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ABSTRACT 

ABSTRACT 

The simplicity of their design and their wide range of applications make 

atmospheric pressure plasma sources very attractive for technological and biomedical 

applications as well as for lighting and pollutant abatement. Because of pd scaling 

atmospheric pressure plasmas are confined in small spatial volumes with dimensions of the 

order of a few mm. However observations show that the effect of atmospheric pressure 

plasma sources operating in open atmosphere may extend much further due to diffusion of 

plasma species. This open plasma boundary is extremely important in many applications 

but its complete exploitation is hampered due to lack of understanding. 

This is particularly true for one type of atmospheric pressure plasma source - the 

atmospheric pressure plasma jet (APPJ), a source that generates a transient plume of 

plasma in the open air. Depending on operating conditions, time-resolved imaging of the 

plasma jet shows that the transient plume consists of either a rapidly propagating ionization 

region, called plasma `blob' or `bullet', or an extended continuous discharge region that 

resembles a flame. The velocity of the `plasma blob/bullet' reaches a few tens of 

kilometres per second and there has been much speculation about its origin. Recent 

theoretical and experimental studies have led to the concept of the `blob' being a positive 

quasi-self-sustained streamer propagating in the open atmosphere. 

The research presented in this thesis aims to study the behaviour of atmospheric 

pressure plasma jets, testing the streamer explanation of the plasma `blob/bullet' and 

investigating the diffusion of plasma species into the surrounding atmosphere. This 

research was carried using electrical, optical and biomedical diagnostic methods to study 

the properties of a dielectric barrier APPJ source. 
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In the first main study, the behaviour of the plasma plume was investigated with the 

aim of testing streamer theory for generation and propagation of the plasma ̀ blob/bullet'. 

A series of measurements was performed to explore the dependence of the `blob/bullet' on 

the properties of the applied voltage waveform. In another set of experiments, the effect of 

the background pressure on jet behaviour was examined. In both cases, time-resolved 

iCCD images of the plasma jet were made. The results of these experiments were 

consistent with concept of the `blob/bullet' being a positive quasi-self-sustained streamer 

propagating at low applied electric field in open atmosphere. 

In the second main study, the interaction of an APPJ with dry plasmid DNA samples 

was investigated with the two aims of characterising the interaction and determining the 

physical extent of the plasma plume. In one part of the study, a series of measurements was 

performed in order to explore the amount of damage caused to plasma DNA by exposure 

to plasma irradiation, and to identify the species responsible for this damage. The results 

indicated that neutral species and radicals were mainly responsible for the damage. 

In another part of the study, the free plasma boundary was explored by 

investigating direct and non-direct plasma irradiation of DNA samples. The results showed 

that DNA damage occurred far from the visible plasma plume - up to 20 cm from the 

plasma tip in the axial direction and up to 2 cm from the plasma plume in the radial 

direction. Metastable molecular oxygen species were identified as the most likely cause of 

this distant DNA damage. It was further concluded that DNA damage is a very sensitive 

technique, capable of defining the region of plasma diffusion in open atmosphere. 
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Chapter 1: Introduction 

CHAPTER 1 

INTRODUCTION 

1.1 Plasma is everywhere 

Plasma is everywhere around us. Most of the matter of Universe is in a plasma state 

including stars, nebulae and interstellar matter (Fig. 1.1b). Our nearest star, the Sun, 

generates a solar wind of plasma that surrounds the Earth, and the interaction of the solar 

wind with the Earth's atmosphere creates the auroras (Fig. 1.1a), which are further 

examples of plasmas. Naturally occurring plasmas on the Earth include lightning, and 

plasma can even exist in an intense flame. These very different types of plasmas have a 

wide range of properties and are generated in a wide range of different ways. 

Fig. 1.1 Examples of plasma in space and around the Earth: (a) the Horsehead Nebula and (b) one of the 

polar Auroras photographed from space, [ 16] 

The examples given above are all naturally occurring plasmas but there are a wide 

range of man-made plasmas. These play an important role in many human activities 

including radio technology, electronics, laser technology, industrial chemistry, lighting and 

even in space- and air-craft industry [1,2,3]. Figure 1.2 shows one example of man-made 

plasma, developed as a thruster for propulsion of space craft. Another major application of 

plasmas is in the generation of nuclear fusion, for energy production. 
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Fig. 1.2 A plasma thruster dcveloped for propulsion of space craft, [17] 

Plasma is often referred to as the fourth state of matter, following on from solids, 

liquids and gases. As a fourth state of matter the plasma state possesses different and 

unique properties, and these properties have led to a wide variety of applications. Most 

industrial applications rely on plasmas generated in electrical gas discharges, and the 

research field that covers these applications is called gas discharge physics. Researchers in 

this field study the processes that occur in gas discharges. These processes include the gas- 

phase interactions between electrons, ions, atoms and molecules and the interactions 

between all of these gas-phase species and the surfaces that surround the plasma. Other 

important processes include the generation (and absorption) of electromagnetic radiation 

and the electric and possibly magnetic fields that affect the motion of charged species in 

the discharge volume. 

One of the main research areas in plasma and gas discharge applications is the 

generation and application of discharges that operate at atmospheric pressure. These new 

types of discharges have simplicity of design and operation and have found a role in 

applications as varied as treatment/modification of different materials, sterilisation and 

deactivation of biologically active surfaces and industrial chemistry [4,5]. Many 

applications are based on the strong chemical activity present in one type of discharges, 

namely plasmas generated in the open atmosphere. These may contain high densities of 

many reactive species and their complex nature is the reason why their practical 

applications require their further and more detailed study [1,6,7]. 
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1: Introduction 

1.2 Plasmas as ionized gas 

Plasma consists of positive and negative charges - electrons and ions - as well as 

electrically neutral atoms and molecules, which may be in ground or excited states. From a 

macroscopic point of view plasma is electrically quasi-neutral, which means that the 

number of negatively charged particles in any macroscopic volume is approximately equal 

to number of positive charged particles. The mobility of the charged particles enables the 

plasma to be electrically conductive. 

This section will briefly outline the basic properties of gases and then explain some 

of the ways in which an electrically neutral ensemble of gas-phase particles, an insulator, 

can transform into plasma, a conducting ionized gas. 

1.2.1 Macroscopic description of the gas 

In a gas phase, plasma state can be produced electrically, thermally, or by 

electromagnetic radiation, which causes ionisation of neutral atoms or molecules in the 

gas. Gas discharges usually consist of a background of neutral gas species containing a 

small fraction of charged and reactive neutral species. When the degree of ionization is 

very low, the background gas can often be treated as an ideal gas. 

Most gases are good insulators at standard atmospheric conditions, namely room 

temperature, pressure of one atmosphere and relative humidity of 50%. Gases mainly 

consist of neutral atoms or molecules though they may contain a negligible amount of 

charged particles. For example, at the atmospheric conditions mentioned above, one cubic 

centimetre of air may contain 103-105 ions compared with a neutral density of 2.7x1019 

molecules [8]. In this situation the properties of the neutral gas species determine the 

properties of the gas. 
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In a gas consisting of a large number of atoms or molecules moving randomly in 

any direction, the kinetic energy of the particles can be related to the gas temperature and 

species velocity distribution, as shown by the expression 

-2 

Ek = T= 
M. v 

2 

where M [kg] is mass of the particles, n [m s-'] is their mean thermal velocity, T [K] is 

their mean temperature and k is Boltzmann's constant. If there are several different species 

in the gas, each species may have a different velocity distribution, kinetic energy and 

temperature. At thermodynamic equilibrium the energy distribution of this particles group 

follows Maxwellian probabilistic law and can be expressed in the form 

f(E) - Ey. e 
T 

The pressure p [Pa] of the gas can be directly related to the density of gas particles 

ng with a mean kinetic energy E per unit volume [9] 

-2 M. v 
p=ng. kT=ng 

2 

When the interaction between atoms and molecules is modelled with a hard sphere 

model [10], the probability of collision can be expressed as 

Pý=. Lang 

where a=ß. r2 [m2] is the cross-sectional area of a spherical particle and A is the 

mean free path between collisions. Q is called the collision cross-section. This expression 

can be rewritten in the form 

I [M-2] 
ng O 

When particles collide with each other momentum and energy are conserved. 

There are three different kinds of collisions [9]: 
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l: Introduction 

a) elastic - where the collision is like that between two billiards balls. The particles 

before and after the collision are the same and the total kinetic energy after 

collision is the same as before the interaction. As for all collisions, momentum is 

conserved, and after the collision, and so the total momentum is distributed 

between the particles. 

b) inelastic - where some part of the kinetic energy of particles before the collision is 

transferred into internal energy of one or more particles after the collision, and 

hence the species after the collision may be different from those before the 

collision. In one collision type, this change is that one of the initial particles is 

excited into a different energy state: this is known as an excitation collision. In 

another collision type, the change is that a molecule absorbs enough energy to 

dissociate into new species, a collision type known as dissociation. In another type 

of inelastic collision, one of the neutral gas species may absorb sufficient energy 

for an electron to be ejected and the species to be ionized. 

c) Superelastic - where the kinetic energy after the collision is higher than that before 

the collision. The additional kinetic energy arises from the transfer of the internal 

energy of one of the colliding species into kinetic energy of the product species. 

Although these collisions have been explained in teens of neutral gas species, the 

same collision types are relevant for plasma discharges, when one or both of the colliding 

species may be charged. The next section deals with the consequences of such collisions. 

1.2.2 Plasma formation 

In gases at standard atmospheric conditions, the most common type of collision is 

elastic collisions between neutral species. However, if the gas is heated up to high enough 

temperature, the kinetic energy of the particles increases and inelastic collisions may occur. 

If the kinetic energies are very high an ionization collision may occur, generating an 
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electron and an ion. This requires very high average energy for the gas species and so man- 

made gas discharges are usually generated by a simpler means. 

When an electric field is applied to the gas the electrons that already exist in the gas 

at low density can absorb enough energy from the applied field. Afterwards, colliding with 

background neutral species, they cause inelastic and even ionisation collisions. In this way, 

their energy is transmitted to the neutral species and production of further charged species 

will occur. Although the energy of electrons has to be relatively high for this process to be 

significant, the temperature of the background neutral gas can be very low. This type of 

discharge, in which the average electron energy is high although the background gas 

temperature is low, is sometimes called a non-thermal discharge. 

When the gas is predominantly neutral, the forces between the gas particles are 

mainly Van der Waals forces. With an increasing proportion of charged particles, much 

stronger Coulomb electrical forces begin to have an effect on the behaviour of gas 

ensemble, as the charged species are affected and, through collisions, the charged species 

affect the neutral species. Coulomb forces have much longer range than van der Waals 

forces, and different phenomena begin to become important as the density of charged 

species increases. 

One important phenomenon is that of charge shielding, in which a region of 

significant charge affects the volume around it by attracting a `cloud' of charges of the 

opposite sign. The excess of oppositely charged particles causes a kind of charge 

polarisation, which shields the effect of the charge of the original particle itself on the 

surrounding environment. To have this type of shielding, the number of positively charged 

particles has to be approximately equal to the number of negative charged particles. Thus, 

the whole volume, consisting of negatively and positively charged particles together with 

neutrals, is electrically neutral. Since charged particles in gas interact with each other 

simultaneously, this interaction can be considered a type of collective behaviour. It is at 
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1: Introduction 

this point, when the collective behaviour becomes significant, that a simple ionised gas can 

be considered to be a plasma. This is an important point because a neutral gas may contain 

a variety of charged species, but it is only when the number of charged particles is 

sufficiently high for collective behaviour to occur that the ionised gas can be considered to 

be plasma. 

1.3 Plasma background. 

In this section briefly will be described main plasma parameters as in such a way 

manmade plasmas will be separated in detached groups. 

1.3.1 Plasma parameters 

The properties of plasmas depend on a few important parameters and two of the 

most important are electron density, since electrons are the main energy carrier particles, 

and electron temperature, since the reactivity of electrons depends on the energy absorbed 

from electric field. 

These two plasma parameters affect directly on the collective behaviour of an 

ensemble of charged particles by the charge-shielding process described above. The scale 

length for this shielding process is known as the Debye length, 7'D. Numerically AD can be 

defined by 

_ 
/eokTe 

°e2 
ne 

[ml 

It can be seen that the size of A, o depends on the electron density ne and their 

temperature Te. The table below shows how the Debye length changes for different values 

of ne and TQ [11]. 
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Icm-31 n 
TQ leVJ 

e 1 10 100 

106 0.74 2.3 7.4 

108 0.074 0.23 0.74 

1010 0.0074 0.023 0.074 

Table 1.1. Debye length ). o [cm] for different values of electron temperature Te and density ne. 

From the table, it can be seen that for a higher temperature XD becomes larger and 

smaller for high density, as is natural given the dependence shown in the equation above. 

This can be understood by considering that the shielding will become more effective when 

the density increases, and conversely, increased motion associated with higher temperature 

electrons will reduce the effective of Debye shielding and lead to a large value for XD. For 

distances larger than XD, the electric field due to any charge disturbance will decrease and 

then disappear. Hence to have electrically neutral plasma, where charges can move to 

cancel out any electric field, the Debye length should have dimension less than the 

dimensions of the volume defining the plasma. 

Table 1.2 illustrates how the different types of plasmas, naturally and artificially 

occurring, can be separated according to the values of ne and Te [ 12,13]. 

ne IM -31 Te levI Aj) [ml 
Solar corona 10 100 10 

Solar wind ' 10 10 10 
(near Earth) 

Magnetosphere 10 10 102 

Ionosphere 10 0.1 10 

Mag. Fusion 
1o20 10a lo-a 

(Tokamak) 

Internal fusion 10 10 10 

Lab plasma 
10zo 5 10-6 

(dense) 

Lab plasma 
10 16 5 10, 

(diffuse) 

Table 1.2. Comparison of properties for different types of plasmas 
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Chapter 1: Introduction 

The degree of ionization of plasma (the fraction of neutral gas that is ionized) 

depends on the amount of energy available from an external source. In many plasma 

discharges the ionisation of the gas is only partial. In other words, the density of neutral 

gas species will be much higher than charged particles. As stated already, electrons will 

tend to have a much higher average energy than other species because they absorb energy 

from any applied electric field. Ions can also absorb energy from applied fields but as they 

have much larger mass than electrons, their average energy will be much less than that of 

electrons and can be as low as that of neutral gas species. Hence for a typical gas 

discharge, we can state that Te » T; >_ Tg. 

Using these two main plasma parameters - density n, and its temperature Tei it is 

possible to plot a graph in which to distinguish different type of plasmas (Fig. 1.3) [4] 

104 

3 
v 

0 

i 
E 

c 
0 
Yýo'c 

10-9 

$WOW -40- 'MM Electron Density (m'3) 

Fig. 1.3 Distinguishing between different plasmas based on nt, and Te, [4] 
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1.4 Different types of plasma 

The previous section outlined some of the important properties that distinguish 

different types of plasmas. Plasmas can be classified in many ways but one of the most 

useful classifications is based on electron temperature TQ and the degree of ionisation 

degree. 

1.4.1 Completely ionised and weakly ionised plasmas 

The ionisation degree for a plasma HDI can be expressed numerically by means of a 

simple proportion between the densities on major charged species - electrons nef (which in 

a simple plasma is equal to the ion density N; ), and the sum of densities of ions Ni and 

neutral gas species Ng: 

HDI = fel (Nj+Ng) 

When the ionisation degree is close to unity, the plasma is called completely 

ionised. Although this is rare for man-made gas discharges, it occurs for thermonuclear 

plasmas such as stars and nuclear fusion plasmas. For these plasmas, the collisions are 

dominated by long-range Coulomb interactions between the charged particles. When HDJ is 

very low, the plasma is referred to as weakly ionised and, for these plasmas, collisional 

processes include many charged particle-neutral collisions together with neutral-neutral 

interactions. 

1.4.2 Thermal and non-thermal (cold) plasmas 

Another way of classifying plasmas is by the relative energies of the different 

plasma species. As already mentioned, in many weakly ionised plasmas the different 

particles have different temperatures, with the most mobile species, the electrons, having 

the highest value. A feature of these plasmas is that while the electrons may have very 

high average energy (i. e. temperature) the heavier species, ions and neutrals, may have 
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1: Introduction 

very low temperature, perhaps even room temperature. As the different species have 

different thermal energies, these types of plasmas are often called non-thermal plasmas. 

In some types of plasmas, collisions are very effective at redistributing energy 

between the different species, leading to all the plasma species (electrons, ions, neutrals) 

having approximately the same energy. These plasmas are called thermal plasmas. 

Examples include very high temperature plasmas such as thermonuclear plasmas and many 

types of arc plasmas. 

Table below [4] gives some basic properties of thermal and non-thermal plasma as 

well as an example. 

--------- Thermal 
plasmas 

---- - 

Non-thermal plasmas 
- 

Properties Tý = Tg T. » Tg 

High electron density: 1021-1026 m3 Lower electron density: < 1019 m3 

Inelastic collisions between electrons and Inelastic collisions between electrons and 
heavy gas particles create the plasma reactive heavy gas particles induce the plasma 

species whereas elastic collisions heat the chemistry. Heavy particles are slightly heated 

heavy particles - the electrons energy is thus by a few elastic collisions, and the electron 

shared with heavier species energy remains very high 

Examples Arc plasma (core) Glow discharges 

TT 10,000 K Te 10,000-100,000 K 

Tg z 300-1000 K 

Table 1.3 Basic properties of thermal and non-thermal (low-temperature) plasma, [4] 

1.5. Atmospheric pressure plasmas 

Non-thermal, weakly ionised plasmas can be generated over a wide range of 

background gas pressure, from very low pressure to atmospheric pressure. The non- 

complete ionisation of these plasmas means that a great variety of particles exist 

simultaneously, and new particles are created by a variety of processes. For the case of 

atmospheric pressure, additionally, processes of dissociation and recombination are 
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common and different chemical reactions can occur readily between the heavy particle 

species, the atoms and molecules. For example, an electrical discharge in air may initiate 

200 ion-molecule reactions. This chemical reactivity is very useful and it is applied in 

many industrial areas. 

At atmospheric pressure, there are many collisions between electrons and neutral 

gas species, and correspondingly short mean free paths for the electrons. This means that 

electrons can gain energy from applied fields for only short times between collisions, and 

plasma breakdown is not easy. The breakdown voltage depends on the pressure p of the 

gas and distance between electrodes d as shown schematically in figure 1.4, which is 

known as the Paschen curve [5]. As can be seen from the figure, if the pressure increases 

for a fixed value of d, the breakdown voltage also increases. For the case of atmospheric 

pressure and electrode separation of centimetres, breakdown voltages are in the kV range. 

In many circumstances, this high potential can lead to high electron density and consequent 

formation of a high temperature arc discharge, which can damage electrodes and may be 

very unstable. However, if the electrode separation is kept small, in the range of I mm, the 

breakdown voltage can be much lower and it is possible to generate a stable glow 

discharge at atmospheric pressure. These discharges, with dimensions of 1 mm or so, can 

be remarkably stable and are referred to as microplasmas. 

i 
rd 

I kV 

200 V 

Aimspbork 
Prens. re 

High Breakd. v voltage 

High Cwrvmt Density 

t.. as ., arcing 

Pressure: Electrode Separati rr 
(or preie br s flied ektirrde upandow) 

Fig. 1.4. Paschen curve - breakdown voltage vs. the pressure of the fed gas and electrode distance, [4] 
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1: Introduction 

Microdischarges generated in spatially confined cavities began to appear in the 

literature in the mid-1990s [18]. A number of methods of generating microplasmas at 

atmospheric pressure, including microhollow cathode discharges and dielectric barrier 

discharges, have been proposed and studied. 

It is possible to classify microplasma sources according to the mode of plasma 

generation [ 14]. In one mode, microplasma generation occurs at the tip of needle 

electrodes, where the electric field is high. In a second mode, the discharge volume is 

limited by solid boundaries such as microcells or capillaries. In a third mode, electrical 

discharges are generated between electrodes, where a material with a small volume is 

placed in an open space. These modes are named the concentrated-energy mode, space- 

limited mode and mass-limited mode, respectively. A variety of power sources can be used 

to generate microplasmas: DC, pulsed, microwave and radio-frequency. 

In the space-limited mode, where the discharge is confined in a small volume, the 

generation of charged particles and loss at electrode and dielectric surfaces is important for 

the discharge development. In the mass-limited mode, the size of microplasmas depends on 

initial material and the electrode distance, because there is no surrounding wall. Here any 

state of matter such as solid, liquid, or gas can be used. As an example for solid materials 

powder particles can be used. In the case of liquid, a droplet can be used as the initial 

matter. 

Examples of atmospheric pressure plasma sources include microhollow cathode 

discharges (MHCD), as already mentioned, many different varieties of atmospheric 

pressure plasma jets (APPJ), the more general case of dielectric barrier discharges (DBDs) 

and plasma needles. Images from each of these sources can be seen in Figure 1.5. 

The simplicity of design and the wide range of application make atmospheric 

pressure plasmas very attractive, for technological surface treatment, for bio-applications 

such as sterilisation, for lighting and for pollutant abatement. 
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4M 
-`-",. 

,º 

"r " 
ýf 

Fig. 1.5. Examples of different types of atmospheric pressure plasma sources. Top left - MHCD, top 

right - dielectric barriers APPJ, bottom- plasma needle [15]. 

Another way of classifying microplasma sources is by splitting them into those that 

are operated in a background of gas that has a well-defined and controlled composition, 

and those that are operated in a background of air. Plasmas operated in open atmosphere 

usually have a clearly visible component in which energised plasma electrons induce light 

emission. However, the effect of plasma may extend much further than this visible region 

as plasma species diffuse into surrounding atmosphere. The extent of this open boundary is 

an important aspect of these discharges, because in many applications, it is this part of the 

discharge that touches any treated surface. 

1.6 Aim of this thesis research 

Atmospheric pressure plasmas are actively researched by many groups. Chapter 2 

contains a detailed summary of recent research in this area, but it can be concluded that 

most research effort has concentrated on the final effect of these discharges in specific 

applications, on the degree of surface modification or pollutant abatement rather than on 

internal plasma processes. These empirical studies are useful for identifying new 

application areas but complete exploitation of atmospheric pressure plasma sources 

continues to be hampered by a relative lack of fundamental understanding. There is a need 
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to identify chemically reactive species in the discharge and to understand how these 

species interact with each other and the surfaces close to the plasma. In particular, it is 

difficult to quantify the physical extent of discharges in the open atmosphere with 

conventional plasma measurement techniques because the species densities may be very 

low and there may be no fixed boundary to contain them. This is particularly true for one 

of type of atmospheric plasma sources, dielectric barrier atmospheric pressure plasma jets, 

in which a plume of visible plasma extends into open atmosphere and chemical species 

from that plume diffuse over even large distances. 

The research presented in this thesis aimed to investigate this aspect of atmospheric 

pressure plasma jets, together with a phenomenon known as ̀ plasma bullets' that has been 

observed in many of these plasma jets. 

This first chapter has presented general background for this study. Chapter 2 

contains a more detailed explanation of dielectric barrier discharges (DBD) in general and 

the atmospheric pressure plasma jet (APPJ) in particular. It also contains a review of 

previous investigations of atmospheric pressure plasma sources, focusing on plasma jets. 

Chapter 3 briefly introduces the detection methods used in this research, namely optical 

emission spectra (OES), plasma imaging and gel electrophoresis, which has been used to 

analyse the effect of the plasma jet on biological material. Chapter 4 contains technical 

information of the experimental equipment used in this research. 

Chapter 5 presents a study of one type of atmospheric pressure plasma jet and the 

`plasma bullets' generated by it. The dependence of the plasma plume and the `bullets' on 

different operating conditions is presented and an explanation of the origin of the `bullets' 

is given. 

In Chapter 6, the plasma jet studied in Chapter 5 is investigated using a novel 

detection technique, namely the damage induced in DNA samples exposed to the plasma. 

The first part of the study focuses on the type of DNA damage caused by exposure to the 
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plasma while the second part of the study uses this detection technique to determine the 

physical extent of the plume generated by the plasma jet. 

Finally, Chapter 7 presents a summary of the main results and conclusions of this 

research, together with suggestions for further research that would build on the research 

presented here. 
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CHAPTER 2 

DIELECTRIC BARRIER ATMOSPHERIC PRESSURE PLASMA JETS - BASIC 

PRINCIPLES AND THEORETICAL MODELS 

A wide spectrum of plasma sources can operate at atmospheric pressure. They can 

be classified according to the type of plasma excitation into RF excited plasma discharges, 

microwave excited plasma discharges, low frequency AC discharges and DC discharges. 

Another way of classifying them is according to their construction, into groups such as 

Dielectric Barrier Discharges (DBDs) and the different types of Atmospheric pressure 

Plasma Jets (APPJs). Review articles on the different types of atmospheric pressure plasma 

sources can be found in references 1-6. 

The research presented in this thesis involves just one of these devices, the 

dielectric barrier APPJ. This chapter introduces some of the theory behind this particular 

type of discharge and then reviews current research in this area, providing the background 

information needed to understand the results and discussion presented later in the thesis. 

2.1 Dielectric Barrier Discharges 

This section briefly introduces dielectric barrier discharges, focusing particularly on 

the way that the plasma is generated. 

2.1.1 Brief description of basic principles 

When a sufficiently high voltage is applied to metal electrodes at atmospheric 

pressure, a highly conductive plasma channel will rapidly develop. This spark-like 

discharge, shown in Figure 2.1(a) and sometimes called a single filament, may turn into an 

arc discharge. If, however, one of the electrodes is covered with a dielectric material, any 
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single filament will extinguish after a short time, and many similar discharge channels may 

develop in the discharge gap. This situation is shown in Figure 2.1(b). The breakdown 

voltage for this case, when one electrode is covered with a dielectric, is practically the 

same for the case of uncovered metal electrodes. Such a discharge system is called a 

dielectric barrier discharge (DBD). During discharge operation, charge will accumulate on 

the dielectric surface in front of the metal electrode. This charge induces an electric field in 

the opposite direction to the applied external field, reducing the electric field in the 

discharge gap until current flow decreases and extinguishes. This whole process may take 

only a few nanoseconds. In order to sustain a continuously operating discharge, the 

polarity of applied voltage needs to be continuously altered, so that the direction of the 

applied electric field changes and the charge accumulated on the dielectric surface is 

pushed back into the discharge gap. In this next cycle, after the voltage has reversed 

polarity, charge that had accumulated on the dielectric surface will be deposited on the 

opposite electrode. If this electrode is also covered by a dielectric, the charge will 

accumulate on that surface while for the case of an uncovered electrode the charge will be 

conducted away. 

a) 
lilt II 111h" 

b) 

Fig. 2.1 a) Scheme of arc discharge b) Scheme of filamentary regime of DBD discharge 

The current-voltage characteristics of a DBD depend on its operating conditions, 

including frequency, gas type, electrode gap and applied voltage. Depending on these 

conditions, the current waveform may consist of either a single broad pulse or multiple 

very short pulses per half cycle, as shown in Figure 2.2. The single pulse per half cycle 

191Page 



Chapter 2: Dielectric Barrier Atmospheric Pressure plasma Jets - basic principles and theoretical models 

case represents the homogeneous glow regime of DBD operation, while the multiple pulses 

per half cycle case shown in Figure 2.2(b) is an example of its filamentary regime. 
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Fig. 2.2 a) Typical current pulses in APGDs for pure (argon) gas, and mixture of Acetone/Ar b) Current- 

voltage characteristics of a DBD in N2, [6] 

2.1.2 Operating regimes 

It was mentioned above that dielectric barrier discharges can operate in two linked 

regimes - the filamentary mode and the glow mode. The same physical phenomena 

underlie both modes. 

The most common mode is the filamentary mode in which many microdischarge 

channels are formed in the gap between the electrodes, terminating on the dielectric 

surfaces (as described above). As long as the applied voltage continues to rise, additional 

microdischarges will ignite in the regions where the electric field is high and where there 

has not yet been a filament. If the electrode area is increased further or the voltage pulse 

applied for a longer time, more microdischarges will be ignited per unit of time and per 

unit of electrode area. 

This DBD mode is simple to generate but has the drawback that the discharge is 

filamentary. This limits its implementation in such fields as surface treatments for which 

homogenous surface coverage is important. The second operating regime, the diffuse glow 

mode in which a uniform discharge is generated, avoids this problem. 
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2.1.3 Construction and applications 

Figure 2.3 shows a range of DBD designs. Some of these have a single bare metal 

electrode while others have dielectrics covering both electrode surfaces. The dielectric 

barrier can be made from glass, quartz, ceramic or other materials of low dielectric loss 

and high breakdown strength. 
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Fig. 2.3 Different kinds of constructions for dielectric barrier discharges 

The electrical parameters for DBDs operated at atmospheric pressure depend on the 

discharge geometry, but ignition voltages are typically a few kilovolts and driving 

frequencies are in the range of tens of hertz to a few hundred kilohertz. The table below 

summarises these conditions. 

Voltage, V p/p 3-20kV 

Repetition frequency, f 50Hz-10kHz 

Pressure, p 1-3bar 

Gap distance, d 0.2-5mm 

Dielectric material glass, A1203, ferroelectrics 

Table 2.1 Typical operating conditions for a dielectric barrier discharge operated in air. 
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Dielectric barrier discharges have been applied successfully for pollution control, 

bio-inactivation, ozone generation and as a UV sources. The most well-known application 

is probably that of flat plasma display panels [24]. 

2.1.4 Ignition processes for both filamentary and glow regimes 

This section will outline the ignition processes that occur in DBDs. During ignition, 

both regimes of DBD operation pass through several identical ignition phases because, in 

one sense, a filament discharge can be considered as natural development of a glow. The 

phases involved in ignition of DBDs include several known and separate electrical 

discharge mechanisms - Townsend breakdown, glow discharge formation and sparking. 

The first stage of ignition starts with electron avalanches forming in the discharge 

gap due to an external applied electric field [1]. Electrons are accelerated towards the 

positively charged anode, and gain enough energy from the external electrical field to 

produce further ionisation in an avalanche-like process. The same process can be launched 

at any point in the discharge gap, initiated by any single electron that exists there. The 

positive ions that are produced in this process will also be affected by the applied electric 

field, causing them to drift back towards the cathode. When they strike the cathode surface, 

they may cause secondary electron emission. 

For the avalanche process to continue and develop, the following expression must 

be satisfied: 

[exp(a d- 1]7 >1 (2.1) 

where a is a constant, called the Townsend a co-efficient, which indicates the amount of 

ionisation that will occur in an avalanche and y is the coefficient for secondary electron 

emission. The left side of the equation gives the yield of secondary electrons in terms of 

the total number of positive ions produced in an electron avalanche. The physical meaning 

of the equation is that the ions produced in an electron avalanche must produce at least one 
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new electron when they strike the cathode surface, so that a new electron avalanche can 

start. Thus, if this expression is satisfied, a self-sustained discharge controlled by 

secondary electron emission will be generated. This is called a Townsend discharge. The 

current in a Townsend discharge depends only on the voltage applied to the electrodes - the 

higher the applied voltage, the larger the secondary electron emission and the larger the 

current. 

The above explanation of Townsend breakdown is valid for all types of discharge. 

For the case of dielectric barrier discharges (DBD), the secondary electron emission is 

more complicated as the dielectric surface may have electrons accumulated on it from the 

previous discharge cycle. These electrons may be bound with energy of about 1 eV. This 

accumulation process will depend on the properties of the dielectric surface as well the 

type of operating gas; for the case of electro-negative gases the accumulation may be 

weaker. 

When a discharge is ignited between the electrodes of a DBD reactor, a uniform 

discharge without filamentary microchannels can be generated for certain conditions. This 

mode of operation is often referred to as an Atmospheric Pressure Glow Discharge 

(APGD). This discharge regime depends on secondary electron emission to act as a source 

of electrons, in the same way as outlined above for the standard Townsend breakdown 

case. 

Discharge currents for DBD discharges have already been shown, in Figure 2.2. 

Part (a) of the figure indicates the current for a discharge operated in the APGD mode, and 

shows a characteristic single current pulse per half cycle of the applied voltage. This 

indicates that these discharges develop in a single process, using charges released from the 

entire dielectric surface at each half cycle. The typical current densities for APGD are 

around 100mAcm -2 
. 
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For devices operated at atmospheric pressure, the Townsend breakdown 

mechanism described above is valid for relatively low values of applied voltage. When the 

voltage becomes larger than this, another breakdown mechanism may occur - spark 

breakdown - leading to the filamentary discharge mode described earlier in this chapter. 

When the applied voltage is very high, individual avalanches in the discharge gap can 

develop into thin conducting channels. This process occurs without the need for electrons 

produced at the electrode surfaces. The thin conducting microchannel is a nearly 

cylindrical filament with radius of about 100µm. Once these filaments develop, large 

current can flow to the dielectric surface and the deposition of electrons onto the surface 

will reduce the electric field in that region. This process can happen right through the 

discharge volume, with many individual filaments occurring. A typical discharge current 

for this case is shown in Figure 2.2(b). 

Table 2.2 shows some typical microdischarge properties of a DBD in a 1-mm air 

gap. 

Duration: 1-100ns Filament Radius: about 0.1mm 

Total Charge: 0.1 - 1nC Degree of Ionization: 10-4 

Electron Density: 1014 - 1015cm 3 Peak Current O. IA 

Current Density: 100 - 1000Acm-2 Reduced electric field: E/n = (1-2)(E/n)pa, he, 
Electron Energy: 1-10eV Total Dissipated energy: 5µJ 

Gas Temperature: - 300°K 

Table . 2.2: Typical microdischarge properties in a1 mm gap in atmospheric-pressure air. 

It can be seen from the table data that the degree of ionization in the filament is 

low, due to the short duration of the current pulse, and this results in only a small heating 

effect. The gas heating for narrow discharge gaps is typically less than 10°C. Hence the gas 

temperature remains close to room temperature while the electron temperature is much 

higher, of the order of a few eV. 

The spark breakdown mechanism described above is based on the concept of 

streamer generation and propagation -a thin ionised channel grows rapidly, forming a 
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filament between the electrodes. This process, growth of a streamer, requires a primary 

electron avalanche that rapidly grows to the stage where its self-generated electric field is 

comparable with the field due to the externally applied voltage. This requirement for 

streamer formation is also known as the Meek condition. 

Figure 2.4 shows the various processes that may occur during breakdown between 

two electrodes. For the case of relatively small discharge gaps and metal electrodes, a key 

stage is when the avalanche reaches the anode and the electrons at the head of the 

avalanche pass into the electrode, leaving uncompensated positive charge in the volume. 

This positive charge has the effect of reducing the electric field in the region close to the 

anode. At a distance just away from the anode surface the total electric field (the 

superposition of applied electric field and the electric field due to the positive ions) will be 

largest and a positively charged streamer head may form. (This situation is shown in 

Figure 2.4. ) This is enough to provoke electron emission. The emitted electrons then 

rapidly move to the streamer head with drift velocities as high as 103kms-', and their 

negative charge compensates the positive charge in the streamer head. These electrons 

leave behind them a new strongly charged positive region, which in turn induces a new 

portion of emitted electrons. This mechanism produces a continuously growing streamer 

towards the cathode, which has the form of a thin conductive needle. This is called a 

cathode-directed streamer or a positive streamer. When the streamer head reaches the 

cathode, a thin weakly ionised conductive channel between electrodes will exist, through 

which many electrons from the cathode region can travel to the anode. This causes the 

electric current between the electrodes to significantly increase and, by this mechanism, 

spark discharge is ignited. 
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Fig. 2.4 Avalanche to streamer development, [6] 

If the discharge gap is large and the voltage very high, another kind of streamer 

may be formed, called an anode-directed or negative streamer. In this case, the avalanche 

to streamer transformation occurs far from the anode and the streamer may grow towards 

both electrodes. The mechanism for propagation of this streamer is similar to this of 

positive streamer. 

The processes described above were for the case of bare conducting electrodes but 

the same mechanism can explain the process of streamer formation and propagation when 

the electrodes are covered by a dielectric barrier. The main difference is that when the 

electrons reach the anode, they are not conducted away but instead accumulate on the 

dielectric surface. This accumulated charge facilitates rapid termination of the current 

flowing through the filament, and also aids in the ignition process when the polarity of the 

applied voltage is reversed in the next part of the discharge cycle. 

2.2 Plasma jets in the open atmosphere 

Atmospheric pressure plasma jets (APPJ) usually operate in open atmosphere and, 

as their name suggests, they have a clearly visible plasma plume outside of the source. This 

section contains a brief introduction to the basic principles of APPJ sources and a review 

of recent research. 
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2.2.1 Basic principles 

There are many different designs of APPJs, which makes classifying them a 

difficult process. Nevertheless, it is possible to summarise their general features. 

The working gas for most APPJ sources is helium. In some cases with practical 

applications, the working gas is a combination of noble gases and low concentrations of 

one or more molecular gases, such as oxygen, nitrogen or some more complex molecular 

gas. The electrode separation ranges from a few millimetres to a few centimetres. This 

ensures that plasma can be generated between the electrodes for each half cycle of the 

applied HV waveform. 

For part of the voltage cycle, a jet of visible plasma appears outside the APPJ 

source, in the open atmosphere. The dimensions of this jet range from a few millimetres to 

a few centimetres. The temperature of the visible jet plume depends on the specific design 

of the APPJ source, with some generating plumes with temperature ranging from 80 to a 

300 degrees Celsius. More commonly, the plume has temperature that is only slightly 

higher than room temperature. 

APPJ sources can be separated into two main groups - those that use dielectric 

barriers and others that operate in a capacitive configuration using RF power. Dielectric 

barrier APPJs are the focus of this thesis research, and hence they will be the main focus of 

the more detailed explanation below. 

Figure 2.5 shows a schematic diagram of a dielectric barrier APPJ. It consists of a 

dielectric tube with internal diameter of a few millimetres with two ring electrodes. The 

electrode separation is in the range of 2-5cm, and is usually adjustable. Helium gas flows 

through the tube and into the open atmosphere, with a typical gas flow rate of the order of 

a few litres per minute. 
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Plasma Quc EI tr Gas feed 

Fig. 2.5 Construction of dielectric barrier APPJ, [8] 

A discharge is ignited inside of the tube by a relatively low frequency (a few kHz) 

sinusoidal voltage, which is applied to the front electrode with the rear electrode being 

grounded. The amplitude of the voltage waveform is typically 6-11kV. The plasma plume 

that is generated outside of the tube has variable length of up to 5-7cm. 

2.2.2 Observation of a plasma blob in the plasma plume 

Camera images of the plume from this type of APPJ show a homogenous plasma 

jet if the images are taken without any special synchronisation. However, time-resolved 

images of the plume synchronised with the applied voltage waveform, taken with 

resolution of 100 of nanoseconds, show a very different structure. Such high speed 

photographs are shown in Figure 2.6. The figure shows a rapidly propagating `blob' of 

plasma, moving at very high speed in comparison with the gas velocity. The measured blob 

velocity is in the range of a few tens of kilometres per second. These observations were 

first made in 2005 by the Wuppertal University group led by Engemann. They performed 

series of optical and electrical measurements with a self-designed dielectric barrier APPJ 

identical to the one described above [7,8]. They were also the first to refer to the rapidly 

moving blob as a ̀ plasma bullet'. 
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Fig. 2.6 High-speed photographs of a dielectric barrier APPJ, [7] 

Engemann and his colleagues observed that this `plasma bullet' was only clearly 

observed when the gas flow, which in their case was 81. min-1, was laminar. They suggested 

that this was due to turbulence in the gas flow quenching excited plasma species and so 

causing the plasma plume to become shorter. 

They also operated the device with the electrode roles reversed. They observed for 

this case, when the electrode close to the jet exit was grounded and the other electrode 

powered, that a plume could be observed but in the upstream direction, in the opposite 

direction to the helium flow. On the basis of these observations, the authors concluded that 

the observed phenomenon has an electrical character, but did not offer a more detailed 

explanation. 

Fig. 2.7 Cross-seeLloiiai ul Ii gcmunn's APPJ, [8] 

Figure 2.7 is a front-on photograph of the plume exhaust from Engemann's APPJ 

source, and shows a bright central spot. After analysing many such images, the authors 

proposed that the bright central spot and the thin bright line along the tube axis are due to 
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the emission of helium in the VUV range from 72 to 92nm, caused by transition of the 

He2*(21 E�+) to the dissociative ground-state He(a'S). The outer concentric ring in the figure 

is radiation from contaminating nitrogen, mixed with highly energetic helium atoms 

excited or re-excited by means of this ultraviolet radiation. 

Engemann's group used an AC pulsed discharge to generate plasma bullets in their 

apparatus, but the same phenomenon has also been observed when an APPJ is driven with 

very short DC voltage pulses, with durations of only a few hundred nanoseconds. This was 

reported by Laroussi and Lu in 2005 [9] who published initial results from a dielectric 

barrier APPJ made to their own design, which they called a `plasma pencil'. This device is 

shown in Figure 2.8. It is composed of two electrodes, each consisting of a thin copper ring 

placed onto the surface of an insulating alumina (A1203) disc. A3 mm hole was drilled in 

the centre of each disc to enable gas flow. The diameter of each disc was 25mm and the 

copper ring electrodes had diameter less than this. The discs were positioned in a dielectric 

tube and separated by an adjustable distance between 3 and 10 mm. 

I Camera 
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Fig. 2.8 Plasma pencil developed by Larousssi et al, [9] 
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The Laroussi group operated this device with an applied voltage consisting of 

pulses with amplitude up to 10kV, pulse width from 200ns to DC and repetition rate of up 

to 10 kHz. Helium was used as the working gas with flow rate of 3.5-41. min'. For 

operating conditions of 5kV, pulse widths of 500ns and repetition rate of 1kHz, the 

measured input power was 15W. In their first paper on this device, the group measured 

emission spectra and concluded that this plasma pencil device could be applied for bio- 

sterilisation. 

Laroussi's group published further studies using this device [10,11], presenting a 

series of optical and electrical measurements that aimed to establish the optimal parameters 

for operation, examining the optimal value of gas flow rate, the pulse width, and applied 

voltage. Their measurements indicated that voltage was the main parameter affecting the 

length of the plasma plume. They found that the plume length increases with increasing 

voltage before reaching a steady value. They also concluded that the pulse width of the 

applied voltage affected the plume length. For pulse widths between 200 and 800ns, they 

determined that the plume length increased in a quasi-linear way, indicating that the plume 

length and the energy deposited into the plume were directly related. The optimum value 

was found to be 800ns. Other measurements showed that the average velocity of the 

`plasma bullet' increased with increasing voltage. 

Laroussi also investigated the effect of gas flow, and found that the value of the gas 

flow that produced the longest plume was about 7.51. min', which is very close to the value 

reported by the Wuppertal group for their differently designed APPJ. 

Imaging of the plume showed that the `plasma bullet' generated in this device 

propagated into the open atmosphere with a velocity of up to 1.5x l O5ms"'. Figure 2.9 

contains images taken from directly in front of the plume, and shows a hollow structure, 

very similar to the structure observed by the Wuppertal group. These images prompted 
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Laroussi et al to search for an explanation of `bullet' propagation in terms of solitary 

surface wave propagation. 

Laroussi et al also investigated the nature of the plume by exposing it to a static electric 

field. In this experiment, the plasma plume was positioned inside two metal planar 

electrodes. When a DC voltage was applied, the length of the plume decreased and the 

direction of propagation changed so that the plume tended to move towards the positive 

external electrode. This led to the conclusion that the plasma plume was slightly negatively 

charged. 

Further investigation of the plume generated by an atmospheric pressure plasma jet 

was carried out by Urabe and al [12], part of the Tachibana group in Japan. Using an APPJ 

source similar to that of the Wuppertal group, they investigated the spatiotemporal 

behaviour of some of the excited species in the plasma plume by means of laser 

spectroscopy. In particular, this group measured the density distributions of helium 

metastable atoms (23S, ), using a laser absorption spectroscopy (LAS) method and 

molecular nitrogen ions in the ground X2Eg+ state (N2+(X)) using a laser-induced 

fluorescence (LIF) method. The arrangement for this experiment is shown in Figure 2.10. 

The source consisted of a glass tube on which two 13 mm wide copper-ring electrodes 

were separated by 20 mm. Helium was used as the working gas, with flow rate of 

2.80SLM. Using a bipolar impulse power supply, a short voltage pulse was applied to the 

electrodes with repetition rate of 5kHz. The shape of the voltage waveform is shown in 

Figure 2.10, with each pulse having a full width at half maximum (FWHM) of 2.38µs. The 

APPJ source was operated in two different ways. The authors refer to one of these as a 
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`streamer-like mode', which corresponds to standard plasma jet as described by Engemann 

and Laroussi. The source was also operated in what the authors called a `DBD mode' in 

which a conductive substrate (a copper plate) was placed 20 mm from the tube exit. 
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Fig. 2.10 Laser measurements of plasma plume of dielectric barrier APPJ, as reported by Urabe et al, [ 12] 

Urabe et al operated the source using glass tubes with different diameters in order 

to investigate the effect of tube diameter, with a set of different voltages to explore the 

voltage dependence of the excited species, and with a conductive copper plate at the end of 

the plume in order to simulate plasma jet behaviour in the presence of a processing 

substrate. They then discussed discharge mechanisms using the results of these systematic 

measurements. 

When the APPJ was operated in the so-called streamer mode, LAS and LIF 

measurements of species in the plume indicated a different plume composition for the 

positive and the negative phases of the applied voltage. In the positive voltage phase, the 

experimental results showed that the radial distributions of excited species were hollow, 
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while in the negative voltage phase the distributions were more uniform. The nitrogen 

molecular ion density obtained by LIF showed the same hollow shape for the positive 

phase. Urabe et al also reported that the helium metastable atoms density in the positive 

phase did not depend strongly on the amplitudes of applied voltage. In the negative phase, 

however, this density increased with the amplitude of applied voltage and its radial 

distribution tended to be concentrated in the centre. 

When the APPJ source was operated in the so-called DBD mode (i. e. with the jet 

terminated on a conducting plate) transient glow discharges after the primary corona 

discharges were observed for both phases of the applied voltage and the peak densities of 

the excited species were much higher than those found for the streamer mode. For this 

case, the ionization mechanisms near the grounded copper plate were also investigated. 

The density of N2+(X) ions close to the grounded plate was considerably larger in the 

negative phase, while the density of helium metastables was almost zero. 

Another interesting study was reported by Lu et al [13], who published their 

investigation of a self-designed DC pulsed plasma jet in 2009. This device is shown in 

Figure 2.11, and consists of one wired electrode placed in the middle of a quartz tube. The 

quartz tube along with the HV electrode is then inserted into the hollow barrel of a syringe, 

with the distance between the tip of the HV electrode and the tube end being 1 cm. Helium 

gas was injected into both the hollow barrel and the glass tube with flow rates of 2 and 

31. min"1, respectively. The device was operated with a pulsed DC voltage with amplitude 

of up to 10kV, repetition rate up to 10kHz and pulse width variable from 200ns to DC. For 

these conditions, a homogeneous helium plasma plume was generated in the surrounding 

air, as shown in Figure 2.11. 

When the device was operated in this way (i. e. as a standard atmospheric pressure 

plasma jet), a second quartz tube with helium gas flowing in it was placed perpendicularly 
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to the plasma plume, as shown in the figure. When this was done, discharge plasma was 

observed to ignite inside the second tube and a plume was visible outside the tube. 
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Fig. 2.11 DC pulsed plasma jet device by Lu, J. 
,[ 

131 

Time resolved imaging of the discharges indicated that discharge plumes observed 

in the tubes and outside in the atmosphere all consisted of a rapidly propagating `plasma 

bullet', with the same characteristics as those observed for single jet operation. 

The authors offer a possible explanation for these observations, stating that the 

local electric field created by the charges deposited on the surface of the second tube may 

be sufficient for the second plasma jet to ignite. From calculations, they determined that 

the electric field inside the second tube that arises due to surface deposition of charge 

could reach values of up to 20kV/cm. This is more than the breakdown voltage for helium 

gas and therefore this mechanism could be responsible for ignition of the second jet. It is 

interesting that this value is consistent with the electric field needed for propagation of a 

positive streamer - up to 26kV/cm [ 13]. 
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2.2.3 Theoretical models for the formation and propagation of the plasma plume of a 

dielectric barrier APPJ reactor 

As explained earlier, there has been a variety of research in recent years into the 

discharge process that determine the behaviour of APPJ sources, and in particular the 

formation and propagation of the so-called `plasma bullets' in the plume. One of the aims 

of this thesis is to test the theory developed to explain these processes, and the purpose of 

this section is to briefly introduce some of the proposed explanations of plasma generation 

and propagation outside the APPJ in open atmosphere. 

This type of explanation was first given by Laroussi and Lu [10], who based their 

explanation on a quasi self-sustained streamer propagation model proposed in 1965 by 

Dawson and Winn [14]. The basic idea of the model is shown schematically in Figure 

2.12. 

Fig 2.12 Independent streamer propagation according to the Dawson and Winn model [ 14] 

This model assumes low conductivity of the streamer channel, which provides the 

possibility of streamer propagation in a long discharge gap with a high voltage and low 

average electric field. According to the model, photons from excited atoms and molecules 

in the streamer cause photoionisation in front of the streamer head. The electrons created 

by this photoionisation initiate an avalanche that begins at distance xj from the centre of 

the streamer head, represented by a positively charged sphere with radius r0. The avalanche 

then propagates towards the sphere in the electric field of positive space charge E(x) = 
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xZ 

e. N+/4ired as the number of electrons increases by ionisation Ne =f a(E)drwhere a is 
x, 

Townsend's first ionisation coefficient. The radius of the electron avalanche grows 

according to the following expression 

1/2 

r(x2) = luE(x) 4x 
dr/dt = 4De (2.2) 

e 

where De is the electron diffusion coefficient and p, is the electron mobility. A positively 

charged region remains behind the avalanche. 

According to this theory, continuous and steady propagation of the streamer 

requires that the positive space charge N+ should be compensated by the negative charge of 

the avalanche head (i. e. Ne = N+) at the meeting point x2 = ro + r. The radii of avalanche 

and positive charged sphere should be correlated at the point ro = r. 

According to references 4 and 15, De and tue can be calculated by the following 

expressions: 

D_Kx 
105 

cm2s-1 e p(Torr) 

Ax 106 
cm2V-ts-` PQ = 

P(Torr) 

K=2 for helium (2.3) 

K=6.3 for air 

A=0.86 for helium (2.4) 

A=0.45 for air 

It can be seen from these expressions that pressure is an important parameter. 

Laroussi and Lu first proposed this mechanism for generation and propagation of 

`plasma bullets' in 2005. Additional theoretical studies of streamer propagation in helium 

flow have been published in recent years [ 16,17,18]. These studies are based on the type of 

plasma source used in this thesis research, a dielectric barrier APPJ with cylindrical 

geometry. 
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Naidis [16,17] uses a two-dimensional axially symmetric streamer model taking 

account of variations of the helium/air mixture inside the jet in both axial and radial 

directions. He assumes that the electric field outside the dielectric tube is a superposition of 

the electric field due to the applied voltage on the system electrodes and that due to volume 

and surface charges generated by the barrier discharge inside the tube. Thus, the spatial 

structure of the external field is more or less similar to that typical for experiments with 

plasma jets. 

Results from the simulation of Naidis show that the radial density distributions of 

electrons and excited nitrogen molecules N2(C3II) produced by the streamer have a ring- 

shaped structure. The calculated radial profiles of emitting nitrogen molecules agree with 

experimental data obtained by Laroussi. 

Boeuf et al [18] have also simulated streamer propagation in a similar geometry. 

They use a two-dimensional fluid model to study the generation and propagation of plasma 

plumes generated in a dielectric barrier APPJ. The variables in their model, namely the 

electron and ion densities, electron average energy, and electric potential are functions of 

space and time. Plasma chemistry is not included and hence the only ionization process 

taken into account is electron impact ionization of ground state atoms. Secondary electron 

emission due to ion bombardment and the presence of electrons accumulated on the 

dielectric surfaces are both included in the model. They also assume that the gas outside 

the tube is divided into an on-axis column of atmospheric pressure helium with a diameter 

equal to the dielectric tube diameter, surrounded by air or nitrogen at atmospheric pressure. 

The results of Boeuf et al indicate that radial propagation of the plume does not 

occur due to the limitation of helium column. The calculations also show that in front of 

plasma column there is strong ionisation (and excitation) leading to the formation of an 

ionisation wave. This suggests that a very small background charged particle density is 

sufficient to allow propagation of the `plasma bullet'. 
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2.3 Reaction chemistry in the plume and open boundary regions. 

In section 2.2.1 it was pointed out that helium is used as the feed gas for most 

APPJs. The helium leaving the reactor tube forms an almost cylindrically shape jet that 

mixes with the ambient air around its surface. When a plasma plume is generated outside 

the source tube, some of the excited plasma species are ̀ blown away' by the helium flow 

to form a layer of diffused plasma species. In this open plasma boundary, a variety of 

excited atoms and molecules will be formed, due to collisional processes between defused 

plasma species and atmospheric neutrals. This complex plasma chemistry is important for 

practical applications and requires detailed study. Techniques such as optical emission 

spectroscopy (OES), UV absorption spectroscopy, cavity ring down spectroscopy (CRDS) 

and laser-induced fluorescence spectroscopy (LIF) have been used to clarify some of the 

chemical kinetics in this area. Nevertheless, further study is needed. 

This section will briefly introduce important results and conclusions from recent 

investigations of APPJ sources and their plasma boundaries. Generally the studies have 

been performed using gas admixtures added to the main gas in very low concentrations. 

This method provides a sufficiently large signal for detection of main gas species as well 

as allowing their quantity to be accurately controlled. 

One example of such a study is that by the group of Schulz - von der Gathen on two 

similar sources -a planar low temperature APPJ and a micro atmospheric plasma jet - to 

detect the absolute concentration of ground state atomic oxygen in the core plasma, in the 

plasma flame and at larger distances from the source [ 15,19-21 ]. For both plasma sources, 

a mixture of helium gas with 1-2 vol % of oxygen was used, with flow rate of a few m3 h"'. 

Atomic oxygen detection was performed by means of a two-photon absorption laser 

induced fluorescence (TALIF) technique. For the study, the plasma sources were placed in 

a chamber where measurements were performed at atmospheric pressure. A small quantity 

of xenon gas was used to calibrate the laser system. 
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An example of the results of these measurements is shown in Figure 2.13. The 

atomic oxygen density at the nozzle was found to be of the order of 1016 cm-3. At relatively 

large distances of several centimetres from the tube exit, 1% of the initial atomic oxygen 

density could be detected. 
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Fig. 2.13 Atomic oxygen density map of the APPJ's effluent. The jet is operated at 150 W RF power with a 
3 helium gas flux of 2m h-' and 0.5 vol% 02 admixture, [15] 

Further measurements were performed in a p-APPJ, in which the core plasma was 

also measured. Their design allowed easy access to the plasma core for laser 

measurements, which was important for this study. These TALIF measurements showed 

that, similar to the case mentioned above, the ground state atomic oxygen density was 

about 1.7x 10 ' 6cm-3. 

Vacuum ultraviolet (VUV) emission spectroscopy was performed for both sources, 

and emission from atomic oxygen and nitrogen mono-oxide was detected. The authors 

suggest that VUV emission must be one aspect of the energy transport mechanism that 

allows long-distance propagation of atomic oxygen. They also suggest helium metastables, 

with lifetimes of only a few microseconds at atmospheric pressure, cannot be a reason for 

this long atomic oxygen propagation. 

In earlier research, Hicks and co-workers [22] measured oxygen behaviour in an 

atmospheric pressure oxygen plasma source. The experiments aimed to explore the 

propagation limit of the main oxygen species using spatiotemporal ultraviolet absorption 
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spectroscopy for ozone detection, time-resolved OES for singlet sigma and singlet delta 

metastable oxygen species and numerical simulation to compare their experimental results 

with calculated values. 

The plasma source for this study is shown in Figure 2.14. It consisted of two 

parallel aluminium plate electrodes separated by a 1.6 mm gap. The lower electrode was 

driven by RF power at 13.56MHz while upper electrode was grounded and is much larger. 

Plasma was generated in a helium and oxygen gas mixture at 600Torr total pressure. The 

flow velocity was 5.2ms 1 and the oxygen partial pressure was in the range of 1-15Torr. 

The measured temperature at the nozzle was between 100° - 200°C, depending on the 

applied power. 

Measurements were performed by UV absorption spectroscopy, using a Hg lamp. 

The Hg emission line at 253.7nm is suitable as the ozone absorption cross-section at this 

wavelength is large - 1.16 x 10-17cm2. The transmitted UV light was collected by fibre- 

optics and analysed by means of a spectrograph and CCD camera. 
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Fig. 2.14 Schematic of the parallel-plate plasma: a) side view, and b) front view; Diagram of the apparatus 

used for c) time-resolved UV absorption and optical emission spectroscopy, and d) time-averaged infrared 

emission spectroscopy without interference from background emission from the plasma, [22] 
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Emission by the singlet-sigma 02(1Eg+) metastable oxygen for the R and P branches 

was observed at 759.9 and 764.5nm respectively. The singlet-delta 02(IA) metastable 

oxygen emission was a hundred times less than that originating from singlet-sigma 

metastables. For this reason, a nitrogen cooled InGaAs detector was used to minimise the 

spectrum noise. This enabled emission due to P, Q and R branches of singlet-delta 

metastables, with wavelengths of 1264,1269, and 1274nm respectively, to be measured. 

Emission due to atomic oxygen was also observed at 1246,1257 and 1316nm. 

A numerical model of the experiment was used to simulate the chemical kinetics 

occurring 10 gs after the RF power was turned off. This allowed most of the charged 

plasma species to be neglected in the calculation. Oxygen metastables, ozone, helium and 

oxygen atoms as well as the ground-state of 02 were included in this model. 

The results obtained in the afterglow region are presented in Figure 2.15. The 

curves are the predicted concentration, whereas the symbols are experimental results. It can 

be seen that the experimental results fit to the model very reasonably. 
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Fig 2.15 The dependence of the 0, O2(al. g), OZ(11, +), and 03 concentrations on time and distance for initial 

plasma operation at 24.4 W/cm3,6.0 Torr of O2, and 120 °C (symbols are the experimental data, whereas the 

lines are the model prediction), [22] 
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The important conclusion from this study was that the two metastable oxygen 

species exhibit significantly different decay rates. The singlet-delta species are quenched 

after lOms, which allows them to propagate long distances, whereas the singlet-sigma 

species are essentially extinguished by 500µs. The authors explained the quenching of 

singlet-delta oxygen by the reaction 

O2(aIAs) + 03 -+ 0+ 202 (2.5) 

This means that singlet-delta oxygen becomes a source of atomic oxygen species and this 

is what allows atomic oxygen to propagate such long distances. The explanation for the 

longer propagation of ozone is that ozone can be produced by the three-body reaction 

0+02+He-. 03+He (2.6) 

The quenching of singlet-sigma oxygen occurs through collision with helium, atomic and 

ground state molecular oxygen, as well as with ozone. 

Table 2.3 shows the measured concentrations of studied species from this study. 

Studied species Measured concentration [cni Predicted concentration [cm-'] 

Ground-state oxygen 1.3x 1017 

Atomic oxygen -. 6x 10 6x 1015 

Singlet-sigma oxygen lx 10 1XI01-1 

Singlet-delta oxygen 4x10" 5x 10 

Ozone 1x10 2.5x10 

Table 2.3 The measured concentrations of studied species in the afterglow region 

The results indicate that for these experimental conditions the plasma converts 

between 2 and 3.5 percent of the supplied oxygen gas into oxygen reactive species such as 

atomic oxygen, singlet-sigma and singlet-delta oxygen metastables. 

The study of Sousa et al [23] provides further information about oxygen generation 

and behaviour at atmospheric pressure. Their experiment aimed to check the possibility of 

effective generation of singlet delta oxygen O2(a'Lg) in a DC micro-cathode sustained 

discharge (MCSD). The effective generation of this kind of metastable oxygen is important 
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for medical applications of atmospheric pressure plasmas since oxygen metastables are 

very effective reagents during sterilisation. In addition, effective singlet-delta oxygen 

generation has been studied at low pressure because of its potential application for the 

pumping of an oxygen-iodine laser. 
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Fig 2.16 Schematic of the MSCD together with experimental set-up, [23] 

Figure 2.16 shows the schematic arrangement of their experiment. Their plasma 

reactor consisted of a microhollow cathode discharge (MHCD) acting as the cathode of the 

plasma discharge and permitting the generation of a large volume glow discharge between 

itself and the third electrode (the anode) placed at a small distance of 8mm from the 

MHCD. The cathode of the MHCD was negatively charged while its anode was grounded. 

The plasma discharge was produced between the electrodes in a He/O2/NO gas mixture 

with total gas flow rates is 301. min-1. The plasma reactor was placed in a chamber at one 

atmosphere ambient pressure, in order to enable large quantities of singlet-delta oxygen 

species to be generated. Infra-red OES was used to measure the density of these oxygen 

metastables while UV absorption spectroscopy was used to detect the quantity of generated 

ozone at different operating conditions. The ozone and singlet-delta oxygen densities were 

measured in the MSCD afterglow at 26cm downstream from the source. 
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This apparatus was used to explore the optimum conditions for sigma-delta oxygen 

generation as a function of the partial pressures of the feed gases. Initially they used a 

He/02 gas mixture as they found that generation of singlet delta oxygen increased with 

increasing helium gas flow. Thus, they found that the largest singlet-delta oxygen density 

of -1.6x 1015cm 3 occurred when the helium flow was 28 000 sccm and oxygen flow was in 

the range of 0.5-0.7sccm. Their explanation of this result was that quenching of singlet- 

delta oxygen reduced as the helium flow increased. 

As noted above, the oxygen metastable atom is quenched by collisions with atomic 

oxygen particles within the discharge and with ozone both within and after the discharge. 

For this reason, a small concentration of NO was added to reduce the quenching of singlet- 

delta oxygen. The 03 molecules and oxygen atom densities are reduced by NO through the 

reactions 

NO + O3 -+ NO2 + O2 (2.7) 

NO+O+He->NO2+He (2.8) 

It was found that introduction of only 0.15sccm of NO reduced the ozone density from 

3. Ox 1015cm"3 to less than 1 . 0x 1013cm 3. NO is not lost in the process but it is recycled in 

collisions through the additional reaction 

NO2+0->NO+O2 (2.9) 

It is interesting to note that the introduction of NO also allowed lower flow rates for 

helium. The authors found that to get the maximum density of singlet delta oxygen 

(7.5x 1015cm 3) for a He/02/NO mixture, the helium flow had to be set to 6250sccm with 

oxygen partial pressure of 20 mbar. The authors also found that for partial pressures of 02 

and NO (23 and 0.19mbarr respectively) and a further reduction of the helium flow to 

3500sccm, the singlet delta oxygen density increased with discharge current, reaching a 

maximum value of 1. OX 1016cm 3. 
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Finally, the authors concluded that for efficient generation of O2(a'Ag), the 

electrical discharge source should satisfy two requirements: (i) it should be stable at high 

pressure and high power and (ii) it should operate at low reduced electric field. 
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CHAPTER 3 

BASIC CONCEPTS OF USED DETECTION TECHNIQUES 

The research review in Chapter 2 explained that atmospheric pressure plasma 

sources produce a small plasma plume when operated in the open atmosphere. As a result 

the plasma chemistry involves not only atom or molecules from the feed gas but a wide 

range of atmospheric species. Hence, the atomic and molecular composition of the plasma 

plume can become fairly complex and the plasma itself is chemically active. 

The aim of this chapter is to briefly outline the basic concepts of detection 

techniques that can be used to detect plasma species that might arise during this study of 

dielectric barrier atmospheric pressure plasma jets. The chapter is divided broadly into two 

parts - theoretical (sections 3.2 to 3.6) and practical (sections 3.7 to 3.10). 

The first sections introduce aspects of emission measurements, starting with photon 

emission in plasmas (section 3.2), the spectral range observed in these plasmas (section 

3.3), different emission spectra (section 3.4), the determination of intensity of emitted 

spectral lines (section 3.5) and the different kinds of density distributions of radiating 

plasma species observed in atmospheric pressure plasmas (section 3.6). The last of these 

sections explains the determination of gas temperature, which is important from a practical 

point of view. 

The second part of the chapter starts with section 3.7, which contains a brief 

description of devices used to detect and analyse optical emission, such as spectrometers 

and iCCD cameras. Section 3.8 explains calibration of spectrometer while Section 3.9 

outlines how spectral lines can be identified. Section 3.10, the final section, briefly 

explains the method of gel electrophoresis, which is the method used to analyse DNA 

damage that was used in the experimental studies described in Chapter 6. 
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3.1 Photon emission as a plasma feature (characteristic) 

Plasma consists of a mixture of ground state and excited species. This is true for 

both the neutral and ion species. The excited species will naturally decay as lose energy 

either by light emission or through collisions with other particles. This emitted light can, in 

some circumstances, have enough energy to cause ionisation of other plasma species. In 

another process, it may be absorbed by other plasma species, creating another excited 

particle. If the light, caused by spontaneous relaxation of excited states, travels outside the 

plasma, this emission can be recorded in a spectrum, and the spectrum will have features at 

characteristic wavelengths that depend on the emitting species. These emission features are 

called spectral lines [2]. The whole spectrum can be measured by appropriate devices such 

as spectrometers and this forms one of the characteristic features of plasma - the emission 

spectrum. 

3.2 Spectral range of emission 

From the experimental point of view, the spectral range from 200 nm to 1 µm 

provides a convenient range for measurement of the emission spectrum. For wavelengths 

below 200 nm, there are few suitable materials for lenses as even UV transparent materials 

such as quartz or lithium fluoride (LiF) are no longer transparent. In addition, the oxygen 

in the air absorbs strongly at UV wavelengths and measurement of UV light requires the 

light path to be evacuated. At wavelengths above 1µm, detectors are much less sensitive 

than for visible wavelengths, and the thermal background noise of the detector can become 

very large. This thermal noise can be reduced by using liquid nitrogen cooled detectors, 

such as InGaAs infrared detectors [1], but the detector sensitivity is still low. These 

practical considerations mean that 200nm - 1µm is the range for convenient spectral 

measurements. 
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3.3 Classifying emission spectra 

Atmospheric pressure plasmas contain both atomic and molecular species, and the 

emission spectra of these plasmas consist of both atomic and molecular spectral lines. 

There is, however, a significant difference between atomic and molecular spectra lines 

[1,2]. 

Atomic spectra lines are spectrally very narrow, and the width is determined by the 

nature of the simple transitions between the electronic levels of the emitting atom. Figure 

3.1 shows an example of an atomic emission spectrum. 

In contrast, molecular spectra are more complicated. This is due to more complex 

process of excitation and emission that occurs in a molecule compared with an atom. In the 

molecule, the electronic levels of the individual atoms merge to produce a collective 

molecular electronic state. Additionally, there are other degrees of freedom in a molecule, 

due to vibration of the atoms with respect to each other and rotation of the entire molecule. 

This makes the energy structure of the molecule very complex, and the transitions occur 

not only between electronic levels but also between finer vibrational levels (corresponding 

to the periodical change of nucleus distances in the molecule) and even finer rotational 

levels (corresponding to the periodical change of molecular orientation in space). The total 

molecular energy is 

Emo! = Ee + Evib + Erot (+ Ek) (3.1 

where Eel E, b and Er,,, represent the energies of electronic, vibrational and rotational levels 

respectively. These energies are related to each other by the following expression: 

Ee : Ev; b : Eror = I: 
F-ý 

:m (3.2) 
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where m is the mass of electron and M is the relative mass of molecule. This shows that 

these energies have different values, which can be shown with the inequality 

Ee > Evib > Erot ̂  Etr (Elk) (3.3) 

Typically, these energies have values in the following ranges: 

Ee-1-10eV 

E,,; b - 10-2 - 10-'eV 

Erot ; ý-, Etr - 104 - 10-3 eV 

Figure 3.2 shows an energy level diagram for a molecule, indicating some of these levels. 

vö E2 

v, 
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o Ee V2 
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V0 I°Ev 

Fig 3.2. Energetic diagram of two- molecule 

The presence of vibrational and rotational degrees of freedom means that molecules 

have different characteristic spectral lines to those of atoms. Figure 3.3 shows a spectrum 

containing emission from CH and C2 molecules. 

Fig. 3.3 A band spectrum of butane gas flame - CH and C2 molecular bands, [8] 
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The emission appears in bands rather than narrow lines, with these bands corresponding to 

different types of transitions - electron-vibrational, vibrational-vibrational, vibrational- 

rotational and finally rotational-rotational energetic transitions. 

3.4 Determining the intensity of spectral line emission 

The research reported in this thesis contains measurements of relative light 

intensities of spectral lines from atmospheric pressure plasmas. This section contains a 

short description of the connection between emission intensity and some basic plasma 

parameters. 

Intensity is one of the most important characteristics of emission from plasma 

species (atoms, molecules, radicals). The intensity 121 of a transition from an excited state 

to a lower energy state is related to the number of excited plasma particles, N2, the energy 

of the emitted photon h. c/A. o, and the transition probability A21 of the transition from the 

excited state to the lower energy state. If Ill is emitted isotropically, the intensity measured 

from a unit volume per second over all solid angles is given by the expression 

Ill = N2Al1(h. c/4z. ýO) [W. m"2. sr-'] (3.4) 

where h is Planck constant, c is the speed of light and 4ir represents the total solid angle 

measured in steradians (sr) [1]. 

At thermodynamic equilibrium the number of excited particles N2 in the upper 

energy state can be calculated with the help of a Boltzmann distribution function 

(explained in the next section). Equation 3.4 can then be expressed in the form 

1 
z, 

N, A2, h C 92 
exp -k (3.5) 

4o g, s 

where (E2-El) is the energy difference between the excited and lower levels and gl and $2 

are the statistical weights of the levels. This relationship shows that the intensity of the 
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spectral line depends on the population density of the excited level N2 which, in turn, 

depends strongly on the plasma parameters N2 =f (Te, N,, TI, Ng) ... ). 

Actually, each emission line will consist of emission in a small range of 

wavelengths around the central wavelength Ao, as shown in Figure 3.4. This is caused by 

natural broadening. Natural broadening is connected with the uncertainty of the excited 

state energy, which causes an uncertainty in the radiative decay with transition probability 

A21. This shape of the emission spectrum for a single line, with a spread of wavelengths 

around the central wavelength t0, is known as the line profile. 
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A line profile can be characterised by the full 

width at half maximum (FWHM) of the intensity, 

d2FWHM, as indicated in Figure 3.4. Each line profile 

has a finite width and characteristic shape that is 

determined by the physical conditions existing 

within the source of the spectrum, and there are 

several different broadening mechanisms. In the 
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Wavelength [nm] 
correlates with the particle temperature as the line 

Figure 3.4. Natural broadening and full profile is described by Gaussian profile. 

width at half maximum (FWHM), [1) Analysis of the type described above 

requires only measurements of relative intensities of spectral emission. Absolute intensity 

measurements require more efforts than this. This issue will be considered in more detail in 

section 3.8 which describes a practical measurement of emission intensity. 

531 Page 



Chapter 3: Basic concepts of used detection techniques 

3.5 Velocity and energy distributions of gas atoms and molecules 

This section contains a brief description of the particle distributions from a 

statistical point of view, in order to relate the distribution of particle energy and velocity 

with light emission. 0 

Both excited and ground state particles can be characterized by their densities and 

their velocity distribution functions. At thermodynamic equilibrium, when there is a 

balance between absorbed and emitted energy, the relative densities of discrete levels of 

the energy spectrum are related by the Boltzmann formula 

NN2 
= 

92 
exp - 

_Ek T 
(3.6) 

S, a 

The distribution of N particles with velocities v is given by the Maxwellian distribution 

function f(v) = dN/(Ndv) = dN = NJ(v)dv, where f(v) is given by 

M 
f (v) = 4ý 

2; rkeT 
v2. exp - 

mV2 (3.7) 
2kBT 

The distribution function j(v) gives the fraction of particles which are in the velocity 

interval dv [3]. 

3.5.1 Local thermodynamic equilibrium model 

As it was mentioned above, the equations giving the energy and velocity 

distribution of a group of particles are valid only when the system of particles is in 

thermodynamic equilibrium, which can be realised only if the system is isolated. Such 

systems do exist, but are very rarely encountered in discharge physics. 

For the case of atmospheric pressure plasmas, where the plasma is confined in a 

small volume and energy and particle exchange occurs in the boundaries between the 

plasma and its surroundings, there will be significant deviation from thermodynamic 

equilibrium. In these cases, the population of the excited states depends not only on the 
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electron temperature but also on other plasma parameters, including the temperature and 

density of the heavy particles. 

Although few systems are ever in complete thermodynamic equilibrium, it is 

sometimes possible for a system to be described as being in Local Thermodynamic 

Equilibrium (LTE). This situation may occur if the following two conditions are satisfied 

[3]: 

1) The particles density in the plasma is high enough so that in each small element of 

plasma volume (which, though small, must be large enough for the statistical 

description) the detailed balance and correlations described by equations 3.6 and 

3.7 are approximately fulfilled. 

2) The time associated with radiation processes, in the spatial plasma element being 

considered, is less than the time associated with collisional processes. This means 

that the plasma is not optically dense, meaning that the radiation and absorption of 

photons are temporary and spatially separated. This condition is essential, since 

unlike the case for thermal equilibrium, the spectrum of LTE plasmas contains 

information not only about the temperature, but also about the density of particles 

and their spatial distributions. In other words, measurements of the radiated 

intensity bring information about the concentrations of the radiating particles. This 

is one of the principles that underlies all methods of plasma spectroscopy. 

3.5.2 Determination of gas temperature 

From the Boltzmann distribution formula and the inequality in equation 3.3, it can 

be concluded that [2] 

Te > Tvtb > Trot . Ttr = Tg (3.8) 
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The gas temperature Tg as a plasma parameter is important since many chemical 

reactions depend on the gas temperature, particularly for plasmas operated in the open 

atmosphere. 

The experimental studies described in later chapters require a basic knowledge of 

the temperature of the atmospheric pressure plasma that was studied, and several different 

measurements were carried out. Such measurements of gas temperature can be made using 

different methods, which include direct measurement using a thermocouple, measurement 

of line broadening, and relative intensity profile measurements [3]. 

Measurement with a thermocouple is a particularly simple measurement method 

and it was used in this research. It does, however, have several significant disadvantages. 

The first is that its use is restricted to the case when the thermocouple can be put in direct 

contact with the plasma. Even in this case, there is usually a lack of knowledge for the 

physicochemical processes that occur on the surface of thermocouple during plasma 

contact. Additionally, plasma contact may lead to creation of new excited species. A 

second disadvantage, in the case of direct contact with plasma, is that the presence of the 

thermocouple may distort the electrical field, which may affect the discharge 

configuration. Hence, this method is most suited to use in an afterglow region where the 

electric and magnetic fields should be very weak. 

3.6 Instruments and optics for measuring emission spectra 

The choice of spectrometers, detectors and optics for any particular experiment 

depends strongly on the experimental aim because the individual units of the spectroscopic 

system determine the accessible wavelength range, the spectral resolution and the 

throughput of light [1]. 

A typical measurement system can be separated into three main parts - the optics 

used to image/collect the light from the plasma, a dispersive instrument such as 
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spectrograph that is used to analyse the collected light, and finally a light detector. The 

light source (i. e. the plasma) is usually either imaged by a set of lenses or coupled by a 

fibre optic to the rest of the system. Fibre optics are very convenient, particularly when 

direct access to the plasma light is difficult [I]. 

The other elements, the spectrograph and the detector, are briefly described in the 

subsections below. 

3.6.1 The spectrograph - construction and main parameters 

Spectrographs are a commonly used dispersive instrument for analytical 

spectroscopy. They use dispersive elements, such as prisms or diffraction gratings, and 

image-transfer optics to separate the light from polychromatic sources into individual 

wavelengths. The spectrum generated by this process is recorded by a form of detector 

such as CCD camera or array of InGaAs detectors [I, 4]. 

Fig. 3.5 Czerny-Turner configuration of spectrograph. The elements A-E are described in the text. 

One of the most common spectrograph configurations is the Czerny-Turner 

configuration, shown in Figure 3.5. Many other designs are available, but all follow the 

same operating principle: the incident light passes through an entrance slit A, reaches a 

collimating mirror B that directs the collimated beam onto the dispersive element - either a 
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prism or diffraction grating C- which diffracts the light according to the wavelengths 

present in the beam. After the dispersive element, a second mirror D reflects the diffracted 

light onto the exit plane, which is shown as a slit E in Figure 3.5. Each spectral wavelength 

is incident upon the exit plane at a specific angle. Rotation of the grating scans the 

wavelength of the light across the exit [4]. Few manufacturers now offer prism-based 

spectrographs and grating-based spectrographs. The last ones have the advantages of 

smaller size and better spectral resolution. 

Several characteristics are of importance in a spectrograph. The linear (spectral) 

dispersion, DL = dx/d2, is a useful parameter that describes the ability of the spectrometer 

spatially to separate spectral lines in the focal plane. The more commonly quoted value is 

the reciprocal linear dispersion, RD = DL-1 = d2/dx, representing the wavelength range of a 

unit distance in the focal plane. A spectrometer whose linear dispersion is I nm/0.25 mm is 

superior from another whose linear dispersion is 1 nm/0.06 mm in the same region, since 

the same distance in the focal place represents a much smaller range of wavelength. 

Although prism spectrometers are rare, as noted above, it is important to note that the 

dispersion for a grating spectrometer is constant while for a prism spectrometer it varies 

with the wavelength region. 

The resolution of a spectrometer is related closely to its spectral dispersion. While 

the spectral dispersion indicates the separation of two wavelengths at the spectrometer exit, 

the resolution specifies whether the separation is detectable. This is why the spectral 

resolution is inversely proportional to the linear dispersion of a spectrograph. 
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Spectral resolution is often given 

in terms of the Rayleigh criterion, which 

states that two wavelengths, A, and 2.2, 

are resolved if the intensities of their 

central maximums fall more than of 0.8 

of their initial intensities. This situation 

is shown in Figure 3.6. 

A spectrometer parameter 

directly related to the spectral resolution 

is the resolution defined by the grating. 
Figure 3.6. Resolution of a spectrometer, [4] 

The grating's resolution depends on the 

density of grooves (usually stated in lines/mm) on its surface, the so-called groove period. 

Higher density gives higher optical resolution. Most spectrometers can be fitted with 

different gratings so that different spectral resolution can be chosen for different 

measurements. 

The width of the wavelength region that a spectrometer can generate is related to 

the focal length of the spectrograph, which is determined by the collimating mirrors. 

Mirrors with longer focal lengths will lead to greater dispersion at the spectrometer exit 

and so a wider separation of wavelengths at this position. This improves a spectrograph 

linear dispersion, and in turn improves the spectral resolution of the instrument. However, 

this also unfortunately decreases the amount of light that can be detected from the source. 

A spectrometer with focal length of about 40 centimetres is considered to have 

excellent resolution for many applications. Very high-resolution spectrographs may have 

focal lengths of up to 2m, but these instruments require exceptional attention to mechanical 

and thermal stability. 
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The slits play an important role in determining the spectral resolution and 

throughput of the spectrograph. Usually they are adjustable and can vary from a few 

micrometers to several millimetres in width. The width of the entrance slit together with 

the size of the grating define the aperture and thus the throughput of light. A wider 

entrance slit means more light intensity reaches the detector but will give poorer spectral 

resolution. 

3.6.2 A multichannel array detector - the intensified charged-coupled device camera 

Image 
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CPU Board 

Fig. 3.7 An image intensified charged coupled device (iCCD) camera construction [5]. 

Figure 3.7 shows a schematic diagram of an image intensified charged coupled 

device (iCCD) camera. As can be seen, it consists of three main units [5]: 

" an image intensifier that amplifies the light entering the device; 

9a high performance CCD chip that converts the light from the intensifier into an 

electrical signal; 

"a maintenance electronic unit that transfers the image on the CCD array to a 

recording device, such as a computer. The electronic unit also has another task - to 

control both the image intensifier and the CCD chip. 

These units will be briefly considered in turn. 
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Fig. 3.8 An image intensifier structure 

An image intensifier, shown in Figure 3.8, is the most crucial part of the system. It 

consists of three functional units: 

"a photocathode that converts the incoming photons into photo-electrons. To obtain 

a maximum signal to noise ratio for all light that falls onto the device, the 

photocathode's spectral sensitivity should cover the source light spectrum. Before 

photons hit the photocathode, they have to pass the entrance window, which can be 

a quartz plate or for the UV applications a MgF2 window; 

a honeycomb structured micro-channel plate (MCP) that strongly multiplies these 

photo-electrons. In fact this is a multi-channel photo-multiplier. 

0a phosphor screen that converts the multiplied photo-electrons back into photons. 

Different kinds of phosphors can be used to increase the efficiency of emitted 

spectrum band and the fluorescence lifetime. 

The image intensifier provides the so-called gating capability of the iCCD camera, 

i. e. the shutter function. If the image intensifier is gated `on', the camera shutter is 

effectively open and the incoming light is intensified (i. e. amplified) then transmitted to the 

CCD chip and collected. If the image intensifier is gated `off, light will still fall onto the 

intensifier photocathode, but this light is not amplified and hence no light is transmitted to 
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the CCD sensor. Depending on the camera manufacturer, the image intensifier may be 

gated down to the sub-nanosecond time scale. 

The iCCD camera in Figure 3.7 has a lens system that couples the light from the 

image intensifier to the CCD chip. An alternative way of achieving this coupling is to use a 

system of optical fibres, which is called fibre-coupling. Both coupling modes have their 

advantages and disadvantages but it seems that lens coupling gives less image distortions 

and this is more commonly used. 

It is the maintenance electronic unit that transfers the image from the CCD chip 

image to a recording device. The transmission can be either analog or digital but digital 

transfer is nearly always used in modern systems. When a personal computer is used as the 

recording device, this transmission can be achieved by USB cable or by a faster 

CameraLink cable requiring a frame-grabber. A recent development is the fast Gigabit 

Ethernet cable connection, which eliminates this inconvenience. 

3.7 Calibration of the spectroscopic system 

An important part of the detection procedure is the calibration of the spectroscopic 

system. This calibration can be done for two parameters - calibration of the wavelength 

axis done by using spectral lamps (for example a mercury-cadmium lamp) in combination 

with wavelength tables, and calibration of the intensity axis which can be either a relative 

or an absolute calibration [1]. 

A relative calibration of the intensity axis gives an account only of the spectral 

sensitivity of the spectroscopic system along the wavelength axis while the absolute 

calibration gives additionally the correlation between the number of photons arriving at the 

detector, measured in photons m-2 s 1, and the intensity of the detected signal, measured in 

voltages or counts. 
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3.8 Identification of emitting species 

An important part of emission spectroscopy is the identification of the species 

producing the emission light. These may be atoms, ions or molecules, any excited species 

that exist in the plasma. Identification can be done with a wavelength calibrated 

spectroscopic system in combination with wavelength tables for emission from common 

plasma species. Precise wavelengths and transition probabilities for atoms and ions can be 

found in the NIST database [1]. 

3.9 The method of gel electrophoresis 

Part of the research described in this thesis focused on a bio-application of a 

atmospheric pressure plasma jet. To analyse the effect of plasma irradiation by the plasma 

jet, an analysis method suitable for bio-investigations was necessary. This section briefly 

described the basic principles of gel electrophoresis, the method used to analyse the 

fragmentation of DNA molecules due to exposure to the plasma jet. 

The principle of this application of gel electrophoresis is based on electrophoretic 

separation of DNA fragments [6]. Wells located on the one side of the gel are loaded with 

the treated DNA samples. A particular DC voltage is then applied to the gel, as shown in 

Figure 3.9. As a result of the DC potential across the gel, negatively charged DNA 

fragments will migrate to the positive pole. The porous structure of the gel means that 

fragments with different sizes will migrate with different speeds. The supercoiled (SC) 

form is very compact and its migration is faster than other conformations of DNA. The 

linear (L) conformation is the next fastest fragment and the open circular (OC) form is the 

slowest. After a certain time, the applied voltage is switched off and measurements made 

of the separated fragments. 
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Fig. 3.9 Scheme of gel electrophoresis: Left - gel electrophoresis device, Right - image of gel after 

separation (Up to down - SC, Land OC formations of damaged DNA) [9,10] 

There are two types gel electrophoresis techniques - polyacrylamide gel 

electrophoresis and agarose gel electrophoresis. The difference between them mainly lies 

in the accuracy achieved. Polyacrylamide gel is used in measurements requiring very 

accurate results while agarose gel can be used for more rough measurements. Use of 

polyacrylamide gel has additional operational difficulties such as its poisonous nature and 

the handling problems that this causes. 

Imaging of the gel containing the separated fragments is achieved by means of a 

fluorescent scanner. Images of agarose gel, containing already separated DNA fragments, 

are then analysed with special software by which the percentage amount of each of the 

fragment forms can be calculated. 
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CHAPTER 4 

EXPERIMENTAL EQUIPMENT 

This chapter contains a description of the apparatus used in the experimental 

studies. The experimental set-up for the atmospheric pressure plasma jet can be separated 

in three parts: the plasma reactor, the power supply and the equipment used for 

measurements. Each piece of equipment is described briefly in this chapter. 

4.1. Construction of the dielectric barrier APPJ 

The dielectric barrier APPJ reactor used in these experiments consists of a 

dielectric tube with two ring electrodes located on the outside surface of the tube. Fused 

silica was chosen as the material for the tube because of its dielectric and thermal 

properties. The dimensions of the fused silica tube were inner diameter of 4mm, outer 

diameter of 6 mm and length 25cm. A second tube, made from borosilicate glass, was also 

used. It had inner diameter of 2.7mm and outer diameter of 4.6mm. The properties of the 

two types of glass are discussed in chapter 5. Brass was used as the electrode material due 

to its electrical and thermal properties. 

The dielectric barrier APPJ reactor was mounted on an x-y translation stage by 

means of a macor holder. This insulated the plasma jet reactor from the table. Macor is 

widely used in the design of plasma reactors due to its dielectric, mechanical and vacuum 

properties. 

The transformer was connected to the electrodes through a matching box, which 

enabled reliable electrical coupling. High-voltage wires connected the electrodes to the 

matching box, and a HV coaxial cable connected the matchng box to the transformer. 
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The flow of helium gas through the dielectric tube was controlled by a Cole-Parmer 

65-mm calibrated flowmeter (model EW-03216-82). This enabled the helium gas flow to 

be adjusted in the range of 1375 to 13750m1. min''. The purity of helium gas was 

99.9999%. 

4.2 Power Supply Unit 

The power supply system used to generate the discharge consisted of a pulse 

generator connected to a low frequency high voltage amplifier, which was in turn 

connected to a high voltage transformer. 

Two pulse generators were used in the course of the experiments, a Thurlby 

Thandar Instruments model TG101OA and an Agilent model pulse generator. Most of the 

experiments were performed with the Agilent pulse generator due to its ability to generate 

arbitrary pulses with pulse width in the range between 8ns and 1999.9sec and a variable 

edge time from 5ns to lms. For these experiments, the rise/fall time was < lOns. The 

Thurlby Thandar function generator was used when sinusoidal waveforms were generated, 

especially in the DNA irradiation experiments described in Chapter 6. The rise/fall time of 

this pulse generator is also small: < 22ns. 

The low frequency HV amplifier, model BK MF1000, made by BK Electronics, 

could amplify signals in the range of 1- 100kHz. The upper limit of the HV amplifier-HV 

transformer, however, was only IOkHz due to the inductivity of the homemade HV 

transformer. 

The homemade high voltage amplifier/transformer was originally built as a single 

unit but the transformer was moved out from amplifier due to heating issues. Its main 

parameters are listed below: 

  Specific frequency - 10kHz, with working range of 5-15kHz. 

" Maximum input voltage - 42V rms 
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  Maximum output voltage - 12.3kV rms 

The homemade transformer was placed into a suitable box and the power cables were 

suitably connected to the box sides. Figure 4.1 shows a circuit diagram for the transformer. 
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Fig. 4.1 Electrical circuit scheme of the HV transformer 
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4.3 Measurement equipment 

Voltage and current were measured during experiments by a Tektronix P6015A 

high voltage probe with rise time of 4ns and a Tektronix AM 503B current probe with rise 

time of less than Ins. They were connected appropriately to the external box of the HV 

transformer. Signals from both probes were observed in an oscilloscope. The minimum 

sensitivity of the current probe on the oscilloscope at 1OmV per division is 1mA/div. 

Signals from the pulse generator and the iCCD camera also were monitored on the 

oscilloscope. Two oscilloscopes were used during the experiments: a LeCroy model 

9304AM and a Tektronix model TDS2000B. Both oscilloscopes were four channel storage 

oscilloscopes with minimum time base and rise time in the range of 1-2ns. 

The detector for the imaging and spectroscopic measurements was a Stanford 

Computer Optics 4Picos iCCD camera. The spectral characteristics of the image intensifier 

of the CCD camera depend on the type of used materials for its photocathode and phosphor 

layer. The spectral sensitivities of the photocathodes offered by the company are shown in 

the figure 4.2. Figure 4.2a indicates the spectral sensitivity of the possible materials for the 

photo-cathode (i. e. the spectral sensitivity of the intensifier entrance). Figure 4.2b shows 

the spectral sensitivity of the materials for the phosphor layer (the exit of image 

intensifier). Both are presented in terms of the quantum efficiency (yield) of the materials. 

On the same figure (Fig. 4.2b) is also plotted the spectral sensitivity of CCD chip. 
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Fig. 4.2 Spectral sensitivity of a) the photocathode and b) the phosphor layer of the image intensifier. The 

photocathode of the camera used for these experiments was a modified form of the S20 UV curve shown in 

Figure 4.2(a). The phosphor curve for this camera is P20. 
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Chapter 4: Experimental equipment 

A lens system was attached to the iCCD camera for imaging measurements. This 

systems was a camera lens: Tamron SP 28-80mm, F/3.5-4.2, Model 27A. The ranges of the 

minimum and maximum focal lengths of the camera lens were 26.60mm to 29.40mm and 

from 76.00mm to 84.00mm respectively. 

The spectrometer used in the spectroscopy measurements was a Jobin-Yvon, 

TRIAX 320 unit, with focal length of 320mm and dispersion of 2.64nmmm-'. It has two 

gratings mounted on an internal turret, which allows the spectral resolution to be changed 

conveniently. The two grating have groove density of 3001. mm-' and 18001. mm-' 

respectively. The spectral sensitivities of both gratings are given in Figure 4.3. 
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Fig. 4.3 Spectral sensitivity of the both gratings used in the TRIAX spectrometer 

4.4 Equipment used for the glass chamber experiments 

Most experiments reported in this thesis used the APPJ operated in the open air. 

The jet was also operated inside a chamber for a small set of experiments. This section 

outlines the equipment used for those experiments. 

The chamber was a glass cylinder with vacuum flanges at each end of the cylinder. 

Its dimensions are as follows: 485mm length, 184mm OD for flange attachment, 183mm 

ID The upper flange was made from Tufnol because of its excellent electrical and 

mechanical properties. 

Before plasma experiments, the chamber was evacuated by a vacuum pump 

(Edwards, model 5 E2M5), to a base pressure of 4.5x lO-4Torr. When at low pressure, the 

chamber pressure was measured by means of Edwards pirani vacuum gauge, PR 10-S 
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connected to Edwards pirani gauge head PIRANI 10. This gauge can measure a pressure in 

the range from 3 to 10-3Torr. When at high pressure, the pressure was monitored with an 

industrial regulator gauge. The flow of dry air and helium gas to the chamber was 

controlled by means of two gas flowmeters Cole-Parmer, models, WZ-03216-70 and EW- 

03216-82. 
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CHAPTER 5 

EXPERIMENTAL CHARACTERISATION OF DIELECTRIC BARRIER 

ATMOSPHERIC PRESSURE PLASMA JET 

Chapter 2 of this thesis contains a survey of experimental studies for atmospheric 

pressure plasma jets operated in both capacitive and dielectric barrier configurations. 

Those studies can be separated conditionally into two groups - those based on electrical 

measurements and those based on optical measurements [ 1-9]. As outlined in that survey, a 

great deal of understanding has already been gained regarding these plasma sources and 

the so-called `plasma blobs/bullets' observed during their operation. However, there is still 

a need for further understanding of the propagation of the `blobs/bullets' and confirmation 

of present theories regarding their origin. 

The nature of "plasma bullets" and their propagation has been the subject of 

various studies in recent years, with the most recent studies seeming to confirm the theory 

that the `blob/bullet" represent a quasi-self-sustained streamer propagating at low applied 

electric field in open atmosphere [ 10,11 ]. This concept, first introduced by Larussi at al [4] 

using the streamer model of Dawson and Winn [12), has been expanded by recent authors 

such Naidis [I I]. 

The experimental studies presented in this chapter had the aim of testing this 

concept by investigating the dependence of the propagation of the `plasma bullet' on the jet 

conditions. One experiment examined the effect of varying the rise time of the applied 

voltage pulse, while the second examined the effect of the ambient pressure on jet 

propagation. Both sets of experiments were carried out using fast iCCD imaging of plasma 

emission. 
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The structure of this chapter is as follows. Section 5.1 contains a brief description 

of the experimental arrangement, an outline of the conditions for which the jet was 

operated and a representative set of measurements. Section 5.2 contains a set of emission 

spectra measured from the jet, while Section 5.3 is a brief summary of the characteristics 

of this plasma jet, comparing its characteristics with jets used by other researchers. Section 

5.4 contains a short discussion of how the dielectric material used in the jet affects the 

formation of `plasma blobs/bullets'. Section 5.5 is the first of the two main experimental 

studies, in which the effect of the applied voltage pulse on `bullet' propagation was 

investigated. Section 5.6 describes the second of the main experimental studies, in which 

the effect of ambient pressure was investigated. The chapter finishes with a summary of 

experimental results and conclusions about the nature of `blob' propagation. 

5.1 Typical characteristics of the atmospheric pressure plasma jet 

In the main experimental studies, presented in sections 5.5 and 5.6, the APPJ 

studied here is operated for a variety of different conditions. The aim of this section and 

the next is to outline the basic characteristics of the plasma jet studied in this research, so 

that its operation can be compared and contrasted with the jet sources studied by other 

researchers. 

5.1.1 Experimental arrangement 

Figure 5.1 is a schematic diagram of the jet used in these studies. It consists of a 

narrow dielectric tube (quartz or borosilicate glass), which was 25cm long with inner 

diameter of 4 mm and outer diameter of 6mm. Helium gas flowed through the jet into the 

open atmosphere at a flow rate of 91. min-1, corresponding to gas velocity of about lOms 1. 

The flow rate is controlled by a Cole-Parmer flowmeter, which ensures reproducible flow 

conditions inside and outside of the tube. Two external cylindrical electrodes, made of 
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brass and 5cm long, are used to generate an electrical gas discharge inside of the tube. The 

separation between them and between tube end and the first electrode is typically about 

3cm. 

Plasma Jet 

Fig. 5.1 Schematic diagram of the plasma jet used in this research 

A diagram of the complete experimental arrangement is presented in figure 5.2. 

The plasma jet is held in a stable mount, with electrical and gas connections. The 

electrodes on the outside of the dielectric tube are powered by an audio frequency power 

supply system, consisting of a pulse generator connected to a low-frequency high-voltage 

amplifier with an external home-built high-voltage transformer. During the experiments 

the voltage and current were measured by means of current and voltage probes. The signals 

from these probes were viewed on a digital oscilloscope (LeCroy 9304AM/Tektronix 

TDS2024B), and then stored on a PC. The plasma plume was imaged with a fast iCCD 

camera, 4Picos (Stanford Computer Optics, Inc. ). The camera was synchronised with the 

pulse generator in order to obtain time-resolved measurements. Most of the equipment was 

placed on a grounded metal table. 
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Fig. 5.2 Total experimental arrangement 

5.1.2 Typical experimental measurements 

In this subsection, a set of typical experimental measurements will be described. 

During this research project, the plasma jet was operated over a range of operating 

conditions, but the set of measurements described here provide a general idea of the main 

characteristics of this plasma jet. 

In this plasma jet apparatus, a helium plasma is generated inside the tube in the 

region between the electrodes when an ten kilovolt voltage signal (peak to peak) in the 

frequency range of 1-8kHz is applied. Current of up to 100mA is measured for these 

conditions. 

In addition to the discharge inside the tube, a transient plasma jet is observed 

outside the tube when the front electrode is active and the rear one is grounded. The size of 

the jet varies with discharge conditions but has a length of up to 7cm and diameter of a few 

751 Page 

\J 



Chapter 5: Experimental characterisation of dielectric barrier APPJ 

mm. Two types of jet are observed, depending on the operating conditions. For some 

conditions, the jet consists of a rapidly propagating compact plasma ̀ blob', or `bullet', as 

observed by many researchers [1-9]. For other conditions, the plasma jet appears to be 

simply an extended plume, resembling a short-lived flame. 

Figure 5.3 shows measurements obtained for the case of a propagating 

`blob/bullet'. Part (a) of the figure shows the measured voltage and current. The applied 

voltage pulse is square-shaped, with magnitude of 11kV and frequency of 3.2kHz. The 

measured current has peak value of 103mA. This figure contains several current curves, 

with the curve labelled as `total current' indicated the current measured when the discharge 

was ignited and the curve labelled `displacement current' indicating the current measured 

when there was no helium flow and hence no discharge. The third current curve, labelled 

`discharge current' was obtained by subtracting the displacement current from the total 

current, and hence represents the current due to the discharge itself. From the figure, it can 

be seen that the discharge current is a microsecond-long peak that occurs during the first, 

positive, half-cycle of the voltage waveform and then again during the second half-cycle. 

For these operating conditions, plasma jets were observed outside the tube. The purple 

shaded regions in Figure 5.3a indicate the time periods when these jets were observed. 

Figure 5.3b shows a set of images obtained with the iCCD camera that show 

emission from the region outside the tube, in other words the plasma plume region. This 

set of images is shown as a sequence of individual images of the plasma jet, with each 

image taken for a time period of 50ns with a 400ns delay between each image. The images 

have been pasted vertically together to show the time dependence of the jet in a convenient 

way. As can be seen from the times indicated on the figure, this particular set of images 

indicates emission from the first discharge pulse only. The jet consists of a plasma 

`blob/bullet' that is clearly detached from the tube orifice and propagates away from it. 
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The velocity of the 'blob/bullet' can be determined from the images, and has a value of a 

few tens of kilometres per second. 
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Fig. 5.3 (Colour online) Typical a) current/volt characteristic at applied square-shaped voltage pulse and b) 

time-resolved imaging of plasma jet outside of the tube for the same voltage pulse. Images are taken at 50ns 

exposure time with 400ns delay between them. The shaded regions on the current/volt characteristic indicate 

the times when plasma is observed outside the tube. 

As stated above, Figure 5.3b shows emission from the first half of the voltage 

cycle. Much less intense light emission was observed during the second half of the pulse 
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(during the time indicated by the second shaded region in Figure 5.3a). This emission is 

shown in Figure 5.4. 
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Fig. 5.4 Typical time-resolved imaging of plasma jet outside of the tube for the second half of the cycle at 

square-shaped voltage pulse. 

The set of images in Figure 5.4 shows that, in contrast to the first half of the cycle, 

the jet structure in the second half of the cycle is an extended plume that is not detached 

from the tube. This jet occurs at the maximum of the negative current pulse and the 

duration of the plume, about 171is, is about 3 times longer than the `blob/bullet' duration 

from the first half of the cycle - 5.2µs. 

The set of images in Figure 5.4, showing an extended discharge region, was 

observed during the negative half-cycle of a discharge excited with a square wave pulse. A 

similar type of extended plume, not detached from the tube, was observed for other pulse 

waveforms. Figure 5.5 shows the images obtained for a discharge generated by a 

sinusoidal voltage, for which the same type of extended, non-propagating plume was 

observed. The intensity of emitted light is much weaker compared with the light intensity 

observed when a plasma blob is generated/propagated. These observations, also noted by 

other researcher [22], are explored more systematically later in this chapter, in section 

5.5.2. 
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Fig 5.5 Imaging of plasma jet at different electrical parameters of applied voltage pulse. Images are taken at 

250ns exposure time with 2µs delay between them. 

5.1.3 Operating the jet in a stable condition 

Before the experimental studies presented in Sections 5.5 and 5.6 were carried out, 

the plasma jet was tested over a range of conditions to ensure stable operation could be 

achieved. During these tests, it was observed that, after ignition, the electrical properties of 

the jet changed gradually over time before becoming stable. This was investigated further 

and this section contains the results of that study. 

The main observed change was that the shape of the voltage pulse measured 

between the electrodes altered over time. The rise time of the measured pulse was taken as 

characteristic of the pulse shape, with the rise time here being defined as the time required 

for the pulse to rise from 10% to 90% of its final value. This was measured for both types 

of glass tubes used in the experiments. 

The set of measurements were carried out for a discharge for which a 3kHz square- 

shaped voltage pulse was generated, with the rise time being measured every 2 minutes. 

Figure 5.6 shows the results of that measurement. From the graph, it can be seen that the 

rise time changes significantly for about 40 minutes before reaching a relatively steady sate 

after that time. 
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Fig. 5.6 Dependence of voltage rise time on the time. The uncertainties in rise time were estimated from the 

variation of repeated measurements. 

A second set of measurements was made in which a thermocouple was used to 

measure the temperature of the dielectric tube, with the temperature being measured inside 

the tube, at a distance of 5-6cm from the tube end. This position corresponds to the 

location of the powered electrode. In this series of measurements the temperature was 

recorded every 3 minutes for about 1 hour, with the plasma jet being turned off while the 

temperature measurement was made. 

These results are shown in Figure 5.7, and indicate a similar trend to the rise time 

measurements shown in Figure 5.6. The measurements indicate that the temperature 

increases steadily before reaching a more stable temperature after 25-30 minutes. 
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Fig. 5.7 Rate of temperature increase inside in the tube 

From both set of measurements, it is possible to conclude that the change in the 

voltage waveform (i. e. the change in rise time) occurs because the temperature of the glass 

tube near the electrodes increases over time before becoming stable. This dependence can 

be easily explained/illustrated if it taken into account the capacitive character of used 

dielectric barrier APPJ. Since plasma source can be considered as two capacitance in series 

- one with helium gas/air between electrodes and other with quartz/borosilicate glass, the 

system can be described by next set of equations 

I=U/ (X, +R,.,, ), R<.,, 0I=U/X, (5.1) 

Cgi = co. Egi. (S/di); (5.2) 

Che = CO. Che. (S/d1); (5.3) 

Cgl+he - 
Cgl"Che / (CSl + Che) (5.4) 

X,. = 1 /21[f. Cg/+he (5.5) 

where XX is capacitive resistance of both capacitances - Cgi and Che, R,.,, is the resistance of 

connecting wires, egi, Eye - relative permittivity of the glass and helium gas and f is the 

frequency of electrical pulse. It is visible that decreasing of s1-, due to temperature rising, 

leads to decrease of voltage and hence to increasing of voltage rise time. 
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These measurements also show interesting regularity in the process of increasing of 

voltage rise time. In the beginning the voltage rise time rapidly decreases up to about 16th 

minute while the temperature rises rapidly. Afterwards the rise time rapidly increases up to 

about 30th minute while temperature slowly increase. After that the increase of both, the 

rise time and the temperature become very slow processes as any change in the 

temperature affects also on voltage rise time. Since the aim of the research was not to 

explain this regularity we only suppose that this is due to dielectric material. The other 

possibilities - the heating of power supply itself or of transformer, are with small 

probability since their resistances are small. To prove these conclusions more accurate 

temperature and rise time measurements are needed. 

Therefore to obtain a stable discharge it is necessary to operate the jet until the 

glass temperature becomes stable. In some of the experiments described later in this 

chapter, this was achieved by operating the jet for a time of approximately 90 minutes 

before making measurements. This is effective but involves significant helium 

consumption, and so an alternative method was devised in which the glass was heated 

directly with a heat gun. This reduced the time needed for stable operation by at least half. 

Since quartz as material is very fragile especially at temperature higher than 500°C the 

chosen temperature for heating procedure was 170°C. 

Probably another alternative way is cooling of the electrodes themselves and space 

between them. This method was not tested. 

5.2 Typical spectral measurements 

Measurements of plasma emission can provide information about various aspects of 

the discharge. In this section, space and time-resolved measurements of emission from the 

plasma jet are presented. 
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The plasma jet was probed in three different axial locations, approximately equally 

separated each other - close to the tube exit, in the centre of the plume and near the end of 

the plume. Time-resolved measurements were carried out at each of the locations. 

The operating conditions for these spectral measurements were as follows: 

ft 
sinusoidal applied voltage with amplitude of 3.7kV, frequency of 7.9kHz and helium flow 

rate of 81min'. The visible plasma jet length at these discharge conditions was 

approximately 20mm, and hence the axis positions for the measurements were 5mm, 

II mm, and 20mm. 

Figure 5.8 shows the experimental arrangement for one of the probed points. To 

collect all emitted light, between plasma flame and spectrograph slit was placed a double 

convex lens with 20cm focus length. The slit of spectrograph (Triax 320) was set to 0.4mm 

and 300 lines per millimetre diffraction grating was used. This allowed a reasonably wide 

spectrum to be observed in one measurement while still providing enough detail. The 

detector, an iCCD 4Picos camera, was set with 2.5µs exposure time. 

Fig. 5.8 Spectral measurements arrangement 

Figure 5.9 shows one example of a measured spectrum, obtained for the central 

region of the plasma jet. Most of the observed lines are presented in any of probed points. 

This measurement represents the time when the plasma emission is the strongest. 
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Fig. 5.9 Typical time-resolved spectrum of the APPJ 

Identification of emitted lines was performed by means of references 27,28 and 29. 

Several features of the spectrum can be noticed. Firstly, the spectrum is dominated by N2 

and N2+ emission from the N2 second positive system (N2[C3H ] --º N2[B31g] + hvsps) and 

N2+ first negative system (N+2 [B27-+�] -+ N+2 [X2 5] + by s). This emission arises mainly 

from atmospheric nitrogen but it is likely that some of the signal is due to the presence of 

small quantities of nitrogen in the helium flow. Secondly, emission from other species can 

be seen, namely He I (706nm), OH (309.8nm), 0I (715nm) as well as small intensity 

peaks of He2*(464nm) and metastable states of atomic O(DD), 630nm and molecular 

O2(b'Eg+), 762nm oxygen. This emission originates from the excited atmospheric species 

as a result of the diffusion of excited helium coming from the main helium stream [22]. 

Figure 5.10 shows the spatial and time dependence of the most important of the 

spectral lines. The spatial dependence measurements were made from the spectrum 

obtained at the time of 52.5µs. The time dependence measurements were obtained from the 

central part of the plasma jet. It can be seen from the graphs that the dependence of the 

most spectral lines is very similar. 
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Fig. 5.10 Analysed results from spatiotemporal resolved spectral measurements; a) an emission intensity of 

some of the detected plasma species along the plasma jet, measured at a particular time of the plasma plume 

for a time period of 2.5µs; b) an emission intensity of some of the detected plasma species during time- 

resolved spectral measurements, measured in the middle point of the plasma jet i. e. on the distance of 11 mm 

measured from tube end. 

85 IPage 

\ý 



Chapter 5: Experimental characterisation of dielectric barrier APPJ 

From the spatial dependence measurements (Fig. 5.10a), it can be seen that the 

intensity of emission from most species increase with distance from the tube exit. This can 

be explained by the increasing mixing of the helium gas flow and ambient air. 

The origin of the observed emission can be explained as follows. Firstly, emission 

from nitrogen molecules dominates the spectra. This can be explain by Penning ionisation 

of the nitrogen molecules by means of excited helium, which causes following formation 

of N2+ within a time scale of 0.1µs. This process is described by following reactions 

He +e-ºHe*+e (1) 

He* + N2 --- N2+[B21: +�] + He +e (2) 

He* + N2 + He --+ N2+[B2E+�] + 2He +e (3) 

The metastable helium dimer He2 *[14], obtained by reaction (4), participates in the 

dissociation of H2O molecules with following formation of OH radical [14] 

He* + 2He - He2* + He (4) 

He2* + H2O -* 2He + H2O+(X, A, B) +e (5) 

HZO++e-*OH +H (6) 

He2*--+2He+by (7) 

The emission of OH is weakest at the end of the plasma jet, which may be due to 

lower electron energy at the jet tip compared with the rest of the plume, leading to less OH 

generation - i. e. reaction 6. The same can be noticed for helium excited atoms, which 

immediately affects on the nitrogen ion generation/emission - i. e. reactions 1-3. 

The generation of metastable atomic molecular oxygen can be explain by following 

reactions 

02 +e -> [O('D) or O(' S)] +0 (8) 

02 +e -> O2(b'Eg+) +e (9) 

O('D) + 02 --> O2(b'Eg+)+0 (10) 

O2(b1 Eg+) -º 02 + by (11) 
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Additionally metastable atomic oxygen can participate in the formation of OH 

radicals as follows 

O('D) + H2O ---b20H (12) 

It should be noted that the observed increase of the intensities of singlet sigma 

oxygen and 01 at an atmospheric pressure has been seen in other experiments [15]. Those 

experiments showed that singlet sigma oxygen as well as singlet delta oxygen can 

propagate over a distance of tens of centimetres measured from the start of a plasma flame 

launched in open atmosphere. 

From the time-resolved measurements (Fig. 5.1Ob), it can be seen that within the 

plasma plume there is a movement of plasma species but this movement is slower than the 

time scales associated with the movement of plasma ̀ blobs/bullets'. 

5.3 Comparison of this plasma jet with those used by other researchers 

In summary the plasma jet used in this research is similar in many ways to those 

observed other researchers [1-9]. 

First, its chemical composition is typical for this type of plasma source operated in 

open atmosphere. The main emission lines originate from excited atmospheric nitrogen 

molecules despite helium being the gas coming from tube exit. In addition to helium and 

nitrogen, emission from excited atomic and molecular oxygen, especially its metastable 

states were detected, which is consistent with measurements reported in reference 15. The 

oxygen species are particularly important as these are believed to play a significant role in 

one of the main applications of atmospheric pressure discharges, namely bio-sterilisation. 

Secondly, a fast moving region of plasma emission completely detached from the 

exit of plasma source, called a 'plasma blob' or a `plasma bullet', is observed for certain 

discharge conditions. This blob/bullet moves with speed of tens of kilometres per second, 

much faster than the velocity of the helium carrier gas, with is of the order of 1(hn/s [ 1,21. 
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Finally, while the `blob/bullet' is observed for some discharge conditions, at other 

conditions, the jet plume consists of an extended discharge region, resembling a plasma 

flame that does not detach from the plasma source tube. 

5.4 Effect of different dielectric tubes on plasma `blob/bullet' formation 

During the preliminary stage of this research, when different conditions were 

explored and different types of plumes observed, it was noticed that the type of plume 

depended on the dielectric tube material. This section describes this observed dependence. 

In this research, two kinds of glasses were used - borosilicate glass and fused silica 

(quartz). For each type of tube, the jet was operated operating with a7 kHz sine-wave 

voltage with measured voltage and current of 11 kV/77mA for the borosilicate glass case 

and 8kV/6OmA for quartz tube case. The helium gas consumption was set to its regular 

level of 91 min-1. 

Figure 5.11 shows the jets observed outside the tube for each case, together with 

voltage and current measurements. Two main differences can be seen. 
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Fig. 5.11 Plasma reflection on the edge glass tube/open atmosphere and the corresponding current/volt 

characteristic for both types of glasses. The shaded regions on the current/volt characteristic indicate the 

times when plasma is observed outside the tube. The exposure times and the delay between images for both 

types of glass are as follow: borosilicate glass -1 µs exposure time with 250ns delay between images; fused 

silica - 2µs exposure time with 150ns delay between images. 
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Firstly it was found that plasma flame length for the quartz glass case was 

approximately twice that for the borosilicate glass case. This can be clearly seen form the 

images shown in the figure. Secondly an interesting plasma propagation phenomenon at 

the boundary between the dielectric tube orifice and the open atmosphere was observed, in 

which part of the plasma propagating towards the tube exit was `reflected' back into the 

tube. This phenomenon was observed for both kinds of glasses but it is more clearly visible 

when borosilicate glass tube is used. 

A possible explanation for these phenomena lies in the nature of dielectric material. 

The electrical properties of glasses are summarised in Table 5.1, which shows that while 

borosilicate glass and quartz are similar in many ways, their insulating properties are quite 

different. This difference arises from the composition of the dielectric materials, in 

particular the much larger presence of ions in borosilicate glass. 

Electrical Properties Of Glasses Fused Silica Borosilicate 

Pyrex® 7740 

" Dielectric Constant (Permissivity) F. @1 MHz = 8.6GHz, 20°C 3.75 4.6 

" Dielectric Strength[kV/mm] 40 30 

" Dielectric Loss Factor (@ 1MHz, 20°C) less than 4x10 3x10' 

" Dissipation Factor (@ 1MHz, 20°C) less than 1x10 5x10" 

" Electric Volume Resistivity [d2m] @ 20°C 1018 10 

" Specific Volume Resistivity (@ 20°C) [fl/cm] 1018 10 

Table 5.1. Main electrical properties of Pyrex 7740 borosilicate glass and fused silica glass 

Most borosilicate glasses consist of about 80% SiO2,13% B203, about 4% Na2O + 

K20 and finally about 2% A1203, and although there are various types of borosilicate glass, 

their composition is similar. At room temperature borosilicate glass is insulator, which 

means that their specific resistance should be higher than 1010 to 1012ohm. cm. At room 

temperature and in a humidity-free environment, most types of glass have specific 

resistance of more than 1013 to 1015ohm. cm. 
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However, due to atmospheric humidity at temperatures up to 100°C, glass is 

generally covered with an adsorbed thin layer of water, which gives a possibility to occur a 

very weak surface conductivity - and lead to a so-called surface leakage of current [23] - 

which in turn leads to increased dielectric losses. On one hand, the magnitude of this 

leakage depends on the thickness and volume conductivity of this surface film. On the 

other hand, the ability to carry an electrical charge in glass is a function of the free metal 

hydroxides (for example NaOH, Pb(OH)2, Ca(OH)2 ) and associated with the glass 

network formers (B203 and A1203 - =BOH, =AIOH) concentrations in glass [24]. Thus, 

the weak conductivity in borosilicate glasses also depends on their chemical composition. 

The difference in observed plume length may be due to a different amount of 

charge collecting on the interior of each type of glass tube, because of a thin layer of water 

molecules having a different effect for the two types of glass. 

The second observed feature, the plasma reflection at the tube exit, is more difficult 

to explain. The reflection may be related to electrons accumulating on the inner surface of 

the dielectric tube during one part of the discharge cycle and the coming off and affecting 

the blob propagation at another time in the voltage cycle. This is hard to easily test, and 

more experiments are required before any firm conclusions can be made. 

5.5 Dependence of plume behaviour on the applied voltage waveform. 

As outlined earlier in this chapter, most explanations of plasma `bullet/blob' 

propagation are based on the blob being a streamer moving away from the end of the jet. 

The aim of the experiments reported in this section was to test this explanation by varying 

some of the electrical properties of the voltage waveform used to generate the discharge. 

The first part of this section describes the plume behaviour for two quite different 

applied waveforms. The subsequent parts describe further experiments aimed at 

investigating the phenomena observed in the first set of results. 
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5.5.1 Generating a jet with sinusoidal and square-wave applied voltage pulses 

In this first experiment, the plume outside the plasma jet was observed for the cases 

where the discharge was generated with two significantly different voltage waveforms, a 

sinusoidal shaped and a square shaped waveforms. The aim of this preliminary experiment 

was to compare the appearance and propagation of the ̀ bullet/blob' in open atmosphere for 

these two types of excitation. 

In both cases, the waveform had frequency of 3.2kHz and measured amplitude of 10- 

11kV. The helium gas velocity in the jet for both cases was lOms-'. These values were kept 

constant for these and subsequent experiments. 

Figure 5.13 shows the measured current/voltage characteristics set of images 

showing the plume. There are several features that can be seen from these results. The first 

is that, while the applied voltage signals were nominally sinusoidal and square-shaped, the 

voltages that appear on the electrodes do not have these distinct shapes. It is perhaps more 

appropriate simply to describe the waveforms as having very different rise times. The 

second feature, visible from the sets of images, is that a `bullet/blob' can be seen very 

distinctly for the square-wave case and is no visible for the sinusoidal wave case, at which 

a continuous plume is seen. Finally, the time needed for the plasma ejection and its 

propagation outside of the tube is different for each case. For the sinusoidal voltage case 

that time is almost nine times longer than for the square shaped voltage. The exterior 

plume is also different in extent - while for sinusoidal voltage pulse the plume length is 3 

cm, for the square shaped voltage pulse the length is 7cm. 

These results indicate the generation of the exterior plume and its behaviour depend 

strongly on the voltage used to generate the discharge inside the jet itself. This dependence 

is explored in more detail in the experiments reported in the following section. 
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Fig. 5.13 (Colour online) A time resolved imaging of plasma 

plume generated at two different shapes of pulse: a) sinusoidal 

shaped pulse with 103µs measured rise time and its 

corresponding current/volt characteristics. Images are taken at 

250ns exposure time with 2µs delay between them, b) square 

shaped pulse with 25µs measured rise time and its corresponding 

current/volt characteristics. Images are taken at 50ns exposure 

time with 400ns delay between them. The shaded regions on the 

current/volt characteristic indicate the times when plasma is 

observed outside the tube. 
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5.5.2 Dependence of plume on the rise time of applied voltage pulse 

The results reported above indicate that the voltage waveform significantly affects 

the plasma jet. To investigate this fact further, more detailed set of measurements was 

performed, aiming to determine how the appearance and velocity of 'bullet/blob' depended 
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on the type of applied voltage waveform. This was done by observing the jet for a series of 

applied voltage waveforms, where the rise time of the waveform was varied systematically. 

Experiment description 

For these measurements, the shape of applied voltage pulses were progressively 

changed from a sinusoidal waveform to trapezium shaped pulses, for which the value of 

nominal rise time of generated pulses consecutively was increased with the step of 10µs. 

Using a pulse generator it was possible to vary the voltage waveform so that the 

rise time of the applied pulse varied systematically. However, as noted above, the shape of 

the high-voltage waveform measured on the electrodes was noticeably different to the 

waveform set on the initial generator. In the following, `nominal rise time' refers to that of 

the pulses coming from the generator and ̀ measured rise time' refers to the rise time of the 

waveform measured on the HV electrodes. 

The effect of distortion of the nominal risetime is illustrated in Figure 5.14, which 

shows the measured waveforms for a representative set of applied voltage pulses. From the 

figure, it can be seen that each voltage curve appears as a trapezium-like shape. Each curve 

is shown with its nominal and measured rise times. 
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Fig. 5.14 Part of the set of the measured, between electrodes, voltages at different applied rise times (see the 

text for more information) 

Experimental results 

The plasma jet propagation was observed for a set of voltage waveforms with rise 

times ranging from 25µs to 100µs. Results for four representative waveforms are shown in 

Figure 5.15. 
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Fig. 5.15 (Colour online) A time resolved imaging of 

plasma jet generated at trapezium shaped voltage pulses 

with different measured rise times, a) at 30µs - images are 

taken at 50ns exposure time with 400ns delay between them; 

b) at 60µs - images are taken at 50ns exposure time with 

800ns delay between them. The shaded regions on the 

current/volt characteristic indicate the times when plasma is 

observed outside the tube. 
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Fig. 5.15 continuation A time resolved imaging of plasma 

jet generated at trapezium shaped voltage pulses with 

different measured rise times, c) at 74µs - images are taken 

at 50ns exposure time with 1 µs delay between them; d) 

triangle applied voltage pulse with 99.55µs rise time. 

Images are taken at 250ns exposure time with 5µs delay 

between them. The shaded regions on the current/volt 

characteristic indicate the times when plasma is observed 

outside the tube. 
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Chapter 5: Experimental characterisation of dielectric barrier APPJ 

Several features and trends can be observed in these results. One main trend is that 

a distinct `bulletiblob' was only observed for a narrow range of waveforms, namely those 

with rise times of 40µs or less. For plasma excitation with longer rise times, an extended 

plume was observed, with the duration of the plume being considerably longer. This 

behaviour was apparent in the preliminary results discussed in Section 5.5.1 above, and the 

more complete set of experiments shown here provides quantitative confirmation of the 

two discharge types. 

A second feature of the results is that, for some cases such as the 60 µs rise time. In 

some cases, such as this with measured voltage rise time of 60µs (Fig. 5.15b), were 

observed more than one plasma blob generation. This fact will be discussed more detailed 

in the end of this section. 

The full set of experimental data suggests that the time required for the 

`bullet/blob' to propagate depends on the rise time of the applied voltage waveform. This 

can be seen quantitatively by plotting the propagation speed for different rise times. Figure 

5.16 shows this data. 
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Fig. 5.16 Bullet velocity dependence on rise time of applied pulse. 
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This data plotted in Figure 5.16 was obtained by first noting the position and time 

of the blob or plume and then noting the final extent of the blob or plume and the time that 

this occurred. The velocity was then determined from these two values of distance and 

time. When more than one blob was observed, the speed of the first blob only was 

measured. 

Discussion 

The results shown in figure 5.16 indicate that the speed of the blob varies greatly 

with the rise time of the applied voltage, varying by almost a factor of 10 for the range of 

rise times investigated. The reason for this behaviour was explored by considering an 

electrical circuit model of the plasma source, as explained below. 

The dielectric barrier APPJ was represented as two capacitors and one resistor in 

series, with the capacitors accounting for the two dielectric covered electrodes and the 

plasma itself represented by the resistance. This is shown schematically in Figure 5.17. 

However, the plasma impedance for the jet is very low, which can be seen from the 

current/voltage characteristic for the case when a sinusoidal waveform was applied. There 

is almost 90 degrees between current and voltage peaks. Hence, in the discussion here, the 

plasma impedance will be neglected. 

FERNPI 

cl C2 

Fig. 5.17 Electrical circuit model of the used plasma source 
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The current I required for charging/discharging of the capacitors is given by I= 

C. dV/dt where C is the capacitance, and dV/dt is instantaneous rate of voltage rise. Hence, 

the increase in capacitive current depends on the rate of voltage rise i. e. from shape of 

applied voltage pulse. 

Plasma generation in the region between the edge of the front electrode of the APPJ 

and the end of the dielectric tube will be driven by the charging/discharging processes of 

the capacitors explained above. Laroussi et al [4], as was outlined at the beginning of this 

chapter, proposed that plasma blob propagation was actually propagation of a streamer in a 

weak electric field [12]. However, according to streamer generation theory, the formation 

of a streamer required the electric field created by the primary electron avalanche to 

rapidly increase to a value comparable with the externally applied field (the so-called 

Meek criterion). In terms of the plasma jet, this means that the formation of a streamer at 

the end of the dielectric tube requires a rapidly increasing external field, which will depend 

on the value of dV/dt. 

In summary, the changes in the voltage rise time will affect the conditions when the 

streamer is formed and its speed. 

5.5.3 Transition between plasma blob and plasma plume generation 

As noted earlier in this section, the results indicate a sharp transition between 

discharges that generate a propagating blob in the jet exhaust and discharges that generate 

a relatively static plume. This sharp transition can be also understood in terms of the 

streamer model proposed by Laroussi model [4]. 

Laroussi's proposed model is based on the streamer theory developed by Dawson 

and Winn [12], and explains the propagation in open atmosphere of a streamer in a weak 

electric field. (This theory is summarised in Chapter 2. ) Dawson and Winn consider this 

process in terms of the successive propagation of a positively charged sphere, treating the 
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movement as a succession of discrete steps. The necessary condition for this discrete 

propagation to occur is that the radius of the photo-ionised electron avalanche, formed in 

front of the streamer head, must grow at a fast enough rate that (1) it has an identical radius 

when it reaches the streamer head and (2) this fast growth to ensure the impossibility two 

successive positive charged spheres to overlap each other. If this were not the case, then 

the negative charge of the electron avalanche would not be able to compensate the total 

positive charge of streamer head. This dependence on the rate at which the avalanche 

grows is the reason for the observed dependence on the rise time of the voltage pulse: 

when the rise time is too long, the applied field is too weak and a streamer cannot form. 

5.5.4 A multiple plasma blob-like generation. 

The other interesting feature of the images shown in Figure 5.15 is that several 

blobs are seen to form and propagate in some cases. This observation can be understood by 

considering the physical processes occurring on the inner surface of dielectric tube. 

This can be explained in the following way. As was explained in chapter 2, the 

mechanism of a DBD consists of accumulation of negative charge (electrons) on the 

surfaces of the dielectric that is placed between the electrodes of the plasma reactor. When 

the applied voltage, and thus the electric field between the electrodes, is altered a reverse 

process of electron detachment begins. This process is faster and complete when the 

voltage rise time is short and slower when this time is longer. Thus, the speed of this 

detachment process can be controlled. 

The same process is observed in figure 5.15b: initially only one part of the 

accumulated electrons is pushed out from tube orifice since the increase of applied voltage 

(and hence the electric field) is slow. This process allows the first blob/bullet to be 

generated. The voltage continues to increase during this time, and plasma continues to be 

generated while the blob is formed and launched. The continuing increase of the voltage 
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allows the rest of the accumulated electrons to be pushed out of the tube, enabling a second 

plasma blob/bullet to be formed. 

5.5.5 Summary 

In summary, the nature of the plume generated by the APPJ depends strongly on 

the waveform of the voltage used to generate the dielectric barrier discharge inside the 

discharge tube. 

The speed of the propagating blob was observed to depend strongly on the rise time 

of the applied voltage waveform, and this behaviour can be understood by considering an 

electrical circuit model of the plasma source. Two modes of plume were observed, with a 

sharp transition between two modes, with the transition occurring for a rise time of about 

40 µs. Discharges with applied voltage waveforms with rise times shorter than this 

generated a clearly propagating blob while discharges with rise times longer than this 

generating a static, relatively long-lived plume. Finally, when the voltage rise time varied 

between 20 and 40µs, more than one blob was observed. These observations could be 

understood by considering the formation and propagation of the blob in terms of streamer 

theory, supporting the predictions of researchers such as Laroussi [4] and Naidis [11]. 

5.6 Dependence of the plume on ambient pressure 

The set of experiments described in Section 5.5 indicate that plasma bullet/blob 

formation and propagation can be associated with streamers. As a further test of this 

theory, a set of experiments was carried out to determine the effect of background pressure 

on the formation and propagation of a plasma ̀ bullet/blob'. The results of the experiment 

were compared with the predictions of streamer propagation theory, as outlined by Dawson 

and Winn [12]. 
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5.6.1 Experimental arrangement 

The plasma jet used in previous experiments was placed in a glass chamber in 

which the ambient pressure could be varied in a controlled way. Figure 5.18 shows this 

arrangement. For these experiments, the helium flow through the jet was kept constant at 

7.61min', similar to the value used for open air experiments. The plasma was generated by 

applying a square shaped signal with measured rise time of 24-25µs at 3.2kHz repetition 

rate, which was consistent with the conditions used for open air experiments. The only 

significant difference between jet operation inside and outside the chamber was that the 

edges of the electrodes were covered with silicon glue to avoid any arcing between them at 

reduced pressure. This was done for most of the electrical connections inside of the 

chamber. 

130 mm 

1 ýI 

' 154 mm- 

High voltage Ekctra 

mm High Voltage Cab 

Tufnd Stara 

Macor Insolator t 
High Volatge Ca 

Fig. 5.18 3D model of chamber experimental setup 

Before running the jet, the glass chamber was first evacuated to a base pressure of 

100mbar (75Torr) and then filled with dry air to pressure of 0.5atm, Iatm or 1.5atm. When 

helium was flowed into the chamber through the plasma jet, the pressure was controlled by 

use of two flowmeters (one for the dry air and one for helium) and the vacuum pump, 

which was set to pump through a control valve. Pressure was monitored by a gauge 

attached to the chamber. 
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The jet was imaged using an iCCD camera mounted outside the chamber, as shown 

in Figure 5.18. Results were obtained for the three different pressures indicated above: 

0.5atm, 1. Oatm and 1.5atm. 

5.6.2 Results and discussion 

Table 5.3 shows the operating conditions for the three cases studied in this 

chamber 

total pressure 
[atml 

He gas 

velocity 
11 min''I 

air/He 

partial pressures 
latml 

air/He 
[% of pressure] 

measured 

voltage 
[kV p-pi 

measured 

risetime [µs1 
measured 

current 
[mA p-pl 

0.5 7.56 0.36/0.14 72/28 11.6-11.7 25 179-180 

1.05 7.56 0.60/0.45 57 /43 11.6 24 180 

1.5 7.56 0.85/0.65 57/43 11.6 24.5 180 

Table 5.3 Operating conditions for discharges operated inside the chamber 

One of the columns in Table 5.3 shows the partial pressure of gas for each of 

condition, while the next column gives the same information as percentages of the total 

pressure. While the mixture for 0.5atm is slightly different to the other conditions, this is 

not expected to have significantly affected the results. This can be deduced from the work 

of Urabe et al [22], which includes a fluid dynamic simulation of the gas flow for this type 

of jet. They calculated the radial distribution of gas composition outside the glass tube and 

showed that the helium gas propagates in a stream outside the tube, with the radius of the 

stream being approximately the same as that of the tube. The most important variable in 

these experiments is the total pressure. 

Images of the plasma jet for these conditions is shown in Figure 5.19. Only one 

current/voltage measurement is shown for all three cases since the electrical characteristics 

for the discharge, which takes place inside the dielectric tube, were very similar for all 

three cases. The important differences are in the jet/plume observed outside the tube. 
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Fig. 5.19 imaging of plasma jet at different ambient pressure, when APPJ was placed in a glass chamber and 

the corresponding current/volt characteristic of the powered APPJ for all three cases. 

The images in Figure 5.19 show that the plume characteristics depend strongly on 

the background gas pressure. While the general trend for each case is very similar, and a 

propagating `bullet/blob' is clearly visible for each case, total length of the plume and the 

time for which the blob is seen is very different. This difference can be interpreted in terms 

of the blob speed depending very strongly on pressure, with the highest speed for the 

0.5atm case and lower speed for higher ambient pressure. 

These changes are summarised quantitatively in Table 5.4 below. 
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pressure [atm] plasma plume length [mm] propagation duration [µs] velocity [x104 m/s] 

0.5 82 4.2 2.5 

1.05 84 5.4 1.7 

1.5 60 8.1 0.9 

Table 5.4 Analysed experimental results 

These results, both the general trend and the quantitative dependence, can be 

interpreted in terms of a streamer model [12]. This model, as already outlined in section 

5.5.3, predicts that one condition for streamer propagation is that the electron avalanche in 

front of the streamer head has to grow sufficiently fast so that the size of the avalanche 

when it reaches the streamer head is the same as the streamer head itself. This condition is 

shown schematically in Figure 5.20 (reproduced from section 2.2.3, which has a more 

detailed explanation of this theory) and can be expressed mathematically in the following 

way. 

Fig 5.20 Avalanche growth in front of a streamer, according to Dawson and Winn [ 12]. In the figure, to is the 

radius of the streamer head. The model suggests that the avalanche in front of the streamer must grow so that 

its radius is the same as that of the streamer head at the time it reaches the streamer head. 

In the theory of Dawson and Winn, the radius r of the avalanche in front of the 

streamer can be represented by equation 5.6, 

r(xz) _ 

iiz 
4De 

- 
PQE(x) 

(5.6) 

It can be seen that r on electron mobility, fce and the electron diffusion coefficient, De. 

These parameters both depend on pressure, with the following pressure dependence [4,25] 
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D_Kx 
105 

cm2s-'' K=2 for helium (5.7) e p(Torr) 

K=6.3 for air 

µe _Ax 
106 

cm2V -`s-' A=0.86 for helium (5.8) 
p(Torr) 

A=0.45 for air 

Values of De and ue for different background pressures can be calculated using 

these expressions. Table 5.5 shows these parameters, calculated for the case of helium. 

Pressure [atm] D. [xl cm2s'] A. [xl cm2V''s'] 

0.5 5.26 2.26 

1.05 2.50 1.08 

1.5 1.75 0.75 

Table 5.5 Calculated values for D. and y, at different pressure of helium gas [4,25] 

It can be seen that the electron mobility, ue has a similar dependence on pressure as 

the blob velocity, shown in Table 5.4. For each step of increasing pressure, the electron 

mobility decreases between 1.5 and 2 times. 

In the streamer model, the streamer velocity is obtained by dividing the distance of 

streamer advance per one step forward (the point x2 in Figure 5.20) by the time of growth 

of the avalanche 
I- r. This indicates that the streamer velocity strongly depends on the 
x', 

Vd 

electron drift velocity vd, which is related to the electron mobility by 

vd=E11e 

It has already been noted that the discharge itself (inside the jet tube) is unchanged 

for each background pressure, and so the value of electric field E in this expression should 

be the same for the three cases examined here. Hence, the streamer velocity depends on 

pressure solely through the electron mobility. 

This prediction can be checked by calculating the values of E/p between electrodes for 

the different cases and comparing the calculated dependence of the electron drift velocity 
1071 Page 



5: Experimental characterisation of dielectric barrier APPJ 

with the dependence observed experimentally outside of the tube. Although the electrical 

fields inside and outside the tube are different their values are close. Since this section is 

comparing the trend of the plume behavior with E, the exact value of E is not required 

here. Hence, the value of the internal electrical field can be used in this estimation as an 

approximation of the value of the field at the tube exit. Figure 5.21 shows this comparison, 

using the graphical dependence given by reference 30. 
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Fig. 5.21 Drift velocity of electrons in helium versus E/p taken from [30]. The marked points indicate the 

values obtained for this experiment. 

As it is visible the rate of change of the semi-experimentally obtained drift velocity, 

obtained under two different pressures used in our experiment, is approximately the same 

as the rate of change of the calculated electron mobility. 

All of that gives possibility to conclude that streamer velocity strongly depends on 

the pressure of ambient atmosphere. This indicates that the behaviour of this specific 

plasma phenomenon, a plasma blob, can be described successfully with a streamer 

propagation model, such as the one proposed by Dawson and Winn [12]. 

5.7 Summary 

This chapter contains a series of experimental studies that aimed to investigate the 

nature of plasma phenomenon called a plasma blob or plasma bullet. This plasma 
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phenomenon involves the generation and rapid propagation in open atmosphere of a region 

of strong plasma emission, with a velocity that reaches tens of kilometres per second. 

Many previous studies of this type of plasma source [1-9] suggest that the observed 

phenomenon is a streamer propagating from the end of the plasma source into the open 

atmosphere. Until recently, there have been only a few models proposed for this streamer 

propagation [11,12], with the most promising model being that introduced by Laroussi et al 

[4], which in turn is based on a model of streamer propagation in a weak electric field 

proposed by Dawson and Winn [ 12] in the 1960s. 

The aim of the experiments reported in this chapter was to test the assertion that the 

plasma blob/bullet is a propagating streamer, and to compare experimental results with 

some of the most basic predictions for streamer propagation of the model of Dawson and 

Winn. 

The first of the main series of experiments, reported in Section 5.5, aimed to verify 

whether the plasma blob formation is affected by the type of voltage pulse applied to the 

source, and hence by the electric field that results from the applied voltage waveform. In 

order to test this, a series of measurements was made from discharges generated using 

voltage waveforms with different rise times. 

The observations clearly show that plasma blob formation strongly depends on the 

value of the rise time of applied voltage pulse (Fig. 5.14). When the voltage rises sharply 

in a square-wave-like form, a clearly propagating blob is observed. For waveforms with 

less sharply rising voltages are used, at first the propagation speed of the blob reduces, and 

then for even longer rise times, the plume transforms from one containing a propagating 

blob to an extended more constant flame-like appearance (Fig. 5.15). 

The second of the main experimental studies aimed to test whether the ambient 

pressure affects the propagation velocity of the plasma blob. A streamer model, such as 

that of Dawson and Winn, predicts that as pressure affects on the electron mobility and 
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other parameters important for streamer propagation, pressure should affect the behaviour 

of the observed blob. These experiments were performed in a glass chamber in which 

helium flow through the plasma jet was kept constant and the pressure of the atmosphere 

around the jet was varied. Dry air was used as the background gas. 

The results of this study (Table 5.3) showed clearly that the propagation of the blob 

depended strongly on the ambient gas pressure and this dependence was consistent with 

the predictions of a streamer model. 

The studies reported in this chapter suggest that the formation and propagation of 

the plasma blob that is frequently observed in plasma jets can be explained by considering 

this phenomenon to be a positive streamer propagating through the open air. This confirms 

the models first proposed by Laroussi et al [4] in 2006 and more recently by other 

theoretical researchers [i i]. 
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CHAPTER 6 

APPLICATION OF APPJ: IRRADIATION OF PLASMID DNA 

The research described in this chapter had the two aims of studying the effect of an 

atmospheric pressure plasma jet on DNA samples and to investigate the possibility of 

using this effect to explore the free boundary between the jet plasma and the background 

atmosphere. 

The first part of the chapter outlines the experimental apparatus and procedures 

used for the subsequent experiment. Section 6.1 contains a brief description of the ways 

that plasma can interact with organic matter and DNA. Section 6.2 introduces the 

experimental apparatus and procedure used to prepare the DNA samples. Section 6.3 

explains the procedures used to expose the DNA to the plasma and to analyse the DNA 

damage. 

Section 6.4 describes experiments in which plasmid DNA samples were exposed to 

the plasma jet for different conditions and the DNA damage quantified. Section 6.5 

describes experiments in which the extent of the plasma influence was determined by 

recording the amount of DNA damage at different distances from the visible plasma 

plume. Subsequent sections present studies carried out to determine the factors responsible 

for the observed DNA damage. Section 6.6 describes optical emission measurements of the 

plasma jet, taken during plasma-DNA interaction. Section 6.7 presents a study in which a 

UV filter was used in order to quantify the contribution of UV light to the DNA damage. 

Section 6.8 describes a study in which a mesh was placed in the jet in an attempt to 

influence the types of charged species that arrived at the substrate holding the DNA 

sample. General conclusions about plasma-DNA interactions are made in the final section, 

Section 6.9. 
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6.1 Plasma interaction with organic matter and DNA 

Atmospheric pressure plasmas are suitable for the treatment of heat- and vacuum- 

sensitive objects such as organic materials, liquids, and living biological tissues. This 

feature of atmospheric pressure plasmas has led to numerous biomedical applications such 

as sterilization of surfaces and bacterial immobilisation [1-9]. This section outlines the 

possible ways that plasma species can interact with organic matter. The structure of DNA 

is also briefly outlined. 

6.1.1 Plasma particles involved in plasma treatment and interaction issues 

Plasma discharges contain a large number of different species, each of which can 

interact with biological matter through a variety of mechanisms. The main plasma species 

can be classified as: (i) free charged particles - electrons and positive/negative ions. These 

are in turn responsible for the formation of free radicals and photon-emitting excited 

species; (ii) free radicals, such as fragments of dissociated molecules; (iii) excited atoms 

and molecules, some of them in metastable states; and (iv) energetic photons, especially 

those in the UV part of the spectrum. 

All of these species may be responsible for some aspect of plasma treatment of 

biological objects. However, there are still many open questions concerning plasma 

interaction with biological matter. They can be summarised as follows: 

" the exact composition of atmospheric plasmas is often unknown, and the influence 

of the various plasma species on organic matter is still unclear; 

" the understanding of plasma interaction with liquids is still in its infancy; 

9 the mechanisms by which plasma interacts with living cells are complex and poorly 

understood; 

" safety issues, especially the extent to which plasma interaction can damage cells 

and even DNA, are only just beginning to be explored. 
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In recent years, there has been an increasing amount of research that investigates 

plasma-cell interactions, bacteria immobilisation and biofilm deposition in order to reveal 

the role of specific plasma species in these interactions. At present, however, many of the 

mechanisms remain unclear and the effects of in vivo and ex vivo plasma treatment on cells 

and especially DNA is almost completely unknown [10-16]. 

6.1.2 DNA structure and damage mechanisms 

This section outlines the structure of DNA and some of the ways in which it can be 

damaged. Figure 6.1 shows the structure of a cell. As can be seen, the structure of each 

living cell consists of the cell membrane (supplying its defence and transport of nutrient 

substances inside of the cell and oddments outside of the cell), cell organelles that have 

different functionalities (nutrient substances degradation/transformation, transport of 

products, energy accumulation and etc. ) and a nucleus that contains mainly proteins and 

DNA. 

The function of DNA is to ensure reproduction of cell and cell organelles. 

Chemically, DNA consists of two long polymers of simple units called nucleobases, with 

backbones made of sugars and phosphate groups joined by special bonds. These two 

strands are convoluted in opposite directions to each other and are anti-parallel. Attached 

to each sugar group is one of four types of molecules called bases. These bases form a 

unique sequence along the backbone of the molecule that encodes genetic instructions used 

in the design and development of all known living organisms and some viruses. 
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Fig. 6.1 a) Structure of living cell, b) DNA structure and c) supercoiled conformation of air dried DNA 

[19,20] 

DNA molecules occur naturally in a twisted-rope like structure that is called 

supercoiled DNA. When DNA is damaged, however, this structure will change. DNA can 

be damaged due to many reasons, including oxidising or high-energy electromagnetic 

radiation such as ultraviolet light and X-rays. The result of this damage is a change in the 

DNA sequence and its structure due to disruption of the so-called phosphodiester bond. 

This bond can be destroyed very easily - for example by particles with energies of only a 

few eV. During this process, the natural DNA structure, namely supercoiled DNA, is 

transformed into two new conformations - an open circular form that occurs when only 

one of the strands is disrupted (called a single strand break) and a linear form that occurs 

when both of the strands are damaged (known as a double strand break). Double strand 

breaks are the most dangerous to living organisms because they are very hard to repair by 

automatic body mechanisms and, in addition, may lead to mutations. 

-- Gclqi Bodies 
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In summary, DNA damage can significantly affect the functionality of the living 

cell, and even cause its death. Hence, the extent to which plasma treatment affects DNA in 

living cells is an important research topic. 

6.2 Experimental apparatus and procedure 

This section contains a brief explanation of the general experimental set-up. 

Specific details of individual experiments will be given later. The procedure used to 

prepare the DNA samples used in these studies is also described here. 

The experiments were carried out with the plasma jet being operated under the 

following conditions: a low frequency sinusoidal shaped voltage with amplitude of - 4kV 

and frequency of 3.2kHz, which generated a discharge with measured current of I9mA. 

Thus, taking into account the phase difference between the voltage and current, the rms 

applied power was estimated at 20W. 

The helium gas flowed at a rate of 91. min-t, at gas velocity of lOms'. Under these 

conditions the visible size of plasma plume, launched outside of the tube, was 

approximately 55mm. 

This jet was used to treat DNA samples prepared in the following way. After a 

purification procedure, supercoiled DNA was dissolved in autoclaved ultra-pure water. 

Each 2µd of this solution, containing DNA with concentration of 200ng/pl, was deposited 

onto a single mica substrate, with each substrate forming a single DNA sample for 

treatment. To remove the water from the samples, the mica substrates thereafter were dried 

in a fume cupboard at room temperature and with a weak air stream within 20 minutes. 

This procedure conserved the supercoiled conformation of DNA. The substrates, each 

containing a dry DNA sample, were then exposed to the plasma plume. 
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6.3 Analysis of DNA damage 

This section introduces the procedures and techniques that were used to analyse the 

DNA samples, both before and after plasma treatment. 

Before plasma treatment the gas temperature at the tip of the plasma plume was 

measured using a mercury thermometer and a thermo-sensor. These measurements showed 

that the gas temperature was no more than 10°C above room temperature. Thus, significant 

thermal effects on the plasmid DNA were not expected in these measurements. 

Each set of measurements contained some control samples to determine the DNA 

damage level before plasma irradiation of DNA samples, in order to ensure the reliability 

of the full set of measurements. Two types of control measurements were made. In the first 

type, dry DNA samples already deposited onto mica substrates were left in the open 

atmosphere at room temperature for 1 minute. In the second type, several dry DNA 

samples were exposed to the helium flow alone, coming from the plasma source at the 

same flow rate as when the discharge was present. 

The set of irradiated and control DNA samples were recovered from the substrate 

with water and analysed by means of the method of 0.8% agarose gel electrophoresis. 

Details of this technique are given in Chapter 3. The gel was imaged by means of a 

fluorescent scanner. 

Figure 6.2 shows an example of such an image, consisting only of the control 

samples. Each column in the image corresponds to one DNA sample. The five columns 

shown correspond to one recovered directly from pristine DNA solution, two recovered 

from untreated substrates that were left in the open air, and two recovered from substrates 

that had been exposed to helium flow. 
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Fig 6.2 An image, obtained after electrophoretic separation of control samples of DNA. Each column in the 

image corresponds to one DNA sample. The first column (pristine) depicts the DNA sample obtained from 

the solution before it was deposited on the mica substrate. The next two columns depict DNA samples 

obtained after deposition and drying on the mica substrate but without any further their treatment. The last 

two columns depict DNA samples that were treated with helium flow only DNA but without any plasma 

exposure. Each column on the figure has three features depicting the track of each of the three DNA 

conformations - supercoiled, linear and open circular forms. 

Each column in Figure 6.2 has three features, depicting the track of each of the 

three DNA conformations, namely the supercoiled (SC), linear and open circular (OC) 

forms. As was explained in Chapter 3, the porous structure of the gel allows the different 

DNA fragments, each having different size, to migrate within the gel at different speeds. 

This speed difference determined their separation in the analysed sample. The supercoiled 

form (SC) is very compact and its migration is faster than the other conformations. This 

appears at the furthest part of the column. The damaged DNA fragments, the linear 

conformations (L) and the open circular fragments (OC), are slower and appear at different 

locations in the column. 

The images then were analysed by means of the ImageJ software package. The 

analysis procedure consisted of a calculation of the areas, expressed in percentage values, 

of each of DNA conformations for each column. Hence, the sum of the areas must be 

100% 
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Each sample was analysed using this procedure. The results presented in the 

following sections of this chapter consist of the average of the results of at least three 

different DNA samples, obtained for the same irradiation conditions. The mean values of 

the different DNA conformations were calculated in this way. Uncertainties in the 

measurements were calculated as the standard deviation of the mean values. 

Repeated measurements with control samples showed that 75-85% of the 

supercoiled DNA was recovered from untreated DNA samples. A similar result was 

obtained from samples that were exposed only to the helium flow. These results indicate 

that there was a reproducible amount of DNA damage due to both artificial effects and 

helium stream exposure, and that DNA samples from plasma treated substrates could be 

analysed with confidence. 

6.4 Dependence of DNA damage on exposure time 

The first set of experiments aimed to measure the dependence of the DNA damage 

on the time that the samples were exposed to the active plasma. For this purpose, the mica 

substrates containing the DNA samples were placed perpendicular to the plasma axis at a 

distance of 5.5cm from tube end (i. e. just on the tip of plasma plume). Figure 6.3 shows 

this arrangement. The samples were irradiated for exposure times of 10sec, 30sec, 1 min, 

5min and 10min. 
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Figure 6.4 shows an example of analysed DNA for the different treatment times. As 

explained earlier in this chapter, each full measurement consisted of control samples as 

well as irradiated samples. The first five columns in Figure 6.4 depict the control samples, 

while the remaining columns depict the irradiated samples. This image was analysed using 

imageJ software to determine the percentage of each DNA conformation in each case. 
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Fig. 6.4 image obtained after gel electrophoresis: with gradually increased time of plasma exposure, the 

supercoiled conformation of DNA gradually decreases while another two DNA confirmations, Linear and 

Open circular gradually increase. 

Figure 6.5 shows the results of that analysis. It can be seen that with increasing 

irradiation time the percentage amount of SC conformation gradually decreases while the 
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percentage amounts of other two conformations gradually increase. It is also visible that 

the OC conformation rapidly increases and reaches - 75% while the increase of the L 

formation is not as fast. 

These results indicate that DNA damage increases with exposure time, and only several 

minutes are sufficient to damage 100% of the DNA. 
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Fig. 6.5 Plot of the experimental data obtained after analysing of the time dependence gel electrophoresis 

image with the imageJ software. Each point represents the mean value with standard derivation of three 

independent experiments. 

6.5 Dependence of DNA damage on distance from the jet 

The measurements presented in the previous section were for DNA samples treated 

by direct contact with the visible part of the plasma plume. In this section, the amount of 

DNA damage that occurred at different distances from the plasma jet was examined. As 

well as providing more information about the irradiation of DNA samples by the plasma, 

this study allowed the free plasma boundary to be explored. 

In a series of measurements, substrates with DNA samples were located at different 

distances from the jet tube, and irradiated. All samples were exposed form 1 minute. For 

locations on the jet axis, the substrate was positioned at vertically, perpendicular to the axis 

as shown in Figure 6.3. For locations off the jet axis, the substrate was mounted parallel to 
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the axis (i. e. parallel to the helium flow) as shown in Figure 6.6. Distances were measured 

with respect to the exit of the dielectric tube. 

Fig. 6.6 Scheme of experimental setup for radial measurements: side-top view. The arrows show the 

translation directions of mica substrate. 

Three points were measured on the axis inside the visible part of the plasma jet, 

close to the tube end, in the approximate centre of the jet and near the tip of the visible 

plume. Other on-axis measurements were made at steps of 40mm up to a maximum of 

260mm. Off-axis measurements were made with steps of 5mm up to a maximum of 20mm. 

The dependence of the DNA damage for two different radial positions are shown in 

Figure 6.7: on the jet axis and at 20mm from the axis. The graph shows the percentage of 

supercoiled (SC) conformation that was damaged after irradiation as a function of the 

distance measured between sample and the tube exit. 
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Fig 6.7 Part of distance measurements results for both, the axial and the radial direction. Each point 

represents the mean value with standard derivation of three independent experiments. The red dashed line 

indicates the end of the visible plasma plume. 

For the on-axis case, in which the substrate was held perpendicular to the gas flow, 

the supercoiled conformation (SC) rapidly decreases and reaches a minimum at the tip of 

plasma plume. At greater distances, there is initially slightly more damage, which then 

diminishes until it reaches zero at the maximum distance of 260mm. 

The off-axis measurements, made with the substrate parallel to the gas flow, 

generally follow the axial measurements but with a small delay. Near the tube exit, the 

damage increases sharply until the end of the visible plume. 

Figure 6.7 shows a subset of the total set of measurements. The entire set is shown 

in Figure 6.8, which represents the distribution of damage in a two-dimensional map. 
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Fig. 6.8. A damage distribution map of the both, the plasma plume region and the free plasma boundary 

region according to DNA damage. The dots represent the spatial locations of the measurements. Each point 

represents the mean value of three independent measurements. 

The distribution shown in Figure 6.8 indicates that the DNA damage vary with both 

axial and radial distance. The most remarkable feature is the size of the volume over which 

significant damage occurs. Radially, there is damage more than 1 cm from the visible part 

of the jet itself, although (as noted in Chapter 5) the helium flow is contained in a narrow 

cylindrical region. Hence, plasma species must be diffusing in the radial direction over 

significant distances and perpendicular to the flow. Even more remarkable is the axial 

distance at which damage tends to zero. A general expectation might be that this distance 

might be a few centimetres after the tip of plasma plume. Instead, `zero' damage was 

detected close to 20 centimetres from the plasma plume end or 26cm from the tube exit. 

(The average damage of 7.5% observed at this distance can be attributed to DNA damaged 

through the deposition and recovery processes, processes accounted for in the control 

samples. ) Thus, the effect of the plasma extends a much larger distance than its visible 

component, as plasma-generated species diffuse into the surrounding atmosphere. 

These results prompt the question of what are the species responsible for damage at 

such large distances from the jet. The only species that can exist in the atmosphere for this 
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diffusion to take place are reactive oxygen species (ROS), which include the atomic 

metastable oxygen 0('D) (visible via emission at 630nm) and the metastable molecular 

oxygen particles - singlet sigma O2(b'2: g+) (visible via emission at 762 nm) and singlet 

delta 02(a'Ad, oxygen (visible via emission at 1266nm) as well as ozone 03. Research 

concerning the diffusion of these species was summarised briefly in Chapter 2, while the 

reactions that generate them were outlined in Chapter 5. The lifetimes of the ozone and 

singlet delta oxygen at atmospheric pressure at ground level are 2-4 minutes and 10- 

100ms respectively. These lifetimes, combined with the gas flow velocity of IOms-I, are 

sufficiently long to travel such large distances as these, measured in the experiments. 

Furthermore, there are many reports that underline the role of oxygen species in the 

process of DNA and/or cell damage. 

The lowest ozone limit detected by human olfaction is only O. Olppm[21,22,23] 

while at the experiments similar to ours, made with added 0.6 % oxygen to basic carrier 

gas, the detection limit is 50-60ppm[24]. Since during of our experiment it wasn't detected 

any smell of ozone our conclusion is that either ozone is not generated or it is in very low 

concentration. The last one is more likely since one of the channels for singlet delta oxygen 

generation includes ozone collision with other oxygen species and thus ozone is wasted. 

O('D) + 03' 02(a'L) + 02 [25] 

O2(b'E) + 03 -* 0+ O2(a10) [25] 

Ozone also is wasted in the process of generation of NO2 due to mixing of plasma 

with ambient air. 

03+NO-*N02+02 [25) 

N2 +O -º NO +N [26] 

Therefore, our current understanding is that singlet delta oxygen is the more likely 

cause for DNA damage on long distances. Nevertheless to prove this conclusion, 
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measurement of ozone concentration, by absorption spectroscopy technique at 253.65nm, 

during DNA damaging is need. 

That is why these experiments allow the conclusions that (i) species created by the 

plasma jet can have influence over volumes far larger than that of the jet itself, and (ii) it is 

most likely that oxygen metastables are responsible for the damage at long distances. There 

may be additional damage mechanisms at distances close to the jet, but these oxygen 

species seem to be the only possible cause of long-distance damage. 

A further conclusion is that DNA damage is a very sensitive technique to detect the 

influence of an atmospheric pressure plasma, and hence to explore the extent of the open 

boundary between the visible discharge and the background atmosphere. This boundary is 

difficult to quantify with conventional plasma measurement techniques, due to the very 

low density of the reactive species, but DNA damage provides a way to quantitatively 

determine the physical extent of the volume influenced by plasma operated in the open air. 

6.6 Measurements of emission spectra during plasma treatment 

The experimental study presented in section 6.4 indicated that DNA samples can be 

damaged by exposure to a plasma jet, while one of the conclusions of the study in section 

6.5 was that oxygen radical species are most likely to cause this damage at large distances 

from the jet. The aim of the measurements presented in this section, and the following two, 

was to identify the mechanisms responsible for DNA damage when the plume was in direct 

contact with the DNA. In this section, measurements of plasma emission are presented and 

discussed. 

Figure 6.9 shows the apparatus used to measure the spectrum from the plume 

during DNA irradiation. A fibre-optic link directed plasma emission into the TRIAX 300 

spectrograph, which was used with a 4Picos iCCD camera as the detector. The entrance slit 

of the spectrograph was set to 0.4mm, and the spectrometer grating had 300 lines per 
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millimetre, giving a spectral range for a single measurement of about 140nm. Hence, in 

order to measure the total visible range of plasma emission, four sub-spectra were obtained 

and combined. Each sub-spectrum was recorded for a total of 3 minutes, with the camera 

gate time of 2.5µs being recorded each discharge cycle. 

The mica substrate was positioned so that the emission from irradiated DNA 

samples and from the substrate itself was from a single mica substrate. This allows the 

spectra from the irradiated DNA sample and from the mica substrate only to be directly 

compared. The substrate was positioned axially to be between the centre and the tip of the 

plasma plume. The order of irradiation was that the DNA sample was irradiated first and 

the mica substrate second. 

samples 

Fiberoptics head 

Figure 6.10 shows the full spectra measured for both the case of DNA irradiation 

and substrate only irradiation. Spectra lines in the 300-450nm region associated with 

damaged DNA (from e. g. CO, CH, CH+, CN) were not observed, probably due to the 

presence of strongly emitting nitrogen lines, which mask this spectral region. The only 

significant observable difference between the two cases is that emission from first positive 

Spectrograph with mounted CCD camera 
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system of nitrogen ion from irradiated DNA sample is higher than for the substrate only 

case. 
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Fig. 6.10 Spectra measured before (substrate only) and after DNA irradiation 
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It is difficult to interpret this difference with confidence, but a possible explanation 

is that the highest energy parts of the incoming electrons, perhaps together with UV below 

150nm strike the DNA sample, releasing electrons that can excite the molecular nitrogen 

lines that were observed. The difficulty of directly detecting any emission associated with 

damaged DNA indicates that this type of measurement is only possible when the 

surrounding atmosphere is a noble gas such as helium or argon [9,15]. However, the aim of 

this study was to identify mechanisms for open atmosphere operation, and so such 

measurements were not attempted. 

6.7 Measurement of the proportion of damage due to UV light 

It is possible that UV light from the atmospheric pressure plasma jet causes 

significant amounts of DNA damage and hence contributes to the damage measured in the 
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study of section 6.4. To test the significance of UV light, an experiment was performed in 

which UV light with high energies were prevented from reaching the substrate. 

The arrangement for this experiment is shown in Figure 6.11. A LiF UV filter with 

2 mm thickness was placed perpendicularly on the tip of flame, with the DNA samples 

mounted directly behind the filter. This arrangement blocks the jet itself and extreme UV 

light, allowing only light in the range of 120-6000nm to reach the DNA samples. 

Plasma plun 

". 
Fig. 6.11 Scheme of the experimental setup lur UV measurements 

ample 

The results obtained from this experiment are given in Table 6.1 below, showing 

the DNA recovered from the substrate after plasma light irradiation together with several 

control cases. It can be seen that the amount of undamaged SC conformation, the natural 

DNA state, is similar for all the cases, as are the amounts of the other two conformations. 

These results indicate that light in the range transmitted by the filter, including UV 

light from most molecular emission in the range of 120-400nm, does not cause significant 

damage to the DNA. This is consistent with the observations of Laroussi et al [17], who 

concluded that atmospheric pressure plasma sources do not generate high intensity UV 

light. 
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Averaged percentage of Standard deviation 
DNA Conformations Measurements 

undamaged DNA (%) (%) 

Filter 63.6 5.9 

He flow 70.5 7.5 
Supercoiled 

Without filter 20.3 9.0 

Recovered. from mica 75.8 9.7 

Filter 2.4 0.8 

He flow 2.0 1.0 
Linear 

Without filter 14.1 7.0 

Recovered. from mica 2.25 0.1 

Filter 33.9 5.8 

He flow 27.5 8.3 
Open Circular 

Without filter 65.5 6.9 

Recovered. from mica 22 10 

Table 6.1 Results of experiments testing the UV irradiation of DNA samples. The samples were 

exposed of the effect of plasma plume within 1 minute. 

From the results reported in Table 6.1 it is possible to roughly estimate the DNA 

damage caused by the high energetic UV photons as follows. The amount of intact DNA 

molecules recovered from the mica before and after plasma irradiation was 75.8% and 

63.6%, respectively. Therefore, the DNA damage due to irradiation was 75.8% - 63.6% = 

12.2% (about 12%). 

6.8 Measurement of the proportion of damage due to charge species 

A final set of measurements aimed to identify the role of charged species in the 

damage of the DNA samples. In these measurements, the DNA samples were irradiated 

through a copper mesh, with the mesh being biased electrically in an attempt to influence 

the amount of charged species arriving at the substrate surface. 

Figure 6.12 shows the experimental arrangement for these experiments. The mesh 

was placed at the tip of plasma flame with the mica substrate being positions 2-3mm 
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behind the mesh. In a series of experiments, DC voltages with values and polarity of +/- 

20V, +/-30V were placed on the mesh, and the DNA damage recorded. In addition, an 

experiment was performed with the mesh being electrically floating. 

- 

Mesh 

)M7,77""7. 

Quartz tube with front electrode 

Fig. 6.12 Experimental arrangement the DNA samples through a metal mesh. 

The experimental results from the series of mesh measurements, based on the gel 

image analysis, are presented in the Table 6.2 below. From the table, it can be seen that the 

percentage of undamaged DNA increases as the mesh voltage is increased, for both 

positive and negative polarities. This trend is approximately two times and a half larger for 

the case of negative polarity. 
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Plasma irradiation with Averaged percentage of DNA Conformations Standard deviation (%) 
different mesh potential undamaged DNA (%) 

Supercoiled (SC) 6.6 1.1 

Linear (L Mesh potential of -20 V 15.3 1.6 
Open Circular (OC 78.0 1.8 

SC 11.2 4.7 

L Mesh potential of +20 V 16.5 2.5 

OC 72.3 7.1 

SC 16.4 2.7 

L Mesh potential of-30 V 12.4 2.3 

OC 71.2 1.8 

SC 7.0 2.3 

L Mesh potential of +30 V 14.7 1.2 

OC 78.4 1.2 

SC 72.2 0.2 
L Just He flow 6.3 1.5 

OC 21.4 1.6 

SC Just He flow with mesh 
81.3 0.6 

L 3.4 0.1 
potential of0V 

OC 15.3 0.7 

SC Samples recovered from mica 
61.3 

L 5.1 
substrate 

OC 33.6 

Table 6.2 Obtained results after mesh separation of plasma species with subsequent irradiation of DNA 

samples. The samples were exposed of the effect of plasma plume within 1 minute. 

From the data in table 6.2 it is possible to calculate the average amounts of 

undamaged SC fractions of DNA for both sets of mesh voltages - both positive and 

negative. For the case of a negatively charged mesh the average amount is (6.6% + 16.4%) 

/2= 14.8% (see the tabular data for SC conformation). Similarly for the case of a 

positively charged mesh the average amount is (11.2% + 7%) /2=9.1 %. 

Using these calculations it is possible to make a rough estimation of the DNA 

damage caused by different plasma species. The following equation expresses the 

percentage amount of damage of the SC conformation induced by negatively or positively 

charged plasma species 

SCcg% x x% = SCu. 
_/+ X 100% 
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where SCcs% is the undamaged fraction of the SC conformation of DNA recovered from 

the control sample (in this case this is the SC conformation from row 7), x% is the 

percentage amount of damage of the SC conformation due to negatively/positively charged 

plasma species in the plasma jet and SC. 
_, + is the value (calculated above) of the 

undamaged fraction of the SC conformation of DNA obtained after the plasma treatment of 

DNA samples in combination with the negatively/positively charged mesh. Thus, after the 

substitution of the calculated and percentage values of SC conformation, the following 

values for x% were found for each type of charged mesh: 

" For the case of the positively charged mesh: 61.3% x x%= 14.8% x 100% x% = 

24.1 % damage due to negatively charged plasma species 

" For the case of the negatively charged mesh: 61.3% x x%= 9.1 %x 100% x% = 

14.8% damage due to positively charged plasma species 

Finally in order to find out the DNA damage due to neutral radicals, the calculated 

percentage damage for each charge type were summed and then subtracted from 100%. 

This gives 100% - [12% (UV light) +24% (negative species) + 15% (positive species)] = 

49% damage due to neutral radicals. 
Summarising all these results it is possible to draw the following conclusion about 

the amount of damage caused by each kind of plasma species: 

" 15% damage caused by positive charged particles 

" 12% damage caused by UV light 

" 24% damage caused by negative charged species 

" 49% damage caused by neutral radicals 

The rough estimation of error in our experiment is about 10% therefore above 

values can varyf 10%. 
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6.9 Summary 

This chapter contained a description of experimental studies of the interaction of an 

atmospheric pressure plasma jet with plasmid DNA. The studies had the two aims of 

understanding different aspects of the interaction and of using this interaction to explore 

the open plasma boundary between the jet discharge and the surrounding atmosphere. 

Several different sets of measurements were carried out. The first, aiming to 

determine the time dependence of the effect of plasma irradiance of DNA samples, showed 

that the DNA damage increased with time and that treatment times of about several 

minutes was sufficient to completely treat the samples. 

The second set of measurements aimed to explore the free plasma boundary by 

measuring the extent of DNA damage at different distances from the visible part of the 

plasma plume. The results showed that plasma species may diffuse far from the visible part 

of the plasma plume - in these studies up to 20cm from the plasma tip in the axial direction 

and about 2cm in the radial direction. This result suggests that the cause of damage at such 

relatively large distances must be metastable particle/s with long life times. A tentative 

conclusion is that damage at long distances is due to metastable singlet delta oxygen, 

perhaps in combination with singlet sigma oxygen and metastable atomic oxygen. Studies 

by other researchers have found that singlet delta oxygen can be generated at atmospheric 

pressure and that these species have sufficiently long lifetimes, even at atmospheric 

pressure. 

Further studies were performed to try and identify the cause of DNA damage in 

samples directly exposed to the plasma jet. Measurements with a UV filter indicated that 

UV light does not contribute significantly to the total DNA damage. A final set of 

measurements was carried out using a metal mesh to explore the influence of each kind of 

charged species. The results were consistent with the DNA damage being caused mainly 

by species generated and excited by the plasma. 
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CHAPTER 7 

SUMMARY 

The research presented in this thesis focused on the operation and application of an 

atmospheric pressure plasma jet (APPJ). The plasma source was a dielectric barrier plasma 

jet of the type first developed and studied by the Wuppertal group [5,6]. 

The first experimental study was devoted to the plasma phenomenon called a 

`plasma bullet'. This plasma phenomenon consists of a rapidly moving blob of plasma that 

propagates with high speed and high directionality away from the exit of the APPJ into the 

open atmosphere, reaching speeds of a few tens of kilometres per second. This 

phenomenon was at first very poorly understood and the mechanisms responsible for its 

generation and propagation were unclear. Recent theoretical and experimental data has led 

to an explanation of the `blob' in terms of a quasi-self-sustained streamer propagating at 

low applied electric field in open atmosphere [1,2]. This concept was first proposed by 

Laroussi et al [3], based on a model for streamer propagation proposed by Dawson and 

Winn [4]. More recent research [2] is consistent with Laroussi's suggestion of streamer 

propagation. 

The experimental study presented in Chapter 5 aimed to test this theory. For this 

purpose, a series of optical and electrical measurements were made using a dielectric 

barrier APPJ source. In one experiment, the dependence of the generation and propagation 

of the plasma 'blob/bullet' outside of the glass tube on different applied voltage waveforms 

was explored. The results indicated that the generation and propagation of the blob 

depended strongly on the form of the applied voltage. When the voltage rise time was 

short, a plasma blob formed and was clearly observed. This was not the case for longer rise 
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times and as the rise time increased further, the plasma plume transformed from one 

consisting of a propagating blob to a static continuous flame-like form. 

In a second set of experiments, the effect of the ambient pressure on blob formation 

and propagation was investigated. For this purpose the dielectric barrier APPJ was placed 

in a glass chamber, in which the ambient pressure was set at 0.5,1.0 and 1.5atm. The 

helium gas stream inside of the tube was kept constant with almost the same value as in the 

open atmosphere. 

The results from second set of experiments show that with increasing of ambient 

pressure the time for propagation of plasma blob/jet, outside the quartz tube, increases too 

along with plasma jet length decrease. 

Finally, it was observed that the behaviour of the `plasma blob' depended on the 

type of dielectric material used for the tube of the APPJ. The blob was observed more 

clearly for quartz tubes than for borosilicate glass. It was tentatively concluded that the 

composition of the borosilicate glass and its interaction with the plasma jet [7,8] makes it 

less suitable for producing the conditions that lead to blob/bullet generation. 

The main conclusion from the studies reported in Chapter 5 is that the generation 

and propagation of the plasma blob are consistent with streamer theory, as proposed first 

by Laroussi and more recently by other researchers. 

The second experimental study, reported in Chapter 6, focused on the interaction of 

the APPJ plasma with plasmid DNA samples. A series of measurements were carried out 

in order to understand the interaction, determine the amount of damage caused by plasma 

irradiation and to identify the plasma species responsible for damage. Measurements were 

made of the dependence of the damage on exposure time and on distance from the plasma 

plume. The aim of further measurements was to determine the relative effects of UV light 

and charged species on the total damage. 
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The first set of measurements showed that the plasmid DNA was damaged by 

plasma exposure, with the naturally occurring supercoiled form of DNA being broken due 

to single-strand and double-strand breaks. The results of other measurements led to the 

conclusion that, when the DNA was exposed directly to the visible plasma plume, this 

damage was mainly due to the interaction of charged species with the DNA and with 

neutral species having a lesser influence. 

One of the most remarkable results from these studies was that DNA damage was 

observed at large distances from the APPJ, up to 20cm from the tip of the visible plasma 

plume. It was concluded that the DNA damage in this case, when the DNA was located far 

from the visible plasma plume, occurred due to long-lived oxygen species that were able to 

diffuse from the plasma plume through the atmosphere. 

A further conclusion from this study was that this method of detecting DNA 

damage was an effective way to determine the physical extent of a discharge operated in 

the open atmospheric pressure. DNA damage seems to be a very sensitive technique, with 

the capability to define the region of plasma diffusion in the open atmosphere. 

Further investigations based on this research 

While answering some questions about the operation and application of 

atmospheric pressure plasma jets, the research reported in this thesis opens up new 

questions. The experimental results obtained from both studies - the experimental test of 

the proposed streamer model for plasma blob/bullet generation and the application of the 

dielectric barrier APPJ to irradiate dry DNA samples - suggest several directions for future 

research. 

The observation that generation and propagation of the `plasma blob' depends on 

the material of the dielectric tube requires more detailed investigation. For example, it 

should be possible to investigate the different types of borosilicate glasses, with different 
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composition and hence different levels of interaction with the discharge and the 

atmosphere. Such an investigation would reveal more about the generation of plasma 

`blobs/bullets'. It would also have a wider significance, as the sensitivity of this 

phenomenon to the composition of the dielectric might reveal more about plasma/dielectric 

interactions in general. This would be relevant to all types of dielectric barrier discharge, 

not just plasma jets. 

Another direction for further investigation would be to apply a variety of 

spectroscopic techniques to understand more about the composition of the plasma plume 

and the low concentrations of the various plasma-created species. Such techniques could 

include laser-induced fluorescence for nitrogen molecular ions in the ground state [11], 
v 

laser absorption using a method such as cavity ring-down spectroscopy (CRDS) for 

measurement of OH radicals [ 12], laser absorption for helium metastable atoms [ 11 ] and 

infrared optical emission spectroscopy to detect singlet delta oxygen [9,10]. 

As regards DNA damage, there is an urgent need to identify the species primarily 

responsible for the damage. To confirm the tentative conclusions made in this thesis, it is 

necessary to make further systematic studies. For example, techniques such as infrared 

optical emission spectroscopy could be used to investigate the influence of singlet delta 

oxygen. CRDS could be used to determine the propagation length of OH radicals through 

the atmosphere [12]. 

Another possibility for extended research is to build an experimental apparatus that 

allows DNA treatment in an ambient atmosphere with different gas compositions. For 

example, as a first step, if the ambient atmosphere is only helium or argon then emission 

lines from species associated with DNA damage (CH, C) would be visible without 

interference form emission of atmospheric species [ 13,14]. The helium or argon could then 

be replaced by a helium/oxygen or helium/nitrogen atmosphere in a systematic way that 

enabled the species responsible for DNA damage to be identified. 
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