Unravelling reactive oxygen species
production in low temperature,
atmospheric pressure plasmas

Benjamin Harris

Doctor of Philosophy

University of York
School of Physics, Engineering and Technology

April 2024



Abstract

Low temperature plasmas (LTPs) are efficient sources of reactive oxygen and nitrogen species
(RONS) at atmospheric pressure. Understanding how different parameters influence RONS
production is essential for optimising LTP devices for biomedical applications. Several plasma
sources are investigated here. First, a numerical model is used to study the influence of
pulse repetition frequency on the plasma chemistry of a nanosecond-pulsed, He+H>O plasma.
Increasing the pulse repetition frequency increases the density of H, O, and OH radicals. HoO2
and O3 are formed throughout the afterglow, and their density is instead found to depend
on the afterglow duration, gas temperature, and radical densities. Next, cavity ring-down
spectroscopy is used to determine the spatial distribution of HoO» in the effluent of a COST-
Jet and a kINPen-sci in He+H>O. The H2O, density near the jet nozzle is 2.3 10" cm 8
for the kINPen-sci and 1.4 10 cm 2 for the COST-Jet. The average HyO, density in
the effluent of the kINPen-sci is a factor of two higher than for the COST-Jet. The H202
distribution in the COST-Jet efHuent is uniform near the jet nozzle but diluted beyond 15
mm. For the kINPen-sci, the HyO, density near the nozzle has a comparatively pronounced
radial spread, while dilution is more gradual at further distances. Finally, O3 production is
investigated for a He+O3, radio-frequency plasma jet driven with tailored voltage waveforms.
Increasing the number of harmonics in the driving waveform for a fixed peak-to-peak voltage
enhances the Oz density but significantly increases the gas temperature. Increasing the
number of harmonics for a constant RF power allows the Oz density in the effluent to be
increased by a factor of 4, to a maximum of 5.7 10 cm 3, without significant change to
the gas temperature. It is hoped that the results presented in this work may help to optimise

RONS production by biomedical plasma devices.
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Chapter 1

Introduction

1.1 Thesis motivation

Plasmas are abundant in the natural world. The hot, dense plasma at the core of the sun
fuses isotopes of hydrogen into helium, bathing the solar system in light and providing our
planet with the energy needed to support life. In the night sky, the faint glimmer of stars

o ers evidence of the same plasma processes unfolding untold times across the observable
universe. In the space between those stars, vast clouds of cold, sparse plasma comprise the
interstellar medium [1], and towering nebulae act as stellar nurseries by providing the hot
plasma necessary for new stars to form [2]. Closer to home, the upper layers of the sun
cast o the solar wind, disturbing plasma in the Earth's magnetosphere and creating striking
aurorae at the Earth's poles [3]. Throughout our atmosphere, charge accumulation in clouds
causes lightning to arc through the sky, turning the air itself into a plasma [4].

These phenomena have inspired awe and reverence since the earliest days of humanity. In
the modern age, however, rapid technological progress has allowed us to harness plasma for
our own collective bene t. Plasmas are now found in lighting, industry, and water treatment
systems [5]. Technological plasmas are used to manufacture semiconductors, an essential
component of all digital technology [6]. In a multi-generational undertaking, researchers
across the world collaborate to realise controlled nuclear fusion as a source of clean energy,
using either a magnetically con ned plasma or one con ned by the inertia of a shockwave [7].
Fusion plasmas are classi ed as thermal plasmas, high temperature environments in which the
constituent particles are locked in thermodynamic equilibrium and share the same tempera-

ture. In recent decades, it has also become possible to generate millimetre-scale plasmas at

15
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low temperatures and atmospheric pressure. Unlike their thermal counterparts, low temper-
ature plasmas are highly non-equilibrium environments. The electrons of a low temperature
plasma are energetic and mobile, while the high inertial mass of ions and neutral species
keeps them close to room temperature. This partitioning of kinetic energy drives a reactive
plasma chemistry. Depending on the choice of feed gas, low temperature plasmas are e cient
sources of reactive species desirable in biomedicine, agriculture, environmental science, green
industry, and materials processing [8 10].

For biomedical applications, an especially useful class of plasma-produced species is reactive
oxygen and nitrogen species (RONS). These are essential for the day-to-day functions of
the human body, with di erent RONS acting as cell signalling molecules in the immune
and cardiovascular systems, to scratch only the surface of their roles [8]. As such, RONS
production by low temperature plasmas has drawn signi cant interest within the plasma
community. It has been shown that RONS produced by plasma devices can be used to trigger
programmed cell death in cancerous tissue [11]. Plasma-produced RONS are also highly
e ective at signalling the immune system to begin healing chronic wounds, and can sterilise
potential harmful microbes while leaving human cells relatively unscathed [12]. The process
of treating patients with low temperature plasma has been streamlined by the development of
small-scale plasma devices that can be operated in ambient conditions and by hand [13 16].
Despite this progress, there is still much left to be understood about controlling the produc-
tion of RONS by low temperature plasmas. As a category of reactive species, RONS have a
signi cant array of e ects on the human body. Whether or not a patient experiences these

e ects is dependent on their received dose of each RONS; if too high a dose of a certain
species is received, the outcome may be detrimental to a patient's health. The successful
application of low temperature plasmas in biomedicine hinges on RONS production being
optimised for a given role, and establishing a degree of selectivity when generating di erent
RONS in order to minimise any risk of harm. This is no trivial task, and has been an active
area of research for many years [17].

This thesis contributes to the challenge at hand by exploring a number of ways in which the
chemistry of low temperature, atmospheric pressure plasmas may be controlled and better
understood. Focus is given to investigating the fundamental operating conditions that a ect

a plasma, such as the electrode geometry of the plasma source and the frequency and shape

of the driving voltage. A variety of experimental and numerical techniques are applied to
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determine the in uence of di erent parameters on the production of RONS. The results of
these studies are intended to assist in the optimisation of biomedical plasma devices used to

treat patients.

1.2 Thesis outline

This thesis is structured as follows:

Chapter 2 provides background information on low temperature plasmas that is necessary
to understand the methodologies and results of this work. Fundamental plasma physics
concepts are rst presented, building to a description of the key aspects of an atmospheric
pressure plasma environment. Di erent methods of sustaining a plasma are then introduced.
Additionally, the basic principles of studying LTPs are described in terms of both plasma
modelling and optical diagnostic techniques.

Chapter 3 describes the four plasma sources investigated throughout this work, including
design speci cations and an overview of their histories.

Chapter 4 presents a modelling study in which the pulse repetition frequency of a nanosecond-
pulsed, pin-to-pin discharge in He+H,O is varied in the range of 1 to 100 kHz. A global model
with an extensive reaction chemistry is used to ascertain the in uence of the pulse repetition
frequency on the densities and reaction pathways of key plasma species.

Chapter 5 uses cavity ring-down spectroscopy and a sophisticated analytical technique to
determine the spatially-resolved density distribution of H,O in the e uent of two widely-
used plasma jets, the COST-Jet and the kINPen-sci. Both jets are supplied with a He+hLIO
gas mixture. The measured distributions are compared and discussed in terms of the plasma
source geometries and modes of plasma sustainment.

Chapter 6 investigates the emergent e ects of driving a capacitively-coupled, He+Q plasma
jet with asymmetric tailored voltage waveforms. Fourier transform infra-red spectroscopy is
used to characterise the in uence of di erent waveform parameters on the density of @in
the far plasma e uent. Similarly, the e ect on the gas temperature of the plasma channel is
determined through N>(C B) optical emission spectroscopy.

Chapter 7 summarises key outcomes and concludes this work.



Chapter 2

Fundamentals of low temperature

plasmas

2.1 What is a plasma?

In etymological terms, the word "plasma’ is derived from the ancient Greek word meaning "to
mold' [18]. This, admittedly, does not do much to answer the question. It was in 1928 that
Irving Langmuir rst used the term “plasma’ to describe a region of balanced ion and electron
charges at the centre of an electrical discharge [19]. Langmuir's collaborators, Tonks and
Mott-Smith, later recounted that he chose the name because the electron and ion behaviour
reminded him of red and white corpuscles carried by plasma in the blood [20, 21]. In the
decades following the work of Langmuir and his associates, the term has come to de ne the
“fourth state of matter', comprising 99.9% of normal matter in the known universe, including
stars, solar wind, stellar nebulae and interstellar clouds [22]. A more comprehensive de nition

of a plasma is o ered by Chen [23]:

A plasma is a quasi-neutral gas of charged and neutral

particles which exhibits collective behaviour

Let us consider this further. In its simplest terms, a plasma is created by supplying matter
with kinetic energy. By progressively adding energy to a system, a solid becomes a liquid,
which becomes a gas, which becomes a plasma. When a plasma is created, the energy input
is su cient to separate electrons from their parent nuclei, ionising them. Given this bound-

ary it is important to note that not every ionised gas is a plasma. For an ionised gas to be

18
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considered a plasma, it must be quasi-neutral. Following on from Langmuir's original work,
guasi-neutrality requires that the number of negative charges in the gas be roughly equal to
the number of positive charges, making it electrically neutral at a macroscopic level. The
second requirement is that the ionised gas exhibits collective behaviour through the Coulomb
force. On small length scales, charged particles in a plasma can form localised charge concen-
trations, generating electric elds. The motion of these charged particles induces electrical
currents, generating magnetic elds in turn. These elds in uence other charged patrticles at
range. Thus, the behaviour of charged particles on local scales causes emergent, non-local
plasma behaviour that acts on macroscopic scales. An ionised gas satisfying these two re-

guirements can therefore be considered a plasma.

Following Chen's de nition, a plasma can contain electrically neutral particles [23]. Notably,
the fraction of particles that can be neutral is not speci ed. This is helpful in the case of
low temperature plasmas (LTPs), where the ionisation fraction is typically less than a single
percent. LTPs, the focus of this work, are often generated by partially ionising a gas with an
electrical discharge. This creates a highly non-equilibrium environment; the mobile electrons
are accelerated to high kinetic energies by the electric eld, while the ions and neutral species
remain close to room temperature due to their high inertial mass.

Despite a low ionisation fraction, the energetic electrons in LTPs drive a complex neutral
chemistry, making them e cient sources of reactive species for a wide variety of applica-
tions. The remainder of this section discusses some key aspects of LTPs, including important

considerations for generating them at atmospheric pressure.

2.1.1 Sheaths

The active region at the centre of an LTP exhibits collective behaviour and quasi-neutrality.
However, in the space between the active plasma and a surface, the conventional de nition
of a plasma is strained as quasi-neutrality breaks down. This was noticed by Langmuir and
Tonks during their pioneering work in the 1920s. This region was named the “sheath’, and
the pair dubbed the boundary point between the sheath and the plasma bulk the “sheath
edge' [19, 24].

To conceptualise the sheath region, imagine a plasma held within a vessel. Charged particles

exiting the plasma bulk impinge on the vessel walls and are lost to recombination. Of these,
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the electrons reach the vessel walls faster than the ions due to their greater mobility, causing
the sheath edge to become positively charged. This imbalance forms a potential gradient
through the sheath region. Electrons are repelled back into the plasma bulk, while positive
ions are accelerated towards the vessel walls. Thus, quasi-neutrality is violated within the
sheath. For a sheath in equilibrium, the ux of positive and negative charge carriers are

balanced, and so the net conduction current is zero.

2.1.2 Atmospheric pressure plasmas

Consider a gas contained between two parallel electrodes. Applying a potential di erence
between the electrodes generates an electric eld. In standard conditions, any gas will have
a low, but nonzero, free electron population due to sporadic ionisation by cosmic rays or
radioactivity [25]. These electrons, unbound from atomic nuclei, are accelerated to high
kinetic energies by the electric eld. Some of the energetic electrons may collide with neutral
atoms and molecules in the gas and trigger a cascade of additional ionisation events, known
as an electron avalanche. Secondary electrons are generated by ions striking the negative
electrode after being accelerated through the sheath, or by successive electron avalanches in
the gas phase. If the applied electric eld is su ciently strong, the rate of secondary ionisation
will exceed the rate at which electrons are lost to recombination or through collisions with
the vessel walls. Thus, a low temperature plasma is ignited.

For a given electrode separation, the threshold above which a plasma can be sustained is
qguanti ed by the breakdown voltage of the gas,Vg. The breakdown voltage depends on the
ionisation energies of neutral species within the gas. Hence, di erent gas mixtures exhibit
di erent breakdown voltages. For a given gas mixture in a DC electric eld, the breakdown
voltage is dictated by the product of the gas pressure and the width of the electrode gap,

p d. This relationship is given by the Paschen criterion [26]:

B Bpd ,
" In(Apd) In(n[1+ I]°

Ve (2.1)

Here, A and B are constants determined by the gas mixture, and is a coe cient describing
the rate of secondary electron production per ion. The breakdown voltage as a function of

p d, known as a Paschen curve, is shown in gure 2.1 for a selection of di erent gases.
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Figure 2.1: Paschen curves, the breakdown voltage as a function of the product of the gas
pressure and the electrode gap, for a selection of gases. The dotted line shows breakdown
voltages at atmospheric pressure for a gap with of 1 mm. Coe cients taken from [27, 28].

Physically speaking, the Paschen criterion arises from the limiting factors at the extremes of
the p dscale. At low values ofp d, the mean free path of an accelerated electron becomes
signi cant compared to the electrode gap. Collisions between electrons and heavy species
are infrequent, meaning a higher applied voltage is required to trigger enough ionisations
to sustain a plasma. The electron mean free path is much lower than the electrode gap for
high values ofp d, either due to the size of the electrode gap or the pressure of the gas.
Collisions with neutral species hamper electron acceleration, again requiring a higher applied
voltage to sustain the rate of ionisation. It follows that a p d value of minimum breakdown
voltage exists between these two limits at which a plasma can be generated with the greatest
electrical e ciency.

Low pressure (1 200 mTorr) discharges, such as those used to etch silicon wafers for semi-
conductor manufacturing [6], can theoretically achieve the minimum breakdown voltage with
an electrode gap on the scale of tens of centimetres. The same cannot be said for atmospheric
pressure discharges, the focus of this work. Atmospheric pressure plasmas are highly colli-
sional environments. High densities of neutral species limit electron mobility, requiring high
breakdown voltages unless the discharge gap is very thin. At the same time, the smallest
achievable electrode gap is restricted to a few hundred microns due to the width of the plasma

sheath. Below this limit, the plasma bulk shrinks and disappears, leaving only the sheath
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region and violating quasi-neutrality [29]. Consequentially, the discharge gap of atmospheric
pressure plasmas is usually on the order of 1 mm. This is marked on gure 2.1 as a dotted
line. Under these conditions, helium has an appreciably lower breakdown voltage than the
other gases shown, followed by argon. It is for this reason that atmospheric pressure plasmas
are often generated from a helium or argon feed gas, although in some cases air is utilised in-
stead. Unlike in low pressure plasmas, ion impact at the electrodes is not a signi cant source
of secondary electrons at atmospheric pressure [30]. The discharge is instead sustained by
volumetric ionisation in the sheath and plasma bulk [31].

The discharge setup considered thus far is a slight simpli cation of the plasma environ-
ment. In truth, there are many ways of sustaining LTPs at atmospheric pressure, including
nanosecond-pulsed discharges, radio-frequency (RF) discharges, dielectric barrier discharges
(DBDs), and microwave discharges [32]. Out of these, nanosecond-pulsed discharges, RF
discharges, and DBDs are investigated in this work. The following sections explore these

discharge types in greater detail.

2.2 Nanosecond-pulsed discharges

The plasma setup discussed in chapter 2.1.2 is a simple direct current (DC) discharge. In
a DC discharge, the direction of the electric eld is constant. lons and electrons experience
unidirectional acceleration by the electric eld, and so a direct current ows between the
two electrodes. Supplying power in this manner is an ine cient way of sustaining an LTP

at atmospheric pressure, and can cause the neutral gas to overheat [33]. Instead, it is often
preferable to sustain a plasma through repetitive voltage pulses. Applying a high-voltage
pulse for nanosecond timescales, cycled at kHz frequencies, generates a strong electric eld
that accelerates electrons, allowing a plasma to be sustained with a relatively low time-
averaged power. Thus, nanosecond-pulsed plasma sources are more e cient than continuous
DC sources, and can tolerate much higher peak voltages [33,34]. This is typically achieved
with pin-to-pin or pin-to-plate electrode geometries, both of which locally enhance the applied

electric eld in a small volume near the powered electrode [35, 36].
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2.2.1 Streamers

The electrical breakdown of gas in a pulsed discharge proceeds through charge carriers being
accelerated during the voltage pulse and triggering an avalanche of successive ionisations.
At atmospheric pressure, the mean free path of charge carriers is very short due to the high
density of neutral species. An ionisation avalanche therefore occurs within a very small
volume, enhancing the electric eld in the region. If the local electric eld grows to exceed
the applied electric eld within the discharge gap, the avalanche develops into a streamer [37].
As the streamer propagates, ionisation within the discharge predominantly occurs at the
head of the streamer, with the local electric eld further distorted by photoionisation at the
streamer head. Photoionisation acts as a source of pre-ionisation in front of the streamer,
allowing the streamer to propagate at high velocities [38,39]. The streamer velocity can also
be enhanced if it is propagating through an electronegative gas, such as gases containing
air-like impurities, due to the formation of an anion sheath that focuses electrons towards
the streamer core [39,40].

Streamers fall into one of two categories. Negative streamers are sustained by electrons in the
streamer head propagating towards the anode, leaving positive ions distributed throughout
the streamer channel. Positive streamers, meanwhile, are sustained by positive ions being
accelerated towards the cathode in the wake of an ionisation avalanche. This process is
thought to require e cient photoionisation at the streamer head to be tenable, although
some studies question its importance compared to other ionisation mechanisms [41].

It is important that the pulse duration is restricted to prevent a streamer from reaching the
opposite electrode. Should this happen, the streamer channel forms a conductive short-circuit
allowing a huge current to ow [42]. The plasma becomes a spark discharge, characterised
by high power consumption and signi cant gas heating.

A typical streamer discharge exhibits spatially concentrated ionisation and photoemission.
However, it is possible for a nanosecond-pulsed discharge to generate a diuse plasma. In
this regime, a very short voltage rise time makes streamer propagation occur on timescales
faster than photoionisation, limiting the concentration of photons at the streamer head [34].
The plasma is instead sustained through a persistent population of fast electrons [43, 44],
resulting in a glow discharge characterised by relatively homogeneous emission throughout

the plasma channel [35].
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2.2.2 The afterglow

The portion of the voltage cycle between two successive pulses is called the afterglow. The
short lifetime of free electrons leads them to rapidly recombine after each voltage pulse, so
the electron density in the afterglow is minimal and the rate of electron-neutral interactions
plummets. Despite this, the high electron densities generated by nanosecond-pulsed operation
stimulate a highly reactive neutral chemistry, with reactions between heavy species occurring
on longer timescales throughout the afterglow phase. Moreover, neutral gas heating can
be reduced by increasing the afterglow duration to allow energetic particles to disperse or
recombine, allowing the plasma to remain close to room temperature [35]. A very low density
population of residual electrons can still accumulate between pulses, allowing the discharge
to be reignited more e ciently once the plasma has reached equilibrium. This is known as

the memory e ect [45].

2.3 Radio-frequency discharges

The LTPs discussed thus far have been generated by DC discharges, with ions and electrons
each accelerated unidirectionally towards a given electrode depending on the xed polarity
of the voltage pulse. It is also possible to use an alternating current (AC) electric eld to
sustain a plasma. In an AC discharge, the applied voltagey (t) and current, | (t) oscillate in

time according to

V()= Vosin(ft + ) : 1(t)= lgsin2ft + ): 2.2)

Here, Vp and | g are the peak voltage and current amplitudes, respectivelyf is the frequency

of the waveform, and is the phase angle. These waveforms are usually applied at radio
frequencies. In the eld of plasma physics, the term ‘radio-frequency' typically encompasses
frequencies between 1 MHz and 1 GHz [46]. Conventional RF plasma sources are operated at
speci ¢ frequencies approved for industrial and scienti ¢ use by the International Telecom-
munications Union [47]. As such, the AC eld is most commonly driven at 13.56 MHz, or
its respective second and third harmonics, 27.12 MHz and 40.68 MHz [48]. In this frequency
range, electrons follow the oscillations of the electric eld and gain kinetic energy. The ions,
meanwhile, cannot respond to the eld due to their high inertia and remain close to the

temperature of the neutral gas [30]. As a result, RF power is primarily coupled into the
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plasma via the electrons. The alternating electric eld also helps to con ne electrons within

the plasma bulk.

2.3.1 Capacitively coupled plasmas

An RF plasma can be sustained through two di erent methods of power coupling: inductive
or capacitive. In an inductively coupled plasma (ICP), an RF voltage waveform drives an
inductive coil positioned in, or near, the discharge region. This generates an alternating
magnetic eld, which itself induces an RF electric eld in accordance with Faraday's Law [49].
The electric eld accelerates electrons within the discharge volume, generating a plasma. In
this way, an ICP is e ectively electrodeless as the plasma acts as the secondary coil of a
transformer.

At atmospheric pressure, sustaining an ICP becomes challenging. Ignition requires a high
voltage, and the plasma itself is energetically ine cient, prone to instabilities and signi -
cantly hotter than room temperature [50,51]. Hence, outside of select industrial processes
it is generally more favourable to generate atmospheric pressure LTPs through capacitive
coupling. It is for this reason that the RF discharges investigated throughout this work are
capacitively coupled.

A standard capacitively coupled plasma (CCP) setup consists of two uncovered parallel-plate
electrodes separated by a gas. An RF voltage is applied directly to one electrode and the
other electrode is grounded, creating a capacitor geometry [52]. A time-varying electric eld
forms between the electrodes, accelerating electrons to produce a plasma. An impedance
matching network must be positioned between the RF generator and the powered electrode
to ensure that RF power is e ciently coupled into the plasma [53]. Otherwise, losses occur
due to re ected power.

Atmospheric pressure, radio-frequency CCPs generate highly collisional sheaths in which the
electron mean free path is much shorter than the sheath width [30]. The sheath dynamics
vary in time within the RF cycle due to the changing electric eld [54]. In the positive
RF half-cycle, the voltage rises and electrons are accelerated towards the temporary anode.
The resulting space charge forms a sheath between the anode and plasma bulk, accelerating
positive ions through the sheath. The sheath region expands until the maximum voltage
amplitude is reached, before contracting as the voltage falls. When the driving voltage

passes zero, the polarity of the electric eld switches, forming a new temporary anode at
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the opposite electrode. The process of sheath expansion and collapse is then repeated in the

negative RF half-cycle at the opposite electrode.

2.3.2 Operational modes in capacitively coupled plasmas

Capacitively coupled, atmospheric pressure LTPs are often driven by RF voltage waveforms
with low voltage amplitudes (a few hundred volts) and a single applied frequency of 13.56 MHz
[15,55]. Operation in this manner produces a homogeneous glow discharge known as Wie
mode, de ned by volumetric electron heating [56]. In theWmode, a high drift electric eld
within the plasma bulk triggers ionisation maxima during times of sheath expansion and
collapse [57]. The gas temperature in th&tmode is relatively low, close to room temperature
[58]. If the feed gas of an atmospheric pressure LTP is a Penning mixture, such as He3O
or He+N>, increasing the amplitude of the driving voltage waveform changes the mode of
power coupling and the plasma transitions from theWmode into the Penning-mode [31, 59].
A Penning mixture is de ned as a binary gas mixture in which the excitation energy of the
metastable state of the main component exceeds the ionisation energy of the minor component
[60,61]. In these mixtures, Penning ionisation of the molecular admixture by electronically-
excited helium metastables is an important process for plasma sustainment [62 64]. Penning
ionisation becomes the dominant ionisation process in the Penning-mode, with ionisation
maxima occurring within the sheaths at times of maximum sheath expansion [57]. Th&V
mode and Penning-mode are sometimes referred to in literature as tremode andg-mode,
respectively, due to similarities with the low pressure plasma modes of the same name [64,65].
In recent years, it has become clear that the fundamental mechanisms of the atmospheric
pressureWwmode di er from those of the low pressurea-mode [31]. The same is true of the
Penning-mode and theg-mode [31]. As such, the low pressure mode names are not used in
this work so as to avoid confusion.

Increasing the driving voltage amplitude eventually transitions the discharge into a con-
stricted mode, characterised by lamentary behaviour. In this mode, ionisation is con ned
to the strongly contracted sheath regions [66,67]. Operating plasma devices in the constricted
mode is best avoided, as the high gas temperature and current density pose a risk of thermal

damage to the device and/or substrate [15, 64].
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2.4 Dielectric barrier discharges

Some capacitive discharges cover at least one electrode with a dielectric material, such as
guartz, glass, or a ceramic. This is known as a dielectric barrier discharge. The dielectric
layer acts as a current limiter, preventing spark formation and maintaining a low neutral
gas temperature [68]. It has been shown that atmospheric pressure DBDs supplied with
helium or argon allow a stable plasma to be maintained at higher discharge currents than
can be achieved by conventional glow discharges with uncovered electrodes [69, 70]. Power is
typically transferred to the plasma via an AC high voltage in the kHz frequency range [71],
with the dielectric layer becoming less e ective at higher frequencies.

Most parallel-plate DBDs are self-pulsing under standard conditions; breakdown occurs twice
per RF period, during times of rising voltage magnitude [71]. Breakdown proceeds via the
streamer mechanism (see chapter 2.2.1), with clusters of streamers forming distinct, thin
discharge channels as they propagate towards the anode [72]. The discharge then collapses
due to charge accumulation at the dielectric layer. When the voltage polarity reverses, the
same negative charge accumulated at the anode stimulates new streamer clusters within
the same discharge channels, resulting in bright, spatially localised plasma laments [72].
Such regimes are known as lamentary discharges. The kINPen-sci, a lamentary, DBD-like
plasma jet, is investigated in chapter 5 of this work.

Under speci ¢ conditions, it is also possible to sustain a di use or glow plasma in an atmo-
spheric pressure DBD by suppressing the lamentary nature of the discharge. This regime
is ideal for applications that require homogeneous treatment of a surface by reactive species.
Similar to nanosecond-pulsed discharges, a di use plasma is more easily achieved in helium
due to its relatively high rate of electron multiplication at low electric eld strengths [73].
This e ect is signi cantly enhanced in the presence of small admixtures of nitrogen or oxygen
through Penning ionisation of the molecular gas by metastable helium [73]. By extension,
the glow regime favours reduced operating voltages. Higher driving frequencies also provide
optimal conditions for di use plasmas in DBDs because electrons and metastables are able
to accumulate within the electrode gap [74].

DBDs can also be operated with kHz pulsed or AC RF voltages. A comprehensive review of

DBD con gurations and operating regimes is provided by Brandenburg [71].
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2.5 Plasmas for biomedicine

Atmospheric pressure plasmas are e cient sources of RONS for biomedical applications.
They are also complex environments, and the production of RONS by an LTP is sensitive
to a wide array of interconnected phenomena. As illustrated in gure 2.2, the design of the
plasma source, feed gas composition and mode of power coupling all in uence the electron
dynamics in the plasma. This in uences electron-neutral reaction pathways, which ultimately
determine the neutral plasma chemistry and the production of reactive species. This poses
a variety of challenges for controlling RONS production and requires that numerous aspects

of the plasma environment are well understood.

Figure 2.2: Representation of the complex interplay between operational parameters and
plasma phenomena. The operational conditions of the plasma source determine electron
behaviour, which in turn dictates the plasma chemistry and the production of reactive species.

Adapted from Bruggeman and Brandenburg [53].
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To fully appreciate the potential for LTPs in biomedicine, it is necessary to understand
the mechanisms of key plasma processes and the ways in which they are connected. To
this end, the following sections cover the behaviour of electrons as the driving force behind
reactive species production in atmospheric pressure LTPs, alongside the fundamentals of the
heavy particle plasma chemistry, the e ects of RONS on biological tissue and the resulting

applications, and some considerations for medical plasma source design.

2.5.1 Electron energy distribution function

Consider an ideal gas bound within a nite volume. The total kinetic energy of the gas is
divided between its constituent particles, which move randomly and exchange kinetic energy
in collisions. Given enough time, the system reaches thermodynamic equilibrium. Once
this occurs, the spread of kinetic energy between the particles is described by a Maxwellian
distribution. From this, the temperature of the population, a measure of the average energy
of a particle, can be obtained. The same can be true of electrons in a plasma. If electron-
electron collisions are frequent enough for the population to thermalise, the electron energy
distribution function (EEDF) becomes Maxwellian. However, the low electron density of
LTPs causes electron-neutral collisions to be the dominant process in shaping the EEDF.

At increased pressures, the high energy tail of the EEDF is depleted through inelastic colli-
sions with neutral species [75]. In this case, the EEDF may be more accurately represented
by a Druyvesteyn distribution, which predicts a reduced electron population at high energies
when compared with a Maxwellian distribution. Additionally, some low pressure plasmas
exhibit two- or three-temperature Maxwellian EEDFs, composite functions with di erent
electron temperatures that are valid for discreet energy intervals [76,77]. This can be driven
by selective heating mechanisms or secondary electron emission from the vessel wall. Model
Maxwellian and Druyvesteyn EEDFs are shown in gure 2.3. Also shown are the correspond-
ing electron energy probability functions (EEPFs), a normalised form of the EEDF that gives

the relative probability of an electron possessing a given kinetic energy.
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Figure 2.3: Maxwellian and Druyvesteyn electron energy distribution functions and electron

energy probability functions, modelled according to [75] for an electron temperature of 2 eV.
Typical kinetic energy thresholds of electron-neutral collisional processes are marked with
dotted lines.

The kinetic energy of an electron determines the reactions it can facilitate in collisions with
neutral species. These interactions can be grouped into dissociation, excitation, or ionisation
events. Dissociation reactions typically require the lowest kinetic energy to break a molecule
apart. Electronic excitation of atoms and molecules require higher energies than dissocia-
tion processes, while rotational or vibrational excitation of molecules can be achieved with
comparatively low energies. Electron impact ionisation processes require the greatest kinetic
energy and generate additional free electrons. Approximate energy thresholds for these in-
teractions are marked on gure 2.3. The true kinetic energies needed for these processes are
discreet values dictated by the energy levels of an atom or molecule.

The EEDF and electron dynamics of an LTP are strongly a ected by the composition of
the feed gas. For example, in argon, nearly all of the power coupled into the plasma is
used for ionisation while a majority of the power coupled into a helium plasma is spent in
non-ionising electron-neutral collisions [78]. This results in helium plasmas displaying lower
electron densities than in argon, compensated by higher electron temperatures needed to
sustain the plasma through ionisation [78]. lonisation mechanics are further complexi ed
by the addition of molecular admixtures to a helium or argon feed gas. As previously dis-
cussed, Penning ionisation of a molecular admixture by noble gas metastables can become
the dominant source of ionisation in a plasma.

The accumulation of these factors can contribute to a strongly non-Maxwellian EEDF in
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atmospheric pressure LTPs. Predicting the EEDF of an LTP is, therefore, dicult, but
practical solutions have been developed. The use of computational models to investigate the

EEDF and other plasma processes is discussed further in chapter 2.6.

2.5.2 Neutral plasma chemistry

As exempli ed by the Paschen curves in gure 2.1, argon and helium make ideal feed gases
for LTPs due to their low breakdown voltage at atmospheric pressure when compared with
molecular gases. In pure argon or helium plasmas, energetic electrons sustain the plasma and
drive the formation of excited species, including high-energy noble gas metastables. The inert
nature of noble gases means that the plasma chemistry in these cases is relatively simplistic.
A signi cantly more complex reaction chemistry is produced if a noble gas plasma contains
small concentrations of a molecular gas. Plasma-produced electrons and noble gas metasta-
bles dissociate the molecular gas, generating highly reactive radical species. These, in turn,
react with other neutral species to form longer-lived reactive molecules. This behaviour al-
lows LTPs to generate RONS with relatively low input power. In these plasmas, the EEDF

is the driving force behind the emergent neutral chemistry. The rates of electron-impact
reactions are determined by the EEDF, while heavy particle reaction rates are most often
dependent on the neutral gas temperature.

Molecular gases used for RONS production include nitrogen, oxygen, and water vapour [79
81]. These species may originate as impurities in the gas supply [82], or they may be present
from a plasma plume interacting with the open air [83]. Both of these options add a degree
of inconsistency due to uncontrolled changes in ambient conditions, such as humidity, as the
densities of RONS produced by a plasma are generally dependent on the concentration of
the parent species. Instead, RONS can be generated in controllable quantities by admixing
known concentrations of a molecular gas into the gas feed.

The active region of LTPs is a rich mixture of photons, charged particles, excited states and
reactive species. Outside the active plasma region, where no power is deposited, electrons
exiting the plasma rapidly recombine and photon emission ceases. Radicals, highly reactive
species with short e ective lifetimes, are also depleted outside the plasma through interactions
with other neutral species. This process occurs on nanosecond to microsecond timescales
fast, but not as fast as electron recombination. Longer lived RONS formed in a plasma, such

as ozone or hydrogen peroxide, are more stable than radicals. Outside the plasma, they can
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comfortably exist for minutes at a time before reacting or decomposing.

2.5.3 Reactive oxygen and nitrogen species in the human body

RONS exhibit a complex array of e ects on the human body, whether they are produced
in vivo or delivered through plasma treatment. For example, the nitric oxide (NO) radical
plays a crucial role as a cell signalling molecule in the cardiovascular system [84]. NO is also
the main precursor of all reactive nitrogen species in biological systems [85]. The hydroxyl
(OH) radical is highly reactive and readily oxidises proteins and DNA molecules, causing cell
damage and instability in healthy and cancerous tissue alike [86]. Similarly, the peroxynitrite
radical (ONOO-) is a powerful oxidiser that promotes tissue damage [87]. There is evidence
to suggest that this trait is weaponised by the immune system, with macrophages producing
ONOO- as an antimicrobial agent [88]. Hydrogen peroxide (HO) primarily acts as a cell
signalling molecule, mediating immune responses [89]. Depending on its concentration it can
also inhibit the growth of bacterial infections, while at too high a dose it causes damage to
human cells due to oxidative stress [90]. Like BO,, ozone (&) is known to stimulate the
immune system and inactivate microorganisms, although it is toxic in high concentrations
[91]. Additionally, ultraviolet photons emitted by de-excitation processes in the plasma work
synergistically with RONS to inactivate bacteria and biomolecules [92].

Given this range of functionality, it is evident that the plasma chemistry should be tightly

controlled to optimise a plasma for a speci ¢ role.

2.5.4 Applications of plasmas in biomedicine

To date, LTPs have seen success in numerous medical treatments. Possibly the most proli ¢
of these is the sterilisation of medical equipment [93]. In this procedure, the mixture of RONS
and ultraviolet photons generated by a cold plasma is e ective at inactivating microbes on
materials that would otherwise be damaged by thermal sterilisation techniques [94]. Plasma
treatment has been shown to be e ective at eliminating antibiotic-resistant bio Ims at a time
when antimicrobial resistance poses a signi cant threat to healthcare systems around the
globe [95, 96].

Another promising application of LTPs is for the treatment of chronic wounds. Many people
with diabetes or vascular disease su er from chronic ulcers on the legs and feet that will not

naturally heal, and become infected [91]. In addition to the physical and psychological burden
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on the patient, conventional treatments span long periods of time and are costly for healthcare
providers to administer [97]. Direct plasma treatment o ers an alternative approach to wound
healing through a two-fold process of inactivating microbes and stimulating the immune
system. Although the exact mechanisms of plasma-assisted wound healing are a topic of
active investigation, it is generally thought that RONS from the LTP cause oxidative stress
and trigger apoptosis (programmed cell death) in bacteria infecting the wound [98]. At the
same time, it is believed that RONS stimulate the immune system in the area, allowing
the wound to heal [91]. In clinical trials, chronic wounds treated with purpose-built plasma
devices have shown signi cant reductions in both bacterial load and wound size [99, 100].
More recently, LTPs have seen interest as a novel cancer therapeutic [101]. Cancerous tu-
mours can develop when ordinary cells do not undergo apoptosis, and instead begin to mul-
tiply out of control while evading the immune system. Fridman et al found that treating
melanoma skin cancer cells with an LTP triggers apoptosis at low plasma doses, while high
doses of plasma cause immediate cell death [102]. Subsequent studies have once again high-
lighted the importance of plasma-produced RONS in these processes [103]. If a tumour can be
reached by a plasma source, plasma treatment may be a preferable alternative to chemother-
apy or more invasive procedures due to the detrimental side e ects associated with them.
Further details on the roles of LTPs in medicine and the current state of the eld are given

in a comprehensive review by Laroussét al [104].

2.5.5 Atmospheric pressure plasma jets

Low temperature, atmospheric pressure plasmas have a wide range of applications. It is no
surprise, then, that an equally large variety of plasma source con gurations exist to optimise
LTPs for a given role. Though all linked by the slim electrode spacing needed to ignite
discharges at atmospheric pressure, the geometry of the electrodes can vary greatly. Surface
discharges have been used in cases where a large surface area requires plasma treatment, such
as for enhancing seed germination [105] or sterilising food products [106]. In biomedicine,

it is important that LTPs can target a speci c area of a patient in order to minimise the
exposure of healthy tissue to RONS and ultraviolet radiation. Consequentially, biomedical
plasma sources are often designed with millimetre-scale exhausts that form a small plasma
jet [13 16]. Such a device is known as an atmospheric pressure plasma jet (APPJ), and their

design strongly in uences the emergent plasma behaviour.
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Some APPJs cover an electrode with a dielectric material to prevent the formation of a
spark or arc discharge in gas mixtures with poor thermal conductivity [16,68]. The electrode
con guration also in uences the mixture of species that a patient or substrate is exposed
to. Using two APPJ designs, Walsh and Kong demonstrated that electric elds positioned
parallel to the gas ow (linear- eld) promote the transport of charged particles along the
plasma plume for a more active downstream chemistry, while perpendicular electric elds
(cross- eld) con ne charged particles to the plasma channel [107]. This can in uence the
optimal APPJ con guration for a given treatment. Linear- eld APPJs may be preferable if
higher radical and photon uxes are desired, while cross- eld APPJs can restrict exposure to
these species in favour of longer-lived RONS.

Further choices are presented by a plasma source's power scheme. It is common for APPJs
to utilise RF voltage waveforms or nanosecond-pulsed voltages in the kHz MHz frequency
range, although some sources are operated at microwave frequencies on the order of GHz
[32]. Nanosecond-pulsed discharges tend to have a lower gas temperature on time-average
due to the long afterglow period, although the plasma must e ectively be reignited with
each successive pulse. Meanwhile, the continuous voltage applied to RF discharges yields
a plasma that is more homogeneous in time. Microwave-driven discharges o er very high
power coupling e ciencies for applications where minimising power losses is a priority, but
their operation is comparatively more complex than RF or nanosecond-pulsed discharges.
These aspects should be considered when designing an APPJ, a process that may be made
somewhat easier by rst investigating potential plasma source designs with a numerical model.
The following section explores the eld of plasma modelling in greater detail and presents an

overview of a number of popular methods of modelling an LTP.

2.6 Principles of plasma modelling

In many scenarios, it is bene cial to use computational models to simulate the behaviour
of low temperature, atmospheric pressure plasmas [108,109]. Detailed modelling allows key
plasma parameters to be estimated to a good degree of accuracy without the time and expen-
sive equipment required for physical measurements. When paired with experimental data,
plasma models can be a powerful tool for validating results or investigating plasma behaviour

beyond what can be tested experimentally. Modelling atmospheric pressure plasmas can prove
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challenging as they encompass an extensive array of particles, reactions and timescales. This
is illustrated in gure 2.4, adapted from a diagram by Kushner [110]. The timescales of phys-
ical processes can range from picoseconds for electron dynamics to milliseconds for plasma
chemistry, and up to minutes or even days for plasma-treated biological tissue [111]. This
is further complexi ed by the wide variation in the minimum time resolution required for a

model to properly resolve each type of interaction [110].

Figure 2.4: Timescales spanned by di erent plasma processes. The dynamic timescale is
the time taken for a physical process to reach equilibrium, while the integration time step is
the resolution required for the process to be resolved in a numerical model. Adapted from
Kushner [110].

To minimise the processing time of plasma simulations and optimise the output, a balance
must be struck between a model's temporal resolution, reaction chemistry, treatment of par-
ticles and elds, and number of considered spatial dimensions. To this end, many types
of model have been developed to explore the dierent aspects of LTPs. Broadly speak-
ing, modern atmospheric pressure plasma models typically fall under one of four categories:
particle-in-cell [112], uid [113], global [114], or hybrid [110].

Particle-in-cell (PIC) codes stem from early plasma models in the late 1950s and early 1960s
that described plasma behaviour by computing the motion of individual charged patrticles
in an electric eld [115,116]. Over the next twenty years, faster models were developed

by considering the movement of particles grouped in discreet cells [117]. Thus, PIC codes
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were born. While versatile, pure PIC models compute particle trajectories and elds but do
not consider collisional e ects something essential to the behaviour of atmospheric pressure
LTPs [108]. Many modern PIC codes therefore implement probabilistic Monte Carlo collision
(MCC) schemes to compute particle collisions and scattering behaviour [118, 119]. This
combined approach has been shown to o er excellent approximations of LTPs when validated
against physical setups, in addition to providing useful charged particle information [120]. In
general, PIC codes carry a signi cant computational cost. Practical implementation requires
concessions to be made in the accuracy of the model through the chosen grid size, number of
cells, and time step.

Popularised in the late 1980s by their application to reduced-pressure technological plas-
mas [121,122], uid models of LTPs reduce computational complexity by considering plasma
behaviour on a macroscopic scale. This is achieved by taking velocity moments of the Boltz-
mann equation to obtain continuity equations for the conservation of density, energy and
momentum in a plasma [108]. These equations describe key heavy species parameters as
averaged properties of the uid, namely the mean density, mean velocity and mean energy,
o ering faster runtimes than PIC codes at the cost of increased uncertainty [109]. Complex
reaction chemistries must also be simpli ed to minimise the computation time. Consequen-
tially, it has been shown that uid models cannot accurately simulate low pressure, capaci-
tively coupled plasmas due to an inadequate consideration of electron and ion kinetic motion
in low-collisionality environments [120]. Fluid models of atmospheric pressure plasmas, while
highly collisional, may also prove invalid in cases where a Maxwellian EEDF is assumed [123].
Global models of LTPs o er a more streamlined approach to plasma simulations. While uid

or PIC models compute plasma behaviour over time in one, two, or sometimes even three
spatial dimensions, global models are volume-averaged under the assumption of a spatially
uniform plasma. Because of this, the runtime of global models is often no more than a few
hours on a standard desktop PC. In contrast, it is not uncommon for uid models to take
days to complete, or for modern PIC simulations to take weeks to complete on multiple-
core machines. Much like uid models, species densities are calculated from moments of
the Boltzmann equation. However, global models neglect all spatially-dependent terms, thus
producing a simple balance equation where the density of a species is determined by the rates
of relevant chemical reactions and interactions with the vessel walls [114]. Electron and heavy

particle temperatures are obtained in a similar manner. The EEDF is often calculated by
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an integrated Boltzmann solver that processes a two-term approximation of the Boltzmann
equation [124]. Ultimately, dimensional resolution is sacri ced to attain rapid computation
times and the ability to handle substantial chemistry sets. It is for these reasons that global
models are also referred to as OD chemical kinetics models. A powerful tool for exploring
reaction pathways beyond what is feasible experimentally, global models have been operated
with chemistry sets encompassing hundreds or thousands of reactions. To name a few, these
chemistry sets span gas mixtures including dry air [125], He+@[80], He+H,O [126], argon in
humid air [127], and He+O, with N 2, H,O and CO, impurities [82]. In spite of their bene ts,
caution should be exercised when using a global model. The assumption of a uniform plasma,
though often a good approximation, neglects any phenomena that arise from the motion or
distribution of particles. Furthermore, inclusion of incorrect reaction rate coe cients in a
chemistry set may result in an inaccurate representation of LTPs [114]. A global model
is used in chapter 4 to investigate the reaction chemistry of a nanosecond-pulsed He+8
plasma.

Finally, hybrid models combine aspects of multiple plasma models. This is often done with
the intent of reducing computational strain while preserving the accuracy and quantity of
generated information [128]. Alternatively, the constituent parts of a hybrid model may
synergise to generate complementary sets of information about a plasma [110]. The last two
decades have seen a proliferation of hybrid models of atmospheric pressure LTPs that take
advantage of their duality, such as models that pair a uid treatment of heavy particles with

a PIC-MCC scheme for electrons [129], and models that switch between a PIC-MCC and a
uid scheme to describe the voltage pulse and the afterglow phase, respectively [130].
Computational models are an essential part of any plasma physicist's toolkit. However,
these models must be validated against experimental measurements before they can be pre-
sumed accurate. The following section establishes the core principles of experimental plasma
diagnostics, with a focus on optical diagnostic techniques applied to atmospheric pressure

plasmas.

2.7 Principles of optical diagnostics

Experimental measurements can reveal a great deal about the plasma environment. As

shown by the Paschen curves in gure 2.1, millimetre-scale electrode gaps are required to
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sustain atmospheric pressure plasmas at low driving voltages. These small geometries prevent
physical diagnostics, such as the Langmuir probe, from accessing the plasma without also
perturbing it. As such, optical diagnostic techniques are the preferred choice for obtaining
information about atmospheric pressure LTPs. Optical diagnostics can be divided into two
categories: passive and active optical techniques.

Passive optical techniqgues measure light spontaneously emitted by a plasma. They are non-
invasive and do not require the plasma to be interacted with directly. The most simplistic
passive technique, optical emission spectroscopy (OES), uses a spectrograph to record emis-
sion spectra. In a plasma, photons of discreet frequencies are emitted by the spontaneous
decay of excited species. For a species in an excited state decaying to a lower state by tran-
sition t, the intensity |; of radiation emitted from a plasma (in units of W m 3) is given

by [131]

[+ = Athc gny: (2.3)

Here, A; is the Einstein emission probability of the transition, h is the Planck constant, ¢

is the speed of light, ¢ is the central wavenumber of the transition, andn, is the number
density of particles in the upper state. Hence, excited species in a plasma can be identi ed
from intensity peaks in measured emission spectra. Providing a number of assumptions are
valid, OES can also be used to estimate the gas temperature of a plasma by tting a model
to a rotational band of the N2(C B) or OH(A X)) transitions [132]. This technique is used

in chapter 6 to determine the gas temperature in the plasma channel of an APPJ. While
emission measurements are straightforward to perform, species with ground state energies
cannot be measured at all. Moreover, absolute densities cannot be calculated for excited
species without rst implementing an absolute calibration of the system, or by applying a
complex population model that makes assumptions of the distribution of energy levels in the
plasma. Given the challenges associated with both methods, passive techniques are most
often used to measure relative change in a plasma. For example, phase resolved optical
emission spectroscopy (PROES) measures the temporal and spatial evolution of excitation
processes in a plasma at high resolutions, o ering insights into the electron dynamics [133].
Moving on from passive techniques, active techniques expose a plasma to a light source and
use the resulting absorption, uorescence, or scattering of the light to obtain information

about the plasma. The most straightforward active optical technique is absorption spec-
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troscopy, where measurements are performed by recording the intensity of light after it passes
through a plasma. This is compared to the initial light intensity, allowing the absorbance of
the plasma to be calculated with the Beer-Lambert law:

A= In '(() = i )dt (2.4)

lo( )
Here, A¢( ) is the absorbance of transitiont at wavenumber , 1o( ) is the intensity of light
without a plasma, | ( ) is the intensity of light after passing through the plasma, ny is the
number density of absorbing speciek, ( ) is the absorption cross-section of transitiort at
wavenumber , and d is the absorption length of light travelling through the plasma. The
Beer-Lambert law is presented here in terms of the wavenumber,, which is often used in
absorption measurements (especially in the infrared range) to represent the equivalent spec-
tral frequency. Provided the absorption cross-section of a transition is known, the absolute
density of an absorbing species can be calculated from a measured absorption feature.
Many types of light source can be employed in absorption measurements. Narrow-band
tunable lasers, such as dye, diode, or quantum cascade lasers, boast thin spectral line widths
[134]. Tuning through a range of laser frequencies allows absorption spectra to be recorded
with high spectral resolution. A laser is also used in cavity-enhanced absorption techniques,
such as cavity ring-down spectroscopy (CRDS). CRDS is described further in chapter 5, where
it is used to measure the spatial density distribution of hydrogen peroxide in the e uent of
two APPJs. As an alternative to lasers, ultraviolet broadband light sources enable absorption
features to be measured by a spectrograph without frequency tuning [135 137]. A broadband
light source is also used in Fourier transform infrared (FTIR) spectroscopy to rapidly measure
spectra over a wide frequency range, allowing large numbers of transitions to be recorded at
the cost of spectral resolution. Chapter 6 describes this technique in greater detail, where
FTIR is used to obtain ozone density measurements in the far e uent of an APPJ.
Another active optical technique, laser-induced uorescence (LIF), measures the uorescence
from a species when it decays from a higher energy level into a lower energy level after exci-
tation by a laser [138]. Similarly, two-photon absorption LIF (TALIF) is employed for mea-
surements of atomic species when single-photon measurements would require laser frequencies
in the strongly-absorbed vacuum ultraviolet range [139]. LIF and TALIF measure reactive
species densities with higher sensitivity than conventional absorption techniques [140], but

calibration against either Rayleigh scattering or species with similar energy levels is required
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to obtain absolute values.

2.7.1 Line proles

In measured emission and absorption spectra, optical transitions are visible as spectral lines.
The quantisation of energy levels means that each transition originates at a discreet frequency.
However, several mechanisms broaden the spectral width of a line around its origin frequency.
The resulting spectral intensity distribution is called a line pro le, and its shape is dictated
by a convolution of the dominant broadening mechanisms for that transition. The prevalence
of these mechanisms are, in turn, determined by the plasma environment.

Natural broadening arises from the natural lifetime of a particle. The uncertainty in the
lifetime of the state is intrinsically linked to the uncertainty in its energy due to the Heisen-
berg uncertainty principle, causing a broadening of transition frequencies. This is often the
smallest broadening e ect [141]. A similar mechanism is followed by collisional broadening,
which becomes signi cant at atmospheric pressure. High particle collision frequencies reduce
the e ective lifetime of an absorbing or emitting particle, increasing the spectral line width
according to the uncertainty in the energy of the state. Collisional broadening can be sub-
divided into two components: pressure (van der Waals) broadening, which occurs between
two particles that do not share a resonant transition, and resonance broadening, where two
colliding particles share similar energy levels [142]. Pressure broadening tends to dominate
other physical sources of broadening in atmospheric pressure plasmas.

Another source of line broadening arises from the thermal motion of particles relative to an
observer. Compared to a particle at rest, the transition frequencies, and hence the energy
levels, of a particle in motion are Doppler shifted according to its velocity. As such, Doppler
broadening of a spectral line is dependent on the velocity distribution of the absorbing or
emitting species. The in uence of Doppler broadening is often negligible in optical measure-
ments of LTPs due to the low neutral gas temperature, but its contribution to the line shape
must be accounted for at higher temperatures [142]. The energy levels of a particle can also
be shifted by the transient electric elds of charged particles due to the Stark e ect, caus-
ing Stark broadening. Compared to other line broadening mechanisms, Stark broadening is
insigni cant in atmospheric pressure LTPs on account of the high neutral density and low
ionisation fraction [143]. If the electron density of a plasma is su ciently high, though, mea-

surements of the electron density can be obtained from argon or hydrogen Balmer emission
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lines by deconvolving the Stark broadening contribution [81, 143].

The in uence of the detector must also be considered, as spectral lines are further broadened
by the measurement instrument. If the instrumental line width is larger than the spectral
line width, assessing the in uence of other broadening mechanisms becomes di cult due to
large uncertainties in the deconvolution process [142].

Overall, line broadening produces a continuous intensity or absorbance distribution in mea-
sured spectra, despite transition frequencies being quantised. When using the Beer-Lambert
law to calculate the density of an atom or molecule from an absorption feature, this dis-
tribution is accounted for by relating the absorption cross-section of a transition to its line

strength, S; and the line shape function,f (; ¢):

A( )= nk «()d=neSf(; v)d: (2.5)

Line strengths and transition frequencies for di erent species can be accessed in data reposi-
tories such as the HITRAN database [144], while the line shape function is unique to each set
of conditions and contains the contributions from all relevant line broadening mechanisms.

Contributions from natural, pressure, or Stark broadening are Lorentzian in shape

1 L

fL(; o= *W3 (2.6)

Here, _ is the Lorentzian half width at half maximum (HWHM), or the broadening coef-
cient. Doppler broadening, and instrumental broadening in many conventional spectrome-
ters [141], takes the form of a Gaussian distribution

S
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where ¢ is the Gaussian HWHM. If multiple mechanisms contribute signi cantly to a mea-
sured line pro le, the line shape function can be described by convolving the Lorentzian and
Gaussian components into a Voigt pro le [142].

Additional information about active and passive optical techniques, line pro les, and previous
applications of optical diagnostic methods to atmospheric pressure plasmas can be found in

the following works [134,142,145].



Chapter 3

Plasma sources

The following chapter details the four plasma sources investigated in this work, including

design speci cations and their development history.

3.1 COST Reference Microplasma Jet (COST-Jet)

The COST Reference Microplasma Jet (abbreviated to COST-Jet) is a capacitively-coupled
atmospheric pressure plasma source developed through a collaboration under the European
COST action MP1011 [146]. The COST-Jet was created to act as a reference standard
and make the comparison of experimental data more accessible between di erent research
groups [15]. The COST-Jet has also been investigated for direct applications [147], including
industrial etching [148], surface modi cation [149], CQ conversion [150], treating cancerous
biological material [151], bacterial sterilisation [152], and biocatalysis [153]. A full speci ca-
tion of the COST-Jet is given by Golda et al in [15], and a schematic is presented in gure

3.1.

Figure 3.1: Schematic of the COST-Jet.

42
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To summarise, the COST-Jet utilises two parallel-plate stainless steel electrodes, each with
a length of 30 mm and a width of 1 mm. One electrode is powered, the other grounded. The
outside of the electrodes broadens into wings to connect a power supply, grounding wire, and
current and voltage probes. The electrodes are separated by a 1 mm gap through which the
feed gas ows, forming a di use glow discharge when RF power is supplied [66]. The direction
of gas ow is perpendicular to the electric eld, which con nes charged patrticles to the active
plasma region. The dimensions of the plasma channel are 30 mm 1 mm 1 mm. The
electrodes and plasma channel are vacuum sealed between two quartz panes with a gap at
the nozzle for the plasma e uent, with the quartz panes protecting the plasma channel from
the outside environment while retaining a clear line of sight for optical diagnostics [154]. The
simplistic geometry of the plasma channel makes the COST-Jet and its analogues ideal for the
benchmarking of computational plasma models, with a variety having been developed that
describe aspects of the COST-Jet plasma environment [155 157]. The COST-Jet is most
easily operated with a helium carrier gas, although it can sustain an argon plasma under
speci ¢ conditions [78]. Goldaet al's COST-Jet speci cation includes a housing, attached to
the wings of the electrode assembly, that contains an internal tuning capacitor with dedicated
current and voltage probe connectors. These components are not utilised in the present work,

and the source is instead impedance matched externally.

3.2 Sealed atmospheric pressure plasma jet (S-APPJ)

The sealed atmospheric pressure plasma jet (S-APPJ) is a capacitively-coupled, RF plasma

source rst described by Dedricket al. A schematic of the device is shown in gure 3.2.

Figure 3.2: Schematic of the S-APPJ.

The plane-parallel stainless steel electrode assembly is designed to be similar to that of the
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COST-Jet [15] and its precursor, the APPJ [55]. The electrode gap of 1 mm is the same,
the length of 24 mm comparable, but the width of 8.6 mm much larger than the original

1 mm. This design o ers a longer absorption beam path for previous measurements of atomic
oxygen [136] and nitrogen [158] ground state densities by vacuum ultraviolet spectroscopy
at the DESIRS beamline of the SOLEIL synchrotron facility [159]. As such, the S-APPJ
has a smaller surface-area-to-volume ratio and an appreciably larger plasma volume than the
COST-Jet and the APPJ. The electrodes are sealed between two circular MgFwindows.
The grounded electrode also forms the housing of the plasma source. The gas outlet of the

device is sealed to allow isolated measurements of the plasma e uent.

3.3 kINPen-sci

The term "kINPen' refers to a family of DBD-like plasma jet devices developed by the Leibniz
Institute for Plasma Science and Technology (INP) in Greifswald, Germany. The kINPen is
the rst device of its kind to be CE-certi ed and made commercially available for medical
use [16,160]. Consequently, the KINPen has proven useful for many biomedical applications,
including the inactivation of bacteria [161], fungi [162] and pathogenic mites [163], the treat-
ment of chronic wounds [164], and as a novel cancer therapeutic [165]. In addition to its
uses in medicine, the KINPen has been investigated for roles in food safety [166] and surface
modi cation [167]. The kINPen-sci, a version of the kKINPen developed purely for research, is
used in the present work [16,168]. A schematic of the kINPen-sci is given in gure 3.3, and

a detailed review and speci cation is presented by Reuteget al [16].

Figure 3.3: Schematic of the kINPen-sci.

The kINPen-sci plasma jet is a DBD-like, non-thermal plasma source that consists of a pow-
ered pin-type electrode inside a dielectric capillary, with the end of this capillary surrounded

by a grounded electrode ring. The feed gas is introduced via the capillary, which has an inner
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diameter of 1.6 mm. The KINPen-sci may be operated with an argon or helium carrier gas,
both of which generate a lamentary discharge when the plasma is ignited [40,169]. The
active plasma region visibly extends for a few millimetres past the nozzle exit. A shielding
device has been developed that attaches to the head of the kINPen-sci and surrounds the
active plasma region with a gas curtain to reduce the in uence of ambient species [170]. The
shielding device is not utilised in the present work so as to better investigate the case of
an unrestricted plasma e uent. The kINPen-sci includes a purpose-built power supply with
automatic impedance matching and ports for current and voltage probes, in addition to a

dial on the power supply unit that controls the applied voltage [16].

3.4 Pin-to-pin plasma source

The pin-to-pin plasma source was designed for fundamental studies of the plasma chemistry,
rather than for applied use. Diverging from the previous three source designs, the pin-to-pin
plasma source does not produce a plasma jet. Instead, a lamentary discharge is formed
between two pin-type electrodes in a vessel much larger than the plasma volume itself. A
transparent front cover and ports on the vessel walls provide ideal conditions for studying
atmospheric pressure plasma chemistry within the active plasma region. A schematic is shown

in gure 3.4.

Figure 3.4: Schematic of the pin-to-pin plasma source.

This device was rst described by Brissetet al [81]. To summarise, the source is a nanosecond-

pulsed, pin-to-pin discharge housed in a 67 mm cubic vessel. The vessel has a volume of
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0.3 L. The pin-type electrodes are made of stainless steel. They are conical in shape with
a parabolic tip, with an approximate radius of curvature of 500 um. They are xed at a
separation of 3 mm. The plasma produced between them has a radius of roughly 1 mm. DC
power is supplied through high negative voltage, hanosecond-timescale pulses that trigger the
breakdown of gas between the electrodes. The pin-to-pin discharge is sustained by higher
peak voltages (typically a few kilovolts) than continuous plasma sources due to the short
pulse duration.

Brisset et al previously used the pin-to-pin plasma source to study the e ect of feed gas
humidity on electron dynamics and streamer propagation, with a global model used to de-
termine dominant electron production reactions [81]. The pin-to-pin plasma source was used
again by Brissetet al in a subsequent work, in which the spatio-temporal evolution of O and
H radicals in a He+H,O plasma was investigated using picosecond two-photon absorption

laser induced uorescence (ps-TALIF) and a complementary 1D uid model [171].



Chapter 4

The in uence of pulse repetition
frequency on the plasma chemistry of
a nanosecond-pulsed discharge in

He+H 50

The following investigation has been published in

the Journal of Applied Physics [172].

4.1 Motivation

LTPs can generate a wide array of RONS. As the ideal mixture of RONS varies by applica-
tion, it is essential that methods of control are explored so that the plasma chemistry may be
nely tuned for a given purpose. There are many ways to modify the chemistry of LTPs. One

of the more simplistic approaches is to vary the reactive admixture concentration; though

e ective, this necessitates mechanical changes to the system which may not always be prac-
tical. Another highly e ective approach is to alter the time-averaged power supplied to the
plasma by increasing the amplitude of the driving voltage pulse or waveform. While straight-
forward, in some cases the strong gas temperature scaling may also cause issues. Moreover,
this method provides only limited control over selective species production. For discharges

operated with pulsed power schemes, the number of pulses per second can be modi ed while

47
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the pulse itself is left unchanged. This parameter, the pulse repetition frequency, presents a
seemingly straightforward way of tuning the plasma chemistry. This is due in part to the pa-
rameter being altered by purely electrical means. The lack of mechanical action reduces the
risk of component wear over time, while also allowing the plasma chemistry to be modi ed at

a rate restricted only by the e uent transit time. Previous studies have investigated the use

of pulse repetition frequency as a control parameter for pulsed-power atmospheric pressure
plasmas. The in uence of pulse repetition frequency on discharge behaviour [173,174] and
electron parameters [175,176] in dielectric barrier discharges has been reported, in addition
to its e ects on e ciency and selectivity in the conversion of methane and CO; [177]. It has
also been demonstrated that the repetition frequency of He+@ plasmas can be altered to
improve their e ectiveness in biomedical roles, such as for triggering apoptosis in cancerous
cells [178] or for treating tissue beneath a thin layer of liquid [179].

When considering pulsed plasma sources, operation with nanosecond-scale pulses can e -
ciently generate energetic electrons, driving an active plasma chemistry while also suppressing
excessive gas heating due to the long afterglow period relative to the pulse [180]. Fundamen-
tal studies have been conducted that investigate the in uence of pulse repetition frequency on
atmospheric pressure, nanosecond-pulsed plasmas for a number of gas compositions, includ-
ing helium [181], air [182], Ar+CH, [180], Ne+Ar [183], Hy+air [184], and CHg+air [185].
However, the in uence of pulse repetition frequency on RONS production, and the overall
plasma chemistry, in the bulk of a He+H,O plasma has not yet been studied in detail. Devel-
oping a power supply capable of covering a large range of pulse repetition frequencies while
maintaining a constant high-voltage pulse would be a signi cant undertaking, both complex
and time-consuming. It is therefore practical to undertake an initial modelling investigation

to explore this parameter space so that the results may inform further studies on the e ect
of the pulse repetition frequency. This chapter presents a model study in which the pulse
repetition frequency of a He+H,O plasma is varied so as to characterise its e ect on RONS

production across the power cycle.
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4.2 Methods

421 GlobalKin

A global numerical model, GlobalKin, is utilised in this work. This is primarily due to its
ability to handle the extensive reaction chemistries generated from He+hHO gas mixtures.
Moreover, the spatial pro le of the investigated discharge is relatively homogeneous, allowing
plasma properties to be well approximated without a comprehensive treatment of spatial
dimensions. GlobalKin is a plasma-chemical kinetics model developed by Kushner and as-
sociates, and described in detail in [186]. It is a zero-dimensional model that computes
plasma processes iteratively with user-de ned time steps in order to simulate the evolution
of a plasma in time. Alternatively, combining the time dimension with a gas ow rate may
be used to run pseudo-one-dimensional simulations, although this is only an approximation.
GlobalKin requires a detailed set of input les. This includes a le listing initial plasma
parameters such as the gas temperature, ow rate, power pro le, and starting fractions of
species in the feed gas. Another must be a chemistry set containing a list of all species present
in the plasma, the possible reactions between them, and the relevant reaction rate equations.
With these inputs, GlobalKin models the evolution of a plasma through the interplay of three
distinct modules. These are the chemistry and transport module, the ordinary di erential
equation (ODE) solver, and the Boltzmann solver. An overall schematic of the interactions
betweenGlobalKin's core modules is illustrated in gure 4.1, with explanations o ered below.
For each iterative time step, the chemistry and transport module constructs an ODE for the
density of each species included in the model, describing their rate of change with respect to

time. These density ODEs t the form

( ) 0 :
dny X o Y & s Dimi X Dy fji A
w° & ak n +00@ T ﬁA’ @
i I Vihii J ) Vih;j

wheren is the number density of species. The rst term describes the gas phase chemistry,
where aﬁ* is the stoichiometric coe cient of speciesi in reaction j on the right-hand side
of the reaction and ai'Jv is the stoichiometric coe cient on the left-hand side. The bracketed
term is, therefore, the di erence between these coe cients, giving the change in speciesper

. . . . . ak .
reaction. kj is the rate coe cient of reaction j, and n, I accommodates for the reaction

[
partners. The second term quanti es the gain and loss of particles due to collisions with the
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vessel wall, where? is the surface area to volume ratio of the plasmap is the di usion
coe cient, is the sticking coe cient of a heavy particle colliding with the reactor wall,
is the di usion length, v, is the thermal velocity of the particle, and f is the return fraction

of a species from the walls.

Figure 4.1: The connections betweerlobalKin's core modules. Further detail given in text.

The chemistry and transport module also constructs ODEs to describe the rate of change in
the electron and gas temperatures. The electron temperature ODE is given as

d 3 X 3 2m X

gt EnekBTe = Pe | éne mi Wf kg (Te Ti)+ | neking ; 4.2)
where ng is the electron density, kg is the Boltzmann constant, Te and T; are the electron
and neutral gas temperatures,Pe is the power supplied to the electrons at timet, , is
the momentum transfer collision frequency,me and M; are the electron and heavy particle
masses,k; is the rate coe cient of reaction |, n; is the density of the collision partner in
reaction|, and | is the change in electron energy due to the collision. These are arranged

such that the left-hand side of the equation describes the rate of change in the total kinetic
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energy of the electrons. The rst term on the right-hand side gives the rate of electron energy
gain through power deposition. The second and third terms describe the energy exchange
through elastic and inelastic collisions, respectively, with heavy particles. In this work, the
gas temperature is estimated using a simpli ed form of the equation used by Lietet al [186].
The gas temperature,Tg is calculated by considering the balance of the power deposition and

conductive heat losses,

& ONgGTy =Pn (g Tw) @3
whereNg, ¢, and are the gas mixture's total density, speci ¢ heat and thermal conductivity,
respectively. Py, is the power deposited into the plasma at timet, and T,, is the temperature
of the bounding surfaces. Equations 4.1, 4.2 and 4.3 are passed to the ODE solver, which
solves for the relevant parameters and passes them back to the chemistry and transport
module for the next iteration.

As described by Sta ord and Kushner in [187], the Boltzmann solver is responsible for calcu-
lating electric eld parameters. This module is called less frequently than the others to save
processing power, as very small changes in the EEDF should have minimal impact on the
overall plasma chemistry. When invoked, the Boltzmann solver obtains the EEDF through
iterative solution of the two-term expansion of the Boltzmann equation [188]. The module
then creates tables of electron parameters, namely energies, transport coe cients and rate
constants, for a pre-determined range of reduced electric eldE=Ng) values. The average
electron energy at a given time is found through integration of equation 4.2, with the electron
parameters and reduced electric eld at this energy deduced by interpolating the tabulated
data. These parameters are then passed to the chemistry and transport module, updating
them for the next iteration.

PumpKin, a software package developed by Markosyagt al, is used to streamline the reaction
pathway data generated by GlobalKin. The reaction kinetics of LTPs can be incredibly
complex, and some reaction pathways involve numerous intermediary stages with very short
lifetimes and negligible impact on the surrounding chemistry. Outputs pertaining to these
unimportant reactions are reduced byPumpKin to improve the e ciency of the model. By
considering the branching reaction pathways of a single short-lived species, pathways that
combine to yield no net change are neglected in the output, as are pathways with low reaction

rates. Furthermore, short-lived intermediary stages are decomposed in favour of the overall
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simpli ed pathway.

4.2.2 He+H ,0+0 , chemistry set

In this work, computational modelling of humidi ed helium plasmas is performed using a
reaction chemistry set collated in Brissetet al [137]. Compatible with GlobalKin, it comprises
46 species and 576 reactions covering He»8, and O, gas mixtures. Table 4.1 lists the

included species, while the full reaction set can be found in appendix A.

Table 4.1: The 46 species included in the He+kO+O , chemistry set.

Neutral Positive Negative
He He, He@3S), Hey* He*, Hej
o) 0, 0(*D), O('s), 0,, ©O*,0;,0%,0; 0O ,0,,0;,0,
Oz(al ), Oz(b* ), O3
H H, H» H
OH OH, HO2, H>0, H20, OH*, O3 (H20), OH , H20,,
H* (H20)n=1 o, OH (H20)n=1 3
H20* (H20)n=01
Other e

The He+H,0+0O , chemistry set is largely built upon the He+H,O chemistry presented by
Schroter et al [136], with the addition of O-based ions and adjustments to certain reaction
rate coe cients based on He+O, chemistries given in [80, 135, 189]. As noted by Brisset
et al, the model does not include a full treatment of photons stemming from ro-vibrational
transitions [81]. Energy loss through radiative emission in electron - heavy particle collisions is
accounted for, although radiation absorption mechanisms that redistribute the energy among
excited states are not considered. E orts to model HO-containing LTPs with a dedicated
photon treatment have revealed that around 22% of the total electron energy is lost to ro-
vibrational excitation [190], and that increasing the concentration of HO admixture enhances
the rate of excitation, reducing the electron energy and causing a drop in H, O and OH radical
densities at high H,O concentrations [191,192]. Nonetheless, the in uence of ro-vibrational
transitions is expected to be minimal under both the conditions investigated in this work

and those investigated previously by Brissetet al. The chemistry set has been validated
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against experimental measurements of O and OH densities [137] and time-resolved electron

densities [81], and has proven to yield accurate results.

4.2.3 Model parameters

Despite being a spatially averaged modeilGlobalKin requires geometric inputs, in the forms

of the surface-area-to-volume ratio and radius of the plasma, in order to accurately account
for surface losses. As such, the dimensions used in this model are matched to the pin-to-pin
plasma source (see chapter 3.4). Assuming the discharge to be approximately cylindrical,
the initial plasma volume is 9.42 10 2 cm®. The volume of the vessel is 300 cfand the
plasma is generated at its centre, meaning interactions with the plasma and vessel walls are
negligible and the surface area of the vessel is ignored in the model. The surface area in
contact with the plasma is instead set to 0.0524 crf the approximate area of the electrodes
that bulk plasma emission extends across. A helium feed gas with a 0.25% water vapour
admixture, equivalent to 2500 parts-per-million by volume, is supplied to the vessel.

The width and amplitude of the nanosecond-pulsed power pro le are based on current and
voltage measurements of the physical setup, with a typical pulse shown in gure 4.2. The
scheme utilises a negative voltage pulse with an amplitude of 2.5 kV, a rise time of 3 ns
and a duration of roughly 80 ns. LTPs generated in this manner have been observed to be
reasonably homogeneous along the discharge channel [81]. Itis therefore expected that the OD
global model described above will provide a good approximation of the plasma chemistry. The
current and voltage signals are multiplied together to nd the power supplied to the plasma
over time, before being simpli ed slightly to streamline the model input. The experimentally
measured pulse and its approximation are also shown in gure 4.2. The power deposition
used in the model is O outside the width of the simplied prole. The duration of power
deposition is 89 ns per cycle, with a rise time to peak of 67 ns. The pulse amplitude and
duration are kept constant for all repetition frequencies. As such, by altering the pulse
repetition frequency the afterglow is the phase of the cycle that is modi ed. The use of this
pulse scheme produces model electron densities comparable to experimental measurements

presented in [81].
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Figure 4.2: (a) Characteristic current and voltage signals supplied by a nanosecond-pulsed
negative voltage generator, and (b) an experimental power pro le overlaid with a simpli ed
version used in the model.

The pulse repetition frequency is varied in the range of 1 100 kHz. Across this frequency
range, the pulse width is signi cantly shorter than the overall cycle time. In addition to this,
the plasma chemistry during and shortly after the pulse is driven by electron interactions
occurring on very short timescales, whereas the late stage of the cycle is dominated by heavy
particle interactions on comparatively longer timescales. Consequently, the time steps used
in the model must allow the plasma chemistry in the pulse to be captured in high resolution,
while using longer time steps in the afterglow phase to relax computational demand and
produce a more e cient output. This is achieved by setting each subsequent time step to
increase by a constant factor determined by the given repetition frequency. The time step
then resets with the following cycle.

To examine the plasma chemistry in steady-state conditions, simulations are run until the
plasma reaches an equilibrium. Electrons and radicals tend to equilibrate within a short
number of cycles, while Q and H,O, take a greater number of cycles to equilibrate due
to being tertiary reaction products. Increasing the pulse repetition frequency increases the
number of cycles needed before steady-state is achieved. The change in gas temperature and
the densities of OH and HO, as a function of completed cycles is shown in 4.3. Given the

presented timescales, data is analysed after a minimum of 300 cycles.
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