment of generic
requirements of single atmospheric plasma jets for use in plasma array will be
also given. Following an introduction of experimental setup in section 4.3,
recommendations from the assessment will be used in section 4.4 to study
three types of single plasma jets as possible elemental components for use in
an atmospheric plasma array. These jets will be contrasted to highlight the
benefits of the use of capillary electrodes also as the gas feed channel. The
best-performing jet structure will be shown to have a capillary electrode
combined with a concentric ring electrode placed downstream by means of
electrical and optical characterisations as well as microbiology experiments.

Finally, conclusions will be summarised in section 4.5.

4.2 Review of common single APGD jets

APGD jets started to be an active research topic in 1990’s*). Since then
electrical excitations at frequencies from DC up to microwave have all been
used to drive atmospheric pressure plasma jets. However, the discussion here
is not intended as an exhaustive review of all current APGD jets but an
attempt to categorise some of the commonest single plasma jets and their
main features in the context of their suitability for use in a plasma jet array for
processing applications. The analysis focuses on electrode structures and their
implications to how easily different atmospheric plasma jets may be
parallelised to form an array. In terms of the electrode structure with regard to

the gas flow, most plasma sources can be classified either as a cross-field
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device or as a linear-field device!*®.. A comparison study between cross-field
plasma jets and linear-field plasma jets suggests that linear-field plasma jets
are much more intense than cross-field plasma jets in the downstream region,

so they are in general more suited for downstream processing applications!*“.

The discussion presented here will be restricted to capacitively coupled
plasma jets because their heat generation is much lower than inductively
coupled plasmas, but we will comment on the latter when appropriate. The

jets discussed here are those with a cylindrical structure.

Figure 4-1a and 4-1b show two similar types of atmospheric plasma jets
both employing a central rod electrode and a concentric outer tube as the
counter electrode. The electrode unit is cylindrical, and the annular space
between them is used to flow the carrier gas. Plasma can be struck between
the two electrodes at frequencies from dc up to megahertz, and is transferred
to downstream by the gas flow. A downstream ground electrode is sometimes
used to assist the plasma transfer by setting up an axially directed electric

47421 whereas type b jets do

field. Type a jets do not have dielectric barriers!
in the form of either a gas-confinement dielectric tube attached to the inner
wall of the outer electrode or a dielectric coating to the inner

electrodel®346:422-4.56]

. In general, these are cross-field jets. This tends to
confine the plasma in the electrode region and to restrict the extension of the
plasma jet towards the downstream region. To force the usually localised
plasma out of the electrode region, the outer electrode of type a jets is
sometimes pitched towards the axis to form a small nozzle and to set up an

axial component of the electric field***!%4 184211

. Similar arrangements are
made for type b jets, for example with the gas confinement tube having a
reduced radius towards its nozzle!*?>42+436:440447:430432.434436] 'Thjg {5 useful to
extend a plasma jet into the downstream region. However it also introduces a

drawback of decreasing the cross-sectional area of the plasma plume in

proportion to the physical dimension of the cross section of the tube structure.
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It is worth mentioning that in the case of a powered inner electrode the outer

(grounded)  electrode is  sometimes removed in  type b

jetS[4'35’4‘37’4'42'4'47’4'50_4'52’4'56]

lglg () bgbm 0)  migpim (©)

e/ Z

Fig 4-1: Schematics of some atmospheric plasma jets with the shaded regions
indicating electrodes and the white region indicating dielectrics.
Blocks in light colour in (e) indicate the possibility of a second ring
electrode, and arrows indicate the direction of the gas flow.

A variation to type a and b replaces the solid inner electrode with a
capillary electrode through which to feed a second gas flow in addition to the
main gas flow through the annular space between the inner and outer

4.57-4.65

electrodes, and it is shown in figure 4-Ic I, The gas flowing in the

capillary channel is usually reactive (e.g. oxygen-containing) whereas that in

-76-



Chapter 4. Single APGD jet

the annular channel is often inert. They mix in the space near the capillary
nozzle. While type c jets are still cross-field devices with their electric field
being largely radial in the electrode region, their plasmas tend to be near the
tip of the capillary electrode. Type c jets offer greater scope of enhancing
reaction chemistry and this may allow more reactive species being delivered
to a downstream sample. They are useful as an elemental jet for use in an
array, and are worth being studied further to bring out their benefits when

used in a plasma jet array.

A radically different cross-field configuration is used in type d jets as
shown in figure 4-1d, where two rod or pin electrodes are brought to be very
close to each other so that an intense plasma is struck between them!*%04¢7,
The two rod electrodes are aligned in the same direction and are
perpendicular to the direction of the gas flow which is confined within a
dielectric tube structure. The discharge generated between the two rod
electrodes is blown by the gas flow to spread into the downstream region.
This downstream plasma transfer is accompanied with a horizontal expansion
which is perpendicular to the gas flow direction, and this increases the plasma
region on a cross-section plane but may dilute the concentrations of reactive
species. The effectiveness of type d jets for downstream processing is likely

to depend on the extent of their horizontal span and the plasma reactivity on

the sample surface.

A very different category of atmospheric plasma jets to those in figure
4-la ~ 4-1d discards the use of a central electrode and employs a gas
confinement tube wrapped with one or more ring electrodes as shown in

1434642646848 These jets are known as linear-field plasma jets

figure 4-1et
and their denser plasma in the downstream region suggests that they are in
general more suited for downstream processing applications. Plasmas

produced by type e jets tend to spread around the ring electrodes and within

the electrode region they are normally weaker than cross-field jets due to
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larger inter-electrode distances'*®. If electrons in the electrode region can be
used as seeds to enhance effectively the jet in the downstream region,
cross-field devices may become a stronger electron source than linear-field
devices. This possibility will need to be examined and confirmed in future.
Most type e jets are excited at frequencies from 1 kHz to megahertz. They can
also be excited at higher frequencies, when their structure could be modified
slightly with the ring electrode extended to form a cylindrical metallic

enclosure and the dielectric tubing removed. The modified structure can be

[4.68 [4.70,4.72,4.89]

excited either inductively™® or by microwave , some of which have

been used for bacterial inactivation and wound healing!**",

Figure 4-1f shows another linear-field jet configuration, type f plasma
jets, which employ a metallic capillary both as an electrode and as a gas flow

427:490-4100] = A concentric dielectric tube is added to enclose and

channel!
insulate the capillary electrode, and its inner diameter is usually larger than
the outer diameter of the capillary. With the downstream sample usually
earthed, the electric field is largely in the axial direction and type f jets are
essentially linear-field plasma devices. They should be compared to type ¢
jets which also employ a capillary electrode. However the use of a concentric
counter electrode in type c jets sets up a predominately radially directed
electric field, making them a cross-field device with the drawback of
confining the plasma to the electrode region. Therefore despite both
employing a capillary electrode, type ¢ and type f jets support very different
plasma jets. The dual use of the capillary as an electrode and the gas channel
enables a streamline electrode design with little need to add other components
to the outside of the tubing structure. This is useful to minimise unnecessary
radial space of a single jet structure and so maximise the total plasma region
when used in an atmospheric plasma jet array. It is worth mentioning that

n [490492]

plasma sources studied i share some characters with spatially

confined plasmas and are therefore not strictly plasma jets. They are not the
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most effective for downstream processing, but are considered here for

completeness of discussion.

Figure 4-1g shows a simple linear-field configuration of type g jets with
a hole through a dielectric plate sandwiched between two planar
electrodes!*>*'""*1% The hole facilitates gas flow, and upon the application of
a high voltage across the two electrodes a plasma is struck. The plasma is
extended as a plume to the downstream region. Parallelisation of type g jets
into an array may be achieved by drilling many holes through the electrode
sandwich, and the electrode connection is simply via the two plate electrodes.
There are a few studies of parallel operation of type g jets at atmospheric
pressure!*'*, These studies are at present limited to relatively small number

of constituent jets with small overall cross-sectional area.

The above discussion of type a ~ g jets illustrates how the electric field
and the gas flow field may combine to influence the character of a single
plasma jet in both the electrode region and the downstream region where
processing applications take place. A general conclusion is that the cross-field
configuration tends to produce a more intense plasma in the electrode region
whereas the linear-field configuration is likely to support a stronger plasma in
the downstream region*®. A strong downstream plasma is ultimately the
objective for processing applications, whereas an intense plasma in the
electrode region could potentially be used as a source of seed electrons and
reactive species for the downstream plasma. It is therefore logical to explore
the possibility of whether the two distinct configurations could be hybridised
to support a strong plasma in both the electrode and downstream regions.
There have been interesting attempts in this direction, for example a pitched
or tapered terminal to form a small nozzle of reduced diameter in type a and b

4.14,4.18,4.36]

jets! Figure 4-1h shows examples where the inner electrode

produces an intense plasma near its tip and the outer electrode is moved

4.111-4.114

downwards towards the downstream region! I, This enhances the axial
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component of the electric field and in turn it elongates the plasma to the
downstream region. While type 4 jets are relatively few and under-studied,
the strategy of hybridisation is beneficial and should be explored further for
their use in plasma jet arrays. It is worth noting that some type 4 jets support

4.113]

striations'"*! similar to those observed in a long plasma channel formed

4.115,4.116

between a pin and metal plate I Striation is a result of nonlinear

interactions in discharges and may be indicative of high plasma densities™*'"”.,
It is therefore of interest to study if hybrid electrode configurations may

produce strong plasma jets.

Of all single jets reported so far, some employ radial channels to
facilitate gas flow and electrical connection as illustrated in figure 4-1i.
While these may be sensible arrangements for single jets, they are undesirable
for use in a jet array because such radial structures increase the non-plasma

region on the cross-section plane of the jet array and decrease the jet density.

From the above appraisal of the nine types of atmospheric plasma jets in
figure 4-1, we propose to consider hybrid electrode configurations so as to
take advantages of both linear-field and cross-field devices. Therefore they
form the basis for the work described in the following sections. It is also clear
that capillary electrode structures facilitate streamline jet designs with the
capillary acting both as an electrode and as the gas inlet channel. In order to
further reduce the non-plasma region, it is desirable to minimise heat
generation by the plasma jet and hence remove the need for water cooling.
To this end, we consider kHz excitation for this study. It is known that high
frequency APGDs at megahertz and higher tend to generate more heat than

their low-frequency counterparts.
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4.3 Experimental setup

1.4mm
—

10mm

3mm

3mm

Fig 4-2: Schematics of the ring, the capillary, and the capillary-ring electrode
configurations. The capillary and the downstream ring electrodes are
in brown, and the dielectric tube is in light colour.

Three different plasma jets are considered here and their half-exposed
schematics are shown in figure 4-2. The configuration on the right side of the
figure has a hybrid electrode structure consisting of a central capillary
electrode enclosed tightly within a concentric dielectric tube and a concentric
ring electrode placed downstream away from the capillary. The capillary is
recessed within the dielectric tube, and the tube is extended so that the ring
electrode with a width of 3 mm can be wrapped around the tube near the tube
nozzle. The distance between the ring electrode and the tube nozzle is 3 mm,
and the axial distance between the capillary tip and the ring electrode is 10
mm. For ease of reference, it is referred to as the capillary-ring jet. To
provide an appropriate reference for its characterisation, the capillary-ring jet
is compared with two other electrode structures, both employing the same
dielectric tube with either the capillary or the ring electrode connected to the

power supply. These are essentially single electrode devices and are referred
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to the capillary jet and the ring jet, as shown schematically in the middle and
left part of figure 4-2, respectively. For the single electrode devices, the
position of their electrodes is the same as that of the capillary-ring jet for a

fair comparison.

The capillary electrode is made of stainless steel with its inner and outer
diameter being 0.838 mm and 1.27 mm, respectively. The tube is made of
quartz glass with an inner diameter of 1.4 mm and an outer diameter of 2.9
mm. Therefore the annular gap between the quartz tube and the capillary is
about 65 pum. Helium (99.996%) is used as the carrier gas and it is fed
through the capillary electrode at a flow rate between 2 and 4 slm. At 4 slm,
the gas flow rate corresponds to a linear gas velocity of 121 m/s and 43 m/s
within the capillary and the quartz tube respectively, and the corresponding
Reynolds numbers for the above cases are 859.3 and 514.4, both well within

the laminar flow range!*''®.

The jets are powered by an AC power supply at a frequency of 30 kHz
and an amplitude adjustable up to 5 kV. Voltage is measured by a Tektronix
P6015A voltage probe, and current signals are measured by two Pearson 2877
current probe. Both voltage and current signals are recorded by a Tektronix
DPO4104 oscilloscope (1 GHz bandwidth and 10 mega-bit sample record
length). Unless otherwise stated, plasma images are taken with an Andor
DH720 ICCD camera. Spectroscopic signals are measured via an Andor
Shamrock SR-3031 spectrograph and a fibre which is placed very close to the
plasma. The spatial resolution of the optical measurement along the length of
the plasma jet is 1.4 mm. Broad spectra are obtained with an Ocean Optics
2000 spectrometer. Absolute emission intensity calibration is performed using
an Ocean Optics LS-1-CAL NIST traceable white light source in the 350 ~

1000 nm range.
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4.4 Characterisation of three elemental jets

4.4.1 Free-burning mode

We first consider the three atmospheric plasma jets in their free-burning
modes in order to highlight more clearly their relative merits without the
complication of jet-substrate interactions. In the free-burning mode, there is

no substrate placed in the path of the plasma plume.

For all three jets, the helium carrier gas becomes ionised (above certain
applied voltages) and then with further increase in the applied voltage the
plasma can be extended from the tube nozzle to form a free-burning plasma
plume. The plume is of a purple-like colour. By taking photos for the

light-emitting plume, the plume length can be measured.

The plume length is found to increase monotonically with the applied
voltage at any given gas flow rate considered. Figure 4-3a shows the plume
length of all three plasma jets as a function of the applied voltage at a fixed
helium flow rate of 4 slm, whereas figure 4-3b shows the voltage dependence
of the capillary-ring jet length at different helium flow rates when the
capillary is the powered electrode. The first points of each curve in figure 4-3
correspond to an operation condition shortly after the plasma jet extends out
of the quartz tube, whereas their last points indicate the maximum voltage
above which the plasma jet becomes unstable. In the case of the ring jet and
the capillary jet, the ring electrode or the capillary electrode is connected to
the power supply. It is evident from figure 4-3a that above 3 kV the capillary
jet has a longer plume length than the ring jet. At 4 kV, the capillary jet length
is 20 mm whereas the ring jet length is 16 mm. It is interesting to note that the
capillary jet is ignited around 2.5 kV and the ring jet needs about 3 kV for
ignition. In other words, the capillary jet is triggered at a lower applied
voltage and, once generated, has a longer plume length than the ring jet. This

is likely to be due to a greater field enhancement at the tip of the capillary
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electrode that sets up a much stronger electric field than that established by
the ring electrode. The gradual structural change of the ring electrode
discourages a sensitive dependence of its electric field on the applied voltage
and results in a weak field enhancement. This makes the ring electrode less
effective in terms of triggering plasma ignition. On the other hand, the ring jet
is less susceptible to fluctuations in the applied voltage thus helping achieve
better reproducibility or reliability of the processing efficacy. Differences in
characteristics of the ring jet and the capillary jet therefore match them to

requirements of different applications.
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Fig 4-3: Voltage dependence of the plume length of (a) the ring, the capillary
and the capillary-ring jets, all with a helium flow rate of 4 slm; and
(b) the capillary-ring jet at different helium flow rates. All in their
free-burning mode without any downstream substrate.
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For the capillary-ring jet, either the capillary or the ring electrode may be
powered, and the other electrode is grounded. In both cases, the plasma
ignition voltage is seen in figure 4-3a to reduce to below 1.5 kV. This is much
lower than those for the ring jet and the capillary jet, suggesting a much
elevated local electric field at a given applied voltage. This is largely because
the single-electrode cases have a floating ground of an uncertain physical
location and its inter-electrode distance is likely to be larger than that of the
capillary-ring jet. In general, the capillary-ring jet has a longer jet plume
length than the two single-electrode jets at a given applied voltage. Ignition at
a lower voltage and a generally longer plume length make capillary-ring jet

more attractive than the two single-electrode jets.

To understand its plasma dynamics, the capillary-ring jet is imaged at
different values of the applied voltage using the Andor DH720 ICCD camera
with an exposure time of 33.3 us, which is equal to one cycle of the applied
voltage. Figure 4-4 shows the case of the powered capillary electrode, from
which it is clear that a localised plasma is first initiated near the capillary tip
at a peak applied voltage of V, = 0.85 kV (marked with a red circle). A small
increase of the peak applied voltage to 1.0 kV is seen to extend this plasma to
the ring electrode, when its strongest emission still remains near the capillary
tip. At 1.3 kV, a second strong emission region appears near the ring electrode
and there are now two separate regions of strong emission. This second area
of strong optical emission could be the signature of a second plasma as it is
mainly supported by the ring electrode, and the plasma intensity between the
two areas of strong optical emission is weak. However it is also unlikely to
have been triggered by the ring electrode alone, because it occurs at V), = 1.3
kV well above V), = 1.0 kV when the first plasma reaches the ring electrode.
In fact as the applied voltage is increased to 1.0 kV, the first plasma already
bridges across the distance between the capillary and the ring electrodes and

the electrode sheath may well have formed at each electrode in
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Fig 4-4: Images of the capillary-ring plasma jet in the free-burning mode at a
4 slm helium flow, with the two vertical lines through all images
indicating the two boundaries of the ring electrode. The peak applied
voltage varies from 0.85 kV when the plasma is ignited at the
capillary tip (circled in red), through 1.3 kV, when the ring electrode
starts to support a strong second plasma region (circled), and 1.5 kV
when the two strong plasma regions merge into one, finally to 4.0
kV after which the plasma plume becomes unstable. The light from
the ring electrode when V), = 0.85 ~ 0.95 kV is the reflection of the
plasma light emission near the capillary. Exposure time is 33.3 ps.
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(1941201 Large electric field in the sheath region near the ring

alternation
electrode could then trigger the second plasma. In other words, it is likely that
the first plasma precipitates the second. It is however clear that the difference
in geometric characters of the capillary and the ring electrodes results in a

first plasma being ignited near the capillary tip and subsequently the first

plasma precipitating a second plasma near the ring electrode.

Figure 4-4 shows that the two plasmas merge together into one around
V, = 1.5 kV, when the merged plasma also extends out of the tube nozzle into
the downstream region. Afterwards, as the applied voltage increases, the
plasma plume length is seen to be generally proportional to the applied
voltage. Figure 4-3b suggests that the helium flow rate affects only slightly
the plume length. It is of interest however to note in figure 4-3b that the
plume length increases significantly after V, = 3.0 kV, indicating two distinct
operation regimes or modes. Atmospheric plasma jets are recently shown to
have three different modes, a chaos-like mode of very low discharge current,
a bullet mode where the plasma plume travels in physically discrete clusters
on a nanosecond scale, and a continuous mode of high current where the
plasma plume is seen to travel in one continuous cluster on a nanosecond

#1211 Nanosecond images of the capillary-ring plasma jet show that the

scale!
plasma plume is in the bullet mode for V, < 3.0 kV and in the continuous
mode for V, > 3.0 kV, as demonstrated in figure 4-5, in which 10 ns exposure
images are taken for V, = 2.75 kV and V), = 3.25 kV respectively after plasma
plume extends from the nozzle. The time interval of the adjacent images in
each case is 0.1 ps. Their intensities are normalised into the same range for
comparison. The shapes of the plasma plume are clearly different in these two
cases, although the difference of the applied voltages is only 0.5 kV. As the
applied voltage increases, the continuous mode is more intense with greater

power consumption, and the transition from the bullet to the continuous mode

is responsible for the sudden increase in the plume length after V, = 3.0 kV as
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seen in figure 4-3b.

One remaining issue in figure 4-3a is that the plume length of the
capillary-ring jet appears to be longer when the ring electrode is powered and
when V), < 3.5 kV. Since the ring electrode is placed closer to the tube nozzle
than the capillary electrode, it is easier for the plasma generated near the ring
electrode to extend out of the quartz tube. However this length benefit does
not support the use of a powered ring electrode, because the capillary-ring jet
is seen to be more intense when the capillary electrode is powered (data not
shown). When a downstream ground electrode is introduced, the use of the
powered capillary electrode is also able to drive more electrons to
downstream, and this will be further discussed in section 4.4.2. Therefore for
a strong downstream plasma, the above discussion suggests that it is
advantageous to use the capillary-ring jet with a powered capillary electrode

and a grounded ring electrode.

Fig 4-5: Images of the plasma plume extending out of the capillary-ring jet
nozzle, in (a) the bullet mode, V, = 2.75 kV; (b) the continuous
mode, V), = 3.25 kV. The exposure time is 10 ns.

It is worth noting that the plume length with a powered ring electrode

remains at about 22 mm in the 3 ~ 4 kV range in figure 4-3a, suggesting a
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levelling-off of the mechanism that is responsible for extending the plume
length. As the ring electrode has a gradual curvature without any sharp
features, its field enhancement is not significant and it supports a spatially
spread plasma around itself. This is similar to the relatively insensitive
voltage dependence of the ring jet length, as seen in blue in figure 4-3a. It
should be noted that for the capillary-ring jet with its capillary electrode
powered, the plume length is longer than 22 mm when V, > 3.5 kV. This is
long enough for most processing applications even for objects with
considerable 3D surface structures. So in terms of the plume length, the
capillary-ring jet with its capillary powered is appropriate for treatment of

large 3D objects.

From the above discussion, the capillary-ring jet has been shown to be a
better elemental plasma jet than the two single-electrode jets in the
free-burning mode. To bring out its best performance, the capillary electrode
of the capillary-ring jet should be powered and its ring electrode grounded.

This electrode connection remains in the following discussion.

4.4.2 Effects of a downstream ground electrode

With the understanding of the capillary-ring jet in the free-burning mode,
it is now important to characterise its behaviours with a downstream ground
electrode because in a processing scenario a sample is usually placed
downstream and electrically grounded. To this end, a grounded plate electrode
is introduced to mimic the processing scenario. Specifically it is placed at 10
mm downstream from the tube nozzle and hence the plasma plume length is
fixed to 10 mm. Optical emission intensity at the plume contact point on the
downstream electrode is used as an indirect indicator of the processing
efficacy, and to make this more generic the wavelength-integrated optical

emission from 350 to 1000 nm is considered. To confirm the conclusion of
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section 4.4.1 that the capillary-ring jet is the most effective, its comparison
with the two single electrode jets is considered here with the same

downstream electrode.
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Fig 4-6: Optical emission intensity of the three jets with a downstream
ground electrode at 10 mm from the tube nozzle, as a function of
the distance from the nozzle. The capillary-ring jet has its capillary
electrode powered and its ring electrode grounded. The insert
shows a home-made optical scanning device that measures the
wavelength-integrated absolute emission intensity (350 ~ 1000 nm)
with a spatial resolution of 1.4 mm along the plasma length.

Figure 4-6 shows the wavelength-integrated emission intensity of each
of the three plasma jets measured with a home-made scanning device along
the length of a plasma plume with a spatial resolution of 1.4 mm. For any
point along the length of a plasma plume before its contact point on the
downstream electrode, the capillary-ring jet is found to have the greatest
optical emission intensity whereas the ring jet has the weakest. This is
consistent with the observations in the free-burning mode. On the surface of
the downstream ground electrode, all three jets are found to converge to a

small spot and the emission intensity of the capillary-ring jet is very similar to
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that of the capillary jet. However the overall intensity of the capillary-ring jet
is far stronger over the 10 mm length between the tube nozzle and the
downstream electrode. This is reflected in its much larger intensity at all
points prior to the contact point on the downstream ground electrode. It is
therefore clear that the capillary-ring configuration is the most powerful both

with a downstream ground electrode and in the free-burning mode.
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Fig 4-7: (a) Current and voltage waveforms of the three jets with the
capillary-ring jet having two currents that flow to its two ground
electrodes (e.g. the downstream plate as the first and the ring as the
second); (b) charge transfer per half cycle as a function of the
applied voltage. All measured at 4 slm.
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Figure 4-7a shows the discharge currents of the three jets at an applied
voltage of 7, = 2.75 kV. For all three cases, the (main) discharge current is
measured between the powered electrode and the downstream ground
electrode, whereas for the capillary-ring jet there is a second current flowing
to the grounded ring electrode and this is also measured. All three cases have
one current pulse every half cycle of the applied voltage, similar to the case of

“1221 though the capillary plasma jet is not a

dielectric barrier discharges!
dielectric barrier discharge (its dielectric tube does not insulate any electrode).
For the ring-electrode jet, the discharge current has a large pulse of 3 mA
lasting for about 2 ps in the positive half-cycle of the applied voltage, and a
smaller negative current pulse of 2 mA lasting for about 3 ps. The positive
pulse is spikier than the negative pulse. In the case of the capillary jet, there is
a positive current pulse and a negative current pulse. The positive current
pulse is preceded by a narrow and sharp spike of 2.2 mA in magnitude,
suggesting a very quick discharge event. This rapid discharge event is
followed by a more gradual current pulse of 2 mA in magnitude and about 7
us in duration. Similar to the case of the ring jet case, the negative current
pulse of the capillary jet is much more gradual, lasting for one entire half
cycle of the applied voltage. With the capillary-ring electrode structure, the
main current to the downstream ground electrode is similar to that of the
capillary jet case but without the preceding narrow current spike. In other
words, it has a large and broad positive current pulse of 2.0 mA and a much
smaller negative current pulse expanding over the entire negative half-cycle
of the applied voltage. The second current flowing to the grounded ring
electrode has a sharp positive pulse of 2.2 mA in magnitude and 2.5 ps in
duration, and this is similar to the positive current pulse of the ring jet.
However unlike the ring jet, there is not any clear peak in the negative

half-cycle of the applied voltage for the capillary-ring jet.

Differences in temporal features of the discharge currents in figure 4-7a
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offer no direct indication of the extent of gas discharge in the three plasma
jets. To this end, the total charge transfer over one half cycle is estimated by
integrating the discharge current for three consecutive cycles of the applied
voltage. The results are shown in figure 4-7b. The first point of each curve is
the plasma ignition point whereas the last point indicates the onset of unstable
plasma. It is clear that the capillary-ring electrode structure facilitates up to 24
nC charge transfer per half cycle at V), = 2.75 kV. This is larger than 14 nC at
V, = 3.0 kV in the capillary jet case and 18 nC at V,, = 4.5 kV in the ring jet
case, suggesting that the capillary-ring jet is more efficient in producing
electrons at a lower applied voltage. Most charges, e.g. 20 nC out of 24 nC
(or 83%), are carried via the downstream ground electrode, and the remaining
4 nC is passed via the grounded ring electrode. This suggests that effects of
the downstream ground electrode are much greater on plasma dynamics than
the ring electrode. The larger charge transfer achieved with the capillary-ring
jet confirms that it is capable of producing the highest electron density of the
three plasma jets considered. To provide a ball-park estimate, we consider the
plasma length as 26 mm from the capillary tip to the downstream electrode
and approximate its averaged diameter as 1.4 mm to obtain a plasma volume
of 0.04 cm’. With a total of 24 nC charges or 1.5x10"" electrons, a simple
estimate of the space and time averaged electron density is found to be
3.7x10' cm™. This is not unreasonable for atmospheric plasma jets at
kilohertz frequencies. It is useful to compare this to the case of the
capillary-ring jet with a powered ring electrode and a grounded capillary
electrode. At V, = 2.75 kV, the averaged charges transferred per half-cycle of
the latter case are found to be 5.1 nC and 3.6 nC from the powered ring
electrode to the downstream ground electrode and the grounded capillary
electrode, respectively. Therefore the charge transfer to the downstream
electrode is 59% of the total, lower than the more efficient 83% of the

downstream charge transfer when the capillary electrode is powered. More
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importantly, the powered ring electrode case has a much lower total charge
transfer of 8.7 nC than 24 nC of the powered capillary electrode case. This

corresponds to a fraction of 36% and represents a much less efficient

production of the discharge plasma when the ring electrode is powered.
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Fig 4-8: Absolute optical emission spectra of the three jets at V), = 2.75 kV,
and the insets indicate the intensities of two excited atomic oxygen
lines at 777 and 845 nm. The ring, the capillary, and the
capillary-ring jets are marked in black, red and blue, respectively.
All measured at the contact point on a downstream ground electrode
and at a helium flow rate of 4 slm.

For processing applications, the most relevant issue is the amount of
reactive plasma species delivered to the sample and in our case to the
downstream electrode. To this end, the optical emission spectra are measured
for the plasma contact point on the surface of the downstream electrode and
are shown in figure 4-8 for the case of V), = 2.75 kV. The overall spectrum is
very similar for all three jets with strong helium, oxygen and nitrogen lines,
with oxygen and nitrogen lines originating from the mixing of the plasma jet
plume with the ambient air. For inactivation of bacteria and biomolecules,

4.41,4.76

oxygen atoms have been known to be important! 1. To this end, emission
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intensities at the excited atomic oxygen lines of 777 and 845 nm (related to
the 3P and 5P states of the oxygen atom, respectively) are plotted in the
inserts of figure 4-8 as a function of the applied voltage. These voltage
dependences are similar to the voltage dependences of the charge transfer in
figure 4-7, suggesting that the production of excited oxygen atoms follows
that of the electron concentration approximately. They also confirm that of the
three jets considered the capillary-ring jet produces the largest amount of

excited oxygen atoms at the lowest applied voltage.

4.4.3 Effects of a downstream dielectric substrate

In this section we will study the impact of a floating dielectric substrate
on the behaviours of the plasma jets, because dielectric materials are also
commonly used in many processing applications. With a dielectric substrate,
one important issue is the plasma cross-sectional impact area on the surface
of the downstream dielectric substrate with respect to that of the physical
electrode structure. To this end, a glass plate is used as the downstream
substrate to allow for optical access to the plasma impact on the surface of the
downstream dielectric substrate. This plate is electrically floating and it
represents dielectric materials used in many processing applications. At a
helium flow rate of 4 slm and an applied voltage of V, = 3.0 kV, the end-view
images of all three jets are taken with an exposure time of 33.3 ps (equivalent
to one cycle of the applied voltage) and are shown in figure 4-9. In the left
column, the images are wavelength-integrated for the 300 ~ 1000 nm range.
The capillary-ring jet is shown to have a light-emitting spot of 4.1 mm in
diameter whereas the capillary and the ring jets have a similarly sized light
emitting spot with a diameter of 2.3 ~ 2.4 mm. It is worth recalling that the
inner diameter of the quartz tube is 1.4 mm, giving a plasma expansion ratio
of 4. Imm/1.4mm = 2.9 for the capillary-ring jet. Bandpass-filtered end-view

images are also taken. These filters have 10 nm bandpass and their central
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wavelengths are 710 nm, 780 nm and 840 nm, so the images take the light
emission around 706 nm from excited helium atoms and around 777 nm and
845 nm from excited oxygen atoms. For each column of wavelength-filtered
images, the capillary-ring jet clearly has a bigger light-emitting spot on the
substrate surface than the capillary and ring jets. This combines the
wavelength-integrated result to confirm that the capillary-ring jet has the
greatest area impact on a cross-sectional plane including the surface of the

downstream dielectric.

All wavelength  706nm 777nm 845nm

ring capillary-ring

capillary

&
o

7
+
NS

: End view of the three plasma jets at V}, = 3 kV with the first column
being wavelength-integrated and the remaining three columns being
wavelength-filtered for 706 nm, 777 nm and 845 nm. Exposure time
is 33.3 ps, equivalent to one cycle of the applied voltage at 30 kHz.

The end-view images taken in figure 4-9 have an exposure time of one
voltage cycle, so it is inevitable that the images have contributions from
plasma emission from the instant of its generation within the electrode region
to the instant of its arrival at the downstream dielectric plate. While a sample
placed on the downstream substrate receives all photons emitted by the

plasma no matter where they are produced, the reactive chemical species it
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collects are likely to be produced closer to the downstream substrate because
of their short half-lives and because of additional reaction chemistry being
introduced from the downstream ambience. To this end, it is useful to separate
the optical emission produced when the plasma reaches the downstream
substrate from that produced at any other times. Figure 4-10 shows a
sequence of 10 ns-exposed single shot images taken from both the side view
and the end view for the capillary-ring jet working at positive half cycle of V),
= 1.5 kV and 3.0 kV. Instants in ps indicated in the end view images are
relative to the instant at which the first plasma starts to depart from the
capillary tip. At V, = 1.5 kV, the plasma reaches the downstream electrode at
about 4.5 us and at this point the plasma diameter is much smaller than the

largest image found at 2.4 ps. The ratio of diameters in these two instants is

end view  side view (V= 1.5kV)

end view side view (V= 3kY)

(B} ||(c) |((d)||(e)

Fig 4-10: Nanosecond images of a single capillary-ring jet at J, = 1.5 kV (left)
and 3.0 kV (right), with an exposure time of 10 ns and # = 0 us set
to the instant when the plasma starts to depart from the capillary tip.
Images are taken over a time scale comparable to the current pulse
or above, 1 ~ 3 ps in these cases. The diameter of the plasma impact
on the substrate is that of 4.5 ps and 2.2 ps for V, = 1.5 kV and 3.0
kV  respectively, smaller than those estimated from
time-accumulated images in figure 4-9.
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about 2.6. This becomes smaller at 1.2 in the case of V), = 3.0 kV for which
the plasma diameter is the largest at 2.0 pus and the plasma reaches the
downstream electrode at 2.2 ps. Larger applied voltages appear to suppress
radial expansion of the plasma and accelerate axial plasma propagation. In
reality, plasma species produced near the ring electrode may still reach the
sample. Therefore the actual diameter of the cross-sectional area containing
many reactive plasma species may fall between the diameter of the
time-accumulated optical emission in figure 4-9 and the diameter of the

time-resolved optical emission in figure 4-10.

It is important to comment that reactive plasma species undergo radial
diffusion and as such the spatial range of the impact of reaction chemistry
may be larger than the diameter of the time-accumulated optical emission in
figure 4-9. To test whether this is true, an E. coli bacterial inactivation
experiment is carried out. E. coli type 1 cells are deposited on agar plates in
petri dishes of 5 cm in diameter, with an initial cell concentration of 10’
colony-forming unit (CFU) or 5.1x10° CFU/cm?®. The petri dishes are held on
a metallic ground plate and each of the three elemental jets is held
perpendicularly to an agar plate plane with a nozzle-to-surface distance of 10
mm. The peak applied voltage is 3 kV at 30 kHz, and the helium flow rate is
4 slm. Temperature of the plasma contact area is measured by burying
temperature strip underneath the agar plate. Under the operating conditions
considered, all temperatures at the contact points are below 45 °C during 5
minutes of plasma treatment. Control experiments are performed in ambient
air, in a helium flow, and on a hot plate at 45 °C, all for 5 minutes without
plasma. These are found to have little bactericidal effect. Results of E. coli
inactivation by the three elemental jets are shown in figure 4-11, all for 5
minutes’ treatment. The inactivation by the ring jet appears to be the weakest
among the three jets, leaving clear underkill parts around the plasma contact

point. By contrast, the result from the capillary jet has shown a clear circle on
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the agar plate within which no E. coli colonies have survived after the
treatment. The diameter of the E. coli inactivation zone is found to be 8 mm,
and this may be used to establish the extent of the radial reach of reactive
plasma species. The capillary-ring jet has a bigger reaction chemistry impact
than the capillary jet. The diameter of the former is 11 mm, around 40%
bigger than the latter. It should be noted that at the edge of this 11 mm
diameter circle, there are some places showing inadequate inactivation.
However its central part which shows clear inactivation is almost as large as
the one achieved by the capillary jet, suggesting that the capillary-ring jet is
most effective among the three jets for E. coli inactivation. The results also
confirm that reactive plasma species undergo considerable radial diffusion
around the plasma contact point and the spatial range of the impact of
reaction chemistry 1is much larger than the diameter of the

wavelength-integrated optical emission in figure 4-9.

—

capillafy jet capillary-ring jet

Fig 4-11: Plasma treatment of E. coli type 1 cells on agar plates in petri dishes
for 5 minutes. For all cases, the initial E. coli cell density is 5.1x10°
CFU/em’, ¥, =3 kV and the helium flow rate is 4 slm.

4.4.4 Absolute measurement of plasma species

Reactive species such as atomic oxygen and ozone are believed to be
very important for biomedical applications of low-temperature atmospheric
plasmas. From the OES results and the wavelength-filtered images discussed

in the previous sections, the plasma jet is shown to produce abundant reactive
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species such as atomic oxygen. However these results are qualitative rather
than quantitative. Indeed, it is important to measure reactive species
quantitatively for atmospheric pressure plasmas so that different plasma
sources can be compared to contrast out their difference and suggest their
optimisation. This task is however challenging given the complexity of

laser-based plasma diagnostics. Here we consider mass spectrometry.

The experiment was carried out in Ruhr-Universitdt Bochum, Germany,
using the three-stage differential pumping mass spectrometer system of figure
2-6. This mass spectrometer system had been used to measure a RF plasma jet,
and its atomic oxygen and ozone densities measured by the system are found

to be the same with that measured by TALIF“*'*,

In this experiment, a capillary-ring jet is fed with 4 slm helium and 40
sccm oxygen, and is placed vertically to the sampling orifice of the mass
spectrometer. The diameter of the orifice is 100 um. The nozzle-to-orifice
distance is changed from 4 mm to 24 mm with a step of 2 mm and in each
distance mass signal of atomic oxygen, ozone, oxygen and helium are
detected. The applied voltage is fixed to 3.75 kV all the time no matter

whether the plasma plume contacts the orifice.

Figure 4-12 shows the atomic oxygen and the ozone density as a
function of nozzle-to-orifice distance. With the distance increasing from 4
mm to 24 mm, the density of both atomic oxygen and ozone undergoes an
increase first and then a decrease. At 4 mm, the shortest nozzle-to-orifice
distance, the atomic oxygen density is around 2.7x10'* cm™. Its peak density
is around 4.5x10" cm™ when the nozzle-to-orifice distance is in the range of
10 mm to 14 mm. When the distance is bigger than 16 mm, the atomic
oxygen tends to decay quickly at the orifice and its intensity is beyond

detection limit at the distance of more than 20 mm.

With the nozzle-to-orifice distance increasing from 4 mm to 24 mm, the

ozone density undergoes a relatively gradual increase from 4 mm to 10 mm
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and a more rapid increase from 10 mm to 18 mm. The maximum ozone
density is around 1.2x10"> cm™ at 18 mm, and then it decreases to 9.0x10'

cm™ at 24 mm.

1.4x10"°
12x10"F = O density i
I e O_ density . o —®
S 1.0x10"F ’
£ - : ;
L gox10™t
_an |
rr 14
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Distance (mm)

Fig 4-12: Atomic oxygen and ozone density as a function of the

nozzle-to-orifice distance for a capillary-ring jet working at V), =
3.75 kV.

Figure 4-13 shows signal intensities of helium and oxygen measured at
the orifice as a function of the nozzle-to-orifice distance. It is clear that within
10 mm, both helium and oxygen intensities stay consistent, indicating that the
flow field set up by the gas flow can prevent the ambient atmosphere from
mixing into the plasma plume when nozzle-to-orifice distance is less than 10
mm. With the nozzle-to-orifice distance increasing from 10 mm, less helium
and more oxygen are detected. This means with increasing distance, more and
more oxygen from the atmosphere is able to mix into the plasma plume. It
should be noted in figure 4-12 that the maximum atomic oxygen and ozone
densities are detected at different nozzle-to-orifice distances, i.e. 10 mm and
18 mm respectively. Maximum ozone density happens at 8 mm distance

longer then maximum atomic oxygen does. This is possibly because atomic
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oxygen recombines with an increasing admixed oxygen to produce ozone

(O+Oz—>03).
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Fig 4-13: Helium and oxygen signal intensity as a function of
nozzle-to-orifice distance for a capillary-ring jet working at V), =
3.75 kV.

45 Summary

In this chapter a brief review on existing APGD plasma jets is first given.
These jets are classified into nine categories based on their electrode
structures, and then discussed in details on whether APGD jets in each
category is suitable for being used in subsequent parallelisation to form

plasma jet arrays.

The assessment identifies three elemental jets, namely the capillary jet,
the ring jet and the capillary-ring jet, for detailed comparison. In the
free-burning mode, the capillary-ring jet is found to have a longer plasma
plume than the capillary jet and the ring jet. This is because the hybrid
electrode configuration of the capillary-ring jet can produce a larger elevated
local electric field for initiating ionisation and sustaining the resulting gas
discharge. New dynamic features are uncovered in the case of the

capillary-ring jet. Specifically the initial phase of its gas breakdown involves
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two spatially separated plasmas. With the increase of the applied voltage, the
two plasmas originally localised near the two electrodes merge into one
intense plasma column. The onset of this strong plasma coincides to the
formation of a plasma plume outside of the jet nozzle. It is also shown that
the plasma plume is in the bullet mode when the applied voltage V, < 3 kV
and in the continuous mode when V), > 3 kV. The transition from the bullet
mode to the continuous mode also results in a significant increase in the
plume length. For the capillary-ring jet, it is desirable to power the capillary

electrode and ground the ring electrode for a stronger downstream plasma.

To mimic the processing of conductive materials, a downstream ground
electrode is introduced at 10 mm away from the tube nozzle. The
capillary-ring jet is found to produce the greatest optical emission intensity
along the length of the plasma plume till the contact point on the electrode.
Both charge transfers estimated and emission intensities of excited oxygen
atoms demonstrate that the capillary-ring jet is able to produce the strongest
plasma among the three plasma jets. The space and time averaged electron

density is found to be 3.7x10'* cm™ for the capillary-ring jet at V,=2.75kV.

To mimic plasma treatment of dielectric materials, a glass substrate is
introduced in the path of the jet plume. End-view images are used to
demonstrate that the capillary-ring jet has the biggest light-emitting spot on
the substrate. E. coli inactivation experiment confirms that reactive plasma
species undergo considerate radial diffusion when they reach the dielectric
substrate. The capillary-ring jet is most effective for bacterial inactivation
among the three plasma jets. The diameter of its E. coli inactivation spot is

found to be 11 mm, much larger than the diameter of its light-emitting spot.

Finally the results for an absolute density measurement of atomic
oxygen and ozone produced by the capillary-ring jet are presented using MS.
With the jet’s operating parameters fixed but the nozzle-to-orifice distance

changed from 4 mm to 24 mm, both the atomic oxygen and ozone density are
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found to have a peak value. The peak atomic oxygen density is found to be
4.5x10" cm™ at 10 ~ 14 mm while the peak ozone density is 1.2x10"° cm™ at
18 mm. When the nozzle-to-orifice distance is less than 10 mm, the ambient
air cannot mix into the plasma plume under the experiment’s conditions. The
oxygen admixture from the ambient air could react with atomic oxygen to

form ozone when the nozzle-to-orifice distance is larger than 10 mm.

From the standpoint of the plume length, the electron density, the
emission intensities of oxygen atoms, and the radial reach of the plasma
impact on different samples, the hybrid capillary-ring electrode configuration
is the most appropriate structure for use in future parallelisation. It represents
an excellent candidate for being used in a spatially expended atmospheric

plasma array.
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Chapter 5
1D Array of Atmospheric Plasma Jets

5.1 Introduction

Capable of excellent plasma stability and rich reaction chemistry,
atmospheric pressure plasma jets are able to treat three-dimensional objects.
However they typically have a diameter of a few millimetres, and this is
inadequate for many large-scale applications. An obvious solution is to group
many APGD jets together to form an array of a longer length scale. There
have been a few attempts in this direction. The earliest hint of relevant
attempts appears to be the classic work in 1988 by Okazaki and colleagues,
who employed a brush electrode constructed from 25 fine stainless-steel

U Their idea could have been

wires to stabilise atmospheric air plasma
extended to produce multiple plasma channels but this was not directly
discussed. Subsequently it took more than 10 years before the first direct
studies of plasma jet parallelisation were published. Kuo ef al. reported in
1998 a matrix of 9 (3x3) plasma torches in atmospheric air and at 60 Hz"?,
and proposed in 1999 that such plasma arrays could be operated in a modular
fashion™?!. These plasma touches could be lit up simultaneously by a single
power source. The author claimed that the capacitors in the electrical circuit
played a crucial role because they worked as ballasts and provided feedback
to the applied voltage. However with a rather high gas temperature, these

plasma touches are essentially different from the low temperature plasma jets

discussed in this thesis, and Kuo’s work was intended for plasma stealth and
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plasma-aided ignition applications rather than treating three-dimensional
objects. In 2002, Hubicka et al. reported a linear array of 9 atmospheric
plasma jets excited at 13.56 MHz"™. In this work, 9 quartz tubes were each
wrapped by one metal strip and the author claimed that the operation of the
array was possible for treating non-flat surfaces. A linear array of 4 RF
excited atmospheric plasma jets was studied in 2005 by Weltmann and
colleagues™!. No detailed information was given about how the 4 jets were
connected electrically.

32381 5 a fair representation

The collection of the aforementioned papers!
of the current capability of the atmospheric plasma jet arrays, though our
discussion does not cover very high frequency and microwave sources which
could become an alternative !, The latter are known to be too hot for plasma
medicine and the plasma-sample distance has to be increased to reduce the

gas temperature. Therefore, atmospheric plasma jet arrays represent a

somewhat under-studied research topic.

In this chapter, a one-dimensional atmospheric pressure plasma jet array
will be reported. Following the introduction of its design and the
experimental setup in section 5.2, electrical and optical characteristics of the
1D jet array will be discussed in section 5.3. Finally the conclusions will be

drawn in section 5.4.

5.2 Design of 1D jet arrays

For this 1D jet array, we choose a dielectric tube wrapped with a ring
electrode as the elementary unit. This is a relatively simple structure with
straightforward electrical connection. Figure 5-1 shows a schematic of a 1D
10-jet array housed in an acrylic cassette having each jet compartment
constructed in a tubular unit and with its own individual ballast and individual

gas feed. Each tubular unit consists of a glass tube with an inner diameter of
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1.5 mm and an outer diameter of 2.9 mm, and a concentric copper electrode,
which wraps around the glass tube tightly working as the power electrode.
The structure of a single unit is shown in the half-exposed illustration in the
leftmost jet in figure 5-1. These tubular units are inserted into the acrylic
housing in a line and are fixed leaving a shortest jet-to-jet insulation thickness
of 0.4 mm. A 510 kQ resistor, working as a ballast, is soldered to the copper
electrode of each jet and then all the 10 ballast resistors are connected to an
AC power supply. Gas is fed through a gas diffusion device which is hollow
inside and can divide the total input gas into 10 identical branches to feed the
10 individual glass tubes. The design of the gas diffusion device is shown in
figure 5-2. The entire array device is 3.2 cm in width from the first to the last

jet.

individual gas feed

Vo

acrylic il

rd
copper tube

glass tube -__ ‘

= substrate

Fig 5-1: Schematic of a 1D 10-jet atmospheric plasma array with individual
ballasts.
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gas inlet

individual
gas outlet

.“-.II v

gas diffusion device

Fig 5-2: Schematic of the gas diffusion device used for feeding the 10-jet
plasma array.

A total helium gas of 40 slm is nominally used for the array and the flow
rate for each jet is 4 slm. This is equivalent to 37.7 m/s, well within the
laminar flow limit. The jet array is driven by an AC power supply at a
frequency of 30 kHz and an amplitude adjustable up to 5 kV. The voltage is
measured by a Tektronix P6015A high voltage probe.

The jet array can be operated with or without a downstream ground
electrode. Known from the previous discussion in Chapter 4, the electric field
of this jet array is largely in the axial direction and parallel to the gas flow
field. So each jet is a linear-field device. When a ground electrode is used, the
total current for the jet array is measured by a Pearson 2877 current probe.
Individual current for each jet can also be measured by introducing a 22 Q
resistor in series with the individual jet circuit near the ground and then
monitoring the voltage fall across the resistor. Voltage and current signals are

recorded using a Tektronix DPO4104 oscilloscope.

Both a domestic camera and an Andor DH720 ICCD camera are used for

imaging. Spectroscopic signals are measured by an Andor Shamrock SR-303i
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spectrograph with a homemade light-isolation device. To demonstrate the
ability of the plasma jet array to treat 3D objects, three sloped metal

substrates with a slope angle of 5°, 10° and 15° are used.

Preliminary trials have shown that it is difficult to sustain all jets
simultaneously in the 1D jet array by connecting all the ring electrodes
directly to one power supply (i.e. without ballasts). This could be due to each
jet having an ignition voltage slightly different from one another. As a result,
it is not possible to ignite all the jets at the same time. The plasma jet that is
ignited first in the array undergoes a rapid reduction in its equivalent
impedance before other jets are ignited and start to reduce their impedances.
This further forces more current flow through the first jet thus preventing
others from being ignited. Even when the other jets are eventually ignited,
without ballasts it is hard to maintain spatial uniformity across the width of
the jet array. When a single lumped ballast is used for the entire jet array,
similarly unsatisfactory results are observed. However when each jet channel

is connected to its own ballast, much better uniformity is obtained.

Here the choice of the resistor value is important, 510 kQ is found to be
appropriate for the array reported here. It can provide an effective feedback

and does not weaken the discharge.

The use of individualised ballast resistor is the key for treatment of 3D
objects. As the nozzle-to-object distances vary among individual jets, the jet
array normally only fires in the channels of those jets with a short
nozzle-to-object distance in the absence of individual ballasts. However
individually connected ballast resistors can provide an appropriate voltage
distribution on each jet and this approach has allowed all jets to fire
simultaneously. As two examples, figure 5-3a and 5-3b are pictures of the 1D
10-jet array treating a screwdriver and a surgical tissue forceps, respectively.
These tools are placed on the ground electrode, so they are grounded. It is

clear that all 10 plasma jets are ignited against the very different 3D
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substrates, even when different jets in figure 5-3b intercept the metallic
forceps at very different nozzle-to-forceps distances. This indicates an
effective self-adjustment mechanism among individual jets in the array,
achieved by individualised ballast and possibly also by a spatial redistribution
of surface charges on the acrylic cassette. It is worth mentioning that all
APGD jets fire only when each jet is individually ballasted. The benefit of
individualised ballast is similar to that for other high-pressure discharge
arrays®>*®. The above discussion demonstrates a clear robustness of the

APGD array for treating intricate metallic objects.

Fig 5-3: A 1D 10-jet atmospheric plasma array treating (a) a screwdriver; and
(b) a surgical tissue forceps.
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5.3 Electrical and optical characteristics

5.3.1 Treating flat surface

The 1D 10-jet array is first used to treat a downstream grounded metal
plate as a model of flat surfaces. By naked eye, all the jets appear to fire
simultaneously and with good jet-jet uniformity. Figure 5-4 shows traces of
the applied voltage and the total currents of the 10-jet array when treating the
surface with three different nozzle-to-substrate distances, namely 10 mm, 12
mm and 15 mm, with V), fixed to 3.5 kV. The current traces all have a pulse in
each half cycle. This peak current value decreases with the increase of the
nozzle-to-substrate distance, i.e. the peak value is 27 mA for 10 mm gap
distance and it decreases to 24 mA for 12 mm and 15 mA for 15 mm. This is
consistent with the phenomenon observed from an equivalent single jet in that
the jet plume tends to be weaker with increasing nozzle-to-substrate distance
at a given applied voltage. However the provision of the ballast resistors

realises the simultaneous firing of all the jets in the array.
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Fig 5-4: Time traces of the applied voltage (black) and the total currents of
the 10-jet array when treating the surface with three different
nozzle-to-substrate distances. The substrate is a flat metal substrate.

-118-



Chapter 5: 1D array of atmospheric plasma jets

To better understand the simultaneous firing, ICCD images are shown in
figure 5-5, for which V,= 3.5 kV and the nozzle-to-substrate distance is 15
mm. The exposure time for figure 5-5a is 33.33 pus which is equal to one cycle
of the applied voltage. This image indicates how the 1D plasma jet array is
seen by naked eye. The 10 plasma plumes are seen to have a similar emission
intensity. Figure 5-5b is taken by a single shot with an exposure time of 10 ns
at the instant of the peak current in the positive half cycle, i.e. ‘6 us’ in the x
axis which is indicated by the green arrow in figure 5-4. This image is
representative for the operation of the jet array in nano-second scale. Clearly

all 10 jets are firing together and this maintains in the other instants.

AN substrate

Fig 5-5: Images of the 1D 10-jet array onto a flat metal substrate with a single
shot exposure time of (a) 33.33 ps and (b) 10 ns.
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5.3.2 Treating sloped surface

It is worth noting the sharp contrast between the gradual surface profile
of the screwdriver and the convoluted structure of the forceps in figure 5-3,
highlighting the considerable potential of the 1D jet array for treating
complex 3D substrates. The latter is an important indicator of the 1D jet array
as a platform tool for sterilisation of diverse surgical instruments and medical
devices®. To demonstrate directly its capability for treating 3D surfaces, the
1D jet array is characterised using a sloped metal plate as a 3D substrate

model.

First, a metal plate sloped at 10° is used as the substrate. It is placed
underneath the array nozzle with the shortest and longest nozzle-to-substrate
distance being 1.0 cm and 1.6 cm respectively. This arrangement is
photographed by a domestic camera with an exposure time of 1/15 s and
shown in figure 5-6, with the numbers indicating individual jets. In this case,

V, =3.4 kV and all the jets firing with fairly good uniformity are seen by the

naked eyes.

1 2 3 4 5 6 7 8 9 10

substrate surface

Fig 5-6: Images of the 1D 10-jet array onto a 10° sloped metal substrate with
an exposure time of 1/15 s.

Figure 5-7 shows traces of the applied voltage, the total current of the
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array, and the individual currents flowing through the 2" and 7" jets,
corresponding to the condition of figure 5-6. The individual currents are
multiplied by 10 (the number of the jets) to allow for direct comparison to the
total current and they are used as examples of the 10 individual currents
without compromising the clarity of figure 5-7. The current trace shows a
pulse of 25 mA in each half cycle and this current pulse lasts almost the entire
half cycle. This represents a dielectric barrier discharge. All current and
voltage curves in the figure are free of any obvious spikes (i.e. overcurrents),

indicating a stable plasma in each channel of the jet array.

40
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Fig 5-7: Time traces of the applied voltage (black), the total discharge (blue),
and two individual jet currents (red and green). The substrate is a 10°
sloped metal substrate.

The waveform of the total current is seen to map reasonably well onto
the waveforms of the two individual currents, suggesting that for most of the

time all 10 plasma jets are behaving similarly. Different from a typical
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dielectric barrier discharge with one sharp current pulse every half cycle of
the applied voltage, the discharge current of an individual jet and indeed of
the entire array has a continuous waveform. It is noted that the onset time and
peak value of one current pulse are slightly different from those of another.
This is because the nozzle-to-substrate distance for each jet is different and
the discharge tends to start from the jet with the shortest nozzle-to-substrate
distance that leads to strongest induced electrical field. However, the
difference between the onset instants is slight and nearly for all the time the
individual current pulse overlaps. These show good similarity in the 1D jet

array.

: ---m-- pre-breakdown
3 i —e- all firing region
- —— partial firing region

Peak-Peak voltage (kV)

0 i L 1 L 1 L 1 " | " | L | L 1
0O 5 10 15 20 25 30 35
Peak-peak current (mA)

Fig 5-8: The total current dependence of the peak-to-peak voltage. The
substrate is a 10° sloped metal substrate.

Relationship of the total discharge current and the applied voltage is

shown in figure 5-8. The black line indicates the pre-breakdown regime.
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When the peak-peak applied voltage reaches 5.4 kV, the jet array starts to fire.
It is clear that there is a regime immediately after the initial gas breakdown
during which not all jets are ignited, as indicated by the blue line in the figure.
With increasing applied voltage, more plasma jets start to fire and the total
current increases. This regime is similar to the normal mode of the glow
discharge®'”. After the peak-to-peak applied voltage is raised to 6.0 kV,
another regime with all jets firing appears as shown in red in figure 5-8. The
ID jet array has a positive differential impedance in this regime and may
operate in the abnormal glow mode. Even with a positive differential
impedance, not all 10 jets could fire at the same time if they were connected
together and then connected to a power supply. This is different from the case
of a 2x2 microhollow cathode discharge array for which ballast resistors were
found unnecessary when the differential impedance was positive™'". The role
of individualised ballast is critical in the 1D APGD jet array of figure 5-1 and
is likely to have facilitated a built-in self-adjustment mechanism in achieving

simultaneous operation.

cassette area

substrate surface

Fig 5-9: Image of the 1D 10-jet array onto a 10° sloped metal substrate with a
single shot exposure time of 10 ns.

While the near identical time-dependences of the total and individual

currents in figure 5-7 offer a strong indication of simultaneous firing of all

-123-



Chapter 5: 1D array of atmospheric plasma jets

individual jets, the most direct evidence of the jet-to-jet simultaneity would
need to be provided from nanosecond exposure imaging. With the slope of the
metal plate at 10° and V), at 3.4 kV, an image of the jet array with a single shot
exposure time of 10 ns is taken by the ICCD camera, and it is shown in figure
5-9. Clearly all 10 jets are firing simultaneously, confirming an excellent
temporal jet-to-jet synchronism. Repeated experiments at different substrate
slopes of up to 15° have confirmed that excellent temporal jet-to-jet
synchronism of the 1D APGD 10-jet array is maintained over a wide

operating range.

Light intensity of individual jets at the substrate surface appears to be
similar to each other in figure 5-9, however it is limited to the visible range of
400 ~ 700 nm of the ICCD camera outside which the emission lines of many
application-significant species lie, for example the atomic oxygen lines at 777
and 844 nm, helium line at 706 nm, and nitrogen and OH lines in the 300 ~
400 nm band. To overcome this and relate the optical emission directly to
reaction chemistry, an Andor spectrograph is wused to measure
wavelength-integrated emission intensity from 200 to 1000 nm. Spatial
separation of the light emission of one jet from that of other jets is achieved
using a homemade light-isolation device shown in figure 5-10a. This
light-isolation device is a cylindrical block made by black Polyvinyl chloride
(PVC). It has a length of 11.7 mm and a concentric through hole. The
diameter of the through hole is 0.88 mm and it is slightly larger than the
diameter of the optical fibre used, which is 0.6 mm. The optical fibre is
attached to the light-isolation device tightly and the other end of the
light-isolation device points to a plasma at its contact point to the substrate.
The distance between the light-isolation device and plasma contact point is
2.5 mm, and at this distance the device does not disturb the plasma. Given the
distance between two adjacent jets being 3.5 mm, the above arrangement is

able to pick up the light from one contact point and block those from the
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others.

Special arrangement is made to ensure that the light-isolation device was
always pointing to the contact points precisely and at the same distance. Light
intensity measurement via the isolation device is made within 3.5 mm either
side of the location of a firing plasma jet in dark ambience. Figure 5-10 shows
that the light of a firing plasma jet collected by the isolation device falls to the
background noise level within 1.75 mm away from the jet location, in other
words at the midpoint to an adjacent jet of the jet array. This suggests that
light emission from any source outside the 1.75 mm radius, either the
remaining plasma jets in the array or otherwise, is blocked out by the
isolation device thus achieving effective spatial selectivity of optical emission

from different jets.

contact point
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Fig 5-10: (a) Schematic of a light-isolation device and its integration to the
light-collecting optical fibre cable. Label a, b, ¢ mark the contact
points of three consecutive plasma jets in the jet array. (b) Optical
emission of one firing plasma jet measured by scanning the
light-isolation device over 3.5 mm either side of the jet.

The light-isolation device is used to establish the spatial jet-to-jet
uniformity of the APGD jet array in comparison with that of a single jet

which needs to scan when treating a large surface area. In this case, we
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consider a surface-scanning single jet with a stationary jet array. Using the
isolation device, the wavelength-integrated light intensity of each jet of the
APGD 10-jet array is measured at its contact point on a sloped metal substrate,
and then compared to those of the single jet as the latter scans across the same
substrate. The single jet scans four specific positions which correspond to the
No. 1, No. 4, No. 7 and No. 10 jets in the array. Three metal substrates with a
slope angle of 5°, 10° and 15° as well as a flat substrate are used. For all cases

the minimum nozzle-to-substrate distance is fixed at 10 mm.
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Fig 5-11: Optical emission from (a) each of the 10 jets in the jet array and
from (b) a scanning single jet, as well as (c) relative standard
variation of optical emission as a function of the slope of the metal
substrate for the jet array (blue) and for the single jet (red).

Results are shown in figure 5-11, with the emission intensity of the jet
array in figure 5-11a exhibiting a much better spatial jet-to-jet uniformity than
that of the scanning single jet in figure 5-11b, particularly with sloped
substrate above 5°. In the single jet case, variation in optical intensity across
the sampled surface points is seen in figure 5-11c to increase from 4.0% at 0°
slope to 48% at 15° slope. By contrast, the jet array has much smaller

intensity variation from 6% at 0° slope to 12% at 15° slope. This
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demonstrates an excellent spatial jet-to-jet uniformity of the 1D APGD jet
array, a factor of 4 (= 48%/12%) better than that of the single jet in the 15°
slope case. The jet array covers surface area about 10 times of that of a
single-jet at any given time, and this can be easily translated into a reduction

factor of 10 in processing time.

5.4 Scalability

The aforementioned 1D atmospheric pressure 10-jet array has been
shown as a capable atmospheric plasma source for treating flat and
three-dimensional objects with good simultaneity and uniformity. This
prototype has only 10 individual channels and a length of 3.2 cm, so there is a
need to increase its coverage in order to use it for large-scale applications. In
principle, the 1D jet array can be extended to have many channels. However
as all the channels are powered by one power supply, the capacity of the

power supply could determine how many jets can be included in an array.

Fig 5-12: Pictures of a 1D 30-jet array treating human hands.
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Figure 5-12 shows two pictures of a 1D 30-jet array treating human
hands. The unit jet is geometrically the same with those in the 1D 10-jet array,
so the length of this 30-jet array is around 10 cm, three times of that of the
10-jet array. For this length, a human hand can be treated with good coverage,
as shown in figure 5-12a and 5-12b. Moreover, the pictures also demonstrate
that the direct treatment of human living tissue and hand by the jet array is
potentially safe though in-vitro and in-vivo toxicology studies are needed to
confirm this. Given that atmospheric plasma has bactericidal effect, this
shows great potential for this kind of 1D atmospheric plasma jet arrays to be

adopted in real applications.

5.5 Summary

Inspired by the reliability of atmospheric pressure plasma jets, 1D arrays
of atmospheric pressure plasma jets are investigated in this chapter. The jet
array features one ballast resistor for each of the individual jets to provide
negative feedback in each plasma channel. This individualised effective
self-adjustment mechanism enables all jets to fire simultaneously not only

against flat substrates but also against sloped substrates.

Electrical and optical characterisations of the 10-jet array are used to
demonstrate its robust temporal synchronism and spatial jet-to-jet uniformity.
For flat substrates, 10 ns exposure image demonstrates the simultaneous
firing of all jets. For sloped substrates, there is initially a partial firing region
in which not all jets fire. However after the applied voltage is increased, all
the jets start to fire simultaneously. Both current waveforms of individual jets
and 10 ns exposure image confirm their simultaneous firing in the array.
Wavelength-integrated light intensity picked up from the contact points
between the individual jets and the sloped surfaces also shows good spatial

uniformity. On substrates with a slope of 5° ~ 15°, the jet array shows
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consistently better spatial uniformity than its single jet counterpart that covers
the area of the substrate by scanning. These highlight a high-level consistency
of the 1D jet array in maintaining its plasma physical and chemical characters

among its constituent jets when treating vastly three-dimensional objects.

Finally the scalability of 1D jet array is demonstrated by a 30-jet array
which has a width of 10 cm. This longer 1D jet array is well suited for

treating large-scale three-dimensional structures.
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Chapter 6
2D Arrays of Atmospheric Plasma Jets

6.1 Introduction

A one-dimensional atmospheric pressure plasma jet array discussed in
Chapter 5 requires mechanical movement in order to cover a large surface
area, for example a human wound. Inevitably this increases the treatment time
and may introduce variation from one treatment to the next. Further issues
such as treatment uniformity also need to be addressed. One straightforward
way to cover larger area is to parallelise many plasma jets to form a
two-dimensional plasma array. For low temperature atmospheric plasmas, this
obvious approach has so far been realised only with microplasmas confined to
micrometer-scale inter-electrode space (e.g. microcavity)'®'. It has been
shown that these microplasmas have been arrayed in hundreds, sometimes
millions. These may be classified as spatially confined atmospheric plasma
(SCAP) arrays. The elemental source of an SCAP array is microplasma, such
as microhollow discharges which may be sustained at DC!®?, RF®’! RF
DBD!Y and kilohertz DBD'* or microplasma generated with different

electrode  configurations including micro-structured  electrode!®®®®),

6.10,6.11]

coaxial-hollow micro DBD!*?, capillary-in-hole and

612618 Figure 6-1 shows an example of SCAP arrays which is

microcavities'
proposed by Eden et al. to illustrate the characteristics of SCAP arrays. The
design of their electrode structure suggests that these microplasmas are

produced inside the microcavities and they are spatially confined. SCAP
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arrays at present are used mainly for photonics applications, for instance as a
flexible-sheet light source!®'” or as a tuneable band-pass filter®*. For
processing applications relying on photons, an SCAP array can deliver photon
fluxes to a distant sample of uneven surface and its surface processing can be
effective provided absorption of photons in the atmosphere is limited.
However for other applications which favour reactive plasma species for
surface treatment, especially for biomedical applications, spatial confinement
of the individual plasmas in an SCAP array forces reliance on an unaided and
potentially ineffective diffusion of reactive species towards the sample!®*"¢>%,
Given the typical short half-lives of many reactive species, this compromises
application efficacy and calls for directed delivery of reactive plasma species.
Although with an additional electrode, plasma confined in a SCAP array may
be extracted out of electrode confinement and thus enhance downstream

646231 alternative array architectures would be

diffusion of reactive species!
preferred if they could produce reactive species directly on the surface of a

downstream sample.

Fig 6-1: SCAP arrays proposed by Eden et al. (a) the cross-sectional profile
of an Al,O3 microcavity with emitting (upper) and lower apertures of
150 and 100 pm respectively. (b) a magnified view of the region
between two adjacent microcavities showing an Al electrode,
separated from the microcavity by a ~17 pum thick layer of
nanoporous Al,O3 and having an inner surface with the same profile
as the microcavity. (¢) an 11x10 segment of a 200100 SCAP arrays

in operating condition!®'*),
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As discussed in chapter 4 and 5, atmospheric plasma jets are known to
be able to produce reactive species directly on the surface of a downstream
sample and even into the inner space of three-dimensional structures. When
they are arrayed up in parallel, such as the 1D plasma arrays discussed in
chapter 5, a shower of reactive species can be produced by the array and
delivered to cover a large downstream surface. This kind of plasma array may
be classified as spatially extended atmospheric plasma (SEAP) array, in

contrast to the SCAP array.

SEAP arrays have the potential to become an enabling technology for
many large-scale processing applications including plasma medicine.
Stability control and spatial extension achieved with plasma jets allow for
additional reactive chemistry to be introduced in a downstream region

6246231 Spatial extension of SEAP arrays is

including the sample surface!
therefore critical in facilitating both rich reactive chemistry and its directed
delivery to a downstream 3D sample (even through a hollow structure such as

(6241 Tt should be noted that the physical size of the sample in

surgical forceps)
the direction of the plasma jets dictates the minimum length of the plasma
plume and in general an elemental jet in an SEAP array needs to be much
longer than the size of a single cavity plasma in an SCAP array!®'**,
Therefore in addition to the difference in their intended applications (e.g.
photonics vs surface processing), SEAP and SCAP arrays operate in different
parametric spaces potentially dominated by different plasma physics. As will
be shown later in this chapter, the main scientific challenge for SEAP arrays
is jet-to-jet interactions and jet-to-sample interactions whereas for SCAP
arrays it is plasma physics at the interface of different phases of matter and
under the influence of quantum effects when the electrode gap is reduced to
below one micrometer'®'*02%,

While immense advances have been made with the SCAP array

6.1,6.11,6.19,6.26,6.27

technology! I SEAP arrays are far less studied, as reviewed in
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section 5.1. Notwithstanding the relevant merits of different SEAP arrays,
their technical capability is at present little developed and their underpinning
science is little understood. As all SEAP arrays reported so far are 1D linear
arrays and require scanning to cover a substrate area, this chapter aims to
introduce a 2D SEAP array employing atmospheric plasma jets. The array
presented here is the first reported 2D SEAP array based on atmospheric
plasma jets with the potential to treat a surface area without scanning. Our
emphasis is on plasma dynamics, jet-to-jet uniformity, large-scale processing
uniformity, and its capability to sustain all plasma channels when treating
heavily three-dimensional objects. All these topics are important for

atmospheric plasma jet arrays to be advanced towards real applications.

In this chapter, we report an experimental study of a 2D atmospheric
pressure plasma jet arrays. Based on the results of detailed assessment of
single atmospheric plasma jets in Chapter 3, we will discuss the design of a
2D jet array in section 6.2. Its electrical characteristics, dynamics and optical
characteristics will be analysed in section 6.3-6.5 for which plasma stability,
jet-to-sample interaction and jet-to-jet uniformity will be discussed. In section
6.6 bactericidal characteristics will be used to indicate the scalability of both
the plasma jet array and its physical extent of reaction chemistry. Finally,

section 6.7 will provide concluding remarks.

6.2 Design of 2D jet arrays

6.2.1 Technical requirements

Before a detailed description for the design of the 2D jet array, it is
worth mentioning the technical requirements for SEAP arrays. Four specific
features of SEAP arrays are identified to be desirable for their applications,
namely jet density, jet-to-jet interaction, jet-to-sample interaction and

processing uniformity.
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The concept of the jet density is introduced here to indicate how tightly
individual plasma jets are packed in an array onto a given cross-sectional area.

We introduce the jet density as
p;=2R,/d, (6.1)

where R, is the radius of one plasma jet and d; is the distance between two
adjacent plasma jets, measured when the array fires with collimated jets
without jet convergence or repulsion. Equation (6.1) assumes that the plasma
jet array is composed of identical jets each placed in equal distance from its
nearest neighbouring jets. It is important to emphasise that the above
definition is meaningful only when jets in a jet array are all firing in
collimated plasma channels, as an array of converging or repelling jets is
unacceptable as a large-scale processing tool. The concept of the jet density

el** but is essential for

has not been considered before in the literatur
comparing different jet arrays and estimating how much a plasma jet array
must be moved to scan a given surface. While previous studies of APGD jet

arrays do not always provide the value of their d/**>*%¢

, extrapolations
based on their plasma images suggest that their jet density is typically of p; =
0.05 ~ 0.3. For the 1D jet array reported in Chapter 5, p; = 0.35 ~ 0.43. While
a large jet density is desirable, p; = 1 is impractical because of the need for

mechanical support to the individual jets and their thermal management.

A high jet density cannot necessarily be achieved by simply packing
together more individual jets into a given space. As individual jets are brought
close to each other, their interaction becomes significant and without an
appropriate control this may lead to repelling or converging jets thus
compromising the objective of arraying up plasma jets. Therefore jet-to-jet
interactions introduce an additional limit on the maximum achievable jet
density. However, it has been shown in the previous chapter that good control
of jet-to-jet interactions and attainment of collimated jet array are possible in

1D plasma jet arrays, and these should be achieved also for 2D jet arrays. In
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order to treat three-dimensional objects, plasma susceptibility to sample
variations, e.g. jet-to-sample interaction, is also a key issue and this is related

to the uniformity of plasma processing over the entire sample surface.

6.2.2 Structure of 2D jet array

A dielectric housing with hexagonally arranged through-holes is used to
support unit jets and its honeycomb configuration is shown schematically in
figure 6-2. Each unit jet has a capillary-ring structure of the same dimensions
as described previously in Chapter 4. The inner diameter of the through-holes
is slightly bigger than the outer diameter of the quartz tube so that the
dielectric housing can hold individual jets tightly, and as a result all quartz
tubes are mechanically held to align in parallel to each other. As indicated in
the schematic, except the central hole, the holes marked with the same
number are a hexagon-shaped ring and they encircle a smaller ring marked
with a number that is ‘1’ smaller than the number of the larger ring. By
following this rule, more jets can be stacked onto the array which in turn can
cover a bigger area. A 7-jet array will be first studied as a prototype and a

19-jet array and a 37-jet array will then be used to demonstrate the scalability.
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Fig 6-2: Schematic of jets arranged in a 2D jet array.
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A 2D 7-jet array is shown schematically in figure 6-3 for its structural
details both from the side view and the end view. The diameter of the entire
array measured as the distance between the outer edges of two furthest-apart
tubes in the hexagon-shaped ring is 10 mm. The quartz tubes have an inner
diameter of 1.4 mm and an outer diameter of 2.9 mm respectively, and the
centre-to-centre distance between two adjacent quartz tubes is 3.55 mm. Each
quartz tube encloses a coaxial stainless steel capillary electrode with an inner
and outer diameter of 0.838 mm and 1.27 mm respectively. As a result, the
annular gap between the tube and the capillary is 65 pum. These capillary
electrodes are connected to an AC power supply without external ballasts and
the excitation is with an amplitude up to 5 kV and at 10 kHz (equivalent to
100 ps per cycle). Seven ring electrodes, 3 mm in length, wrap around the
quartz tubes leaving a distance of 3 mm to the nozzles of the tube. These ring
electrodes are all connected to ground. The tips of capillaries are 10 mm in
the axial direction away from the edge of the ring electrodes.

Capillary electrode

Dielectric tube

Dielectric housing \— \\— ~-

@)e (o)
i - X —7
':! Ring electrode /

£l (o)(o)

Fig 6-3: Schematic of a 7-jet array arranged in a honeycomb configuration
with both the side view (left) and the end view (right). Each plasma
jet delivers a jet-centric spread of reactive species on the surface of
the downstream substrate. The seven circular images on the substrate
are wavelength-integrated plasma emission taken with a 100 ps
exposure time.
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The carrier gas is fed through a gas diffusion device (see figure 5-2) and
then divided into seven identical branches to feed the seven capillaries.
Normally a helium (99.996%) flow of 15 slm is used and so each channel
shares 2.14 slm. The gas velocity inside the capillary electrode and quartz
tube is 64.8 m/s and 23.2 m/s respectively, and the corresponding Reynolds
numbers for the above cases are 460.4 and 275.6, which means the gas flow is
well within laminar mode. A small quantity of oxygen can also be mixed into

the helium flow, and if so this will be noted in the following text.

6.3 Electrical characteristics

6.3.1 Operation range

Driven at a peak applied voltage, V), of 3 kV and at 10 kHz, the 7-jet
array is found to fire in all seven channels simultaneously with good jet-to-jet
uniformity as shown in figure 6-4 against (a) a downstream ITO (indium tin
oxide) ground electrode with the ITO facing the array and placed at 10 mm
from the tube nozzles; and (b) the same downstream ITO electrode floated,
with its glass side facing the plasma and placed at 13 mm from the tube
nozzle. Pictures of both cases have an exposure time of 0.25 s. These two
substrates are used to represent metallic and dielectric samples. In figure 6-4a,
each of the plasma jets is seen to form a small root on the ITO electrode and
the jet root has multiple bright spots. These bright spots are found to shake,
sometimes, on the ITO electrode. This is also observed in the case of single
jet device in Chapter 4 when employing a downstream metallic substrate. In
general, these bright spots do not cause any obvious surface damage nor any
significant temperature rise of the substrate. When a dielectric substrate is
used, the plasma root spreads on the dielectric surface as shown in figure 6-4b
and its impact range on the substrate surface is much larger than that on a

metallic substrate. In fact, the blurred purple ‘cloud’ above the dielectric
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substrate in figure 6-4b hints an overlapped reaction chemistry coverage of
the substrate surface. For both metallic and dielectric substrates, all seven
plasmas in figure 6-4 are found to form well collimated jets and their
capability to fire simultaneously is found to hold over a large range of the
applied voltage and the gas flow rate. Even when a small amount of oxygen
(up to Ox/He = 1.5%) is added to the helium carrier gas, the 7-jet array is

found to support all seven jets.

Fig 6-4: Pictures of the 2D 7-jet array in an atmospheric helium flow, at an
excitation frequency of 10 kHz and a peak applied voltage of 3 kV,
treating (a) an ITO electrode; (b) a glass substrate.

Figure 6-5 indicates the operation range of the 2D 7-jet array with a
downstream glass substrate placed at 15 mm from the quartz tube nozzles.
The black points in the figure indicate the first ignitions at the tip of
capillaries (see discussion in section 6.3.2). With increasing the applied
voltage, the plasmas start to extend towards the ring electrode (see figure 6-3),
and eventually emerge from the tube nozzles which is indicated by the red
points in figure 6-5. Further increase in the applied voltage results in all
plasma plumes reaching the substrate and this is labelled by the green points
in figure 6-5. Finally the blue points in figure 6-5 indicate the maximum
applied voltages beyond which the plasmas become unstable. At a helium
flow rate of 0.71 slm per channel, plasmas are ignited at the tips of the
capillaries around 1.3 kV but cannot be extended out of the quartz tube to

form plumes regardless the value of the applied voltage. With increasing
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helium flow rate, it is possible to extend the plasmas to form jets in the
downstream region. At 1.07 slm per channel all seven plasma jets reach the
downstream substrate at an applied voltage of 1.4 kV. Too much increase in
the applied voltage eventually causes the plasma jets to become unstable.
Above 1.07 slm per channel, the helium flow rate changes little the plasma
ignition voltage, the voltage for all jets to merge from the tube nozzle, and the
voltage for them to reach the downstream substrate. However the voltage
below which plasma jets remain stable decreases from 4.1 kV for 1.07 slm
per channel to 2.8 kV for 2.86 slm per channel. This means that higher flow
rate limits the operating range of the 7-jet array. It is also interesting to note
that the plasma ignition voltage experiences a clear drop from 0.71 slm to
1.07 slm but above 1.07 slm it remains relatively unchanged. It is clear that in
order to form plasma plumes, the 7-jet array should be operated at a flow rate
bigger than 0.71 slm per channel. For experiments reported below, the helium

flow rate is kept at 2.14 slm per channel.
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Fig 6-5: Operating conditions of the 2D 7-jet array as defined by the range of
the applied voltage and the helium flow rate. A downstream glass
substrate is placed at 15 mm from the jet nozzles.
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6.3.2 Current, voltage and power

To demonstrate typical waveforms of the applied voltage and the total
current of the 7-jet array, an ITO electrode is placed downstream 13 mm away
from the quartz tube nozzles with its glass side facing the nozzles and the ITO
side grounded so that the current flowing through the substrate can be
measured. In this case, 10.7 sccm oxygen is mixed into the helium flow of
2.14 slm per channel (e.g. oxygen/helium = 0.5%). Figure 6-6a shows the
voltage and current waveforms when V), = 2.6 kV. This corresponds to a weak
discharge, with the total measured discharge current having a peak value of
around 0.08 mA in its positive half cycle and of 0.05 mA in its negative half

cycle respectively. These waveforms reflect the DBD nature of the discharge.
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Fig 6-6: Electrical characteristics of the 7-jet array addressing an ITO

substrate with its glass facing the plasma jets: (a) time traces of the
applied voltage and the total discharge current; (b) the voltage
dependence of the total dissipated power. Point A, B and C in (b)
indicate, respectively, the ignition point for the six outer jets
(simultaneous ignition), the ignition point for the central jet, and
the point where all seven jets reach the downstream ITO electrode.

It is observed that the breakdown occurs in the six outer channels first
and simultaneously, and then plasma ignition is triggered in the central
channel. Figure 6-6b shows the evolution of the voltage dependence of the
dissipated power, with point 4, B and C representing the ignition of the six
outer channels, the ignition for the central channel, and the point of all seven

jets reaching the downstream ITO electrode. Point C corresponds to V), = 2.4
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kV, so the current trace at V, = 2.6 kV in figure 6-6a is obtained shortly after
the jets reach the substrate. Once the array-housing unit and the ITO electrode
is bridged in all seven channels by the plasma jets, the dissipated power is
found to increase more quickly as shown in figure 6-6b. The plasmas then
become less capacitive and appear more intense to the naked eye. At V, = 4.5
kV, the total dissipated power is 600 mW or 85.7 mW per channel. With an
estimated plasma volume of 28 mm® per channel, this is equivalent to 3.1
W/cm®, and is about one order of magnitude larger than the typical dissipated
power density of 0.3 W/cm’ in atmospheric helium dielectric barrier
discharges sustained between two parallel plates at kHz frequencies!®*". This
SEAP array therefore gives potentially stronger plasmas with higher plasma

density than their counterparts between parallel electrodes.

Electrical characteristics of the 2D 7-jet array are in general similar to
those of a comparable single jet, but they are quantitatively different. Figure
6-7 shows the increase of the dissipated power with increasing the applied
voltage for two cases of one firing plasma channel, one as the central channel
hosted in the 2D jet housing unit with no plasma in all other six channels and
the other in a single jet housing unit. These are used to establish whether the
different jet housing units may present a significant difference in their
impedance in the equivalent circuit of the plasma-producing set up. Figure
6-7 also includes the case of all seven jets firing in the 2D jet-housing unit. It
is evident from figure 6-7 that the power-voltage relations are very similar in
the two one-channel cases, regardless of the jet-housing structure being a
single-channel device or the seven channel array. An additional test is
performed with all seven channels in the array structure connected to the
power supply but only the central channel fed with the He-O, gas, and this
case is found to have a very similar voltage dependence of the dissipated
power to that of other single-channel cases. In the absence of plasma jets, the

equivalent capacitance of the array structure should be different from that of a
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single-channel device. The similarity of the one-channel cases suggests that

electrical properties are dominated by the characteristics of the firing plasma

jet, and that their difference from the jet-array case is mainly due to the

difference in discharge properties.
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Fig 6-7: Voltage dependence of the dissipated power in one plasma channel,
in the case of the seven jet array (black), gas flow and hence plasma
formation only in the central channel of the array structure (green,
no plasma ignited in the six outer channels), and a single plasma in a
single-jet structure (red). For each channel, the helium flow rate is
2.14 slm and the oxygen flow rate is 10.7 sccm. For the
single-channel structure case, point a indicates its ignition point and
point b indicates the voltage at which the single plasma jet reaches
the downstream electrode.

At a given applied voltage, the jet array appears to consume less

electrical power per channel. For example, the one-channel cases consumed

about 150 mW at ¥, = 4.5 kV where the array consumes 50% less at 75 mW

per channel. This is likely a result of jet-to-jet interactions. It is also worth

noting that plasma ignition in the one-channel cases occurs at approximately

0.8 kV (point ‘a’ in figure 6-7) and the plasma jet reaches the substrate at V), =

3.3 kV (point ‘b’ in figure 6-7). For the ease of reference, the latter is referred

to as the bridging voltage at which a plasma jet starts to bridge the powered
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electrode to the downstream ground electrode. In the case of the 2D jet array,
the plasma ignition and bridging voltages are 1.1 kV and 2.3 kV respectively.
Therefore compared to the case of one firing plasma channel, plasma ignition
in the 7-jet array occurs at a higher applied voltage but its jets reach the

downstream ground electrode at a lower applied voltage.

6.3.3 Effects of the excitation frequency

Excitation frequency is found to influence the operation of the 7-jet array.
As shown in figure 6-8, jet-to-jet uniformity of the 2D 7-jet array is
sensitively dependent on the excitation frequency, for which
wavelength-integrated end-view images of the 7-jet array working in pure
helium flow are seen at five different frequencies. The applied voltage is kept
at 2.5 kV for all five cases and each image is accumulated over 10 frames,
with each frame having an exposure time of one cycle of the applied voltage.
The result shows that optical emission is quite uniform among different jets at
5 ~ 10 kHz but this uniformity deteriorates above 10 kHz. Specifically the
relative standard variation in the optical emission among different jets is
found to be 12.7%, 12.0%, 13.6%, 31.3% and 37.7% at 5, 8, 10, 20, and 30
kHz respectively. In fact, from the observation of this experiment at 20 kHz
and 30 kHz, some channels are seen as being too short to reach the substrate
which is placed 15 mm away from the nozzles. Stray capacitance is known to
exist due to the structure of the jet array and at different frequencies their
effective impedances to the external circuit would be different. Low
excitation frequencies appear to enable better jet-to-jet uniformity in a similar
way to the introduction of individual ballast'**". At low frequencies, the
impedance of the stray capacitance (~1/wC) is larger and is more effective in
limiting current. This ballast however is built-in and capacitive, different from
the added resistance used in the 1D jet array. It is likely that this built-in

capacitance matches the impedance of the remainder of the circuit only at
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frequencies within a certain band. Many factors may contribute to jet-to-jet
interactions and hence jet-to-jet uniformity, including dynamics of surface
charges on the dielectric tubes and cross talks of photons and metastables
species between different jet channels. Difference in jet-to-jet uniformity in
figure 6-8 is likely to be influenced strongly by dynamic redistribution and
relaxation of residual charges on the surfaces of the dielectric tubes and the
dielectric block, since the cross-influence between different plasma jets
through metastable species (e.g. helium metastables) and photons should not
change significantly over a frequency span of 5 ~ 30 kHz. Indeed at lower
excitation frequencies, surface charges would have more time to redistribute
over the geometric structure of the array and this may contribute to the better
jet-to-jet uniformity observed. It is known that surface charges in dielectric

6321 Tmages

barrier discharges are influenced strongly by excitation frequency!
in figure 6-8 are not normalised to the same intensity range and the absolute
emission intensity is larger at higher frequencies. For example the brightest
point in 30 kHz has an intensity 10 times higher than the brightest point in 5
kHz case. Considering both uniformity and plasma intensity, we believe the

optimal frequency for the 7-jet array is around 10 kHz and this will be used

for the following study.

Fig 6-8: End-views of wavelength-integrated optical emission from the
7-channel jet array at five different excitation frequencies of 5, 8§,
10, 20, and 30 kHz.

Because of the built-in ballast mechanism, the 7-jet array can not only
fire all its seven jets together on flat surface as demonstrated previously, but

also treat 3D structures with hollow features. To illustrate this, the 7-jet array
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is employed to treat different uneven objects, as shown in figure 6-9 with
each picture taken with a domestic digital camera with an exposure time of
0.25 s. Figure 6-9a shows a picture of the 7-jet array treating a sloped metallic
surface at 10°, and it is evident that all seven plasmas are firing with good
jet-to-jet uniformity. To challenge the jet array with 3D structured objects, we
employ the array to treat the same surgical forceps as used in figure 5-2 and
the results are shown in figure 6-9b and 6-9c for two different treatment
situations. The numbered circles on the right of each graph are hexagonally
positioned to indicate the arrangement of the seven jets in relation to their
positions on the surgical forceps. The latter are marked with a second set of
numbered circles near the roots of the seven channels. In figure 6-9b, the
central channel and two other channels (no. 2 and no. 3) are terminated on
one tooth of the forceps with a nozzle-to-forceps distance between 5 and 8
mm. All four remaining channels (no. 4 ~ 7) terminate on the surface of the
metallic supporting substrate with the same nozzle-to-forceps distance of 20
mm. In other words, the ratio of the longest discharge distance to the shortest
is up to 4 (=20/5). Despite of vastly different discharge distances, all seven
plasma jets are terminated without compromising plasma stability. It is clear
that each channel in the jet array experiences very different jet-to-sample
interactions and this scenario would usually lead to the majority of the
electrical power being fed to the shortest channel where the effective
impedance is the lowest and in turn the unbalanced power consumption
would extinguish other channels. Built-in ballast feedback control works well
here so all seven plasma jets fire together without being extinguished.

Plasma stability of the 7-jet array in figure 6-9b is found to be
independent of its position relative to the forceps. Its built-in feedback
function remains robust when the jet array is moved to treat the forceps from
different positions. Figure 6-9c shows an example of this, where the first three

channels are seen to land on the forceps again and the other four channels on
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the downstream supporting substrate. It is worth noting that channel no. 6 is
partly clipped by the forceps. However this is not resulting in the 6™ plasma
channel to terminate on the forceps completely. Instead, the unclipped part of
the 6th channel is able to continue its extension towards the downstream
supporting plate. This suggests that the plasma jets are robust in their
insusceptibility to structural, geometrical and even material variations of the
surgical forceps. Similarity between figure 6-9b and 6-9c¢ suggests that this
insusceptibility can be achieved at different treatment positions or angles of

the jet array relative to the forceps.

Fig 6-9: Pictures of the 7-jet array treating (a) a sloped metallic plate tiled at
10°, (b) a surgical forceps, and (c) the same surgical forceps at a
different position.

-147-



Chapter 6. 2D arrays of atmospheric plasma jets

6.4 Dynamics

In this section, we report on the dynamics of jet-to-jet interactions and
jet-to-sample interactions. To this end, we consider the mode of direct
plasma-sample interaction in which the plumes of the 7-jet array contact
directly a downstream ITO substrate. Nanosecond-resolved imaging is used to
establish the difference between the 7-jet array and a corresponding single
plasma jet described in Chapter 4, and the dynamic evolution of all the seven
jets in the array. This provides a direct description of jet-to-jet interaction and
the plasma stability of the jet array, both being important factors in achieving

uniform treatment and ultimately processing reproducibility.

In this experiment, a ITO ground electrode is placed at 13 mm
downstream from the quartz tube nozzles, with its glass side facing the 7-jet
array. Oxygen is mixed into the helium with its admixture being 0.5%, i.e. a
total oxygen flow of 75 sccm in a total helium rate of 15 slm. At V, =2.6 kV,
the waveforms for the applied voltage, the total discharge current and the

ICCD trigger signal are shown in figure 6-10.
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Fig 6-10: Waveforms for the applied voltage, the total discharge current and
the ICCD camera trigger signal.
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Fig 6-11: Side and end views of the 7-jet array in 10 ns exposure time. Left
two columns are for a negative half-cycle of the applied voltage,
whereas the right two columns are for a positive half-cycle. The
grey and orange vertical lines in the ‘16 ps’ image (in the 1
column) and the ‘52 ps’ image (in the 31 column) indicate the glass
and the metal coating of the downstream ITO electrode.

Nanosecond images taken at different instants over one complete cycle
of the applied voltage is shown in figure 6-11, in order to reveal the full
course of the 7-jet array’s dynamics. These side view images and end view
images are normalised to their own intensity range, so that the two sets of the
side views are comparable and the two sets of the end views are also
comparable. In the first two columns in figure 6-11, the five side views and
their corresponding end views are captured at 4 ps, 7 ps, 10 ps, 13 ps and 16
us after the onset of the trigger when there is a pulse in the discharge current
in the negative half cycle of the applied voltage. Each image has an exposure

time of 10 ns. It is evident that the central channel is ignited first and it
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remains by far the strongest among the seven jets. However no plasma jet
ever reaches the downstream ITO electrode. These are in a sharp contrast to
the 10 ns images in the last two columns of figure 6-11 for the positive half
cycle of the applied voltage. These images are captured at 44 ps, 46 ps, 48 s,
50 ps and 52 ps after the onset of the trigger signal when the downstream
ground electrode is the instantaneous cathode. In this case, plasma ignition
starts with the six surrounding channels and it is simultaneous in all
surrounding channels (see images taken at 44 ps and 46 ps), and then ignition
of the central channel follows. For the positive half cycle the central plasma
jet seems to occur a bit later than those of the surrounding plasma jets.
Therefore in terms of plasma generation in the central channel and its six
surrounding channels, the positive and negative half cycles are quite different.
Another difference is that after ignition, all seven jets reach the downstream
ground electrode during the positive half cycle whereas none reaches in the

negative half cycle.

The above phenomena that the arrival of all seven jets at the downstream
electrode occurs in the positive half cycle are consistent with the common
recognition that plasma jets are cathode-directed filaments or streamers.
However, during the experiment, no plasma bullets are observed at any
applied voltage in the stable operation range. This is obviously different to the
case of a comparable single plasma jet, for which plasma bullets are routinely

observed (figure 4-10).

Spatial uniformity of the plasma jets shown in figure 6-10 is established
with an oxygen admixture of 0.5%. To evaluate whether this remains true at
other O,/He ratios, fast imaging experiments are repeated for O,/He = 0.3% ~
0.7%. As shown in figure 6-12a, the lowest relative standard deviation of 5%
is reached at an oxygen flow rate of 75 sccm or O/He = 0.5%. When the
O,/He ratio changes by 0.1% to either 0.4% or 0.6%, relative standard

deviation increases significantly to 12% from 5%. As the oxygen admixture
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changes, the applied voltage at which to achieve the best jet-to-jet uniformity
also changes and the range of its change is about 0.9 ~ 1.1 kV (marked by
dots in figure 6-12a). Under the conditions for the best jet-to-jet uniformity
for Oy/He = 0.3% ~ 0.7%, it is found that the highest optical emission also
occurs at Oy/He = 0.5%. The maximum oxygen atom concentration of He/O,
APGD is known to be at 0.5%. The highest optical emission at O,/He = 0.5%
in figure 6-12b is desirable for practical applications because of high oxygen
atom concentration, and is shown in figure 6-12b where both
wavelength-integrated intensity and wavelength-filtered intensity at 845 nm

are normalised to their respective values for O,/He = 0.5%.
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Fig 6-12: (a) Jet-to-jet uniformities measured in relative standard deviation
and their applied voltage ranges; (b) normalised maximum
emission intensity both wavelength-integrated and resolved at 845
nm as a function of the oxygen mixture rate.

6.5 Optical emission

Plasma dynamics of the seven jets in figure 6-11 exhibit a synchronised
jet evolution, and a mirror contrast of plasma generation in the two different
half cycles suggests the possibility of optical emission of each plasma channel
may average out over one complete cycle to become similar to one another.
This suggests that on a timescale relevant to surface processing time (e.g.
many seconds to a few minutes), reaction chemistry delivered to a

downstream surface by each plasma channel may have good channel-channel
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uniformity. To test whether this hypothesis is true, optical emission intensity
is employed as an indirect measure of reactive species and hence reaction
chemistry, because of the lack of reliable density measurement techniques for
relevant reactive plasma agents, including electrons, oxygen atoms, nitric
oxides and OH radicals. We consider wavelength-integrated optical emission
as a broad indicator of plasma species as well as wavelength-filtered emission
for 706, 777 and 845 nm. Helium line at 706 nm is known to represent
energetic electrons®®’!, and recently it has also been linked to energetic
electrons in RF atmospheric microplasmas!®**. Excited atomic oxygen lines at
777 and 845 nm are relevant because of their direct link to ground-state
oxygen atoms, which are important for both microbial inactivation!®****" and

641641 Without being limited to specific applications,

protein reduction'
energetic electrons and oxygen atoms are used here to represent important

plasma agents for plasma medicine.

all-wavelength

Fig 6-13: End view images of the 7-jet array taken with an exposure time of
10 ns at V, =2.6 kV.

First, it is of interest to see whether good uniformity of downstream

reactive species can be achieved over a short timescale. Figure 6-13 shows
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end view images of optical emission patterns of the 2D 7-jet array at a peak
applied voltage of 2.6 kV with an exposure time of 10 ns, both wavelength
integrated and filtered for 706, 777 and 845 nm. Good uniformity is evident.
Detailed evaluation finds that on a 10 ns timescale the jet-to-jet variation of
all wavelength emission intensity is 11.9% whereas that of
wavelength-filtered emission is 6.5%, 8.5% and 3.3% at 706, 777 and 845 nm,
respectively. It should be noted from figure 6-11 that jet-to-jet variations on a
10 ns scale tend to change depending on when the image is taken. Therefore
the variation percentage on the 10 ns scale in figure 6-13 may not be
representative of what a downstream sample may experience in terms of

reaction chemistry.
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Fig 6-14: (a) End view images of the same four cases as in figure 6-13 but
with 100 ps exposure time; (b) the jet-to-jet variation of the peak
optical emission intensities, both wavelength-integrated and
filtered for 706, 777 and 845 nm.

Figure 6-14a shows end view images of the same four cases again but
with an exposure time of 100 ps, which is equivalent to one period of the
applied voltage. Emission intensities at 706 nm and 845 nm are
comparatively weak compared to that at 777 nm so they are multiplied by a

factor of 3 to bring the emission intensities of all three cases to a similar level.
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The four cases in figure 6-14a are very similar and indicate good uniformity
of reactive species and electrons delivered by individual plasma jets. Figure
6-14b provides a more direct indication of the jet-to-jet uniformity,
particularly in the case of wavelength-integrated optical emission and that at
845 nm. Their jet-to-jet variation is found to be 5.6% and 7.9%, respectively.
On the other hand, the jet-to-jet variation at 706 nm and 777 nm is larger at
13.5% and 14.7%, respectively. In our experiments, the plasma-substrate
interaction is subject to environmental interference without any control
chamber and no individual ballast is used. Therefore the variations could be

reduced further by, for example, individualised ballasts.

Although the intensities among different jets in the wavelength
integrated image in figure 6-14 are reasonably uniform, from its
wavelength-filtered images at 706 nm and 777 nm, it is clear the intensity of
the central jet is lower than any surrounding jet, at about one third less
intensive than the most strongly light-emitting channel in the array. When the
carrier gas is changed to pure helium, the phenomenon that the central jet
tends to have a lower intensity is also observed, as shown in figure 6-15, for
which a glass plate is placed 15 mm from the array nozzles and the
wavelength-integrated end view is taken. The central jet experiences a
balanced impact of jet-to-jet interaction whereas all six surrounding jets do
not. The weak optical appearance of the central channel in comparison to the
six surrounding channels may be a result of the interaction among seven

hexagonally placed channels.

While a marked improvement is believed to be attainable by imposing
smaller fabrication tolerance for the jet array, it is also expected that
individualised ballast will improve the jet-to-jet uniformity significantly.
Notwithstanding improved jet-to-jet uniformity, it is important to note that
uniformity requirements for many processing applications, including plasma

medicine, could in practice be relaxed. In the case of biological
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decontamination, an overkill by some plasma channels and a just-enough kill
by others would result in the target of sterility being uniformly satisfied
across the entire surface of the sample. Better inactivation efficacy achieved
by an overkill for a small region of the sample surface area means a more
rapid attainment of sterility, but the attained sterility is the same as the
sterility achieved by just-enough inactivation elsewhere. Therefore the
uniformity in processing efficacy can often be addressed with an overkill
strategy, provided the overkill strategy does not cause adverse effects on the
surface of the substrate, for example etching and surface roughing.
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Fig 6-15: A wavelength-integrated end view image of the 2D 7-jet array with
an exposure time of 100 ps in pure helium flow.

From the above discussion, good jet-to-jet uniformity of the 2D 7-jet
array is well assessed from the maps of optical emission images. Better
performance can be expected by using better fabrication and active feedback
control. For applications in plasma medicine, an overkill strategy helps attain

the processing uniformity.

-155-



Chapter 6. 2D arrays of atmospheric plasma jets

6.6 Spatial reach of plasma reaction chemistry

The centre-to-centre distance between two adjacent quartz tubes of the
2D 7-jet array is 3.0 mm. Discussions of figure 4-9 and 4-10 indicate the
difficulty to precisely measure the plasma diameter on the downstream
ground electrode, but suggest that it would be between those estimated with
time-accumulated and time-resolved optical emission. With this, the plasma
spot on the downstream substrate is estimated to be between 1.4 and 1.8 mm.
By using equation (6.1), this is translated into a jet density, p; = 0.47 ~ 0.60.
This represents the highest jet density compared to typically p; = 0.05 ~ 0.4 in

6.24,6.25,6.28-6.30]

previously reported SEAP array studies' .

In principle, it is not possible to achieve plasma uniformity with a unity
jet density because space must be provided between channels for mechanical
support and thermal management. Therefore it is perhaps unrealistic to expect
the light-emitting parts of two adjacent plasma jets in the 2D jet array to
overlap. This appears to suggest that the array would need to be moved to
fully cover the surface area of a downstream sample even with a large jet
density of p; = 0.47 ~ 0.60. However, reactive species delivered by a plasma
jet to the sample surface will undergo radial transport on the sample surface
and as such it is possible for their impact range on the sample surface to
exceed the jet-to-jet distance. If this is the case, the entire sample surface
would be impinged by an overlapped shower of incoming fluxes of reactive
plasma species. This may remove the need for moving the 2D jet array to
achieve a complete surface coverage of a downstream sample, and is an
important benefit for practical implementation of 2D jet arrays. To test
whether the 2D jet array of figure 6-3 facilitates adequate spatial overlap of
fluxes of reactive plasma species, we consider the uniformity of its bacterial
inactivation without moving the jet array nor the bacterial sample. We use E.
coli type 1 cells deposited on agar plates in petri dishes, with an initial cell

concentration of 10’ CFU or 5.1x10° CFU/cm’. The petri dish is held on a

-156-



Chapter 6. 2D arrays of atmospheric plasma jets

metallic ground electrode and the distance between the jet nozzles and agar
surface is 13 mm. The peak applied voltage is 4 kV at 10 kHz, and the flow
rates are 2.14 slm helium and 10.7 sccm oxygen per channel with a fixed
O,/He ratio of 0.5% according to the previously reported optimum biocidal

(6406411 " Temperature of the plasma contact area is measured by

condition
burying a temperature strip underneath the agar. The temperature
measurement suggests that the sample temperature remains below 45 °C for
the treatments. Control experiments are performed in ambient air, in a

helium/oxygen flow, and on a hot plate maintained at 45 °C, all for 5 minutes

without plasma. These are found to have little bactericidal effect.

Fig 6-16: The 7-jet array treatment of E. coli type 1 cells on agar plates in
petri dishes. For all cases, the initial E. coli cell density is 5.1x10°
CFU/cn??, the peak applied voltage is 4 kV and the flow rate is 2.14
slm helium with 10.7 sccm oxygen per channel.

Results of E. coli inactivation by the 7-jet array are shown in figure 6-16
for six different treatments from 10 seconds to 5 minutes. Clearly longer
treatment attains better killing result. After 10 seconds’ treatment, the plasma

appears to kill the E. coli bacteria from the plasma contact point for which the
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plasma ‘root’ can be seen from the image. This root is seen to increase for a
longer treatment. Its diameter is found to be around 1.4 mm and 1.5 mm after
30 seconds and 1 minute, respectively. When the treatment is less than 1
minute, these plasma roots are isolated separately from each other. For the 3
minutes treatment, the bactericidal impact from each jet is found to overlap
with the surrounding ones, and the bacterial sample now has a circular void of
~27 mm in diameter. For treatment of 5 minutes, the central circular void is

further enlarged to have a diameter of ~35 mm.

Fig 6-17: Plasma treatment of E. coli type 1 cells on agar plates in petri
dishes using (a) the 7-jet array, and (b) a single capillary-ring
plasma jet. For both cases, the initial E. coli cell density is
5.1x10° CFU/cm?, plasma treatment time is 5 minutes, the peak
applied voltage is 4 kV and the flow rates are 2.14 slm helium with
10.7 sccm oxygen per channel. The blue circle in (a) and the blue
dot in (b) indicate the physical size of the 7-jet array and the size of
plasma contact on agar surface respectively. The diameter of the
former is 9 mm and that of the latter is 1.4 mm.

A closer view of the sample treated for 5 minutes is presented in figure
6-17a, where no obvious impact of individual plasma jets is evident and the
treatment is more uniform than the jet-to-jet uniformity on the downstream
glass plate (see figure 6-15). This processing uniformity confirms the
possibility that the spatial impact of reactive species on the bacterial sample

may accumulate to even out the uneven localisation of individual jets in the
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2D array. In other words, the impact of the jets overlaps. This suggests that
2D SEAP arrays can treat a large downstream sample without a relative
movement between the jet array and the sample, even though the
light-emitting parts of individual plasma channels do not overlap. While
further tests are needed for other microorganisms and indeed other biological
contaminants, the confirmation of overlapped reaction chemistry has
implications not only for practical implementation of SEAP arrays (e.g.
exemption of mechanical scanning), but also for the assurance of their
treatment reproducibility. The latter is important in the case of treatment of

living tissues, for which dosage control is likely to be a central issue!®*.

To introduce a more quantitative measure of the physical extent of
reaction chemistry on the agar plate, we introduce the concept of the reaction
chemistry impact diameter D, and for the treatment of 5 minutes in figure
6-17a D;,, = 35 mm. To contrast this against the single jet case, identical E.
coli samples are treated by the unit jet of figure 6-3 sustained at V), = 4 kV
and 10 kHz. The gas is helium of 2.14 slm mixed with oxygen of 10.7 sccm
(i.e. 0.5%), and the treatment time is 5 minutes. Therefore the plasma
conditions are identical to those of the 2D jet array. Result of the single jet is
shown in figure 6-17b with a reaction chemistry impact diameter D;,,, = 23
mm. Therefore the impact range of the 2D SEAP array increases by 52%
from that of the single jet. It is useful to note that the reaction chemistry
impact diameter depends on the character of the biological contaminants and
also the treatment time. For E. coli type 1 samples used here, plasma
treatment of 3 minutes is found to result in a reduced impact diameter of 27
mm and 19 mm for the 2D array and the single jet respectively. These suggest
that the increase in the impact range is 42%, smaller than that in the case of 5
minutes. Benefits in extending the physical impact range of reaction

chemistry using SEAP arrays are greater with longer treatment times.

It is useful to compare D, to the size of the light-emitting part of the
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plasmas. In the single jet case in a helium-oxygen flow at V, = 4 kV, its light
emitting spot on a downstream glass plate is estimated to be Dy, ~ 1.4 mm.
For the 2D SEAP array, the light emitting spot of each jet on the same
downstream glass plate is also Dy, ~ 1.4 mm when the gas is helium-oxygen
mixture at O»/He = 0.5%. Therefore the total area of the light emitting spots

of the 2D array, S,, and area of the reaction chemistry impact, S;,, are

S, =nz(D,, /2) (6.2)

Sy = 7(D,, 12)? (6.3)

imp

where n is the number of the jets in the array. To quantify the relationship of
the reaction chemistry impact diameter D;,,, to the effective plasma diameter,

we introduce the concept of the plasma impact ratio as
Ioimp = Simp /Ssp (64)
Equation (6.4) can be simplified as

Ponp =Dy /(D) (6.5)

We found p;m, = 9.4 and 16.4, respectively, for the 2D array case of figure
6-17a and the single-jet case of figure 6-17b, indicating that the impact of
reaction chemistry is much larger than the actual size of the plasma root in
both cases. The single-jet case represents a larger scaling ratio in plasma
treatment than the array case, and suggests that the plasma impact radio of 9.4
in the 2D array is likely to decrease as the array is scaled up with more
channels. The smaller scaling ratio in the 2D array case is due to the fact that
the impact extent of the individual jets overlap. Figure 6-18 shows the atomic
oxygen emission intensity at 777 nm on the downstream glass substrate
overlaid with a circle indicating its reaction chemistry impact range of 35 mm
in diameter. The top-right single jet is marked with its own reaction chemistry
impact range of 23 mm in diameter, if acting along as a single jet. It is clear
that the impact range of the array exceeds that of the top-right single jet and

indeed those of the six surrounding jets. Hence under the same plasma
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condition, the 2D array has a greater biocidal reach than that predicted from
the simple superposition of all individual jets. Long-living helium metastables
generated by the central jet may have diffused to the surrounding area and
enhanced oxygen dissociation there via He*+0, — O+O*+He and He,*+0,
— O+0O*+2He, which are known to be the main pathways for production of
oxygen atoms in He-O, atmospheric plasmas (here O and O* are the
ground-state and the excited-state oxygen atoms; He* and He,* are excited

6.45

helium atoms and metastables)!**’!. This may be responsible for the greater

reaction chemistry reach of the 2D array in figure 6-18.

Fig 6-18: An end-view, filtered at 777 nm, of the seven plasma jets on the
downstream glass plate, each having a light-emitting spot of ~1.4
mm in diameter. The effective radius of the jet array is estimated
from the centre of the central jet to the outside edge of one
surrounding jet, and is approximately 3.7 mm. The top-right jet is
marked with its reaction chemistry range of 23 mm in diameter, if
acting alone as a single jet. The reaction chemistry impact range of
the array has a diameter of 35 mm from figure 6-17, and exceeds
the range of the top-right single jet.
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It has been demonstrated in figure 6-17 and illustrated in figure 6-18 that
the spatial overlap of reaction chemistry delivered by individual plasma jets
covers all the spaces between any two adjacent plasma jets and there is no
untreated region on the entire surface area of the sample as long as the sample
is smaller in surface area than the plasma impact range. One implication is
that a more tightly packed jet array with a jet density approaching unit may
not be necessary. It also implies that with further up-scaling 2D SEAP arrays
it would be capable of treating a large surface without relative plasma-sample
movement. This 1s advantageous not only for engineering simplicity but also
for processing reliability. In a typical scenario of plasma medicine where an
SEAP array is used to treat a chronic wound, movement by either the plasma
or the patient introduces variation to the plasma-tissue interaction and in turn
this may compromise the reproducibility of the plasma treatment. Minimal
moving or even stationary plasma treatment has not been anticipated for

plasma jets and jet arrays in the past, partly because existing SEAP arrays are

6.24,6.25,6.28-6.30

either one-dimensional or with large jet-to-jet distance! | but now it

appears to be a distinct possibility.

Fig 6-19: Pictures of a 19-jet array viewed from different angles.
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The discussion so far in this chapter is mainly about the 2D 7-jet array as
an example of the 2D SEAP array. As illustrated in figure 6-1, and explained
in the above discussion, the 7-jet array can be up-scaled and practically cover
a larger area. As an illustration of its scalability, figure 6-19 shows pictures of
a 19-jet SEAP array from different viewing angles. It is clear that all jets are
capable of addressing the downstream ITO glass with fairly good jet-to-jet

uniformity and plume intensity.

Fig 6-20: A 37-jet SEAP array viewed from (a) the side and (b) the end, both
against an ITO downstream electrode. The plasma array diameter is
2R, = 21 mm whereas the impact range of reaction chemistry is
much larger. In the case of E. coli inactivation, Dj,, = 48.6 mm.
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By adding another 18 single capillary-ring jet units to the outer ring of
the 19-jet array, a 2D 37-jet array is assembled and figure 6-20 shows its
treatment of a downstream ITO glass. Again it is evident that the 37-jet array
attains similar jet-to-jet uniformity and simultaneous jet firing to the 7-jet
array. The plasma array diameter is approximately 2R, = 21 mm. Using
reaction chemistry impact values for the 7-jet array and the single jet from
figure 6-17, the distance between the edge of the plasma diameter to the edge
of the reaction chemistry range is (35mm—2x3.7mm)/2 = 13.8mm. This figure
is used to approximate the extent of reaction chemistry of the 37-jet array
beyond its diameter and to estimate its reaction chemistry impact range as
Dimp = 2x13.8+2R, = 48.6 mm. This dimension is already appropriate for
treating skin diseases, some open wounds, and many surgical instruments. In
principle, there is no immediate limitation on how far the SEAP arrays could
be scaled up to and larger SEAP arrays are certainly attainable. As their
up-scaling is pursued further and further, engineering challenges, particularly

power supply designs and array architectures, are expected to emerge.

6.7 Summary

Two-dimensional SEAP arrays are studied and discussed in this chapter.
The 2D jet array employs capillary-ring jets as its elemental jets, and the jets
are arranged in a hexagon-shaped configuration. A 7-jet array is studied as an
example. It is found that the 2D 7-jet array has a built-in feedback control
mechanism which is influenced by the excitation frequency. At 10 kHz, the
array structure is shown to support simultaneous firing of all its seven
channels against both metallic and dielectric substrates. The jet-to-jet
uniformity is good and the jet density of 0.47 ~ 0.6 represents the highest of
all jet arrays reported so far. The 2D jet array also shows a good level of
insusceptibility to variations of the downstream samples in their physical

dimensions, structural and material properties.
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The 2D plasma jet array also exhibits intriguing dynamic behaviours,
particularly the difference in dynamics of the central jet and that of the other
jets. In the negative half cycle, only the central channel supports a plasma
plume. In the positive half cycle, all channels support plasma plumes,

suggesting different jet-to-jet interactions.

Optical emission captured from the end view demonstrates that a good
jet-to-jet uniformity can be achieved for the 2D jet array. E. coli bacteria
inactivation experiments confirm spatial uniformity of the plasma array
treatment. It is shown that plasma species impact on a much larger surface
area than the physical diameter of the plasma array and that the fluxes of
reactive species of individual plasma jets overlap considerably on the
substrate surface. These are desirable for achieving good processing

uniformity and reproducibility.

The 7-jet array is shown to be up-scaled to a 2D 19-jet array and to a 2D
37-jet array. The reaction chemistry impact diameter of the 2D 37-jet array is
estimated to be 48.6 mm, and its impact covers an area of 18.6 cm”. This
represents the largest addressable surface area of jet-based plasma sources so
far and is already adequate for some applications in plasma medicine. In
principle larger arrays are possible if more elemental jets are added. At some
point of up-scaling however, this may be challenged by the capability limit of
the power supply. To overcome this, the jet array can be operated in a
modular fashion. Jet arrays, as many as needed, can operate in parallel each

with its own power supply.

In summary, 2D atmospheric plasma jet arrays offer a viable option as
large-scale atmospheric plasma sources well suited for many processing

applications including plasma medicine.
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Chapter /
Dual-frequency Plasma Jets

7.1 Introduction

In the previous chapters we discussed low-temperature atmospheric
plasmas configured as spatially extended jets as well as jet arrays in different
designs. The success of spatially extended atmospheric pressure plasma jets
and jet arrays can be attributed to two advantages. First, applications benefit
critically from the spatial separation of the plasma generation region from the
downstream processing region, thus facilitating a near-sample introduction of
versatile reaction chemistry with relatively little impact on plasma stability.
Second, spatial extension of those plasma sources makes them able to treat
three-dimensional objects. Therefore, atmospheric plasma jet arrays offer an

interesting option for treatment of large three-dimensional objects.

Atmospheric plasma jets and jet arrays are relatively new additions to
the family of non-equilibrium atmospheric discharges with relatively little
understanding of both their technological scope and their underpinning
physics. The expanding range of their practical applications puts an
increasing focus on two important long-term questions, namely whether
future innovations may fundamentally improve their performance as a
material processing tool and how their plasma dynamics could be tailored to
control downstream reaction chemistry. While these two questions are being
pursued sometimes independently, their common goal is to identify effective

control strategies with which key plasma parameters can be tuned, separately
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but not necessarily independently, to influence and control the functionalities

of plasma processing.

The task to achieve controllable plasma processing with physical
parameters is particularly challenging for non-equilibrium atmospheric
discharges. This is largely due to their very high collisionality that forces a
narrow parametric range within which to satisfy multiple and often
conflicting requirements such as high electron density and temperature, low
gas temperature, robust plasma stability, and active reaction chemistry. Many
of these key plasma parameters are intertwined together in strong and
sometimes unwanted cross-dependence in most current low-temperature
atmospheric plasma sources. For example, an attempt to increase plasma
density hence achieve more active reaction chemistry usually leads to a large
increase in gas temperature and sometimes plasma instability. The need to
reduce gas temperature for processing heat-sensitive materials on the other
hand is often met by operating low-temperature atmospheric plasmas in a low
current regime or in an afterglow mode for which reaction chemistry may be
significantly compromised. It should be acknowledged that engineering
solutions may mitigate some of the unwanted cross-correspondences and
achieve an acceptable application efficacy for a specific application. However
it is always desirable to seek a general strategy that weakens these

cross-correspondences and enhances opportunities for better process control.

The jets considered in the previous chapters all employ electrical
excitation in the kilohertz range (referred to as AC). This is because in
comparison with radio-frequency (RF) or microwave excited jets, AC excited
plasma jets tend to achieve a longer plume, which is desirable for treating
three-dimensional objects, and a lower gas temperature which is necessary for
treating heat-sensitive materials. By contrast, RF plasma jets tend to achieve a
higher plasma density but have short plasma length and high gas temperature,

both restricting their own application scopes. The results in Chapter 4 show
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that the hybrid capillary-ring jet has an upstream plasma region between the
capillary electrode and the ring electrode, and a downstream plasma
processing region. This spatially separated structure motivates an initiative to
explore dual-frequency excitations to the capillary-ring jet as an attempt to
separate the control of three fundamental plasma quantities in jets, namely
plasma plume length, plasma density and gas temperature. This is the focus of

this chapter.

Dual-frequency excitations are known to be beneficial for low pressure
capacitively coupled plasmas!”"), but their use for atmospheric plasmas are
rare and so far limited to a co-located excitation at two similar radio
frequencies in the parallel-plate electrode configuration 7*7?! In the latter
case, the effects of the two excitation frequencies are strongly coupled,
encouraged by their co-located application. This is different from our goal of
weakening and separating the cross-dependence of plasma density, plasma
plume and gas temperature. The spatially separated dual-frequency
excitations to be introduced are novel for non-equilibrium atmospheric

plasmas in general and atmospheric plasma jets in particular.

This chapter is organised as follows. Details of the design of the spatially
separated dual-frequency jet are discussed in section 7.2. Its characteristics
are detailed in section 7.3 including the control of plasma plume, plasma

density and gas temperature. Finally a summary is given in section 7.4.

7.2 Design and experimental setup

Figure 7-1 shows a schematic of the experimental setup and the design
of the dual-frequency jet. A capillary-ring jet is used with the same capillary
and ring electrodes and the same quartz tube as those described in Chapter 4.
The ring electrode wraps tightly around the quartz tube and is placed 1 mm

away from the tube nozzle. It is electrically grounded. The capillary electrode
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is connected to a RF power supply via a matching network and the axial
distance between the capillary tip and ring electrode is set to 1 mm. The
frequency of the RF power supply is fixed to 5.5 MHz. The third electrode, a
metal plate, is connected to an AC power supply with a frequency at 30 kHz
and an amplitude up to 5 kV. It is placed some distance away from the tube
nozzle to form a downstream region. As a result of the above design, the
influence of the RF excitation is confined mainly in the upstream region
between the capillary and ring electrodes, whereas the influence of the AC
excitation is confined largely to the open downstream region between the ring
and the plate electrodes. This spatially separated application of the dual

frequency excitations is useful to maximise control of plasma dynamics.

Fig 7-1: Schematic of a spatially separated dual-frequency excited jet with a
capillary electrode (also doubling up as the gas inlet), a ring
electrode placed near the nozzle of the gas-confinement quartz tube,
and a downstream plate electrode. Also shown are power
connections of the dual-frequency excitations.
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For experiments reported here, a helium flow (99.996%) of 4 slm flows
through the capillary electrode and then the quartz tube if not stated otherwise.
The flow rate is well within the laminar flow range. Two Tektronix P6015A
voltage probes are used to monitor the applied voltages to the capillary
electrode and the plate electrode, respectively. Discharge current is measured
by a Pearson 2877 current probe. These electrical signals are recorded by a
Tektronix DPO4104 oscilloscope. Plasma images are taken with either an
Andor DH720 ICCD camera or a domestic digital camera. Spectroscopic
signals for optical emission used for estimating the rotational temperature are
measured via an Andor Shamrock SR-303i spectrograph. Broad spectra are
obtained with an Ocean Optics 2000 spectrometer with absolute emission
intensity determined by using an Ocean Optics LS-1-CAL NIST traceable

white light source in the 350 ~ 1000 nm range.

7.3 Characteristics of the dual-frequency jet

7.3.1 Plume length

Figure 7-2 provides an overview about how the spatially separated
dual-frequency jet works. All the images have an exposure time of 33.333 s
which is equal to one cycle of the applied AC voltage, and they are
normalised to the same intensity range. As a result, the intensities of these
images are directly comparable. The nozzle-to-plate distances are 1.5 cm in
figure (a)-(e) and 3.0 cm in figure (e), respectively. The white rectangular
lines outline the positions of the quartz tube and the capillary electrode. The
red square indicates the location of the ring electrode and the vertical red line

indicates the plate electrode.
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Fig 7-2: Images of the spatially separated dual-frequency. (a) Vrr = 1.0 kV,
Vac=0V;(b) VRe=2.0kV, Vac=0V; (c) Vac=6.0kV, Vg =0V,
(d) Vac =3.0 kV, Vrr= 1.0 kV; (e) and (f) Vac = 5.0 kV, Vrr = 1.0
kV with different nozzle-to-plate distances.

The first three images show the profiles of plasmas if only one frequency
is applied to the jet, i.e. either the capillary or the plate electrode is powered.
When the AC power supply is off, with increasing the applied RF voltage,
breakdown occurs between the capillary tip and the ring electrode when the

peak-peak RF voltage (Vrp) is higher than 1 kV. Immediately after the
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breakdown, the discharge voltage is reduced to less than 600 V. Figure 7-2a
shows the situation when Vgr = 1.0 kV. A bright plasma is located in the
upstream electrode gap and it is not seen to extend downstream beyond the
ring electrode. Still with AC power off, the plasma in the upstream region
expands its volume and its plume extends towards the downstream region
when Vgg is further increased. Around Vgr = 1.2 kV, the plume starts to
extend out of the jet nozzle. Figure 7-2b shows this situation when Vgg
reaches 2 kV. It is found that an intense plasma plume is formed and its length
outside the quartz tube is about 5 mm. The plume length remains 5 mm even
with further increase of the applied RF voltage due to an electron trapping
mechanism for RF atmospheric plasmas'’*. Specifically, for Virr = 2 kV, the
value of the electric field strength, E, between the capillary tip and the
downstream plate electrode is 2000/(2x2%°x2) V-em™ (according to equation
E =V/d, where V is the applied voltage and d is the distance). Knowing that
the electron mobility is 1132 cm?V™'s?, the electron transition time across the
electrode gap of 2.0 cm (from the capillary tip to the plate) is found to be 5 ps,
which is much longer than the half RF cycle of 91 ns. As a result, electrons
cannot travel further to bridge the gap between the capillary tip and the
downstream metal plate. This phenomenon is consistent with the typical RF
jets being millimetre in length”*). The bright plasma plume indicates a high
plasma density. This is because the high excitation frequency makes electrons
travel back and forth quite quickly and the resulting collisions lead to an

intense plasma, i.e. an abundant electron source.

If the jet is only powered by AC for the plate electrode (i.e. without the
RF power), it is found that the peak-peak AC voltage (Vac) needs to reach
more than 6 kV to trigger breakdown. This high breakdown voltage is a result
of the relatively weak electric field between the plate electrode and the ring

electrode. Figure 7-2c is taken at V¢ = 6.0 kV in which no plasma is present.

The combination of the RF and AC excitations can change the plasma
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evolution remarkably. Figure 7-2d shows a situation with Vgr = 1.0 kV and
Vac = 3.0 kV, each alone being unable to extend the plasma outside the quartz
tube. However a 15 mm long plasma jet is formed outside the tube with the
dual-frequency excitations. A further increase of the AC voltage to Vac = 5.0
kV with Vgr = 1.0 kV fixed is seen in figure 7-2e to significantly increase the
optical emission of the plasma jet. This emission intensity is comparable to
that in figure 7-2b, suggesting similar plasma density achieved to the high
plasma density of the RF jet in figure 7-2b. Moreover, the dual-frequency
excitations are capable to extend the plasma for a longer plume length. Still
with the same applied voltages as those in figure 7-2e, i.e. Vac = 5.0 kV and
Vrr = 1.0 kV, the plume length is seen to reach 3.0 cm as shown in figure 7-2f.
Compared with figure 7-2e, the plume intensity in figure 7-2f is weaker. This
is because as the nozzle-to-plate distance increases the electric field induced
by the AC power decreases, and as a result the ability to draw the intense
plasma from the upstream region towards the downstream region becomes
weaker. Experiments confirm that if a higher AC is used for the case of figure
7-21, the intensity of the downstream plasma plume can be enhanced. In other

words, the progress from figure 7-2d to figure 7-2e is repeatable.

The above illustration is a fairly representative of how dual-frequency
excited jets work. It appears that the spatially separated dual-frequency
excitations can control the jet plume and plasma density separately. It is of
interest to see that, with the addition electrons fed from the upstream RF
discharge, the long plume length of dual-frequency jet can be achieved at
relatively low applied voltages. To see this more clearly, the plate electrode is
placed at different downstream locations until the tip of the dual-frequency jet
just touches the plate electrode. This is referred to as the longest plume length
measured from the tube nozzle to the plate electrode. In figure 7-3a, the
longest plume length of the RF plasma jet (Vac = 0 V) is seen to increase

monotonically with Vgr and its maximum value is about 5 mm at Vgr = 2.0
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kV, above which the length does not change. For the dual-frequency jet case,
its longest plume length is found to be much longer than that of RF jet and
can reach 36 mm at Vac = 6.0 kV and Vgr = 1.0 kV. When V¢ > 5.0 kV and
Vgrr > 1.0 kV, the longest plume length is always longer than 30 mm, which is
5 times longer than the longest plume length in RF jet case. The dependence
of the plume length on Vgr is also different. The plume length increases
quickly with the increase of Vgg till Vgg = 1.0 kV after which it undergoes
much slower change. This gradual change varies from a small increase at Vac
=3.0 kV to a small decrease at Vac > 5.0 kV. All these results suggest that the
additional use of the AC excitation changes substantially the plasma plume
length in dual-frequency plasma jets.
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It should be remarked that the downstream plate electrode is powered at
AC to maximise the spatial separation of the two excitations for the
dual-frequency jet. However to compare its plume length to that of a
conventional AC jet, it is appropriate to power the capillary electrode at AC,
as indicated in the insert of figure 7-3b. In this case, figure 7-3b shows that
the maximum value of its longest plume length is 20 mm when Vac = 5.0 kV.
The plasma jet becomes unstable if V¢ is raised above 5.0 kV, and so the
longest plasma plume length is about 20 mm with the AC excitation alone.
With Vgr switched onto the capillary electrode and V¢ = 6.0 kV now applied
to the plate electrode, the plume length increases significantly to around 31 ~
36 mm. This is markedly higher than the maximum 20 mm of the plasma
plume in the AC jet. It should be noted that although the AC excitation
influences most significantly the plasma plume length, the RF excitation has
its own influence. The two dual-frequency cases in figure 7-3b suggest that
the plume length can be 5 mm longer at Vgr = 1.0 kV than at Vg = 2.0 kV
when Vac = 6.0 kV in both cases. Also when V¢ is higher than 3.0 kV, the
plume length at Vgr = 1.0 kV seems has a quicker increase than that at Vgp =
2.0 kV. This could be a result of stronger electron trapping in the upstream

region with a larger Vg’

From the above discussion, it is clear that the upstream RF discharge is a
source of intense plasma, which itself cannot extend to more than 5 mm into
the downstream region due to the electron trapping. The downstream AC
power can draw electrons out of the upstream plasma by the electric field set
up between the plate electrode and the ring electrode. The electrons generated
upstream could become seed electrons to influence the downstream

breakdown.
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7.3.2 Voltage and current characteristics

Figure 7-4 shows typical temporal behaviours of the two applied
voltages (Vrr = 1.0 kV, Vac = 4.0 kV) and the discharge current, the latter of
which is measured between the AC power supply and the ground to capture
the electrical signature of the plasma jet in the downstream region. The
nozzle-to-plate distance is 15 mm. The insert provides an enlarged view for
the RF voltage waveform. It is clear that the discharge current is made of a
slow-changing AC component superimposed with a fast-oscillating RF
component. There is also a significant negative dc bias in the RF voltage and
this is absent in the case of the RF jet, suggesting new physics for example an
asymmetric discharge structure. These indicate a clear interaction between
influences at the two excitation frequencies. In particular, the upstream
discharge sustained by the RF excitation is dense and provides an additional
electron source to the downstream AC-sustained discharge. This increases the
plasma density in the downstream. Operating at a much lower excitation
frequency, electron wall loss in AC jets is severe with little electron trapping

and as a result their electron density tends to be lower than that in an RF jet.
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Fig 7-4: RF and AC applied voltages together with the discharge current, with
the latter measured between the AC power supply and the ground.
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However the reduced electron trapping also allows the AC jet to be spatially
extended. With the upstream discharge providing considerable seed electrons
to the downstream AC plasma jet, the plasma density of the latter is enhanced

substantially along its full plume length.

7.3.3 Plasma density and gas temperature

Spatially separated dual-frequency excitations have been shown to
control the plasma plume length and plasma density separately. It is now of
interest to study whether it could be used to control plasma density and gas

temperature separately.

Absolute wavelength-integrated optical emission intensity from 350 nm
to 900 nm is measured as an indirect indicator for plasma density. It is
measured by using an Ocean Optics 2000 spectrometer with an optical fibre
placed close to the jet contact point on the plate electrode. More detailed
spectrum in the N, first negative system from 388 nm to 392 nm is collected
using an Andor Shamrock SR-3031 spectrograph. It is compared with the
simulation results obtained from LIFBASE software”®, to determine

rotational temperature, 7o, Which is a good approximation of gas

temperature!’”.

We consider three configurations, namely two single frequency
excitations at AC and RF and the dual-frequency excitations. For the
dual-frequency case, both Vgr = 1.0 kV and Vg = 2.0 kV are considered. As
the plume length of the RF jet is small, the downstream plate electrode is
placed 4 mm from the quartz tube nozzle for the RF jet. For the AC and

dual-frequency jets, this distance is 15 mm.

Figure 7-5 shows that both the absolute emission intensity and T, as a
function of the applied voltage. It is found that both the emission intensity

and T increase with the applied voltage. For the RF jet in figure 7-5a, its
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emission intensity is seen to increase significantly from 0.6 pW/cm? at Vg =
1.6 kV to 19.8 pW/cm® at Vgr = 1.8 kV, during which the corresponding Ty
increases from 360 K to 490 K. For the AC jet in figure 7-5b, its emission
intensity undergoes a more gradual increase from 5.2 pW/em® at Vac = 3.0
kV to 14.9 pW/cm2 at Vac = 5.3 kV. The corresponding T}, increases from
380 K to 490 K. Vgr = 1.8 kV and V¢ = 5.3 kV are near the operation upper
limit above which plasma tends to be unstable, so they mark the capacities of

the RF jet and AC jet respectively. The RF jet is seen to reach a higher plasma
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Fig 7-5: Absolute wavelength-integrated emission intensity (in black) and gas
temperature (in blue) for the jet powered at (a) RF; (b) AC; and (c)
dual-frequency. The plate electrode is placed 4 mm downstream
from the tube nozzle for the RF case, and 15 mm for the two other
cases.
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density than the AC jet at the contact point, and this is consistent with the fact
that RF provides a more dense plasma. The gas temperature is near 490 K for
both RF and AC jets when they reach their maximum plasma density at the

contact point.

For the dual-frequency jet case in figure 7-5c, a larger Vgr 1s found to
substantially increase the emission intensity. At Vgg = 2.0 kV, an increase of
Vac from 2.7 kV to 3.1 kV leads to an increase of emission intensity from 0.2
uW/em?® to 38.8 pW/em?, which is 2.0 and 2.6 times of those maximum for
the RF and AC jets, respectively. The T is also seen to undergo a noticeable
increase, from 350 K to 510 K, when Vc increases from 2.7 kV to 3.1 kV.
However, the increase of emission intensity in the dual-frequency jet is
achieved at lower gas temperature. For example, the emission intensity
corresponding to 7yt = 400 K is similar at about 7 uW/cm2 for both the AC
and RF jets and about 15 pW/cm?® for the dual-frequency jet. This represents a
factor of 2 in the intensity ratio. At Vrr = 1.0 kV, the increase of emission
intensity and 7. is smaller than the larger Vgrr case. However the emission
intensity reaches 13.9 pW/cm2 with Ty, at 420 K. This represents a similar
emission intensity to the maximum achieved by the AC jet, but with the gas
temperature at 50 K lower. Therefore the dual-frequency jet enables a route to
separate tuning of plasma density and gas temperature. When the upstream
RF operates at a high applied voltage, with relatively small change to the gas
temperature, the dual-frequency jet can produce stronger plasma than its
single-frequency counterparts. When the upstream RF operates at a low
applied voltage, the dual-frequency jet can achieve similar plasma density to

AC jet but with much smaller gas temperature.

The results in figure 7-5 focus on wavelength-integrated optical emission
intensity. It is possible to strengthen the results with emission intensities of
key plasma species. Figure 7-6 shows the AC voltage dependence of emission

intensities of nitrogen dimer ions at 391 nm, excited helium at 706 nm, and
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two excited atomic oxygen lines at 777 and 845 nm. It is evident that these
important species are much more abundant at Vgg = 2 kV than the AC only
case. Helium line at 706 nm is known to indicate energetic electrons'”*), and
its larger emission intensity in figure 7-6b supports the conclusion of larger
plasma density in the dual-frequency jet derived from the
wavelength-integrated emission data in figure 7-5. Also the higher emission
intensities of the dual-frequency jet at 777 nm and 845 nm suggest a more
active reaction chemistry in the downstream region. Finally it should be noted
that the increase in the emission intensity of the dual-frequency jet from the
AC case is different, particularly at 706, 777 and 845 nm. This may be
indicative of changes in the electron mean energy and indeed the electron
energy distribution function. However ion energy may not change much, as it

is small in atmospheric plasmas'*.
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Fig 7-6: Absolute emission intensities at (a) 391 nm; (b) 706 nm; (c) 777 nm;
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circles).
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If the applied voltage of the single-frequency jet, either RF or AC, is
increased above its maximum value shown in figure 7-5, the plasma jet would
become unstable. However for the dual-frequency jet, further increase in Vac
does not affect plasma stability but it may cause the AC voltage waveform to
deviate from its nominally sinusoidal waveform because of the excessive
current flowing through the transformer of the power supply. As this
non-sinusoidal regime is still useful for practical applications, the
wavelength-integrated emission intensity is plotted in figure 7-7 against the
dissipated AC power for both the sinusoidal and the non-sinusoidal regimes.
It is evident that the optical emission intensity can reach 64 pW/cm® and 60
pW/cm2 for Vrr = 2.0 kV and Vgr = 1.0 kV respectively, at least 3 times of
the maximum emission intensity of the single-frequency jets. This much
increased optical emission is indicative of the very high plasma density that

can be achieved with the dual-frequency plasma jet.
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waveform, whereas the blue section has a non-sinusoidal waveform.
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7.4 Summary

A spatially separated dual-frequency jet is reported in this chapter. This
jet employs the capillary-ring structure with the capillary electrode connected
to RF power and the ring electrode grounded. An additional electrode is
placed downstream and powered by AC at kilohertz. This structure makes it
possible to apply two plasma excitations at different frequencies to spatially

separated locations.

Results and discussions presented in this chapter have demonstrated the
distinct benefits of the dual-frequency plasma jet. In comparison with its
single-frequency counterparts, the dual-frequency jet has been shown to have
larger plasma density, at least 3 times that of the maximum of the RF jet. Also,
the dual-frequency jet is able to achieve longer plume length than the AC jet,
and at a low level of the applied voltages at which the corresponding
single-frequency excitation would be unable to even strike a plasma. Clearly
the dual-frequency jet captures the advantages of the RF and AC jets in a
single device. Moreover, the achievement of high plasma density in the

dual-frequency jet is achieved at lower gas temperature.

The interaction between the influences of the two frequency excitations
is both clear and beneficial. The upstream RF discharge provides an intense
source of electrons which can be drawn to the AC discharge in the
downstream region for the latter to acquire higher plasma density and longer
plume length without undue increase in gas temperature. Clearly the
influences of the two excitations do couple together to influence plasma

behaviour of the dual-frequency plasma jet.

In short, the promising possibility of separate control of different plasma
parameters (e.g. plume length, plasma density and gas temperature) is
demonstrated. It is clear that dual-frequency plasma jets offer enhanced

plasma properties with potential for greater process control.
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Chapter 8
Conclusions and Future Work

8.1 Main conclusions

This thesis has systematically studied the development of one class of
up-scalable low-temperature atmospheric pressure plasma sources, namely
the spatially extended atmospheric plasma jets and jet arrays. These plasma
sources are intended for low-temperature processing of three-dimensional
objects such as those relevant to medicine (e.g. living tissues and surgical
instruments). Five different plasma sources have been proposed and
investigated experimentally, and their relevant merits are analysed. The
organisation of this thesis shows a logical development of these plasma
sources and the benefits of parallelising spatially extended atmospheric
plasma jets to a large-scale plasma source with distinct advantages of spatial
uniformity and robust stability when treating complex 3D-shaped samples.
The work detailed in this thesis has contributed to five journal publications
and twelve conference presentations. The key conclusions are summarised in

the following sections.

8.1.1 Atmospheric pressure slot plasma jet

Chapter 3 details the development of an atmospheric pressure slot
plasma jet. It is shown that the slot plasma jet can work in two distinct modes,

i.e. the single discharge mode and the dual discharge mode. For a
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three-electrode slot plasma jet working in the dual discharge mode, the
presence of the upstream discharge lowers the power consumption of the
downstream plasma curtain. This allows the applied voltage to be raised by
about 20% without unstabilising the downstream plasma curtain when
compared to the two-electrode slot plasma jet case. Nanosecond-exposure
images demonstrate the 25.4x8 mm’ plasma curtain produced by the slot
plasma jet is free of streamers at a helium flow of 15 slm. Abundant reactive
species are found in the downstream application region and the gas
temperature at the contact point with the downstream substrate is just below
30 °C. The main disadvantage of the atmospheric pressure slot plasma jet is
that its plasma stability and uniformity become deteriorative when treating

three-dimensional objects.

8.1.2 Single APGD jet

Common atmospheric pressure plasma jets are categorised in chapter 4
according to their electrode structures and their implications on how easily
individual plasma jets may be parallelised in an atmospheric plasma jet array.
The resulting understanding of these common single APGD jets leads to the
design of a hybrid capillary-ring electrode configuration as the base

architecture of the elemental plasma jet for use in a plasma jet array.

The capillary-ring plasma jet is characterised in detail through direct
comparison with two single-electrode plasma jets using a capillary electrode
or a ring electrode respectively. The capillary-ring plasma jet should have its
capillary electrode powered and its ring electrode grounded in order to take
the full advantage of the electrode design. It is found that the capillary-ring
plasma jet is advantageous over the two single-electrode jets due to the
elevated electric field between its capillary and ring electrodes in the

upstream region.
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In the free-burning mode, the capillary-ring plasma jet is shown to have
the lowest ignition voltage but the longest jet plume length among the three
plasma jets at a given applied voltage. Its plume length is longer than 22 mm
when the peak applied voltage is above 3.5 kV. The dynamics of the
capillary-ring plasma jet reveal the presence of two distinct modes, namely
the bullet mode and the continuous mode. The transition occurs around the
peak applied voltage of 3.0 kV and accounts for a significant increase of the

plume length in the continuous mode.

When treating a downstream metal sample, the plasma plume intensity
from the nozzle to the sample surface, the charge transfer to the downstream
metal surface and the optical emission measured from the plasma contact
point on the downstream sample all suggest that the capillary-ring plasma jet
is superior to the other two plasma jets. When treating a downstream
dielectric surface, the end-view images and the radial range of the reactive
plasma species on the sample surface also confirm the capillary-ring plasma

jet as the best choice among the three plasma jets.

Absolute atomic oxygen and ozone densities are measured with a
specially designed mass spectrometer system as a function of the
nozzle-to-orifice distance for a capillary-ring jet supplied with 4 slm helium
and 40 sccm oxygen. The peak atomic oxygen density is 4.5x10'* cm™ at 10 ~
14 mm away from jet nozzle while the peak ozone density is 1.2x10" cm™ at
18 mm. These measurements are indicative of the level of reactive oxygen

species produced by the plasma jet.

8.1.3 1D array of atmospheric pressure plasma jets

Chapter 5 reports a one-dimensional array of atmospheric pressure
plasma jets. This jet array covers a length of 3.2 cm and each jet is connected

with a ballast resistor to provide negative feedback to the applied voltage. The
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latter enables an effective self-adjustment mechanism when all jets work
together in an array. The jet array is able to fire its all individual jets when
treating vastly three-dimensional objects. The synchronised operation of the
jets in the jet array is demonstrated by the discharge current traces and fast
imaging when the array is used to treat both flat and sloped substrate surfaces.
Spatial jet-to-jet uniformity is further confirmed by optical emission
intensities measured from the plasma contact points on the downstream metal
surface. It is found that the jet array has much smaller intensity variation
among individual jets from 6% for a downstream flat surface to 12% for a
downstream sloped surface at 15°, while the intensity variation for a
comparable scanning single jet is 48% in the sloped surface case. The jet

array maintains robust temporal stability and spatial jet-to-jet uniformity.

The architecture of the 1D jet array allows its up-scaling, and this is

demonstrated with a 1D array of 30 plasma jets.

8.1.4 2D arrays of atmospheric pressure plasma jets

Chapter 6 reports a detailed study of 2D arrays of atmospheric pressure
plasma jets. The 2D jet array comprises hexagonally arranged capillary-ring
plasma jets. The jet density, a measure of how tightly individual jets are
packed in an array, is the highest among all the published jet arrays. A 2D
7-jet array is shown to have a broad operation range even when no ballast
resistors are added to the circuits. It is capable of firing all its individual jets
simultaneously against both flat metallic and dielectric samples placed
downstream, as well as vastly three-dimensional objects. It is believed that
the capacitive jet-housing structure acts as a distributed built-in ballast system
and this helps achieve simultaneous firing of all individual jets. There is an

optimal frequency range around 10 kHz for jet-jet uniformity.

The dynamic of the 2D 7-jet array is found to have intriguing features. In
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the negative half cycle of the applied voltage, only the central jet can produce
plasma plume but the plume cannot reach the glass substrate which is placed
downstream at 13 mm from array nozzles. In the positive half cycle, all
plasma channels produce plasma plumes and they all can reach the substrate.
The ignition of the central jet occurs slightly later than those of the
surrounding jets. This suggests different jet-to-jet interactions between 1D
and 2D jet arrays. When different amounts of oxygen are mixed into helium,

the best spatial uniformity is achieved when O,/He = 0.5%.

End-view images with an exposure time of 10 ns and with one cycle
time of the applied voltage are used to demonstrate that good jet-to-jet
uniformity is achieved. The intensity of the central jet tends to be weaker and
better spatial uniformity is expected to be achieved by using individualised
ballast. Through E. coli inactivation experiments, the impact of reaction
chemistry induced by individual jets is shown to overlap to allow for uniform
treatment. For the bacterial inactivation experiment detailed in this chapter,
the spatial reach of reactive plasma species is found to have an impact
diameter of 27 mm and 35 mm respectively after plasma treatment of E. coli
cells for three and five minutes. This is significantly larger than the physical

size of the 2D 7-jet array.

The scalability of the 2D jet array is demonstrated by the successful
development of a larger 2D 19-jet array and a 37-jet array. The 37-jet array is
estimated to have a reaction chemistry impact diameter of 48 mm. This
suggests that 2D jet arrays offer a viable and previously unavailable option as

a practical and reliable plasma source for biomedical applications.

8.1.5 Dual-frequency plasma jet

Chapter 7 presents a spatially separated dual-frequency jet, for which a

megahertz RF electric field is applied to the upstream region of a jet structure
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containing three electrodes while a kilohertz AC electric field is applied to its
downstream region. This arrangement makes it possible to separately control
three fundamental plasma parameters, namely plasma plume length, plasma

density and gas temperature.

It is found that the use of two very different frequencies can achieve a
plume length up to 36 mm, significantly longer than the longest plume length
achieved by single frequency plasma jets. The plasma density is inferred with
emission intensity at the downstream plasma contact point and it is shown
that the plasma density achieved by the dual-frequency plasma jet can be at
least 3 times and 4 times of the maximum density achieved by the
corresponding RF jet and AC jet respectively. Moreover, the attainment of
high plasma density by the dual-frequency plasma jet is reached at lower gas

temperature than the singe frequency jets.

The advantages of the dual-frequency plasma jet are a result of the
interaction between the influences of the spatially separated plasma
excitations at two very different frequencies. The upstream RF discharge
provides a rich source of seed electrons which can be drawn to the
downstream to the AC discharge for the latter to acquire higher plasma
density and longer plume length without undue increase in gas temperature.
Because of the spatially separated control, plasma plume length, plasma
density and gas temperature of the dual-frequency plasma jet can be tailored
to suit specific applications. They can also be used as the elemental plasma jet

to form 1D and 2D plasma jet arrays of improved process control.

8.2 Future work and improvement

The work presented in this thesis is a systematic development of
large-scale plasma sources aiming primarily at biomedical applications.

Parallelisation of spatially extended atmospheric plasma jets in 1D and 2D

-192-



Chapter 8: Conclusions and future work

arrangements is proposed and demonstrated to possess many significant
benefits important to many applications. The 1D and 2D jet arrays represent a
platform technique for up-scalable atmospheric pressure plasma sources.

Some of the future work is summarised below.

Given that the dual-frequency excitations offer an effective route
towards separate control of key plasma parameters, it is logical to implement
the dual-frequency excitations concept in the 2D jet array. This new 2D array
is likely to attain higher plasma density and longer plasma plumes, and in turn
these could improve the processing efficiency. With dual-frequency
excitations, the capacity of the AC power supply is envisaged as a limiting
factor to the maximum plasma density that can be achieved in the
downstream region as more and more plasma jets are added to the array.
Better or alternative design of AC power supplies will need to be studied in
detail. For treating a very large object, several jet arrays can work in a

modular fashion, each with its own power supply.

Plasma chemistry needs to be further investigated. The plasma sources
presented in this thesis mostly use helium as the carrier gas. It is known that
helium is relatively expensive. This may restrict the scope of the application
of the plasma jets and jet arrays. Argon can also be used as the plasma
forming gas'™®'*?, although streamers are easy to form in an argon plasma
plume. Investigation should be directed to achieve uniform argon plasmas in
1D and 2D jet arrays. Ideally air should be considered since this would
greatly reduce operation costs®*. Atomic oxygen is commonly regarded as a
major species accounting for bactericidal effect and this is why oxygen is
often added in the work presented here. Nevertheless UV and nitric oxide are
also important in biomedical applications®***!. Future research should look
into mixing nitrogen or both nitrogen and oxygen into a carrier gas for

accessing different plasma chemistries.

Another line of research can be directed to the use of alternative power
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sources. Pulse power is known to be able to produce higher electron density
than kilohertz AC™®**¢! and it can be used to drive a plasma jet array. The
increased electron density is expected to contribute to an increased yield of
reactive species and hence an improved processing efficiency.
Pulsed-modulated RF technology is also expected to benefit the future
development of the jet array as it can lower power consumption and gas
temperature™”. It should be noted from the dual-frequency jet study of
Chapter 7 that while the dual-frequency jet brings a high plasma density, the
gas temperature is also increased. Pulsed-modulated RF excitation applied to

the upstream region may considerably reduce gas temperature.

Last but not the least, more detailed plasma diagnostics are worth further
investigation as direct measurements for key plasma parameters such as
electron density and electron temperature are at present insufficiently
developed. These parameters are very important in terms of understanding
and optimising the physics of plasma sources. At low-pressure, ion flux and
ion energy can be separately controlled to benefit the applications of the
plasma technology for microelectronics fabrication. At atmospheric pressure,
whether electron density and electron temperature can be separately
controlled by the proposed spatially separated dual-frequency excitation is a
fundamental question waiting for an answer. As the dual-frequency jet can
achieve much higher electron density than its single frequency counterparts,
electron density measurement using Stark broadening with a detection limit of

~10" cm™ may become possible.
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