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Chapter 1

Introduction

1.1 Atmospheric pressure plasmas

The plasma state of matter is a gas that (partially) consists of free charge
carriers, i.e. ions and electrons. These free charges make the plasma elec-
trically conductive and strongly responsive to electromagnetic fields and
surfaces. This state is normally unstable under the conditions here in the
Earth’s troposphere where we live (e.g. temperature and pressure). Nev-
ertheless, there are a few examples of naturally occurring plasmas such as
lightning, flames and the northern light (Aurora Borealis). Indeed, energy
has to be fed to the plasma in order to sustain it. If the energy source is
removed, the ions and electrons will recombine and the plasma will quench
in a timescale of nanoseconds up to milliseconds, depending on the condi-
tions.

Thus, plasmas can be created artificially and this is often done by applying
an electric field (by means of a powered electrode) in order to accelerate
the charge carriers which then gain energy. Moreover, through collisions
they form new charged particles and in the cascade that follows a plasma
is formed. Depending on the background gas, this plasma also consists of
excited atoms and molecules, dissociation products, radicals and photons.
This unique feature opens the door to a large variety of useful applications.
Among the best known are light bulbs, plasma displays and fusion reactors.
There are many different types of artificial plasmas and an important dis-
tinction has to be made regarding the thermodynamic equilibrium within
plasmas. When all plasma species have a similar temperature, the term
LTE or ‘Local Thermodynamic Equilibrium’ is being used. In this case
high temperatures of several thousand Kelvin (or even up to millions of
Kelvin) are achieved and the plasma is called ‘hot’ or ‘thermal’. Obviously,
this yields very high ionisation degrees or even a fully ionized gas.
However, it is also possible to establish a non-LTE regime where only elec-
trons are highly energetic and the gas is not heated more than a few hundred
Kelvin. For example when the electric field is created by applying a radio
frequent AC voltage to the electrodes, the electrons will easily be accelerated
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due to their small mass but the ions, having a much higher mass, cannot
keep up with the quickly alternating field, and remain almost motionless.
The energy is then transferred to the heavy particles mainly by elastic col-
lisions. However, the amount of energy that is transferred in a collision
between electrons and heavy particles is small, because of the high mass
ratio (like a ping-pong ball rapidly hitting a wall). As a result, the electron
temperature stays much higher than the heavy particle temperature, or gas
temperature. Moreover, the ionization degree stays low and the densities
of the neutral species are much higher than of the charged species, causing
the neutral chemistry to be extremely important.

The non-LTE regime can easily be maintained at low pressure since the
number of collisions is small but at higher pressures (such as atmospheric
pressure) the total energy transfer eventually might become significant. In-
deed, the minimum electric field to achieve breakdown at atmospheric pres-
sure is typically quite large and to prevent that the plasma becomes unstable
and uncontrollable after the discharge is ignited, several techniques can be
utilized:

e By covering the electrode(s) with a dielectric material (electrical in-
sulator), charges from the plasma can accumulate on this surface and
create a counteracting electric field. The net electric field therefore
becomes lower again and the electrons are accelerated less. Because of
this charge accumulation, it is not possible to sustain the plasma by a
DC voltage but an AC voltage is required. This type of self-controlled
plasma source is called a dielectric barrier discharge (DBD). The dis-
charge can be either diffuse (homogeneous) or filamentary depending
on the conditions (electrode geometry, operating gas, dielectric mate-
rial, etc.)

e Another way is by miniaturization, the so-called ‘micro plasmas’. Mi-
cro plasmas are discharges with sizes in the order of micrometre up
to millimetre. Due to the high surface to volume ratio, the energy
losses of the plasma species to the surrounding are relatively large
(compared to the energy gain within the volume).

e Transition to LTE can also be prevented by ‘pulsed plasmas’. In these
plasma sources the electrons are only accelerated for a short time. In
this way the discharge (partially) recombines during the off-period,
before a transition can occur.
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e Finally, it is possible not to keep the gas confined within the space
where the power is deposited. By introducing a flow through the
device, the plasma species are simply blown out into the surroundings
or towards a target. Therefore, this technique also has the advantage
that new applications become possible as the plasma treatment does
not necessarily have to occur within the plasma device itself. Note
that all ‘plasma jets’, like those described in this thesis, make use of
this technique.

It is important to mention that these methods can also be combined. In-
deed, all of them have been utilized in the construction of many different
types of low temperature atmospheric pressure plasma jets, especially in
the field of biomedical applications, which is the subject of this thesis. Note
that low temperature in this context means not more that a few hundred
Kelvin and even close to room temperature for therapeutic applications.
The presence of molecular gases like oxygen, water and nitrogen in the
plasma (directly in the feed gas and/or by mixing with ambient air when
the discharge is blown out of the device) yields small amounts of biologi-
cally active species, from short— (ns) to long— (s) lived, most of them are
also naturally present in human systems and their biochemical pathways.
Besides the charged and neutral species, other plasma agents like electro-
magnetic fields and (V)UV also interact with the object that needs to be
treated. This diversity creates a synergistic effect that cannot be achieved
by these components individually.

1.2 Plasma jet devices

1.2.1 Plasma jets reported in literature

Various types of plasma jets with different configurations have been re-
ported |2-16] (and references below), where most of the jets are working
with noble gas (helium or argon) mixed with a small percentage of reactive
gases, such as oxygen, water or air. In fact, this variety of configurations
is one of the major problems in the field; each setup has its own advan-
tages and disadvantages and the slightest difference can have a considerable
influence on the plasma chemistry, as will be demonstrated further in this
work. As a result, it is very difficult to compare the different experiments
performed all over the world and this prevents even faster developments in
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Figure 1.1: Schematics of different plasma jet designs, figures are adopted from
(1.

the field.

Especially the electrode setup can be very different, the powered electrode
can be either ring-shaped like in figure[I.1[(a) — placed around the dielectric
tube, which guides the gas flow — or it can be a coaxially placed electrode
within the tube like in figure[L.I(b). In the latter case, this electrode can be
either a solid pin or a hollow needle (possibly even with a secondary gas feed
through its core, besides the gas feed through the dielectric tube). In some
cases the powered electrode itself is also covered by a dielectric material.
Note that the sharp tip of a needle electrode offers the advantage that it
enhances the electric field locally.

Some jets are constructed just with this powered electrode (figure [L.1c)),
but most also feature a grounded ring electrode around the dielectric tube
(figures [L.I(a){L.1(b)) or as a plate in front of the tube exit (positioned
perpendicular) with a hole through which the plasma can propagate (see
section below).

Still, when a plasma is to be launched in open space beyond the electrodes
where the applied electric field is normally quite low, it is extremely difficult
to sustain the plasma. The length of the active plasma region where the
density of free charges is still significant is typically about 0.5 to 2 centime-
tre. However, this distance can be extended by at least half a meter by
using flexible catheter-like silicon or polyimide capillaries, making it suit-

4
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able for endoscopic purposes, e.g. the plasma gun [17]. Nevertheless, after
the plasma propagates through the capillary and it enters the ambient air,
the plasma extinguishes at least as fast as without the capillary.

Figure 1.2: Sketch (a) and photo (b) of the X—jet, adopted from [22].

Figure 1.3: Sketch (left) and photo (right) of the plasma pencil, adopted from [23].

Two other important plasma jets have a remarkably different setup, i.e.
the pAPPJ developed by Schultz-von-der-Gathen and co-workers [18] and
the plasma pencil developed by Laroussi and co-workers [19]. The first is
designed with two parallel metal plates which act as the electrodes and
is primarily developed to easily enable optical diagnostic measurements in
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between the electrodes. Furthermore, this group continued with the devel-
opment of the pAPPJ by constructing the X-Jet (see figure([1.2]) which allows
the separation of the different plasma components (UV, charged particles
and neutrals) [20]. Note that the pAPPJ setup is currently being adapted
and tested to act as a benchmark plasma jet device in the framework of the
COST Action MP1101 on Bioplasma [21]. This is an important initiative,
since it is not likely that all the different research groups will give up their
own devices and the associated diagnostics, however, currently they cannot
be compared properly.

The plasma jet developed by Laroussi (see figure has one of the largest
discharge volumes, i.e. in the cubic centimetre range. The discharge devel-
ops within a cylindrical region, created by two glass disks inserted in a glass
tube with the same diameter. By varying the distance between the disks,
the discharge gap and volume can be reduced or enlarged. A thin copper
ring is attached to the surface of each of the disks and connected to the
power supply. Furthermore, both disks are perforated in order to create a
flow through these millimetre-sized holes. This yields a plasma jet which is
very long (up to 5 cm). Finally, this nanosecond pulsed device is especially
important because the phenomenon of ‘plasma-bullets’ (see below) was first
reported for this device [24].

The plasma needle developed by Stoffels et al [26] (see figure was one
of the first devices used for plasma medicine applications. It is part of a
category of jets where the dielectric material is only present to guide the gas
flow (figure [L.1|(c)) or it is simply not present at all (figure [1.1[d)). In the
latter design, the gas is fed through a hollow needle that is connected to the
power supply in order to create a discharge at the needle tip |27]. Note that
this extremely compact hollow needle device is ideally suited to operate in
very narrow spaces such as the root canal of a tooth. A variant on this
hollow needle device enveloped by an insulating capillary also exists [28§].
When bringing a biological sample in close proximity to these needle type
jets, a discharge develops between them, since the sample acts as a addi-
tional electrode and affects the electric circuit and the electric field orien-
tation. In fact, because of this characteristic, significant currents might go
trough the sample and the devices should be used with caution. In order
to overcome this problem, a resistor and capacitor are placed between the
power supply and the electrode for controlling the discharge current and
voltage on the electrode.

In this context, a distinction can be made between direct and indirect
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Figure 1.4: Sketch (left) and photo (right) of the plasma needle, adopted from
[23].

plasma treatments. When the target is very close to or in contact with
the plasma jet a conductive current over the sample can arise, the electric
field on the sample might be considerable (electroporation [29]) and ions are
not yet recombined, so a significant charged particle flux towards the sample
is possible. However, when only the neutral, long living species are impor-
tant for the application, it might be better to employ indirect treatment,
e.g. by keeping the distance between the device and the target sufficiently
large.

An important disadvantage of plasma jets is that the surface area of the
treatment is relatively small, considering that wounds eligible for plasma
treatment might be as large as several squared centimetre. Obviously, this
could be solved by moving the jet along the treatment area, but this pro-
cedure is quite slow. Instead, several jets could be used in parallel, i.e. the
so-called 1D or 2D jet-arrays, which are for example experimentally studied
by Kong et al [30,31]. However, the interaction between the individual jets
is very complex and not well studied yet. Some modelling efforts on this
topic were performed by Kushner and co-workers [32].

In almost all jets categorized above, power is delivered in a variety of ways:
AC (kHz-MHz) and DC, both possibly nanosecond pulsed. In some cases
microwaves are being used, e.g. [4,[33,34]. Note that the microwave driven
plasma device of [34] is an atypical plasma jet, as the surface area of the
torch is in the order of centimetres in order to cover the surface of wounds
entirely (see figure . To this end, the device is composed of a aluminium
cylinder with an inner diameter of 4 mm and contains multiple electrodes.
Typical voltage amplitudes are between a few hundred volts and several
kilovolts. This operating parameter highly depends on the electrode setup
and operating gas, which determine the breakdown voltage, but also on the

7
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Figure 1.5: Photo of the MicroPlaster device (ADTEC Plasma Technology Co.
Ltd., Hiroshima/London).

desired plume length, the gas temperature and the plasma intensity, which
are required for the different applications (see below). Indeed, sterilization
requires for example very large amounts of reactive species, in contrast to
‘soft’ therapeutic applications such as wound healing or cancer treatment.
The typical flow speeds that are being used vary from 0.5 to 10 L/min.
Note that the resulting flow velocity on the sample should not be too high.
Indeed, ez-vivo studies report that (even without plasma) desiccation can
be achieved since the protecting media is blown away at the point of con-
tact [35].

Additionally, the flow regime is an issue that is drawing a lot of attention
recently. Normally, it can be assessed relatively easily from the Reynolds
number whether a flow is turbulent or laminar [36,37]. However, it appears
that the electric field applied by the electrodes and the presence of charged
plasma species in the jet, result in electrostatic forces that have a consider-
able influence on the transition point. Obviously, the mixing of ambient gas
with the jet is much higher for a turbulent jet and might therefore result in
a different chemical cocktail arriving at the sample.

1.2.2 Plasma jets studied in this work

Many of the setups mentioned above are operated with helium as back-
ground gas. However, in this work we focus on RF driven argon sources.
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Figure 1.6: Photograph of the different RF driven plasma jets, operated in argon,
that are studied in this work: (a) Eindhoven jet with grounded ring electrode,
(b) Eindhoven jet with perforated grounded plate electrode in front of the nozzle
and (c) the commercial kinpen device including its gas curtain. For all these jets,
power is delivered by means of a powered pin electrode coaxially inserted inside
the dielectric tube. Note that the scale is not the same for these three pictures;
the plasma jet diameter is in all three cases approximately 2 mm.

We evaluated both the non-commercial version developed at the Univer-
sity of Technology in Eindhoven by Bruggeman and co—workers [38-42] (see
figure [1.6|(a) and (b), chapters and the commercially available kinpen
(neoplas GmbH, Germany) [43,/44] (see figure [1.6{c), chapter [6]). Note that
all three jets are variations on the schematic in figure [1.1[(b) above. For the
plasma jet depicted in figure|1.6{(b), the grounded ring electrode around the
dielectric tube is replaced by a grounded metal plate in front of the nozzle.
A hole in this electrode assures that the plasma jet can freely propagate.
This modification yields an electric field that is more in line with the flow
direction. Further specifications will be given in the next chapters.

The kinpen device, on the other hand, offers the unique feature that it can
be operated with a gas curtain of ‘shield gas’ (i.e., dry air), which yields
control over the atmosphere around the active plasma effluent zone. This
allows excluding the influence of laboratory conditions (e.g. air humidity)
and to have better control on the efluent chemistry. Note that compre-
hensive pre-clinical and first clinical studies have been performed with this
device, both in—vivo and in—vitro, and CE certification has been granted.
There are several reasons why it can be interesting to use argon and not
helium. For example, it has been shown for the pulsed and continuous RF
plasma jet, operated in argon, that the power density in plasma is larger
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(for the same total deposited power), as well as the UV-flux and electron
density [39]. Furthermore, the argon plasma jet is the longest and the most
contracted, whereas helium plasma jets are usually more diffuse. This all
results in a different chemical cocktail and these properties can thus be
exploited in terms of the biomedical application. Finally, argon might be
more interesting in terms of commercial applications, simply because it is
significantly cheaper than helium.

1.2.3 Plasma bullet phenomenon

Figure 1.7: Simulation (a) and photograph (b) of a plasma bullet by Liu et al [45]

When the existence of ‘plasma—bullets’ (see figure was first detected
by very fast imaging cameras [46], it was believed that these were plasma
packages travelling individually, hence their name. Because these packages
are travelling so fast, i.e. several orders of magnitude faster than the gas
flow velocity, and since the repetition rate is related to the voltage pulse or
AC frequency, they are observed by the naked eye as a continuous plume.
It was hypothesized that these bullets propagate by a mechanism of photo-
ionization in front of the bullet head, therefore explaining the fast move-
ment.

First numerical efforts by Naidis et al proved that these wave fronts in-
deed propagate at very high speeds through the helium channel that de-
velops in the ambient air, in this case by including a rudimentary photo-
ionisation function [47]. Nevertheless, later simulations (all performed for a
pre—developed helium channel in ambient air) suggest that photo-ionisation
processes might not be crucial for the propagation of these ionization fronts,
as the existence of a pre-ionisation channel (created by previous bullets) was
sufficient for their propagation [48,49]. Nevertheless, including the photo-
ionisation phenomena does affect the velocity of the ionization wave [50],

10
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although a higher velocity can also be obtained by using a higher degree of
pre-ionisation.

Anyway, the development of any ionization wave requires both an electric
field high enough in its front (to be able to ionize the gas) and the pres-
ence of seed electrons just ahead of the front of the ionization wave. The
latter could be caused both ‘instantaneously’ by photo-ionization or by a
pre-ionized channel created by preceding bullets.

Note that the large electric field at the head of the ionization wave is as-
sociated with the significant positive space charge of the head compared to
the surroundings.

Furthermore, it was shown by Yousfi et al that the ionization rate rapidly
drops when helium is significantly diluted by air (above 1%) [51]. Therefore,
this explains why the mixing of helium with ambient air limits the bullet
propagation both in the radial and axial direction. In fact, Breden et al
suggested that the ionizing cross reactions between helium and air species
are crucial for guiding the wave front and that the ionisation is the highest
at the edge of the streamer (thus explaining the ring-shaped wave front).
Less work has been performed on the actual development of the discharge
in the device before transitioning into a streamer or ionisation wave. For
some of the modelled setups it was experimentally observed that the ioni-
sation intensity inside the tube is the highest at the inner dielectric surface
of the tube (note that the setup is quite similar in most of these modelling
papers). As a matter of fact, when Breden et al performed simulations in
ambient helium they observed that the plasma (formed within the dielectric
tube during the rise time of the voltage pulse) propagated along the surface
of the dielectric during the rest of the pulse, without transitioning into a
streamer. Similar results were recently obtained by Liu et al [45].

Finally, it needs to be mentioned that Kushner and co-workers simulated
the propagation of these ionization waves through flexible capillary chan-
nels, impinging upon a target, through branched tubes and across different
channels, thereby mimicking experiments performed with the plasma gun
of GREMI (Orléans) [53[55]. The same research group also studied ion-
ization waves launched from single and multiple plasma jets (pin-electrode
setup) after a steady state was obtained for the neutral fluid flow of helium
containing 2% oxygen into ambient humid air. Note that this work does in-
clude photo-ionization processes. They found that the jets interact through
electrostatic, hydrodynamic and photolytic means [56].

11



1.2. Plasma jet devices

Figure 1.8: (a) HandPlaster and (b) MiniFlatPlaster (ADTEC Plasma Tech-
nology Co. Ltd., Hiroshima/London), (c) PlasmaDerm (CINOGY GmbH Dud-
erstadt, GE), (d) FE-DBD (Drexel University, Philadelphia, USA), (e) surface
DBD and (f) Flexible surface-DBD and (g) bifilar helix electrode configuration
(INP Greifswald, GE), (h) needle-to-plane corona (Comenius University, Slo-
vakia). The figures are adopted from [43].

12
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1.2.4 Other atmospheric pressure plasma sources used
in plasma medicine

Although many plasma jets mentioned above exhibit DBD-like properties,
there is a range of actual DBD devices that do not rely on any gas flow to
launch the biologically active particles towards the sample. Moreover, they
often operate with atmospheric humid air as the operating gas without the
use of noble gases.

In principle there must be at least one electrode covered by a dielectric ma-
terial but, once more, many variants exist. A clear advantage compared to
plasma jets is that large surfaces can be handled, e.g. the HandPlaSter [52]
(figure [L.§[(a)) with a surface micro discharge at the top and the bottom
of a partially open device in order to insert objects. Interesting is also the
MiniFlatPlaSter (figure [L.8(b)) which incorporates the high voltage power
supply inside the device itself and is built for portable usage [57], as does
the PlasmaDerm® [58] (figure [1.§8]c)).

Also spectacular are the floating electrode (FE-) DBD [59] (figure [1.8(d))
where the sample itself acts as the counter electrode, and the micro plasma
arrays [60] where many miniaturized DBD discharges co-operate to enable
one homogeneous large area treatment.

A surface-DBD specifically designed for systematic biomedical in—vitro ex-
periments in Petri dishes is built by the INP in Greifswald [61] (figure
1.8(e)). This institute also developed several other flexible DBD-devices for
treating non-flat surfaces [43] (figure [L.§[f)).

Another DBD-based setup to generate a plasma discharge inside a long flex-
ible tube (like the plasma gun mentioned above) is the bifilar helix electrode
configuration around a PTFE tube, creating a discharge inside of several
meters long catheters [62] (figure [1.§]g)). This electrode configuration was
primarily developed as an alternative construction of endoscopes to guar-
antee a better decontamination. However, since a plasma plume develops
at the end of the catheter, it might also be used for endoscopic treatments
like the plasma gun mentioned above.

Finally, we would like to mention the existence of corona discharges suitable
for plasma medicine applications, e.g. those developed by Machala and co-
workers (figure[1.§(h)). Such devices can be used both as a method of direct
treatment [63] or as a way to treat a liquid sample [64]. In this context it has
to be mentioned that plasma treated water, the so-called ‘plasma activated
water’ (PAW) can retain its antibacterial properties for several days [65].
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1.3 Plasma medicine applications

The recent literature on all the different biomedical applications is very
large, extremely diverse and multi-disciplinary. Moreover, the number of
research groups involved in the field of plasma medicine and the number of
papers published in this area keeps growing strongly. However, since the
actual biological experiments are beyond the scope of this work, we will
only make a short summary here. Indeed, in our research we focus on the
complex chemical gas phase reaction kinetics of noble gas/humid air mix-
tures, yet keeping the applications in mind.

The beneficial effects of plasma are attributed to synergistic effects of the
different plasma components, or at least several of them:

14

e Reactive oxygen and nitrogen species (RONS): The various atoms and

molecules generated by the plasma can directly oxidize biomolecules,
induce chemical changes in the cell medium (e.g. affecting the pH) or
trigger a biological response on the cellular/tissue level (e.g. induced
apoptosis by inflicting some level of DNA-damage [66] or accelerate
the wound healing process |67]). The possible effects of the RONS are
summarized in an extensive paper by Graves [68].

UV-radiation: Intense UV-C radiation can enhance the sterilizing ef-
fect of the plasma, nevertheless it can be harmful for animals and
humans as it induces DNA strand breakages which, if not properly
repaired, can lead to cancer. However, the levels of UV-C generated
in the devices used for therapeutic applications should be low enough,
in order not to have this effect [69]. Additionally, UV radiation itself
is known to generate RONS by photolysis in water, especially in the
presence of Oz, HyOy, HNO, and HNO3 [68].

Electromagnetic fields: electroporation of cells can occur if the elec-
tric field strength is sufficient [29]. Obviously, this might lead to an
enhanced delivery of oxidative species or signalling molecules into the
cell. This is of course only relevant for direct plasma applications. Fur-
thermore, modest electric fields can even influence the cell signalling
pathways by themselves, e.g. stimulate release of growth factors which
favour cell proliferation and thus the wound healing process.
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e Charged species: In principle, high amounts of membrane charging
could lead to the rupture of cells or organelles. However, in general,
the concentration of neutral species is far larger than that of charged
species in these types of plasmas. For indirect plasma treatments
the amount of charged species is even negligible. Nevertheless, the
superoxide anion, O3 is identified as an important species in the bio-
logical signalling pathways within an organism, as well as NO;, NOj
and ONOO" [68]. Note, however, that these charged species are also
formed in the liquid when neutral molecules like NO, NOy and Hy0,
are transferred from the plasma to the liquid phase |64},70,71].

Among the first investigations of plasma interaction with a biological sam-
ple, is the work of Fridman and co—workers. The researchers proved that a
cocktail of plasma species can enhance blood coagulation by promoting the
polymerization of fibrinogen monomers, even in the absence of heat and/or
a pH change. Additionally, they also demonstrated sterilization effects of
their FE-DBD device [72].

Treatment with cold atmospheric plasma was proven to be highly effec-
tive against gram-negative bacteria, gram-positive bacteria, spores, biofilm-
forming bacteria [73], viruses [74] and fungi [74]. Nevertheless, experiments
showed that cold atmospheric plasmas are far more effective against gram-
negative than gram-positive bacteria. The plasma species can cause se-
vere peroxidation of cell membrane components or damage the extracellular
polysaccharide matrix in which bacteria are embedded. Additionally, cold
atmospheric plasmas have also been used to destroy prions [75]. Therefore,
cold atmospheric plasma might fill specific niches that exist in conventional
sterilization techniques, e.g. areas that are difficult to access, materials that
are heat sensitive, etc.

This automatically brings us to the application field of dentistry [76]. In-
deed, cavities are generally quite difficult to access and heat damage to
dental pulp must be prevented. Moreover, dental plaques are clear exam-
ples of biofilms that need to be destroyed whereas the use of toxic products
has to be avoided. Additionally, plasma treatment offers a new approach
for root canal disinfection, which is still one of the major problems in den-
tistry. This is because conventional techniques often still fail (around 10%)
due to the complicated structure of the root canal. Plasma jets, however,
are know to propagate relatively easily through such narrow and irregular
dielectric channels, possibly even in the surrounding microscopic channels
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of the porous dentin tissue. Furthermore, the use of plasma is not limited
for antimicrobial purposes but it is also exploited for tooth bleaching and
the surface treatment of dental implants, for example to enhance the bio-
compatibility.

First reports of plasma mediated manipulation of mammalian cells were
published by Stoffel et al [77,[78]. Experiments in—vitro showed that cells
could be detached by plasma treatment without a huge loss in viability.
Furthermore, the researchers showed for the first time that it is possible to
induce apoptosis with plasma. Apoptosis is the normal way of disposing of
cells which are old or damaged (under the influence of toxins, oxidative or
mechanical stress) or if the DNA can not be repaired properly. Indeed, it has
been demonstrated that reactive oxygen species, generated in the plasma,
induce double strand breaks in the DNA [79-81], which can thus be corre-
lated to the triggering of apoptosis [82]. Alternatively, apoptosis can also be
triggered by targeting the mitochondrial membrane [66,83], since these cell
organelles are primary coordinators of the apoptotic process. Note that very
intense plasma treatments might lead to necrosis and the associated severe
inflammation in the surrounding tissue. Additionally, the researchers were
also the ones taking the first steps towards plasma applications in dentistry
(i.e. treatment of dental cavities) by using the plasma as a disinfectant for
typical oral bacteria [84] (see above).

The possibility of inducing apoptosis by plasma facilitates a new therapeutic
approach for cancer treatment as well. Two recent reviews [85],86] summa-
rize the many investigations for different tumor cell types, both in—vivo and
ex—viwo. Very interesting is that several studies report a certain degree of
selectivity for killing cancer cells compared to normal cells; more informa-
tion on this can also be found in the latter review.

A significant amount of progress in the field of cancer treatment was achieved
by Vandamme et al at GREMI (University of Orléans) by means of in-vivo
and even endoscopic studies with the plasma gun device [87]. Some of their
recent work even demonstrates synergistic effects of plasma treatment and
classical radiotherapy, where plasma facilitates tumor blood vessel normal-
ization and tissue oxygenation [88].

As already mentioned above, plasmas are not necessarily only destructive.
On the contrary, ‘soft’ plasmas (i.e. limited species flux to the target) can
be used to stimulate the wound healing process by enhancing endothelial
cell proliferation and the angiogenesis process [89]. The treatment of burn
wounds is for example studied by Kroesen and co-workers [90].
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Nastuta et al [91] related several of the beneficial effects to the reactive oxy-
gen species. Besides, the role of nitric oxide (NO) in different stages of the
wound healing process is already known for a long time [92]. Indeed, plasma
treatment can provide a method of supplying this species exogenously, in
synergy with other plasma effects such as disinfection.

As a result, cold atmospheric pressure plasma treatment is a promising new
approach in the area of chronically infected wounds like chronic ulcers [93].
Indeed, this is still one of the major problems in dermatology (in 15% to
20% of the cases healing does not occur, even with optimal care) [94] and
might become even more important due to the rising prevalence of diabetes
and antibiotic resistance, among other causes. It must be mentioned in this
context that higher order organisms (eukaryotic cells) have better resistance
mechanisms to withstand external stress caused by reactive oxygen species,
and plasma treatment is therefore more harmful for bacteria [95].

In the field of dermatology, plasma treatment also proved to be effective for
other skin afflictions, such as eczema [96], Herpes Zoster [97] and Hailey-
Hailey disease [98].

Finally, we would like to conclude this section with some safety concerns.
There are only few reports on the potential detrimental effects of current,
temperature, species toxicity and UV-irradiation, yet to our knowledge
they are conclusive on the fact that plasmas are not harmful if the dosage
(treatment time and plasma intensity) can be kept below a certain thresh-
old [57,195,99,/100]. Limits for gaseous Oz, NO and NOs, which can be
toxic in high concentrations, have not been exceeded. No microscopically
detectable histological changes induced by plasma treatment were regis-
tered compared with untreated skin up to a depth of several hundreds of
micrometre, nor on the cellular level measured by electron microscopy. Fi-
nally, the level of UV-C (usually measured in W.m™) is significantly below
the threshold values defined by the authorities.

Several clinical trials with the MicroPlaSter device (Adtec) have been con-
cluded after extensive testing on hundreds of patients in German hospi-
tals [97,[101]. Moreover, the PlasmaDerm® device is currently undergoing
official clinical trials in Germany [96] as well. Furthermore, the kinpen de-
vice received CE marking (for electromagnetic compatibility), thus fulfilling
the EU consumer safety, health or environmental requirements [99].
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1.4 Aim of this thesis

Due to the diversity of the plasma devices and the generated plasma agents,
a lot of studies and many different techniques are required, so that the effi-
ciency and safety of the technology can be improved.

Important is that not all information can be acquired by experimental tech-
niques alone, for example, because species densities might be below the
detection limit, because some areas in the setup are difficult to access or
when the method itself is influencing the plasma significantly. Furthermore,
experimental measurements are expensive and time consuming. Numerical
simulations, on the other hand, can offer a large amount of valuable infor-
mation relatively fast and cheaply, once they are thoroughly benchmarked.
The goal of this thesis is therefore to construct a chemical model that is
able to mimic argon APPJs. By examining three different plasma jets with
a commonly used electrode configuration, our work should cover a consid-
erable part of the different APPJs that are currently being employed. The
final goal is to find both differences and similarities in the resulting plasma
chemistry when varying the device geometry or the operating conditions.
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Model Description |

Preface

In this chapter we describe the features of the numerical model used in this
thesis and present the Ar/Oy/Ny/Ho0O reaction chemistry set we developed,
including a case study. This chapter is based on our paper published in 2013
which was, to our knowledge, the first with such an extended argon/humid
air chemistry focussing on the formation of biomedically active species, i.e.
N, O, OH, 05(*4A,), O3, Hy04, N,Oy, H{NOy, O3. Most of them are iden-
tified as possibly important reactive oxygen species (ROS) and reactive
nitrogen species (RNS), as reported in a recent review by Graves [68].
Since many different plasma jet configurations exist [1], it is difficult to come
up with a general model, valid for all configurations. The way the power is
deposited, the position of the plasma jet nozzle exit, the speed of humid air
diffusion into the noble gas stream, different gas flow speeds and so forth, all
influence the chemistry significantly. Therefore, our zero-dimensional (0D)
model is used in a semi-empirical way to mimic the experimental conditions.
In this chapter we use the plasma jet device developed by Bruggeman and
co-workers [38] and the experimental conditions of [40] as a basis.

A modified version of this chapter was published as: Van Gaens W and Bogaerts
A 2013 ‘Kinetic modelling for an atmospheric pressure argon plasma jet in humid air.’
Journal of Physics D: Applied Physics (46) 275201
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2.1 Overview of related modelling

Most of the numerical work in the field of plasma medicine is based on the
0D reaction kinetics approach (hence volume averaged) or on the 1D— and
2D—fluid approach.

0D or global models offer the advantage over more sophisticated models that
they enable one to analyse the most important chemical phenomena, while
maintaining the computational load low. Eliasson and Kogelschatz [102,103]
used this numerical technique to describe the chemistry of ozone formation
in an oxygen discharge at high pressure and low temperature. One year
later, the same authors also clarified ozone generation for dry air condi-
tions |104], upgrading the previous reaction scheme containing 70 collisions
and 16 species to 143 collisions and 30 species. This dry air chemistry was
further expanded in the work of Kossyi et al |105] who proposed a set of 450
electron impact and heavy particle collisions. A few years later, a humid air
plasma chemistry was reported by Gentile and Kushner [106], in which a to-
tal of 400 reactions and 56 species were considered. More importantly, these
authors focussed on N,Oy plasma remediation, and many of these species
also play an important role in biomedical applications. During the 90’s and
early 00’s a series of publications containing chemical kinetic reference data
was published by several authors affiliated to the National Institute of Stan-
dards and Technology (NIST, Maryland, US) [1074115,/188]. In this way
the most important data for non-thermal humid air plasmas became easily
accessible (additionally it also contains carbon based particles).

More recently, this knowledge was further used for modelling non-thermal
atmospheric pressure micro discharges used in plasma medicine applications.
Indeed, dry or humid air is sometimes used directly as the main background
gas, usually with DBD configurations. Two modelling studies, with a spe-
cific focus on the plasma chemistry, were recently published by Sakiyama
et al [116] and Babaeva et al |117]. The first one concerns two coupled
zero-dimensional (0D) models to describe a surface micro discharge with 50
species and 600 reactions. One of the 0D models describes the plasma zone
near the electrodes, with a high electric field and thus comprises balance
equations for both neutral and charged species, whereas the other model
only describes the neutrals and highlights the chemistry of the long-lived
species. The model of Babaeva provides more insight in the effect of fila-
ments on the chemical formation of species and the particle fluxes towards
wounded skin. For this purpose the results of a 2D fluid model were used
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as input for a 0D model calculation and vice versa. The 2D fluid is able to
describe streamer development in air between the electrode and the tissue
which acts as a floating electrode, however, only for short timescales due to
the computational load [29,118]. The 0D model is used in a complementary
way to evaluate what chemical species are formed on the long term from the
short-lived chemical species created in the streamers simulated in 2D. Also
interesting is that the authors included a cellular structure in the model,
mimicking actual skin tissue, and looked at the induced electric fields in
the context of electroporation. Later, this work was extended to wounds
covered by liquid, possibly containing blood platelets [119].

Similarly, Naidis coupled his 2D fluid model describing the streamer or ‘bul-
let’ behaviour of the He plasma jet (see in the previous chapter) with
a small 0D kinetics model (He/H2O) for describing the OH radical pro-
duction mechanism inside the device, thus not in the effluent [120]. Since
recent modelling efforts concerning the plasma bullet phenomenon were al-
ready summarized in the previous chapter, this will not be repeated here.
An interesting 0D numerical study was reported by Liu et al [121] with a
much larger He/H50O chemistry set containing 46 species and 577 reactions.
In this publication, the authors also suggest several reduced chemistries that
can be used to run complex simulations faster.

An example of such a model is the work of Waskoenig et al [122] for a
He/Oy mixture with 16 species and 116 reactions. This code was devel-
oped to comprise chemical and physical phenomena across the gap be-
tween the two parallel plate electrodes (hence 1D) of a micro-scaled radio-
frequency driven atmospheric pressure plasma jet device (tAPPJ), designed
for plasma medicine applications. Results of a similar model were reported
by McKay et al [123] but with the addition of water to the helium-oxygen
mixture. In this study, a very large reaction chemistry set of 61 species and
878 reactions was implemented in the 1D fluid model.

As mentioned in the previous chapter, the yAPPJ can be used in the X—jet
configuration to separate reactive species from UV [20,22|. For this setup,
a 2D fluid model was used to describe the neutral gas flow and a few chem-
ical reactions were integrated to evaluate the density of O atoms and Og
produced in the effluent. However, no actual plasma chemistry (electron
kinetics) was included.

The chemistry of the uAPPJ was further studied by Murakami et al [124-
126], by means of a global model. The lower complexity of the latter en-
abled these authors to do a faster kinetic analysis of a He/Oy /Ny /Ho0/CO4
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mixture with 59 species and 1048 reactions.

Another plasma medicine tool that has been studied numerically is the
plasma needle, initially by Brok et al and later by Sakiyama and Graves.
Brok was the first one to model in 2D (in the field of plasma medicine
at least) and his simulations ran for a fixed He/Ny gas ratio over the en-
tire simulation domain, neglecting the gas flow and using only a limited
plasma chemistry [25]. The approach of Sakiyama and Graves was similar,
yet already more advanced as they used an unstructured mesh (and not a
Cartesian mesh like in Brok’s work) which enabled a high resolution close
to the needle electrode tip. Therefore, these authors were able to model the
sheath accurately and they found that the corona discharge at low power
exhibits a transition to a glow discharge at a critical power, spreading back
along the needle surface [127,/128]. Consequently, they studied this dis-
charge type with an asymmetric electrode in a more fundamental way in
1D spherical coordinates, e.g. looking at the validity of the local field ap-
proximation, the influence of nitrogen impurities and secondary electron
emmission [129,/130]. Finally, they published the results of a 2D fluid calcu-
lation that considered the neutral gas flow (i.e. ambient air diffusion, here
represented by No) [131].

The only other numerical study of an argon plasma jet was recently pub-
lished by Schmidt-Bleker et al [132] for the kinpen device. They used a
relatively simple 0D approach, combined with a reduced reaction scheme,
to model the chemistry of the effluent without including the electron dy-
namics. Using some of our findings reported later in this chapter, they
assume that reactive species (e.g. O radicals, nitrogen metastables and OH
radicals) mainly originate from collisions of argon metastables and excimers
with Oy, Ny and H5O. Subsequently, long-lived species like O3 and NO, are
formed in the effluent. The authors used a certain initial density for the
argon species that best matched their FTIR measurements. By varying the
shield gas humidity and composition (i.e. Oy/Nj ratio) they obtained valu-
able insights regarding the chemistry of the plasma jet effluent.

Up to this point only gas phase simulations were enumerated, however, bi-
ological samples are usually covered by a liquid medium. The chemical
cocktail in the gas phase is not necessarily the same after the gas phase
species are transferred to the liquid phase. This has been studied by global
models as well [71,/133], implementing a set of liquid phase reactions and
their associated rate constants. In the work of Hamaguchi |133] the flux
of reactive oxygen and nitrogen species towards the liquid (i.e. the initial
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conditions for the 0D model of the liquid) is estimated, based on their typ-
ical gas phase concentrations in a representative plasma medicine device
and on the Henry’s Law constant, which determines how easily a species
dissolves in water. In the work of van Gils et al [71] the flux is determined
using an optimization algorithm to find the values at which the end con-
centrations of nitrate and nitrite correspond to the values found in the ion
chromatography measurements of the plasma treated liquid. These works
yield very interesting insights, for example, it was found that pH can affect
the liquid chemistry drastically and therefore has a considerable impact on
the bactericidal effect.

The interaction of plasma with a thin water layer was even simulated in
2D by Tian and Kushner. The water layer (with liquid phase chemistry) is
represented by an extremely dense gas and is separated from the actual gas
phase (with gas phase chemistry) by a boundary layer. Transport of RONS
across this boundary is allowed according to Henry’s Law constant. Even
water evaporation from the liquid layer and photolysis of water molecules
into OHy, (triggered by photons created in the plasma above the liquid
layer) was taken into account. The authors also found that ROS are readily
consumed by hydrocarbons in the liquid, thus affecting their concentrations.
Finally, it is worth mentioning a completely different type of modelling in
the field of plasma medicine, i.e. molecular dynamics. With this technique
(at least when implementing an appropriate reactive force field) interaction
mechanisms between the plasma species and biological cells can be studied
on a more fundamental (atomic) level. In our research group Yusupov et al
investigated the interaction of OH, HyO,, O, O3 with peptidoglycan which is
a key building block of the bacterial cell wall [134}/135] and evaluated if this
leads to the destruction of this biomolecule. Furthermore, they examined
the interaction of several reactive oxygen species with water, whether they
can travel through the water layer and if they eventually reach the surface
of biomolecules [136]. The interaction of O and OH radicals with lipids,
more specifically with a-linolenic acid as a model for the free fatty acids
present in the upper skin layer was investigated by Van der Paal et al [137].
A good review on such atomistic simulations for plasma-biomolecule and
plasma-tissue interactions was recently published by Neyts et al [138].

In this thesis we make use of a zero-dimensional (0D) reaction kinetics model
to describe the chemical processes for an argon plasma jet including the be-
haviour of humid air components. It is in many aspects different from any
of the models cited above.
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Figure 2.1: Plasma characteristics as a function of the distance from the nozzle,
along the plasma jet axis. The profiles of the power deposition, gas temperature
and humid air densities/fractions in argon due to diffusion are fitted to experi-
mental values, whereas the average electron energy (T,) and electron density (")
are calculated values. The interior of the plasma jet device is represented by the
grey area, beginning at the needle electrode tip. This zone ends at the nozzle
exit (indicated with axial position = 0 cm) and is followed by a region where
the plasma jet propagates into ambient air. Approximately at 1.2 cm from the
nozzle exit, when the power density dropped to zero, the plasma jet becomes an
afterglow. Note that the time and distance dimensions are correlated with an
externally calculated velocity profile.
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2.2 Model description

The model is based on the Global Kin code, developed by Kushner and
co-workers [139], which we modified to be able to fit certain plasma prop-
erties to experimental values. Thus, the model can be considered to be
semi-empirical.

2.2.1 Pseudo-one-dimensional plug flow

First of all the 'pseudo-one-dimensional plug flow’ approximation will be
discussed. In this way it is possible to represent the time dependent evolu-
tion of species densities (as is typically the case in a 0D model) as a spatial
dependence, hence, as a function of the position in the plasma jet device
and effluent. This approach was previously successfully applied in [140] for
a He/Oy discharge. We assume that the tube of the plasma jet device, the
plasma jet itself and the afterglow region in the far efluent can be rep-
resented by a long cylinder (see figure , where constant atmospheric
pressure conditions rule. The magnitude of the flow velocity determines the
change of position of a volume averaged (0D) plug element, i.e. a cylindri-
cal segment, along the jet stream. In our approach, we assume that axial
transport of mass and energy due to drift and concentration gradients is
negligible in comparison to axial transport by convection. Furthermore, no
species transport in the radial direction is considered in this approach. Due
to the very high axial flow speed (typically in the order of 10* cm.s!) com-
pared to the radial flow speed, this seems acceptable for the first few cm’s
after the nozzle exit. As an additional source of information, not only the
length scale is plotted in figure but also the corresponding time scale.
Note that this time scale is within the millisecond range, which is not much
longer than the time-scales necessary for the formation of long-lived species
formation processes, but is much shorter than the typical operating dura-
tion of DBD discharges with a stationary gas [116}/117]. We want to stress
once more that the original dependency in our 0D model is density versus
time and that the distance dependency is not an extra dimension solved by
the equations.

Evidently, the flow velocity should decrease along the jet symmetry axis.
This is due to gas expansion and obstruction by the relatively stationary
surrounding atmosphere. Therefore, the gas flow velocity was fitted to the
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fluid dynamics simulation results that we performed with a 2D fluid dynam-
ics model [141], as a function of the distance from the nozzle exit. This 2D
fluid simulation only considers the neutral background gas species (Ar, Os,
Ny, Hy0O), thus electric field forces of the plasma have no influence on the
flow field calculation.

The relation between the time scale and the length scale is thus not simply
the initial velocity at the nozzle exit as a constant factor (i.e. 2900 cm.s™!
as determined by the pressure, temperature, cross section of the device and
flow rate of the feed gas), but the time correlates with position through the
variable flow speed, i.e. a non-linear decreasing value along the jet efluent
obtained from the 2D fluid model.

2.2.2 Species continuity equation

The following continuity equation is solved for all plasma species included

in the model (see tables [2.1| and [2.2| below):

dni
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+ Sair (1) (2.1)

where n; is the density of species 1, af} and aiLj are the right-hand side and
left-hand side stoichiometric coefficients of species 7 in reaction j, k; is the
reaction rate coefficient and nl is the density of the I*" species in the left-
hand side of reaction j. All these coefficients are input values, obtained from
literature, according to a predefined reaction scheme (see[Appendix A)). Note
that each new time step dt describes the length of the next volume averaged
segment of the plug flow cylinder. In addition, since fluid dynamics are not
included in this model, the humid air diffusion (from the surroundings into
the argon flow) is handled by adding a production/loss term, Sy, for Ar,
Ng, Oy and H0O. This makes that argon is gradually being replaced by a
humid air mixture starting from the nozzle exit. Of course, these artifi-
cial source terms will vary along the jet efluent. In this way, the mixing
speed used in our calculations, can be adapted to obtain the same impurity
levels as experimentally measured. These experimental data, as a function
of distance from the nozzle, are taken from literature [22,|142]. Moreover,
our 2D fluid dynamics simulations confirm the reported impurity measure-
ments. The simulated profile of the humid air fraction in argon can be seen
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in figure 2.1]

2.2.3 Electron energy density equation

In the model electrons are assumed to be mainly heated by Joule heating,
under the influence of an electric field. The time evolution of the electron
energy is calculated from

d
— (§nekae) = 7 . ﬁ —+ ZneklNlAei (22)
l

dt \ 2
3 2me
— E §nel/mi (—Zkb (Te — 7—;))

where n, is the electron density, k; is Boltzmann’s constant, 7, is the elec-
tron temperature, 7} and E are the current density and the electric field in
the discharge, k; is the reaction rate coefficient for the I** electron impact
process, NN is the density of the gas phase collision partner and Ag; is the
corresponding change in the electron energy. v,,; is the electron momentum
transfer collision frequency with species i , m, is the electron mass and T;
and M; are the temperature and mass of species 7. In an experimental setup,
the value of the electric field throughout the plasma jet is greatly dependent
on the applied electrode voltage, the electrode configuration, etc. Moreover,
it fluctuates in time. Unfortunately, this complexity cannot be captured by
a 0D kinetics model. Therefore, the Joule heating term is determined by
an estimated power deposition density (W.cm™) which is also an input pa-
rameter in our model. The temporal/spatial evolution of this input value
is given in figure 2.1} This profile is assuming a maximum power density at
the needle electrode tip at 2 millimetres before the nozzle exit, cf. the ex-
perimental setup [38], and the value decreases linearly along the plasma jet
flow. Note that the electron density is about one order of magnitude smaller
than reported in the experimental work performed for this device, with a
maximum value of 10*® cm™. However, this can be understood because our
simulations are spatially averaged over the cylinder segment, whereas in
the experiment local densities are measured. Furthermore, processes that
can generate extra electrons, for example secondary electron emission at
the needle electrode tip, can not easily be included in this simple model.
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Finally, propagating ionisation wave fronts, 7.e. the so—called plasma bul-
lets with photo-ionisation as an additional electron source (see chapter [1),
can not be taken into account either, but might result in a higher electron
density as well.

To measure the power deposition profile further from the needle tip is highly
non-trivial. We know, however, from literature that plasma jets typically
show UV-wis light emission over a distance in the order of maximum a few
cm. For the experimental conditions of [40], which we attempt to mimic,
light can be observed until 1.2 cm after the nozzle exit. Since our calcu-
lations predict that the electron density and excited state densities rapidly
drop when the power deposition becomes small, we adopted a power density
profile that linearly goes to zero at 1.2 cm in our case study, see figure 2.1]
It should be noted that the total power deposition in the model is exactly
matching the experimental value. The resulting value of the electron tem-
perature (also see figure is only slightly higher than the values reported
in literature, typically around 1 - 2.5 eV [144}145]. This is expected since
the electron density is probably somewhat underestimated (see above), thus
the same power is distributed over fewer electrons.

The electron energy value, calculated from equation[2.2] is used to determine
the reaction rate coefficients for most electron impact reactions. For this
purpose a look-up table of these coefficients as a function of a wide range
of electron temperatures is constructed by an internal Boltzmann equation
solver using electron collision cross sections obtained from literature (see
[Appendix A]). It is important to mention that these look-up tables need to
be regularly updated by running the Boltzmann code again, because of the
drastic change in background gas composition due to humid air diffusion.
In practice, in our model the Boltzmann solver was updated every 10 us,
for a typical time step of the calculations of 0.1 ns.

2.2.4 Gas temperature

The gas temperature is very important for the formation of biomedically
important species from humid air components. A good example is the
depletion of atomic oxygen either by ozone formation or NO, formation,
dependent on the temperature [146]. In a needle type plasma jet the gas
temperature typically varies largely, both in the radial and axial direction,
as demonstrated in [40]. Indeed, the gas temperature can be — in terms of
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biomedical applications — quite high close to the needle tip. Nevertheless, it
will also drop quickly in the next few millimetres. To mimic the experimen-
tal conditions of [40] accurately, the gas temperature profile is fitted to the
experimentally measured values. More details on the fitting method can be
found in chapter 4l This gas temperature profile is illustrated in figure
as well.

Note that the jet can also operate at lower power regimes and this results
in a lower gas temperature. In this way the device would be even more
suitable for direct therapeutic applications, where the distance between the
device and the object can only be a few millimetres. We will show results
of our simulations at lower gas temperatures in the next chapter.

It should be mentioned that gas heating can also be calculated by the model
itself, simply from the reaction enthalpy, and this resulted in similar values
as obtained in the experiment, up till 5 millimetres from the nozzle exit.
However, beyond that distance, the calculated gas temperature decreases
much more slowly than the experimentally obtained profile. Naturally, this
is caused by the fact that our model does not capture cooling processes
like gas expansion and diffusion of cold surrounding air into the plasma jet.
Therefore, we decided to perform the simulations for the gas temperature
profile shown in figure 2.1}

Finally, it is worth to mention that our model adjusts the gas species den-
sities for gas temperature changes while maintaining constant pressure, as-
suming ideal gas law. Nevertheless, this effect proved to have only a small
influence on the formation of biomedical species.

2.2.5 Reaction chemistry

Since we are mainly interested in the biomedically active components, often
present at ppm levels or even lower, we have to take a very large chemistry
set into account. However, at some point a decision has to be made about
which species should be included and which will be neglected. Species con-
taining carbon — created out of atmospheric COy — were for example not
taken into account. Furthermore, species can sometimes not be included
because their corresponding reaction rate coefficients are uncertain or even
unknown at all. The species that are included in the model are presented
in table 211

Several electronically, rotationally and vibrationally excited states are in-
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(a)

(b)

Figure 2.2: Different reaction types included in the model for (a) electron impact
collisions and (b) heavy particle reactions, with their relative contributions to the
reaction set.

cluded in our model. Electronically excited states are important to con-
sider because they often play a crucial role in the plasma chemistry, for
example in stepwise electron impact or Penning ionization. Note that, at
atmospheric pressure, due to a high collision frequency, it is unlikely that
high electronic energy levels become populated and therefore these are not
included. Rotational and vibrational excitations, on the other hand, are
important processes since these reactions affect the electron energy distri-
bution function significantly. Note that in this reaction set, rotationally
and vibrationally excited states only participate in electron impact excita-
tion and de-excitation reactions, as well as in physical quenching by the
background gas. The reason is that the rotational and vibrational energy
at atmospheric pressure is usually too low to induce a chemical change in its
collision partner. We would like to point out that, if a particle has multiple
vibrational states, they are all grouped in one species in our model.

We consider three factors for the selection of excited states in our model:
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Table 2.1: Plasma species included in the model

Ground state neutrals

Excited state neutrals

Charged species

Ar

Ar(*SPPq)), Ar(1SPP4]),
Ar(*S[3Pq]), Ar(*S['P1)),
Ar(*P) 2, Arp*(a3 )

e, ArT, Ar;', ArHt

N, Ny

N(*D), Na,rot, No yin(1-8)»
No(A330), No(a 37)

N*, NJ, NJ, NS

0, 09, O3

O('D), O2,r0t, O2 yib(1-4),
Oa(alAg), O2(b! 37)

0*, 03, 0f, 07, 0,
03

NO, NO9, N2O, NOsg,
N20O3, N2Oy, NoOs5

N2Oyip(1-3)

NO*, NOJ, NO3,
NO;

H, Hy, OH, H20, HOq,
H2029

H* P Ha o, Hs vin(1-2)»
Hy* ¢, OH(A),
H204ib(100,010,001)

Ht, Hj, H, OHT,
HyOF, H30T, H,
OH"

NH, HNO, HNO,, HNO;,
HNO,

& This species groups the electronically excited states 4p, 5D, 5S and °P
b This species groups the electronically excited states with n=2-4
¢ This species groups the electronically excited states (b3 Zl—f ) and (c3ILy)

Table 2.2: Water clusters included in the model

H405, HoOF, H505, H704, HoO , H1107, Hy30¢, Hi50F

HoNOJ, HyNOZ, HgNOS

metastability, high cross sections and low energy threshold for excitation
from the ground state, or states that have been reported to be important
in this type of plasmas. For example, for the hydrogen molecules, the mag-
nitude of the vibrational excitation cross sections roughly drops with one
order of magnitude for each next vibrational quantum number, although
the threshold value remains quite low. As a result, these collisions are not

included.

Besides the species shown in table 2.1} the possibility of positive water ion
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clustering is included in our reaction set as well and these species are given
in table[2.2] The presence of water clusters in atmospheric plasma jets was
experimentally demonstrated by [148]. A water clustering reaction scheme
was previously implemented by Liu and Bruggeman [121] for a helium /water
discharge. Water clustering is also implemented in the chemistry sets of re-
cent papers by Murakami [126] and Babaeva [117]. In our investigation
water clustering with NOJ ions is additionally implemented.

The 84 species shown in table 2.1 and [2.2] interact with each other by means
of 279 electron impact reactions and 1601 heavy particle reactions. The lat-
ter consist of 249 water ion clustering and recombination reactions. We
would like to stress that water clustering reaction rate coefficients are very
dependent on pressure and temperature, as reported in |113]. As pressure
and temperature are variables in our calculations, it is necessary to use the
reported rate coefficient dependencies, which are deviating from the Ar-
rhenius expression. This resulted in very important changes for clustering
pathways and is a strong indication that temperature and pressure effects
should not be disregarded.

Bruggeman et al [149] demonstrated the presence of negative water clusters
for a capacitively coupled atmospheric pressure RF excited glow discharge
in helium/water mixtures. However, there is not so much chemical data
available as for the positive water ion clustering and therefore negative ion
clustering is not included in our model. Thus, the reader should interpret
the negative species densities like O, O3 and NOj with caution, especially
in the far efluent, as the densities of these species might be lower in reality,
due to possible clustering reactions.

For both the electron impact reactions and heavy particle reactions, 8 dif-
ferent types can be distinguished, as illustrated in figure The relative
contributions of these processes to the total chemistry set are also displayed
in this figure. The complete reaction chemistry set can be found in [Ap]
[pendix Al One can see that reactions are taken from a large selection of
papers (several were already cited in the introduction). Firstly, this is be-
cause there are no papers or databases available that contain all species we
want to describe. Secondly, this enabled us to cross check the values of the
Arrhenius parameters between as many references as possible. For several
important reactions, a range of rate coefficient values was assembled, and a
sensitivity study allowed us to determine the effect of this variation and to
define which value is best used.

We used a specific order for the reaction list. In this way every reaction
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has its specific place in the list, which also makes the search for a specific
reaction easier and implicitly shows which reactions are 'missing’: either be-
cause they are unavailable in literature or because they are simply too slow
under the conditions of interest. Furthermore, we have split the complete
set in subsets of argon-, oxygen-, nitrogen-, dry air-, humid air- and finally
water clustering chemistries. In this way, specific parts of the reaction set
can be easily extracted by the reader. The order in each subset is based
upon reactants and (with some exceptions) as follows: the lightest reac-
tants first, ground state before excited states (lowest internal energy first)
followed by charged species and finally positive before negative charges.
At last, we also want to mention that the table in provides a re-
duced chemistry set, which can be of use for high level computational models
(e.g. 3D fluid or hybrid models) where the size of the reaction chemistry set
is an issue in terms of simulation time. For this reduction, only reactions
were selected that contribute for more than 10% to the total formation or
destruction of a species, i.e. the relative contribution of the reaction. In
this way, it was possible to reduce the number of reactions to 744, without
any change in the species densities in our simulations. These reactions are
indicated with the symbol ’A’. When a further reduction would be neces-
sary, it is possible to retain only 519 reactions if 30% relative contribution
is used as a criteria. However, in this case density changes of important
species like O3 become significant (factor 2). This subset is indicated by
the symbol 'B’.

Three important issues are addressed in this reduction of the chemistry set.
First, it should be realized that any reaction could become important or
negligible during a specific part of the calculation, so it is dangerous to re-
duce the set with rates integrated over the complete simulation. Therefore
we checked in every time step whether the 10% relative contribution criteria
was exceeded. Second, the reduction is only done for reactions and not for
species, since every species can be of interest in the biomedical applications
(either directly or otherwise they might act as an intermediate form). Note
that it is certainly possible to reduce the set further, but that would be
at the expense of the amount of information and/or accuracy. Third, our
reduction takes a very broad parameter range for both temperature, power
and feed gas humidity into account (data not shown). So the reduction
of the reaction set was done for each parameter study independently, and
afterwards the most important reactions for each case were merged. In this
way the reduced set is valid for our complete parameter range. Indeed, the
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chemistry in humid air, for example, proves to be quite different from the
chemistry in dry air.

To study the reaction mechanism in detail, the reaction analysis module,
implemented in the modified Global_Kin code by Aerts et al [147], is used.

Table 2.3: Conditions for the basic case study of which the results can be found
in figures Figures unless specifically stated otherwise in the text.

Gas feed (cf. experiment) 2 slm

Air impurities in gas feed (estimated) 10 ppm O2/Ng, 1 ppm H0O
Relative humidity (estimated) 50 %

Initial flow speed, i.e. at the nozzle 2917 cm.s™!

exit (calculated)

Initial gas temperature, i.e. at needle 600 K

tip position (¢f. experiment)
Total deposited power (c¢f. experiment) 6.5 W

2.3 Basic case study: results and discussion

Here, we will show the calculation results of this model for the conditions
listed in table The parameters are chosen in such a way that the simu-
lations mimic the experimental conditions of the plasma jet device specified
above [40], as closely as possible. Although the experimental device can be
operated with different kinds of gas admixtures, we opted in this chapter for
the simplest case, i.e. without an initial concentration of oxygen, nitrogen
or water in the argon gas feed. However, some ppm levels of these gases
are added to represent the impurities in the feed gas itself. Note that these
impurities are largely destructed in the first few millimetres (see figure ,
until atmospheric air diffusion into the jet becomes predominant and the
power is dropping, so the dissociation degree becomes lower. Evidently, re-
active plasma species will be created in similar proportions to the impurity
levels. An important parameter for experimental work is the relative hu-
midity, which can in principle vary between 10 and 100% on a daily basis
or dependent on the location. We assume 50% relative humidity for the
basic case study. Figures [2.3 show all the calculated species densities
as a function of the distance from the the nozzle exit, up till 2.5 cm. Note
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that the figures display the calculated values starting from the position of
the needle electrode tip, i.e. 2 millimetres inside the device, although the
simulation begins even earlier. Since the corresponding time scale is also
very important to interpret the chemistry, it is shown as well. It appears
that several densities, e.g. of O3 and NOy species, reach a relatively 'stable’
value after 2 ms. This is because these species have typical lifetimes that
exceed the simulated time frame by several orders of magnitude, as was also
confirmed by our longer calculations of several seconds (not shown). It is
not relevant to show these results because of two reasons: first, plasma jets
are usually directly applied at a distance of maximum a few cm and second,
the calculation results would be inaccurate since the propagating velocity
of the jet and the mixing speed of the gas for the far efluent is not available
yet (in contrast to our later work reported in the last chapter).

The electron density is included in every figure, not only as a point of ref-
erence because different y-axis scales had to be used, but the behaviour of
various species is of course also strongly correlated with the profile of the
electron density and vice versa. In the first few millimetres, the electron
density profile drops linearly (difficult to see since the figures are presented
in a logarithmic scale) with nearly the same slope as the drop in power
density. After about 3 millimetres behind the nozzle, the density starts to
decrease very fast. This is due to the rapidly increasing speed of air diffu-
sion into the argon stream. Note that, in about the same distance, the jet
flow velocity drops to about 50% of its initial value, so that the surround-
ing air can diffuse 'faster’ into the argon stream (see air fraction profile in
figure . Free electrons efficiently attach to various oxygen, water and
NO, species, as a consequence of the increased amount of air components
in the jet, and this explains the significant drop in electron density. Our
simulations predict that electron impact dissociative attachment of oxygen
molecules is the dominant process at these conditions. The importance of
this process also explains the slight increase of the electron density at a
position of 1.2 cm from the nozzle. At that point the power density goes to
zero and as a result T, quickly goes to room temperature as well. Conse-
quently, there are few electrons left with enough energy to dissociate oxygen
species and therefore dissociative attachment rates rapidly decrease in this
area. Electron attachment in three body collisions, e.g. € + Oy + M — O;
+ M, are not fast enough to completely take over the role of the dissociative
attachment as a loss process for free electrons. On the other hand, the elec-
tron formation reactions do not depend so much on the value of T, since
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in that region they are mainly formed by electron detachment reactions like
O + O3 — O3 + ¢. Thus, the net formation of free electrons strongly rises
in this area and one could consider the negative ions as a reservoir of free
electrons that is able to create free electrons for a considerable amount of
time. Note that, until 1.2 cm from the nozzle, the dominating electron loss
processes are not a real neutralisation of negative charge, but rather free
electrons going to the negative ion reservoir.

Another interesting fact that follows from our calculation, is that through-
out the entire effluent region, the main source for the total positive charge
is due to convection and not due to the creation of electron-ion pairs in
chemical reactions. This is caused by the rapidly decelerating flow speed,
which makes that the outgoing flux of positive charge is much less than the
incoming flux, for a cylinder segment of the plasma jet effluent.

In the following text the numbers of the mentioned reactions, are referring

to the numbering in the reaction list from [Appendix A}

2.3.1 Argon species chemistry

Molecular argon species are expected to be much more abundant than the
atomic states at atmospheric pressure, due to efficient three-body associa-
tion collisions (e.g. reactions 309 and 314 from the table in [Appendix AJ).
This can indeed be seen from figure .A. Besides, Arj is significantly
formed by electron impact ionization of the excimer as well (reaction 49).
For the atomic states, the long living Ar(*S[>Py]) metastable state clearly
has the highest density. Generally, these states are directly formed by elec-
tron impact excitation, for example through reaction 2. Atomic ions, on
the other hand, are formed through a stepwise ionization pathway, based
on electron impact excitation, followed by electron impact ionization (in
this case mainly by reaction 17 and 45).

It is clear that the densities of argon ions, metastables and the excimer
state quickly drop at almost the same rate as the electron density. This is
because energetic argon species easily transfer their energy to various air
species. Note that different types of processes are involved, including charge
and energy transfer reactions (i.e. physical & chemical quenching) and Pen-
ning ionisation processes. The energy is usually not transferred back since
the excited energy levels of argon are quite high: 10.6 eV for the excimer,
11.5 eV for the Ar(*S) levels and even 15.7 eV is necessary to ionise argon.
Most energy levels of air species are at lower energies. An exception are the
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Figure 2.3: Densities along the symmetry axis of the plasma jet: (A) argon
species, (B) nitrogen species. Molecules are indicated by a solid line, radicals
by a dashed line and ions by a dotted line. Note that the time and distance
dimensions are correlated with an externally calculated velocity profile.
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energy levels of different nitrogen ions, which lie close to the argon ionization
threshold, and therefore reaction 637 (Nj + Ar — Ar™ + 2 Ny) becomes
the most important argon ion source when air diffusion becomes significant.
The dominant processes for the destruction of the different argon species by
air impurities are, at 0.5 cm from the nozzle (for each reaction, the relative
contributions to the total loss is indicated after the colon):

o Ar(*SPPy]) + 05 — 20 + 2 Ar (321): 31%
Ar(*SPPy]) + Na — 2 N / No(A) + 2 Ar (327-328): 24/24%
Ar(*S[*Py]) + HO — H + OH + 2 Ar (977): 3%

° AI‘Q* 4+ 03 420+ 2 Ar (427) 36%
AI‘Q* + Ny — NQ(A) + 2 Ar (429) 42%
Ary* + HO — H + OH + 2 Ar (1005): 6%

o Arj + Oy — OF + 2 Ar (434): 37%
Ary + HyO — HyOF + 2 Ar (1008): 49%
Arj + H,O — ArH* + OH + Ar (1009): 12%

o Art + Ny — NI + Ar (414): 74%

2.3.2 Nitrogen species chemistry

When ambient nitrogen is diffusing into the jet, it is easily excited to the first
electronic state No(A), mainly by electron impact collisions (reaction 157).
Indeed, this excited state is among the most dominant nitrogen species as
can be seen from figure B. Ny(A) is easily quenched back to the ground
level in superelastic collisions (reaction 167) or by gas species (reaction 618).
Another destruction pathway is also very important, although significantly
slower than 167 and 618: the reaction with atomic oxygen, where NO is
formed (reaction 647). This reaction is in the first few millimetres after the
nozzle exit the main production pathway for NO (see below, section [2.3.5).
Note that it is probably less fast at lower temperatures because the rate co-
efficient is quite temperature dependent. The production and loss processes
for the No(a’) excited level are similar as for Ny(A) and this explains why
the trends of the density profiles are alike.

The nitrogen radical (N) is mainly formed through the chemical quenching
of argon by Ny (e.g. reaction 328) and the reaction between No(A) and O,
generating NO and N (see above). N easily reacts further with molecular
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oxygen to form NO through reaction 729. However, it can also be destructed
by NO to form Ny again (reaction 849). A considerable fraction of N is also
excited by electrons to N(?D) through reaction 138. This species can react
further in a similar way as the ground state, but it can also be physically
quenched to the latter. The only remarkable difference is that the excited
N(?D) state easily reacts with HyO, and this forms the largest source of
NH (reaction 1496). All these fast reactions result in a significant drop for
the N atom density, starting at a distance of 0.6 cm from the nozzle. At a
distance of 1.5 cm the density is already three orders of magnitude lower
than the maximum density of 4x10' ¢cm™. This might be important infor-
mation, since high N densities can, for example, be necessary in sterilization
applications, thus, the distance between the device and the object can be
crucial.

Nitrogen ions (N3) are mainly formed either by charge transfer of Art,
Penning ionization by excited argon levels or stepwise electron impact ion-
isation (reactions 414, 329 and 169 respectively) depending on the effluent
region. In their turn they transfer this charge to HoO (reaction 1501). This
is indeed one of the two most important ways for the generation of HoO
ions, next to the direct charge transfer between Arj and HyO (reaction
1008). A small amount of N3 associates with Ny and is thus converted into
N7 by means of reaction 590. The role of the main N destruction pathway
was already discussed in the argon chemistry mechanism.

The other nitrogen species do not play a significant role in the discharge.

2.3.3 Oxygen species chemistry

Looking at the oxygen species profiles in figure 2.4l A, one can see that the
Os(a) and Oy(b) excited states, as well as O atoms and Oz are formed at high
densities. The dissociation degree, i.e. , the ratio of atomic over molecular
oxygen, is about 6% at a distance of 7 millimetres from the nozzle, which
is 25 times higher than the maximum nitrogen dissociation degree. Oxygen
atoms are created mainly by electron impact dissociation (reaction 79 and
80: both cross sections sum up to the correct value) and by collisions of
O, with excited Ny (reaction 736 and 741). In the far efluent O atoms are
fully generated from the reaction between singlet oxygen (O(a)) and ozone
(O3) (reaction 522). In reality O might also be generated by UV radiation
that penetrates far into the effluent, as previously stated in [142], but this
effect can not be included in the model. In contrast to the N atoms, the
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Figure 2.4: Densities along the symmetry axis of the plasma jet: (A) oxygen
species, (B) water species. Molecules are indicated by a solid line, radicals by a
dashed line and ions by a dotted line. Note that the time and distance dimensions
are correlated with an externally calculated velocity profile.
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O atoms are abundant even in the far efluent. Even at a distance of 2.5
cm from the nozzle the density has only dropped by 3 orders of magnitude
compared to the maximum value of 10'6 cm™. This has also been observed
experimentally by Schaper et al [150] for a helium plasma jet. The main
loss mechanism in the first part of the efluent, when a large amount of H
atoms are present, are the consecutive reactions 1022, 1452 and 1303. In
the first reaction HO, is formed out of H and O, in the next step HO,
reacts with O to form OH and Os and in the last step OH is converted
back into H by reacting with O. The net result is the conversion of 2 O into
O,. Later in the effluent, when the gas temperature is lower and H is de-
pleted by other processes, the formation of ozone is the main loss for atomic
oxygen (reactions 456-461). The excitation to O(*D) as a loss mechanism
does not seem to have an important role in the discharge. Although this
excited level is easily generated by electron impact collisions (reaction 53),
it is physically quenched back to the ground state at almost the same rate
(reaction 475). Furthermore, the internal energy of O('D) is 1.97 eV which
is not very large in comparison to typical bond energies, so the chance of
breaking bonds and as a consequence the probability of forming new species
is indeed rather small.

The same is valid for the two molecular electronically excited states Oq(a)
and Oy(b) which lie at 0.98 eV and 1.63 eV respectively. For these two
states, the first electronically excited molecular state, Os(a), is by far the
most abundant and is mainly formed by electron impact (reaction 76) and
an energy transfer where No(A) is involved (reaction 737). The role of the
Os(a) chemical quenching by O3 in the production of O in the late effluent
was already mentioned above, but in the first part of the effluent Oy(a) is
destroyed mainly by dissociation reactions (reactions 98, 99, 751). O(b)
reacts in a similar manner.

Ozone (Oj3) is created through three-body association reactions between
molecular and atomic oxygen (reactions 456-461). On the other hand, Oj;
also reacts efficiently with O atoms, to form O, again (reaction 464). This
indicates that the O3 generation is somewhat ’buffered’, and producing more
O will only generate slightly more O3 or even decrease its density. Destruc-
tion pathways with NO, or OH are less important since these species are
not generated in large enough quantities (see below).

Both O3 and Os(a) are known to cause oxidative stress in a biological sys-
tem [68]. However, the densities shown here might apply only to the gas
phase since biological samples are always surrounded by water and, even
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after a drying process, the gas species first have to pass a liquid interface.
Especially for O3 this is known to be a slow process [151]. Os(a) is clearly a
long living species, but will be quenched much more quickly once it passes
a liquid interface.

The generation of O ions is caused by charge transfer with Arj (reac-
tion 434). Further in the effluent this role is taken over by direct electron
impact ionization (reaction 78), but at a much lower rate. The cations ei-
ther recombine with the most abundant anions (e.g. reaction 497), or they
undergo dissociative electron-ion recombination (reaction 124). More im-
portant is the fast generation of HyO3 in a water clustering reaction 1710, as
will be explained in section The atomic oxygen ion, O is generated
by charge transfer by various species (H*/Ng /N, reaction 1110/652/653
respectively). When such high energetic ions are largely depleted, direct
electron impact ionisation of O becomes important (reaction 54). OT is an
important species for the formation of NO™, see below.

A very interesting property of oxygen containing discharges is the efficient
electron attachment process due to the electronegativity of oxygen. In our
simulations, anions are mainly created through electron impact dissociative
attachment of O forming O (reaction 82). In a next step, the negative
charge of O is transferred to Oy generating O; (reaction 490) which is the
dominant negative charge carrier from 0.5 cm up to 1.3 cm from the noz-
zle, but O3 is formed out of O as well (reaction 491). The latter is the
main production channel of ozone anions and this species is one of the most
important species for NOj production, see below. The main loss channels
for O3 are however two reactions with O (— 2 Os + ¢ and — Oy + O3,
466 and 465 respectively). Note that the density ratio of O against O3 is
also determined by reaction 462 where the electron is given back from O3 to
O". Finally, it is important to mention the dominant role of reactions 455
and 463 in the creation of free electrons from anions, where O /O3 and O
associate to form O/Oj3 (note that H™ is almost equally important for the
creation of free electrons, see below). O is apparently not present in large
quantities, about 5 ppb at maximum, yet this species is also reported to be
important in therapeutic applications [68].

2.3.4 Water species chemistry

The density profiles of the different water species created in the discharge
are plotted in figure 2.4l B. First of all, note that the generation of H and OH
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is rather complex and closely linked and many other species are involved.
Just after the nozzle exit, the most important pathway for H generation is
the dissociative electron-ion recombination of HoO™ (reaction 267 and 268)
where an O and OH are formed as well. A few millimetres further from the
nozzle, when the water levels start rising due to diffusion, H is primarily cre-
ated through H,O dissociation (reaction 262 and 1005) and OH dissociation
(reaction 246, 250, 1303, 1309 and 1565). The H atoms reach a maximum
density at a distance of 6 millimetres from the nozzle, but will eventually
completely disappear in the next 2 cm by conversion into OH and eventually
to hydrogen peroxide (HO), see below. The loss to OH is mainly caused
by reaction with O3 (1031) as mentioned earlier or through the consecutive
reactions 1022 and 1084, where HO, acts as an intermediate.

OH itself is mainly formed by dissociative electron-ion recombination of
H,O™ as mentioned above (268) and from H,O reactions with electronically
excited Ar species (reactions 977, 1005), Arj (reaction 1009) and N(?D)
(reaction 1496), with an additional H generated in the first three reactions
and NH for the latter. When these species are depleted, OH is primarily
formed in a collision between H and Oz (1031). The OH formed in these
processes reacts further with N (1309) and O (1303) to generate H radicals
again. Stepwise electron impact dissociation of OH, where OH(A) acts as
the intermediate, can also be important (typically dependent on the back-
ground gas composition) but it is generally not crucial. Later in the effluent,
OH molecules start to dimerize quickly, forming hydrogen peroxide in re-
actions 1338-1343. First, it is important to mention that HoOy production
is limited by the presence of OH and O (reaction 1348 and 1558). Second,
we want to stress the relevance of reaction 1346 where OH and HO4 react
with each other to form water and oxygen molecules. This reaction can be
considered as competing with OH or HyO5 production. Additionally, the
rate coefficient of this reaction is inversely proportional with temperature.
Knowing that a low temperature is desirable for the biomedical applica-
tions, the rate of this process will be fast.

All the water species mentioned up to now are strong oxidizing agents in
biological samples. Some might even influence the ROS signalling in and
between cells [68]. Note that Hs is also formed in large quantities but it is
not reactive and has probably no biological effect. However, since two reac-
tive water species are needed for its formation (1083), this process reduces
the biological reactivity of the plasma.

As far as the important positive ions are concerned, HyO™ receives its charge
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2.3. Basic case study: results and discussion

from Ary (1008). HoO™T easily loses its charge to oxygen species (reaction
1523), but there is an additional destruction channel leading to the for-
mation of a hydronium cation (H3O") by a reaction with neutral water
molecules (1507). Indeed, after the nozzle exit H3OT is primarily created
in this way, next to a proton transfer reaction between ArH™ and HyO (re-
action 1509). Later in the effluent H3O™ is mainly formed out of HyOF
(reaction 1713). Other ions like OH', H™, Hy and Hj do not play a signif-
icant role in the discharge.

Negatively charged water species are formed by electron impact dissociative
attachment of HyO, through reaction 260 forming H™ which reacts with an-
other HyO resulting in the generation of OH™ (reaction 1183). H™ and OH-
ions usually lose their electron by a collision with a neutral species, where
a free electron is created (reaction 1148 for H™ or reactions 1082 and 1402
for OH").

2.3.5 NO, species chemistry

The NO, reaction mechanism is quite complex and is very dependent on
various species from the nitrogen, oxygen and water chemistries. As a re-
sult, the most important destruction and formation pathways are varying
as a function of the distance from the nozzle. The density profiles are shown
in figure 2.5 A.

Nitrogen monoxide (NO) has the highest density, about 4x10' ¢cm™. This
species is formed through various pathways: reaction of O with Ny(A) (re-
action 647) is initially the most important one, but at a distance of 6 mil-
limetres from the nozzle exit this role is taken over by reactions 729 and
1309: Oy + N and OH + N. While NO is being formed, it is also con-
tinuously converted into NOy by associative three-body collisions with O
(reactions 655-659). A balance is created between these two species, since
NOs is destroyed by O in reaction 661, forming NO again. Reaction 1048
where H reacts with NOy to form NO and OH, has a similar function and
the generated OH will even be used to generate more NO by reaction 1309,
as mentioned before. Even so, reaction 1048 will only have a limited effect
because H rather rapidly disappears compared to O and OH. Note that
also the gas temperature plays a crucial role in the ratio between these two
species, since the back reaction 661 is proportional with temperature and
reactions 655-659 contain an inverse relationship, where NO is converted
into NOy. Thus, lower temperatures will favour NO, formation. Interest-
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Figure 2.5: Densities along the symmetry axis of the plasma jet: (A) NOy species
and (B) ionic water clusters. Molecules are indicated by a solid line, radicals by a
dashed line and ions by a dotted line. Note that the time and distance dimensions
are correlated with an externally calculated velocity profile.

45



2.3. Basic case study: results and discussion

ingly, both species also associate with each other to form N,O3 (reaction
910). The time scale is, however, too short to form large amounts of NoOg
and it is quite easily destroyed by breaking up again into NO and NO; in
collisions with the background gas (reaction 971).

With respect to the biomedical applications, we want to stress that varying
the treatment distance will affect the NO and even more the NO, flux that
reaches the object, since the density of these species increases gradually as
a function of distance from the nozzle (by several orders of magnitude over
the total simulated distance). Note that NOs can be toxic, and therefore
not more than 5 ppm over an 8 h period is recommended [95].

N0 is formed competitively with the NO, mentioned above, because it is
also created through Ny(A), by a reaction with molecular oxygen, i.e. re-
action 739. The reaction rate is lower than for No(A) + O, where NO is
created, but this is compensated by the much higher density of Os compared
to O. This explains why the NyO density is quite high as well. It is note-
worthy that N,O is again destroyed by the same Ny(A) species (reactions
875 and 876). We have no information on No,O being a biologically impor-
tant species (neither as a reactive nitrogen species (RNS), as a signalling
molecule or causing toxic effects), though it can be used as an anaesthetic.
The nitrate radical, NOg, is considered as a RNS [68]. It is formed through
an associative three-body collision between O and NO, (reactions 662-666).
Its concentration reaches at maximum only 0.1 ppm, since it is quite effi-
ciently destroyed again by O, NO and H, forming NO, (reactions 672, 919
and 1060). Moreover, NOj is also largely converted into NoOj (which is
a RNS as well) in the far effluent by association with NO, (reaction 943),
especially when the temperature goes down since the back reaction NyOp
— NOy + NOj (973) is strongly correlated with temperature.

The role of NH and HNO will not be discussed in detail here. They do not
reach a high density nor do they act as an important chemical intermediate,
except for the pathways that already have been explained above. This is,
however, not the case for the other HNO, species, since HNO, reaches 10
ppm in the jet effluent, HNOj reaches 1 ppm and HNO,4 10 ppb (all at 1.5
cm from the nozzle exit). Figure[2.5/A clearly indicates that it is be possible
to largely avoid these species if the treating distance would be kept small
when applying a plasma jet.

HNO; is mainly formed by the association of OH and NO (reactions 1319-
1323). On the other hand, it is also efficiently destroyed by O and OH
radicals creating NO, (reactions 1593 and 1353). For HNOjg, reactions 1326-
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1331 (OH 4 NOy + M) and reactions 1460-1465 (HOy + NO + M) are the
main sources, while it is predominantly lost by collisions with OH and O,
yielding the formation of NOj (reaction 1354 and 1598). Moreover, HNO3
reacts at a reasonably high rate with O; (reaction 1601) and NO; (reac-
tion 1603), creating NOj. This explains why NOj is the dominant negative
charge carrier in the far effluent.

Finally our simulations indicate that HNO, is formed through NO, and
HO, association (reactions 1473-1478). This species is lost in two, almost
equally fast reactions; i.e. by collisions with OH forming NO,, H,O and
O (reaction 1356), as well as through collisions with the background gas
(1605) forming NOy and HO, again. Evidently, the latter is only possible
when the temperature is significantly deviating from room temperature in
certain regions of the effluent, due to its temperature dependent reaction
rate.

It was mentioned before that NO3; will be formed through O; and NO; via
HNOj (reaction 1601 and 1603). The importance of the O3 + NO channel
(reaction 827) was stated above as well. We would like to add that the
NO; + O3 pathway (reaction 813) is equally important. Which reaction
dominates is very dependent on the distance to the nozzle. This is valid for
NO;j itself as well. At first, it is formed by NO 4+ O” + M (reaction 719).
Later in the effluent, when O; becomes the most important anion, the O;
reaction with NOy (reaction 793) starts being dominant for NO; formation.
At the point where the densities O and O; have become low, this anion
is not created any more. The main effective charge loss for both negative
ions NO3 and NOj (so not charge transfer between each other) is simply
recombination reactions with the most abundant positive ion at that point.
NO; ions (mainly NOT) are created through collisions of various species
with O (reaction 691) and OF (reaction 756 and 758), but these reactions
are not very fast, so the densities remain low. Therefore, we can conclude
that these species do not play an important role in the chemistry at the
conditions under study.

2.3.6 Water clustering chemistry

Our calculation results plotted in figure 2.5 B reveal that as soon as the air
concentration in the jet starts to increase significantly, the positive ions are
almost immediately clustering with water, in spite of the fact that decluster-
ing, e.g. reaction 1718, is still very fast in this area (where the temperature

47



2.3. Basic case study: results and discussion

is still high). In this way the water clusters quickly become the most impor-
tant charge carriers, as is clear from the figure. Furthermore, the clusters
keep increasing in size as a function of the distance from the nozzle. The
first important cluster H5O5 is simply formed out of the reaction of H3O*
with HyO (reaction 1717). The hydronium ion itself is created from HyO™
(see above, reaction 1507). Clearly, the formation of H,O5 (water clustering
of OF, reaction 1710) is less efficient and this is attributed to the following
efficient reactions: HoOF + Hy0O yielding H,0F (1714) and H,OF + H,0O
yielding H3OT (1713). Additionally, H,03 also leads to H5O5 formation
through reaction 1716. This all explains why only the H".(H50), water
clusters survive. All clusters, regardless of their size, recombine with elec-
trons and anions (O, O3, NOj depending on their densities as a function of
the distance) causing a gradual decrease in the total amount of positive and
negative ions of about three orders of magnitude within 2 ms. NO*.(H,0),
will not be discussed in detail since these species do not reach a high density.

2.3.7 Electron energy gain and loss

In this model, the mean electron temperature T, is used to determine prac-
tically all rate coefficients for the electron-heavy particle collisions, either
by an Arrhenius expression or by energy dependent cross sections (where
the Boltzmann solver provides lookup tables for a wide range of T, values
with corresponding rate coefficients). For this reason the calculation of the
electron temperature is very important. The value is obtained from the
electron energy density equation, see equation [2.2] and is plotted in figure
The second term and third terms on the right side consider the electron
energy density gain and loss due to all different inelastic and elastic electron
collisions. Evidently, the number of inelastic reactions is great, moreover
the species densities and chemical pathways are rapidly changing along the
plasma jet stream. Figure|2.6|clarifies which are the most important contri-
butions for changes in the electron energy density, as a function of distance
from the nozzle.

It is clear that the main source of electron energy gain throughout the
effluent is continuously the power input into the plasma. However, for a
short period, when air entrainment becomes important (3 - 5 millimetres
from the nozzle), the sum of de-excitations from different excited nitrogen
states (reactions 1.2-1.5 in figure[2.6{a)) adds up to 10% of the total energy
gain. The effect of any other species or processes is negligible.
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Figure 2.6: Dominant electron energy density gain (a) and loss (b) terms (Aeg)
along the symmetry axis of the plasma jet, where 5:(%neka e) (see equation
. Ar* and Ng yip, are the sum of all electronically excited states of argon and
of the vibrationally excited states of nitrogen included in the model respectively.
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As long as air species are not more than impurities in the argon background
gas, elastic collisions with argon atoms are the largest drain of electron en-
ergy, with a relative contribution of about 90%. Inelastic collisions with
argon atoms have only a minimal effect of less than 10%. Note that in fig-
ure [2.6[(b), reactions 2.3-2.9 are the predominant contributions to the total
inelastic reactions, which is represented by profile 2.2. Figure|2.6/shows that
the ratios of the different contributions completely shift when air entrain-
ment becomes significant. In this case, inelastic collisions, more specifically
nitrogen vibrational and electronical excitation, become the largest energy
loss processes (reactions 2.3-2.4). Due to these nitrogen excitations, T is
initially slightly going down at this point (see figure above). However,
only one millimetre further, T, is going up again. A detailed analysis of
our simulation results indicates that this is caused by the extremely rapid
drop in electron density (again see figure above). This drop causes the
absolute value of the elastic loss term (third term on the right side of equa-
tion to decrease faster than the increase of the absolute value of the
inelastic loss terms. Therefore, the derivative of the electron energy den-
sity as a function of time becomes positive again, which explains the rise
in Te. Indeed, after some more time (at 5 millimetres from the nozzle) T,
starts dropping once more and this is exactly where the slope of the elec-
tron density profile flattens. Note that the total energy loss and gain rates
are almost exactly cancelling each other and the slightest change in either
of these values has a large effect on T,. The maximum in the energy loss
process 2.5 (at 4 millimetres) can be explained through the T, profile: the
rate coefficient of argon excitation increases strongly for higher T, values.
The opposite is true for vibrational excitations of nitrogen molecules, thus
explaining the dip in the energy loss process 2.4. The reason why there is
no maximum observed for electronic excitation of nitrogen (process 2.3) is
because the increase of both the rate coefficient as a function of T, and the
nitrogen density (due to diffusion) are rather small in comparison to the
steep drop in electron density. Since the rate of reaction 2.3 is a product
of these three factors, it drops and therefore the energy loss due to this
reaction becomes less important in this region.

Finally, we want to stress that this information is maybe not directly trans-
ferable to the ‘real’ value of the electron temperature at a certain distance.
Indeed, the model still uses some crude approximations like spatial averag-
ing, and also time fluctuations (RF) of the electric field are not taken into
account. However, the figure still gives an idea of how the electron temper-
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ature is determined in this model and what are the dominant loss and gain
terms caused by the air component reactions. Additionally, the importance
of including rotational or vibrational states is demonstrated.

2.4 Conclusion

In this chapter, a 0D chemical kinetics model is presented to study an exper-
imental plasma jet setup. In the 0D model, the time dependent evolution of
species densities is converted into a spatial dependence, hence, as a function
of the position in the plasma jet device and effluent. The argon feed gas
flows into the open atmosphere, assuming 50% relative humidity and for this
purpose, an extended reaction chemistry set for a argon/humid air mixture
was developed, which considers 84 different species, including biomedically
active species (ROS and RNS), and 1880 reactions (see [Appendix A).

Free electrons are mainly created through electron impact ionization of the
argon excimer, Ary*, which is created through association reactions of ar-
gon metastables with the background gas. When the argon species flow into
the ambient humid air, they are chemically quenched by the air molecules,
thereby mainly forming atomic species. The calculation results show that
high O, H, and N densities in the jet can even already partially be formed
within the device, out of ppm impurities in the gas feed. From a distance of
0.25 cm behind the nozzle exit, ambient air diffusion starts to influence all
density profiles drastically. The densities of all implemented biomedically
active species increase strongly from that point on. The highest density is
reached by atomic oxygen at 0.8 cm (8x10'® ¢cm™). From that point, the
density decreases again since this species is (mainly) associating with Os
forming O3, which becomes the dominant species in the effluent (5x10°
cm™), where the power density and gas temperature are decreasing rapidly.
The other radicals (i.e. N, H and OH) are more efficiently quenched than O
and they are predominantly converted into HO, and NO. All the chemically
reactive species recombine and form ‘long-lived neutrals’ (at the simulated
time scales), mainly Os(a), Hy, NoO, NOy, HyO9, HNOy and HNOj3 (next
to ozone and NO as mentioned before), through various pathways. Their
densities vary between 2x10' cm™ and 4x10' c¢cm™, which corresponds
to concentrations between 1 and 200 ppm. The negatively charged species
are created through dissociative attachment of oxygen and water molecules.
By means of association or charge transfer reactions with neutrals, O; and

51



2.4. Conclusion

later in the efluent NOj; dominate over the other anions. Dissociative at-
tachment processes are also the main cause of the rapid decrease of the
electron density from 0.3 cm beyond the nozzle exit. Note that negative
cluster formation, which is not included in the model, might affect the an-
ion densities. Positive ions are mainly created through charge transfer with
argon ions, but they are quickly converted into H3O1.(H20), water clusters.
Furthermore, we identified the dominant electron energy gain and loss con-
tributions. Our calculations show that, as long as the electron density is
high and air is only present in ppm concentrations, elastic collision losses
with Ar are dominant. Afterwards, when air entrainment becomes sig-
nificant, energy losses by inelastic collisions become the most important;
electronic excitation of nitrogen, vibrational excitation of nitrogen and elec-
tronic excitation of argon atoms have the highest contributions. Therefore,
we conclude that the vibrational states have to be included to determine the
electron temperature as accurately as possible in these kind of simulations.
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Reaction pathways of the
biomedically active species in an Ar
plasma jet |

Preface

For helium plasma jets it was already demonstrated both experimentally
and numerically that the chemical properties of the plasma jet can be
manipulated by controlling the voltage amplitude [153}|154], pulsing [155],
the electrode configuration [156], addition of oxygen/nitrogen/water admix-
tures [123,/157H160] and the gas flow speed [161]. Moreover, also the humid-
ity, both in and out of the discharge chamber, plays a role [126}/162,/163],
but is quite difficult to control.

The number of research groups working on argon plasma jets and the num-
ber of published works [38,/40-42}71},164-168], on the other hand, is lower,
while modelling work for argon as the background gas is practically absent.
In this thesis we therefore simulate the gas phase reaction kinetics of an
argon plasma jet flowing into an open atmosphere of humid air. In the pre-
vious chapter we described the model in detail, but the plasma was more
generally described, for a basic case study. In the present chapter, we focus
in detail on the plasma generation of the biomedically active species (or gas
phase precursors for important liquid phase species) and the influence of
the operating conditions. Moreover, we vary the most important operating
conditions like ambient air humidity, energy input and gas temperature and
investigate the effect of each of these parameters on the chemical pathways
of species relevant for plasma medicine applications. Note that it can be
very challenging in experimental work to study the effect of only one pa-
rameter, because changing one parameter often influences another one.

In the next section we start with some extra numerical details that specifi-

A modified version of this chapter was published as: Van Gaens W and Bogaerts
A 2014 ‘Reaction pathways of biomedically active species in an Ar plasma jet.” Plasma
Sources Science and Technology (23) 035015
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cally apply for this chapter. Subsequently we evaluate the formation of the
most abundant biologically active agents. This analysis is done separately
for three distinct regions in the plasma jet: inside the device, the active
plasma jet and the far efluent. This also includes the effect of the variation
of ambient air humidity, power input and gas temperature.

3.1 Additional comments on the model

For this chapter we chose once more to mimic the plasma jet conditions of
the needle type argon plasma jet developed by Bruggeman and co-workers
at the Technical University of Eindhoven [38] (see figure [1.6). This device
is well studied and can be used for biomedical application studies.

The input parameters for our zero-dimensional (0D) model, used in this
chapter are practically the same as in the previous one, as can be seen from
figure (comparing with figure 2.1). Note that also the flow velocity is
now depicted in the figure. Like in the previous chapter, we use the reac-
tion set presented in however, with a few exceptions which are
listed in [Appendix B| These modifications have only a minor influence on
the calculated plasma properties and are implemented here only for com-
pleteness and/or consistency. Obviously, this all results in nearly the same
electron density and temperature profile.

Our results are analysed by an in house developed software tool, which en-
ables an automatic identification of the most dominant reaction pathways.
Additionally, with this tool it is possible to produce reaction pathway plots
(see section using the open source software ‘Graphviz’ [169].

Note that this work mainly provides qualitative insights in the complex re-
action mechanisms of the biomedically active species within a wide range
of experimental conditions. Nevertheless, our model can even provide rel-
atively accurate quantitative predictions of the species densities as will be
shown in the next chapters.
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Table 3.1: Parameter range and initial conditions at the start of the simulation,
i.e. at 5 mm before the nozzle exit and 3 mm before the needle tip where the
power deposition is maximum.

Initial electron density 10® cm™
Initial electron temperature 0.1 eV
Typical time step 0.1 ns
Update frequency Boltzmann solver 10 us
Impurities in gas feed (estimated) 10 ppm O2, 10 ppm Ng, 1 ppm HoO
Parameters Relative humidity 0 - 50 - 100%
Total deposited 2-65-20W
power
Gas temperature 300 K const - 600 K maz - 800 K max
profile

3.2 Results and discussion

In this section the production and loss processes of the different biomedi-
cally important species are analysed for three distinct regions of the plasma
jet: inside the device with high power deposition (close to the needle elec-
trode tip), in the plasma jet region with ambient air diffusion (still some
power deposition and a significant electron density) and finally in the far ef-
fluent where the densities of both the charged species and the most reactive
species have become very low. We will only analyse the reaction kinetics
for the biomedically active species, with the exception of No(A) which is a
key species for producing biomedically active species. The density profiles
of these species are illustrated in figure 3.2 and the initial conditions and
parameter range for which the calculations are performed are listed in table
Note that gas temperature profile ‘300 K’ assumes room temperature
throughout the plasma jet, whereas ‘800 K’ and ‘600 K’ refer to the peak
temperature just after the nozzle exit (i.e. experimentally measured; more
details in [40] and chapter {4).

The rates and the relative contributions of the various production and loss
pathways for each species can be found in figures [3.343.16, The top figures
illustrate the densities of the species for each of the distinct regions of the
plasma jet simulation (see above). The values are spatially averaged for
each specific region. A spatially resolved density profile for each of these
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Figure 3.2: Density profiles of the biomedically active species and the species
directly relevant for their reaction mechanisms, along the symmetry axis of the
plasma jet. The radicals are plotted together with the charged species in the
top graph and are indicated by a full line and a dotted line, respectively. In
the bottom graph we present the metastable and the longer living molecules,
indicated by a full line.
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species can be consulted in figure [3.2| above. In the bottom graphs, the
color bars represent the relative contributions of each production/loss reac-
tion to the total production/loss of that species, again spatially averaged
throughout each region. This total formation/loss rate is also presented on
this graph (with the white dots, o), so the absolute rates of each reaction
can be deduced. Note that reactions with contributions of less than 10%
are excluded and this is why the bars sometimes do not completely add up
to 100%.

Figures|3.3 also show the effect of variations in power, ambient air hu-
midity and gas temperature evolution, compared to the conditions of the
‘basic case’ of 50% relative humidity, 6.5 Watt total applied power and
the gas temperature profile from figure 3.1} The data of the conditions of
this ‘basic case’ are indicated by stars (%) in the top graphs and with the
hatched bars in the bottom graphs.

Finally, it is worth mentioning that if species densities (top figures) and ab-
solute total rate values (white dots in bottom figures) do not fall within the
range displayed in the figures, the relative rates (colour bars) in the bottom
figures become irrelevant. This is because the rates and the densities are
then too low, so that the corresponding reaction mechanisms (see legend)
are unimportant.

First we will discuss in detail the production and loss mechanisms for the
biomedically important species individually. We will emphasize the differ-
ences in the three different regions of the plasma jet and at varying operating
conditions. However, note that varying the relative humidity of the ambient
air will only start affecting the species densities after the nozzle exit (hence
no effect for the region ‘inside the device’). In a last section we will sum-
marize the overall pathways for the production and loss of all the species.

3.2.1 N,(A?>"7) metastable nitrogen

Although this electronically excited state of molecular nitrogen is not con-
sidered as a biomedically active species, we would like to discuss the reaction
pathways of this species first (see figure since it will later prove to be
important for the air chemistry. One of the reasons is that its internal en-
ergy lies below the argon excitation levels and energy transfer from excited
argon atoms to nitrogen molecules is possible. Because the Ny density in
the argon stream rapidly rises due to ambient air diffusion, the rate of such
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Figure 3.3: Top graph: nitrogen metastable spatially averaged densities (cm™)
for the three distinct regions of the plasma jet and for different operating condi-
tions. The calculation results are presented for the ‘basic’ case (indicated with
% symbols) which corresponds to 50% relative humidity (RH), 6.5 Watt applied
power (PWR) and the gas temperature profile fitted to the experimental mea-
surements. Additionally, the results for variations in RH (0% and 100%), PWR
(2W and 20W) and gas temperature profile (indicated by their maximum of 300K
and 800K) are shown. Bottom graph: the colour bars represent the spatially aver-
aged relative contributions of the dominant reactions to the total production/loss
(linked to the right y-axis with production in the upper half and loss in the lower
half of the figure) for the same three regions and the same operating conditions.
The (o) symbols indicate the spatially averaged absolute total production/loss
rates (cm™3s), linked to the left y-axis. In this bottom graph, the results of the
‘BASIC’ case are indicated by hatched colour bars.
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reactions increases significantly after the nozzle exit. Moreover, the energy
content of Ny(A) (6.17 eV) is sufficient to induce chemical changes in other
molecules upon collisions (a typical single covalent bond energy is ~ 2-5
eV). Note that singlet oxygen, Os(a'A), usually reaches a higher density
in air plasmas but its internal energy of 0.98 eV is barely enough to cause
any bond to break. As a consequence this species is not so important in
the gas phase reaction mechanism of Ar/Os/Ny mixtures, although it might
have a biochemical effect and thus be crucial for the applications.

Inside the device and in the first few mm after the nozzle exit, No(A) is cre-
ated by electron impact excitation reactions at all conditions investigated,
mainly directly from the ground state but also to some extent stepwise
through the vibrationally excited No molecules:

€ + Ny — ¢ +N2(A) (11)
e + N2,vib — e + NQ(A) (12)

Clearly, de-excitation by electron impact reactions (i.e. the reverse of reac-
tions & has only a slightly lower rate, which results in a limited net
production for No(A). Note that these are electron impact collisions with
gas feed impurities as there is no ambient air diffusion in this region yet.
When the argon flows out of the device, it mixes with the ambient atmo-
spheric air and the Ny density rises, which results in an acceleration of all
electron impact excitation reactions, although the electron density is al-
ready dropping. This is especially the case for reaction which is now
responsible for more than 95% of the formation of No(A). Evidently, also
the Oo and HyO densities are rising (and as a consequence also atomic O),
so quenching of No(A) by these species now dominates over electron impact
de-excitation. Quenching by water molecules (reaction turns out to be
the most efficient:

The observed mechanism easily explains why the Ny(A) density increases
with power in the active plasma jet (see top left graph of figure , be-
cause for higher power values the electron density and temperature increase,
which in turn accelerate electron impact excitation.

The observed trend as a consequence of relative humidity variation in the
active plasma jet is explained by the importance of quenching by HyO (re-
action . The Ny(A) density appears to be indeed much higher for dry
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ambient air conditions.

The effect of different gas temperature profiles is only small; the reason for
the slightly higher No(A) density for the higher temperature profile in the
active plasma jet region, is simply that the density of the quenchers is lower.
Recall that in our simulations we assume constant atmospheric pressure, so
a higher temperature leads to lower densities.

In the far effluent region the Ny(A) is largely consumed and this region will
therefore not be discussed for this species.

Figure 3.4: Similar graphs as in figure but for O atoms.
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3.2.2 O atom

One of the dominant (bio-)reactive species formed in plasma jet micro-
discharges is the oxygen atom. First, we want to point out that electron
impact excitation to O('D) by reaction and de-excitation by reaction
are filtered out of the data presented in figure[3.4] as they have practically no
net effect on the chemistry. This is because O(!D) is quenched back to the
ground state mainly by physical and not chemical quenching. Additionally,
to our knowledge no other (chemically) important electronically excited
states are created in significant quantities by this quenching process.

e +0—=e +0('D) (2.1)
O('D)+M - O+ M

Inside the device O is predominantly formed by electron impact dissociation
of Oq. This direct dissociation process is quite efficient since its cross section
is favourable at the governing average electron temperature [170], especially
compared with the cross sections of inelastic electron impact collisions with
the other impurities: nitrogen and water |[171,]172].

Therefore, high O densities are rapidly formed due to the efficient produc-
tion, as well as the absence of significant loss processes inside the device.
We see two reasons for this. First, the temperature in this region is quite
high (about 600 K due to the needle electrode geometry) prohibiting asso-
ciation reactions of O with background gas species, e.g. ozone formation,
which would obviously result in the loss of O atoms. The rate coefficient of
this reaction indeed drops drastically with rising temperature:

k = 6.40 x 107*%exp(663.0/Tyas) cm’s™

Second, the humid air plasma components that react heavily with O and
thus contribute to the loss of oxygen atoms, are only present in ppm levels
and lower in the device. These reactants are mainly OH and HO5 and NO.
In the active jet region electron impact dissociation of molecular oxygen
even accelerates, although the electron density is already decreasing. The
rate increases because large amounts of ambient Oy mix with the argon
plasma. Nevertheless, this production channel through electron impact is
less dominant in this region as dissociation by collisions with Ny metasta-
bles (Nao(a’) and Ny(A)) also becomes important, again due to ambient air
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diffusion. It should be noted that these species are created by electron im-
pact themselves (see above).

As a consequence, the rise in O density is great but nonetheless limited by
fast destruction processes with H containing species and 3-body association
with Oy (reaction in this area.

In the far effluent the contribution of loss reaction 2.3 increases because the
Og level keeps increasing due to diffusion and the rate coefficient rises as the
temperature drops. Besides, OH and HO, species are largely depleted in
this region and their role as O quencher is only partially taken over by NO
and NO,. Evidently, the O production is much lower in this region since
no highly energetic electrons, or No(A) metastable molecules, are left in the
far effluent. Our simulations show that the production of O atoms is now
dominated by collisions between Oz (a) and Oj:

OQ(&) + 03 — 02 + OQ + O (24)

Besides, the reaction between Oy(a) and HO, (see figure as well) is only
important in the very beginning of the far effluent, because the HOy con-
centration decreases rapidly in this region (see figure .

The rate coefficient of reaction has exactly the right value to cause a
slow but long release of O. Moreover, most of the O is again converted into
O3 through reaction 2.3, which again leads to O as long as there is sufficient
Os(a) present.

An increase in power leads to a clearly higher O density in all three regions
(see top graph of figure and this is again related to the increased elec-
tron impact reaction rates leading to more O, dissociation, directly from
electron impact or indirectly through the Ny electronically excited states
Ny(a’) and Ny(A) (as described above). However, the difference becomes
smaller again towards the far efluent region and this results from the higher
power as well, since this causes an increased generation of molecules that
destroy O atoms, e.g. OH, NOy and HO, (which are to a large extent cre-
ated from O atoms themselves, see sections below).

The relative humidity has a drastic effect on the O density in the active
plasma jet and the far effluent. More specifically, the O density increases
for lower relative humidities. This is attributed to the higher production
rates due to less quenching of Ny(A) (see above) and, at the same time,
lower loss rates because the densities of the most important quenchers, OH
and HO., decrease for lower water concentration (see below).

Finally, the gas temperature profile has a strong influence on reaction [2.3]

63



3.2. Results and discussion

more precisely the rate coefficient of this dominant loss reaction drops with
rising temperature. This explains why the O density increases with temper-
ature, as is clear from figure|3.4, The effect becomes even more pronounced
towards the far effluent region where reaction [2.3|is the only dominant loss
process remaining.

Figure 3.5: Similar graphs as in figure but for Os.
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3.2.3 O

One can see from figure that inside the device the density of Oj is
negligible at all conditions investigated. Furthermore, the production and
loss rates are very low and therefore they will not be discussed.

In the active plasma jet region, where the gas is rapidly cooled and ambient
air diffusion starts, this drastically changes as the formation rate rapidly
increases due to the 3-body association reaction between O and O, (reaction
2.3]), with either Ar or Ny as third body. The net production is, however,
still limited by the presence of highly reactive species like O and H, which
cause the destruction of ozone through reactions [3.1] and 3.3}

O+ 03 — Oz + Oy (3.1)

k = 8.00 x 10~ "?exp(—2060.0/T,,s) cm®s™
O+ 03 — Oy + Oy(a) (3.2)

k =1.00 x 10~ "exp(—2300.0/Tgas) cm?s™
H+ O3 — OH + O (3.3)

Ono and Oda [173] also stressed the importance of reaction as the first
step of a ‘catalytic’ reduction of ozone, where H acts as the catalyst. The
second step is a reaction of the produced OH with O:

OH+O0 — H+ O, (3.4)

Indeed, this second reaction is crucial as it additionally destroys an O atom
which would normally form Oz again in reaction [2.3]

The production rate of O3 in the far effluent (mainly due to reaction
remains high since the lower O density (see figure above) is being com-
pensated by both an increasing O density (due to ambient air diffusion)
and an increasing rate coefficient (due to gas cooling). Moreover, the loss
processes become less efficient in the far efluent region because H atoms
are depleted (cfr. reaction and, as already mentioned, the O density
is dropping as well. Besides, destruction of ozone by these O atoms only
occurs at elevated temperatures due to the strong temperature dependence
of the rate coefficient of reactions and above. As a consequence
of these three factors, the destruction is now dominated by collisions with
less reactive, but long-lived NO and Os(a) species. This causes the ozone
density to generally keep rising up to about 2 ¢m from the nozzle exit for
the basic case study (see figure . Note that this distance might shift by
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a few mm’s, when varying the conditions.

Ozone appears to be more abundant at dry ambient air conditions, both in
the active plasma jet and in the far efluent, since the O density is higher
and thus also the formation rate. Additionally, the influence of loss reaction
3.3 rapidly decreases when approaching dry ambient air conditions. As a
result the ratio of formation to destruction increases.

We see that the effect of power on the ozone density is quite small, both for
the active plasma jet and for the far effluent. This is remarkable because
ozone formation is very dependent on the O density which significantly
rises with power, as explained in the previous section and cfr. figure [3.4]
However, since this species is also involved in the destruction mechanism
(reaction , higher O levels at higher powers only lead to a slight
increase of the ozone density. Note that also the H density increases with
power (see below), thus reaction also contributes to a quite high de-
struction for the high power case study.

The temperature effect in the ozone production mechanism is very pro-
nounced in the active plasma jet and related to the temperature dependence
of the rate coefficients of reactions [2.3] 3.1 and [3.2] Indeed, the production
rate (reaction increases when the temperature is lower, while the loss
rates (reaction and drop, hence causing a higher ozone density at
lower temperature. However, we want to stress that, even the two elevated
temperature cases reach temperatures close to 300 K in the far effluent (cfr.
experimental data). Therefore, ozone formation is in fact, mostly, only ‘de-
layed’ in the high temperature cases and thus the density difference becomes
smaller again towards the far efHuent region.

3.2.4 0O,(a)

Inside the device, both the production and loss of the Oy(a) state are gov-
erned by electron impact reactions, see figure Clearly, the difference
between production and loss is small and this results in a limited net pro-
duction and a low Oy(a) density.

In the active plasma jet region, the Oq(a) density increases because the pro-
duction through electron impact excitation accelerates due to the rising Oq
concentration (ambient air diffusion), which is thus more important than
the drop in the electron density. Nevertheless, we see that the relative im-
portance of electron impact excitation decreases by ambient air diffusion,
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Figure 3.6: Similar graphs as in figure [3.3| but for Oz(a).
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since indirect processes, i.e. reactions involving Ny(A), are now no longer
negligible. Note, however, that No(A) is also primarily created by electron
impact excitation of the nitrogen ground state.

A decreasing importance of electron impact processes and an increasing
importance of collisions with No(A) is also seen for the loss processes in
the first part of the active plasma jet region. Nonetheless, somewhat fur-
ther in this region we see that quenching by HO, starts dominating the
destruction pathway, where this species has a high concentration (see figure
. Throughout the far effluent region HO, will become depleted and only
chemical quenching by ozone and physical quenching by Ar will remain as
significant loss processes.

For the production in the far efluent we see from figure [3.6| that only the
reaction between O and Oj (reaction above) yields the formation of
Os(a) far from the nozzle exit, as a consequence of the absence of energetic
electrons and Ny(A) metastables in that area.

It is worth to mention that Os(a) in fact only starts to be important for
the chemistry of other species towards the far efluent, as its internal energy
is rather low (0.98 eV) and only weak bonds can be broken. For example,
O2(a) becomes, besides O atoms, a dominant quencher of HO, in that region
(see section below). Moreover, we want to stress that in these reac-
tions OH is produced. Later it will be demonstrated that OH reacts further
into HNO; and thus Os(a) indirectly accelerates the formation of HNOs.
A second chemical pathway where Oy(a) acts as an important quencher,
is the destruction of ozone in the far effluent, as already mentioned above
(reaction [2.4)).

In the active jet region we see that lowering the ambient air humidity re-
sults in a higher Oq(a) concentration. This can mainly be attributed to the
production processes, more specifically to an increased generation of No(A)
and the consecutive energy transfer to O, as the humidity has no effect on
the total loss rate of Oy(a) itself. The latter can be explained by the fact
that a lower quenching by HO, is compensated by a higher quenching by
N3(A) for more dry conditions.

The higher density of Oy(a) at lower ambient air humidity in the far effluent
is mainly related to the effect on the O3 and the O densities (which demon-
strate the same behaviour, see above), since these species are involved in the
only significant production mechanism. Still, we observe that the effect is
rather limited for Oy(a) because Oj is also an important quencher of Oq(a)
in this region, hence this counteracts the observed trend.
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The influence of power variation in the active plasma jet is once again
straightforward, since the Oy(a) production is induced by electron impact
reactions, directly or indirectly through No(A), so a higher power results
in a higher Os(a) concentration. The majority of Oy(a) is produced in this
area and by these reactions, thus the effect is even observable in the far
effluent.

Our simulations demonstrate only a small effect of gas temperature variation
in the active plasma jet region because the Oy(a) pathways are dominated
by electron impact reactions here, which are practically temperature inde-
pendent. However, in the far effluent a lower Os(a) density for the 300K
case can be observed. Indeed, at lower temperature, both the O density
in this region and the rate coefficient of reaction are lower, causing a
lower production rate, whereas for the loss rates, the lower concentration of
the HO, quencher is compensated by an increase in the density of the Og
quencher.

3.2.5 N atom

First of all, we need to point out that for figure the excitation and
de-excitation reactions to the N(2D) state were filtered out to show the
chemically most relevant reactions. This N(?D) state has a negligible limited
effect on the N reaction chemistry, with the following exception:

H,0 + N(*D) — OH + NH (5.1)
O+ NH — H+ NO

Thus, we see that NH immediately reacts further with O atoms to form
NO, just as N would do (see below) but on a much smaller scale. Note that
H>O and O are much more abundant and do not ‘feel’ the reactions with
N and NH. Furthermore, we will see in the following sections from figures
3.8 and B.10 that the consecutive reactions [5.1] and 5.2 are not a dominant
production pathway for OH or H atoms either. As a result, we conclude
that this pathway has no influence on the chemistry of other species.

Figure shows that the production of N atoms inside the device and in
the active plasma jet is mainly due to the dissociation of Ny upon collision
with metastable (or higher excited) argon atoms (reaction [5.3), in contrast
to Os dissociation which is dominated by electron impact processes (see
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Figure 3.7: Similar graphs as in figure but for N atoms.
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section . A second important source for N atoms inside the device is
the collision of nitrogen metastables (N2(A)) with O atoms (reaction [5.4)).
Clearly, this reaction type needs ‘activation’ of Ny to Ny(A) by electron
impact excitation (see section above).

Ar 4+ Ny — Ar+ 2N
O+ Ny(A) > NO+N

Inside the device Ny is only present in ppm levels and the formation of N
atoms is therefore limited. In the active plasma jet region the rates of the
aforementioned reactions with argon species rapidly increase. Obviously,
this is due to ambient N, diffusing into the jet, causing the N, concen-
tration to rise drastically. Reaction accelerates almost equally for the
‘basic’ case and this can be attributed to the fact that both reactants of
this reaction also (temporary) become available in higher quantities here
(see sections above). The increase in the loss processes (i.e. collisions with
NO, OH and Oy) is, however, not as large, which explains the rapidly rising
N density in the active plasma jet.

At the beginning of the far efluent region, the N density has dropped again
to about 10" cm™ as the N production quickly stops because Ar metasta-
bles and Na(A) are very efficiently quenched by various diffusing ambient air
components. Additionally, the rate coefficients of the dominant loss reac-
tions (i.e. collisions with OH and NO) are large and these quenchers reach
about the same density as N itself at the end of the plasma jet region.

We also want to stress the importance of the following reaction paths for
the active plasma jet:

O+ Ny(A) > NO+N—=O+N, (5.5)
and
O+ N — NO + O followed by
NO + N — O + Ny with
k =8.20 x 10" exp(—410.0/Ty,s) cm®s™

The first pathway does not result in any net production of N, and in fact
simply leads to quenching of Ny(A). The second pathway &.7), yields
the destruction of two N atoms. In both pathways, reaction [5.7] is crucial
and its rate coefficient is highly temperature dependent (i.e. rising with
higher temperature). It explains why the net N production, and hence the
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N density, is significantly lower for the high temperature cases both in the
active plasma jet and especially in the far effluent.

The effect of relative humidity variation in the active plasma jet is governed
by both the production and the loss; the rate of N production (reaction
increases for dry ambient air (due to higher concentrations of both re-
actants, see above) and the loss of N atoms by collisions with OH (which
has a lower density at low humidity, see below) is reduced. This results in
a higher N density. However, towards the far effluent the effect on the N
density is not determined by a production process anymore but by the loss
upon collisions with NO (reaction [5.7). As this quencher is more abundant
at low relative humidity, the trend for the far effluent becomes opposite (i.e.
a significantly lower N concentration at lower humidity).

This opposite trend is also observed when varying the power. Applying more
power generates more No(A) and O, as well as Ar* both inside the device
and in the active plasma jet, hence increasing the N density in both regions.
Nevertheless, towards the far effluent, the higher power has generated much
more quenchers (see sections on NO and OH below) and the trend is re-
versed; the N concentration now drops significantly faster at higher power.

3.2.6 H atom

Figure [3.8] shows that the production of the H atoms inside the device
is dominated by electron impact reactions, i.e. dissociation of OH and
dissociative recombination with HyO™. Important is that Ar; and H,O are
always involved, although this can not be deduced only from figure The
first mechanism is with OH as an intermediate:

Arj + HyO — ArH' + Ar + OH (6.1)
¢ +OH—e¢ +0HA) ¢ +0+H

The second pathway has H,OT as an intermediate:

Ary + H,O — HyOF + Ar + Ar (6.3)
¢ +H,0" - O+H+H (6.4)

The loss reactions in this region are of minor importance compared to the
production, resulting in a significant H production within the device, in
spite of the low water impurity concentrations.
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Figure 3.8: Similar graphs as in figure but for H atoms.
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When humid air starts diffusing into the jet, the production first increases
due to the higher H,O concentration, but only for a very short time, as Arg
is no longer generated in large quantities. Afterwards, there is in fact no
production of ‘new’ H atoms anymore. Indeed, figure demonstrates that
the H atoms are predominantly generated from OH radicals, both in the
active plasma jet and in the far effluent, by reactions and [6.6] as long
as the densities of O and N atoms remain sufficiently high:

OH+ O — H+ 0O, (6.5)
OH+N — H+NO (6.6)

Actually, we will see later that the OH radicals are mainly produced from
H atoms in these regions, so it is a regeneration process. This can already
be partially inferred from figure [3.8] because the H atoms are lost mainly
to HO, through reaction 6.7, in both the active plasma jet and far efHuent.

H+0;+M— HO; + M (6.7)

-0.80
_ ~32  Tgas 6ot
k=6.09 x 10 300 cm’s

These HO, molecules will react further to OH (see section below).
Additionally, direct conversion of H atoms into OH radicals by ozone con-
tributes for about 10% to the total loss:

H+ O3 — OH + Oy (6.8)

In the far efluent region the N and O densities are reduced to too low levels
to maintain the crucial steps of the regeneration process (reactions and
and the H density becomes very low.

The fact that Arj is a key component in the formation mechanism of H
atoms obviously explains why the H atom density increases for a higher
applied power, both inside the device and in the active plasma jet, because
the Arg density is very dependent on the electron density and electron tem-
perature, which rise with power.

The importance of the 3-body association reaction for the loss of H
atoms is the main reason why the H density is lower in both the active
plasma jet and the far effluent, when the jet is cooler. The rate of this
reaction typically drops significantly for a higher gas temperature, due to
the reaction rate coefficient and the density of the third collision partner M.
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The effect of ambient air humidity variation is of course trivial for all hy-
drogen containing species, as their density evidently increases with water
concentration.

Figure 3.9: Similar graphs as in figure but for HO».

3.2.7 HO,

In figure [3.9] we see that the HO, density is negligible within the device.
The explanation is that the temperature is simply too high for efficient as-
sociative 3-body collisions between H and O, (reaction . Additionally,
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the H and O, densities are still rather low in this region.

The situation drastically changes when the argon flows into the open atmo-
sphere and ambient air diffusion starts, since the temperature now rapidly
cools down. Moreover, the H and Os concentrations are now sufficient for
significant HO5 production through reaction [6.7, However, the rapid deple-
tion of H further away from the nozzle prohibits the maintenance of such
high rates in the far effluent (see section , explaining the drop in the
HO, density.

The loss processes shown in figure [3.9) confirm that HO, is indeed converted
into OH (as mentioned in the previous section). In the active plasma jet
this occurs predominantly by reaction pathway and to some extent by
reactions and [7.3, whereas in the far effluent only reactions and
play a role. The rate coefficient of reaction [7.1] rises upon lower gas
temperature and this compensates for the gradual decrease of the O den-
sity. Furthermore, reaction becomes gradually more important in the
far effluent, because Oy(a) is a long-lived species within this time scale (see

section [3.2.4]), whereas H is not.

HO, + O — OH + O, (7.1)
HOQ"‘OQ(&) — OH+OQ+O
HO; + H — OH + OH

The effect of power on the HO5 concentration in the active plasma jet is not
very large compared to the effect on the H density (see figure since both
production and loss are strongly enhanced by increasing power. The reason
why the HO, density drops faster towards the far efluent at high power
is that the production arises from the very short living H atoms, whereas
the destruction is regulated mainly by longer living species O and O(a).
The HO, density is thus determined by the loss reactions with O and O(a)
which are generated in higher quantities for higher powers.

It is remarkable that the temperature variation has only a small effect on
the density of HO, in the active plasma jet. The explanation is that the
higher density of H atoms at higher temperatures, counteracts the drop
in the rate coefficient for the 3-body association reaction (reaction .
Similarly, the increase in O density compensates for the lower rate coefficient
of the main destruction pathway, i.e. reaction [7.1] in the high temperature
case. In the far effluent a much stronger temperature dependence of the
HO, density is observed, as the density clearly increases with temperature.
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Note that the temperature difference between the cases is only small in this
region and the rate coefficients are thus similar. Therefore, the effect on
the HO, concentration must be related directly to the more rapid depletion
of H atoms at low temperatures (see section [3.2.6) and hence a smaller
production rate of HO,.

Finally, the effect of ambient air humidity is again evident, as HO, is also
a derivation product of HyO, so its density drops significantly at dry air
conditions.

Figure 3.10: Similar graphs as in figure but for OH.
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3.2.8 OH

The production of OH radicals inside the device is by collisions of Arj with
Hy0O (see reaction above). A large fraction of the OH radicals is elec-
tronically excited to OH(A), which is the only dominant loss process for OH
in this region (see figure[3.10)). This OH(A) state is more easily dissociated
by electron impact than ground state OH (see reaction . Still, most of
the OH(A), about 80% (data not shown), will simply decay radiatively back
to the ground state. Nevertheless, as a result of the efficient electron impact
excitation, most of the OH is present in the form of OH(A): about a 6-fold
higher density. All this results in a low OH density inside the device.

In the active plasma jet region and the far effluent, the pathways for water
species become more complex and involve many different reactive species.
OH is not as efficiently dissociated anymore by electron impact reactions
(through OH(A); reaction and H is gradually being converted into OH,
mainly through HO, that acts as an intermediate species (see reaction ,
followed by reactions and presented above) as well as by the direct
pathway (reaction mentioned above).

Nevertheless, a lot of OH is still converted back into H, both in the active
plasma jet and the far efluent, but now mainly through reaction [6.5] and
to a lower extent by reaction [6.6] as long as the densities of the collision
partners O and N remain high. When the densities of the reactive species
O and N have sufficiently dropped in the far effluent, the regeneration of H
will stop and OH is converted into HNOs, HNO3 and HyO4 (the last two
processes only contribute for a few % and are therefore not shown in figure
3.10).

The regeneration of H and ‘recycling’ of OH was also observed by Komuro
et al [174] in an air streamer discharge. A similar reaction scheme was iden-
tified, although the conditions were very different (gas composition, power
regime and a stationary gas).

The importance of the OH loss reaction to HNO, was already stressed in
Fresnet et al [175]. Additionally, the author identified this reaction as a
dominant loss pathway for NO as well (see also section on NO below).
The study concerned a pulsed parallel plate discharge in No/Hy0O/NO mix-
tures.

Because OH is mainly produced from HO; (see above), the density trend
for OH under influence of power and temperature, is practically the same
as for HO,. More specifically, in the plasma jet region the OH density

78



Chapter 3. Reaction pathways of the biomedically active species

clearly increases with power but is not so much affected by temperature.
The explanation is that a higher density of the reactants, due to a higher
temperature, is compensated by a decrease in the production reaction rate
coefficient for the main reactions, resulting in an almost equal production
for all temperature cases (identical explanation for the destruction). Note
that in the far efluent OH simply follows the density trend of its precursor
HO; and the quenchers of HO, (in particular O and Og(a)), i.e. increases
with temperature (the temperature influence on the rate coefficient is ir-
relevant as the temperature is practically the same for the three different
temperature profiles in this region).

Again the effect of ambient air humidity is obvious, as OH is derived from
H,O.

3.2.9 NO

Inside the device the impurity levels are too low to create a high amount of
the reactive species out of which NO can be formed. Moreover, figure [3.11
illustrates that NO is efficiently dissociated by electron impact and argon
excimers. As a result the NO concentration remains very low inside the
device. Therefore, we will not discuss the production and loss processes of
NO in this region further.

The pathways drastically change when the argon discharge flows into the
open humid air atmosphere: plenty of OH, N, O and Ny(A) become available
and a large amount of NO is now rapidly formed from these species (their
origin was explained in detail in the sections above)

The formation of NO through NO, in the active plasma jet region, however,
needs to be interpreted with caution since this species is formed from NO
itself by an associative 3-body reaction between O and NO (see also below
and section . The reactions of NO, with O and H, as shown in figure
3.12, therefore have to be considered as a regeneration pathway and not as
the production of ‘new’ NO.

H + NO, — OH + NO (9.1)

Clearly, this comment is even more valid for the far effluent region where
only these two pathways (and especially reaction 9.2)) are able to generate
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Figure 3.11: Similar graphs as in figure but for NO.
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NO.

As a consequence, our simulations indicate that four pathways are respon-
sible for the creation of ‘new’ NO in the active plasma jet, i.e. reaction [5.2
listed in section [3.2.5 and the following three processes:

O + Ny(A) — NO + N/N(*D)
OH+N — H+ NO .
Oy +N = NO+ O (9.5)

Figure [3.11] shows that reaction [9.3]is the most important of these four.
Concerning the loss processes, the formation of NOy upon a 3-body associ-
ation reaction between O and NO is important both in the active plasma
jet and the far effluent, as mentioned earlier:

O+NO+M — NOy, +M (9.6)

-1.60
o —-31 Tgas 6 -1
k=1.00 x 10 300 cm’s

Moreover, reaction [9.7] is the second important loss process for NO in the
active plasma jet region:

N+NO—= N, +0 (9.7)
k =8.20 x 10" exp(—410.0/Tyus) cm®s™

This reaction is quite important because it leads to a rapid decrease in both
the reactivity and bio-reactivity of the plasma jet, since one of the reaction
products is stable molecular nitrogen.

The rates of the two loss processes diminish towards the far efHuent because
of the density drop of the atomic O and N quenchers. This is especially true
for the reaction with N atoms, of which the concentration is low in the far
effluent. Besides, the rate coefficient of the 3-body association reaction be-
tween O and NO does not rise so strongly with decreasing temperature (see
reaction above) compared to other reactions of this type that were dis-
cussed in previous sections. Thus, it cannot compensate entirely for the
decreasing O density in the region far from the nozzle exit and hence the
rate of this process drops as well. This makes that the conversion of NO to
NOs upon collision with Oz, which is a long-lived species, gains importance
in the far effluent. Additionally, as long as there is still OH available, some
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NO is also converted into HNO,, again by an associative 3-body reaction.
A variation in the relative humidity of the ambient air has only a limited
effect on the NO density. The reason is two-fold: first, NO is lost by colli-
sions with species that are also responsible for the production (i.e. N and
O atoms). Thus, a higher density of such reactive species at dry conditions
leads to both a higher production and a higher loss. In the far efluent we see
exactly the same phenomena where NO is created from O and lost mainly
by collisions with O and O3. The latter is of course directly generated from
O. Second, the generation of NO is facilitated by multiple pathways. In the
case of high humidity, reactions and partially compensate for the de-
creasing production through reactions where N, O and Ny(A) are involved.
The effect of power on the NO densities is more pronounced and the net
production increases at higher power, explaining the rise in NO concentra-
tion, although the different relative contributions do not change drastically.
The effect of gas temperature in the active plasma jet region is quite com-
plex. The difference in density as a function of the three temperature profiles
must be attributed to the loss processes because the total production rate
is practically the same for all temperature cases, as can be seen from table
This table explains how the different NO production pathways behave
under the influence of temperature in the plasma jet region. The conclu-
sion is that the net effect on the total production rate is indeed very small,
because different trends compensate each other. The total loss rate, on the
other hand, drops upon increasing temperature, due to the lower rates of
the associative 3-body reactions between O and NO (reaction [9.6). The
other important loss channel (i.e. reaction stays more or less constant
with increasing temperature, since the increasing reaction rate coefficient
compensates for a lower N density (see section . Overall, as the pro-
duction rate stays more or less constant, and the loss rate drops at higher
temperature, this explains the higher NO density at higher temperature in
the active plasma jet.

In the far effluent region, the effect of the different temperature profiles is
more straightforward, as the temperature is now close to 300K in all the
cases and most of the reactive species are depleted. Production is now
dominated by reaction [9.2] and due to the higher density of O in the high
temperature cases, this reaction causes a higher regeneration of NO from
NO,. Moreover, the effect is enhanced by loss reaction which is very
slow for the high temperature cases, due to more rapid depletion of N (see
section . Hence, both the higher production rate and lower loss rate
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Table 3.2: Effect of increasing temperature on the production rates of NO in the
plasma jet region

Reaction Rate coeff. Reactant 1 Reactant 2 Total
- NH (}) Oz 1 1)
1 H 1 NO, | (1)
l o) NOg | )
T 01 N2(A) (1) (M)
: OH (1) N !
1 0; - N (1) 1

explain the increase of the NO concentration in the far effluent for the higher
temperature cases.

3.2.10 NO,

The NO, density is negligible inside the device, so we do not discuss the
production and loss processes in this region.

As explained in the previous section, the production of NOs in the active
plasma jet and the far effluent is dominated by reaction [9.6] with Ar as third
body. From figure [3.12| we can see that, in the far effluent, NO oxidation
by O3 or NOj3 also become significant, as these two species have reached a
high concentration in the far effluent.

The two NO regeneration processes upon collision with H or O (i.e. reac-
tions and are clearly the most important loss processes for NOy in
the active plasma jet, whereas in the far efluent only the quenching by O
atoms (reaction remains due the absence of H.

The NOs density in the active plasma jet and the far effluent rises for dry
air conditions, as well as with increasing power. These effects can simply
be explained by the fact that O, NO, O3, which are the main species out
of which NO, is formed demonstrate, the same trend. Even the increased
quenching by H atoms (which also demonstrates a density rise) cannot com-
pensate for it. Note that O is involved in both the predominant loss and
formation reactions, which limits the net effect.

The effect of gas temperature is more complex. We see that in the active
plasma jet the NO, concentration drops at higher temperature, whereas
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Figure 3.12: Similar graphs as in figure but for NOa.
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the effect is opposite in the far effluent. This can be explained as follows:
in the active plasma jet NOy formation is inhibited for high temperature
cases because of the temperature dependent rate coefficient of production
reaction (although the densities of both NO and O increase with tem-
perature) and at the same time the main quenching mechanism of NO», i.e.
reaction becomes relatively faster (see table . Note that the latter
is partially compensated by a deceleration of further oxidation of NOy into
NOj3 as a loss process at higher temperature.

Nevertheless, the temperature effect in the plasma jet region is indeed only
temporary; in the far efluent the NO oxidation into NO, becomes more
efficient in the higher temperature case, because the O atoms are much less
converted into Oz in such a case.

3.2.11 N,O;4

For N,Os5, we only focus on the production and loss processes in the far
effluent because its density is negligible inside the device as well as in the
active plasma jet.

The generation of NoOj is straightforward. For the formation and the de-
struction there is only one relevant mechanism (see figure :

T as —3.50
kforward = 2.80 x 10_30 (ﬁ) cm®.st

300
exp(—11000.0/Tgas) cm®.s

T o —3.50
kbackward = 1.33 X 10703 <i>

Due to the very high temperature dependence of these reaction rate coeffi-
cients, the balance will shift to the right at low temperatures whereas the
balance is shifted to the left at elevated temperatures. Hence, this explains
the higher NyOj5 concentration for the low temperature case. Indeed, except
for the 300 K case NyOj5 formation starts only in the far efluent when the
temperature is very close to room temperature.

N5O5 production is favoured at higher power and in dry ambient air since
these conditions give rise to higher densities of the reactants.
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Figure 3.13: Similar graphs as in figure but for NoOs.
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Figure 3.14: Similar graphs as in figure but for HyOa.
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3.2.12 H,O0,

H505 production is again of minor importance inside the device, so we con-
centrate only on the pathways in the active plasma jet and the far effluent.
Figure [3.14] shows that HyO is predominantly created by a 3-body associ-
ation reaction in both these regions:

OH + OH + M — Hy0, + M (12.1)

~0.80
- 51 ( Leas 6 (1
k =8.00 x 10 300 cm’.s

Thus, this reaction can not take place inside the device, as the temperature
in this area is simply too high for a significant rate coefficient. Moreover,
the OH density is still rather low in this region.

The main destruction pathways of HyOs, again both in the active plasma jet
and in the far effluent, are collisions with OH (reaction and O (reaction
, which both have a rate coefficient that rises with temperature:

k =4.53 x 107 ?exp(—288.9/Tgys) cm®.s™

T - 2.92 (
k=179 x 107" (fgo) exp(—1394.0/Tyus) cm®.s™

This explains the drop in HyO5 concentration upon higher temperature, es-
pecially in the active plasma jet. Clearly, the rate coefficient of reaction [12.3
has a much higher gas temperature dependency and therefore its relative
importance compared to reaction becomes smaller in the far effluent
where the gas temperature is close to 300 K for all temperature profiles.
Note that in reaction the number of reactive species created is 2 (HO,
+ OH) whereas in reaction only 1 reactive species is formed (HOq,
besides HyO). We can conclude that reaction thus reduces the HyO4
production (above we explained that HO5 leads to OH again, hence by re-
action also to HoOs).

Figure [3.14] shows that HoO, is extremely sensitive to the ambient air hu-
midity: the density is very low at dry air conditions. Indeed, the rate of
the only production type (reaction is proportional to the square of
the OH density (which is very dependent on the relative humidity itself
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as demonstrated above), whereas for the destruction mechanism there are
alternative quenchers available (i.e. O, Ny(a’) and electrons) with densities
that are not as dependent on the ambient air humidity.

The highest net production occurs at the end of the active plasma jet re-
gion, thus the OH converted into HyO5 in that area will mainly determine
the final hydrogen peroxide concentration.

As shown in section [3.2.8] the OH density increases with power in the ac-
tive plasma jet, and the rise in density of the quenching species upon higher
power can not compensate for this effect. As a result, H,O5 is also more
abundant at higher power, both in the active plasma jet and in the far ef-
fluent.

As mentioned above, we observe a faster conversion of OH into HyO5 at low
temperature. The higher concentration of hydrogen peroxide in the active
plasma jet for a lower temperature can be explained by the strongly tem-
perature dependent rate coefficient of the loss reaction [12.3] Indeed, much
less of the produced H5Os is converted back into OH (or the OH precur-
sor HOy) at low temperature. Nevertheless, this is largely not more than
a delay of hydrogen peroxide production, because in the far effluent these
differences in HyO, concentration between the three different temperature
cases almost disappear.

3.2.13 HNO,

The HNOy species in a plasma treated (humid) biological sample might
originate either from liquid chemistry (i.e. reactions between various re-
active nitrogen species and hydrogen species) or they might be transferred
directly from the gas phase. Our simulations demonstrate that HNO, is cer-
tainly formed in considerable quantities by gas phase reactions, although the
efficiency of mass transfer to the liquid phase still remains an open ques-
tion [71].

Inside the device, the HNO, densities are negligible, so once more we only
focus on the chemistry in the active plasma jet and the far effluent.

Figure shows that HNO, is mainly formed by associative 3-body colli-
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Figure 3.15: Similar graphs as in figure but for HNOas.
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sions between OH and NO, throughout the entire effluent region:

NO + OH + M — HNO, + M (13.1)

T e —2.4 ,
k =7.40 x 10731 (ﬁ) cm®.st

The loss mechanism is dominated by collisions of HNO, with O and OH,
i.e. conversion of HNOy into NOy by hydrogen abstraction:

k =2.00 x 10" exp(—3000/Tyq) cm®.s™

k =2.70 x 107 "?exp(260/Tgas) cm®.s™

Apparently, hydrogen abstraction by O atoms can only occur at elevated
temperatures (its rate coefficient rises drastically with temperature), whereas
abstraction by OH is enhanced by lower temperatures (its rate coefficient
drops with temperature). This explains why roughly only quenching by OH
remains in the far effluent (except in dry air, where the OH concentration
is very low).

The HNO, formation is the highest at the end of the active plasma jet. This
is because of three reasons; first, the densities of both reactants, OH and
NO, are high enough for significant production (see figure [3.2). Second, the
temperature dropped sufficiently to avoid quenching by O and third, the
gas is not yet cool enough for efficient quenching by the OH radicals. In
the far efluent, these OH radicals are already largely depleted and both the
production and loss become low.

Furthermore, HNO, is clearly more abundant for a higher applied power
and more humid ambient air, both in the active plasma jet and the far ef-
fluent. This behaviour is trivial because both reactants, OH and NO, have
a higher density at those conditions (see sections [3.2.8 and [3.2.9| for more
details). Note that the increase in HNOy density upon rising humidity is
especially large at low air humidities.

The HNO, concentration in the active plasma jet is clearly higher for the
lower temperature case and can be explained as follows. First, the produc-
tion rises because the rate coeflicient of reaction increases drastically
(although the OH and NO concentrations are a bit lower at low tempera-
ture). Second, the rate increase of loss reaction is not as large, because

91



3.2. Results and discussion

the increased rate coefficient is largely compensated by the decrease in the
OH density. Third, the loss by collisions with O becomes negligible (mainly
due to its rate coefficient).

However, in the far efluent the HNO, density difference between the tem-
perature cases is again reduced. The reason is that HNOy production is now
significantly faster for the higher temperature profiles due to the higher con-
centrations of OH and NO (the temperature effect on the rate coefficient
is for all temperature profiles the same in this area, as already repeatedly
explained), while the most dominant loss reaction m stays slow for all
three temperature cases in this region (low rate coefficient close to room
temperature).

3.2.14 HNO,

The production mechanism of HNOj3 in the active plasma jet and the far
effluent is remarkably similar to the HNO, pathway. In this case, OH asso-
ciates with NOs instead of with NO:

Only a minor part of the production is through NO (about 10%, depending
on the conditions):

The loss rates are clearly lower than the total production rate throughout
the entire effluent and will therefore not be discussed, although it is worth
mentioning that HNOj is involved in the production of NOj3 which is in
literature identified as a possible biomedically active agent [68]

Again, the HNOj3 concentration greatly increases with higher power and am-
bient air humidity, both in the active plasma jet and the far effluent, simply
because the reactants are more abundant. As was the case for HNO,, only
a few percent of ambient air humidity is sufficient to let the HNOj3 concen-
tration rise drastically.

Furthermore, the much higher HNOj3 density at lower temperature in the
active plasma jet is primarily determined by the production reaction [14.1]
because the rate coefficient of this 3-body associative collision is typically
higher at low temperature. Nevertheless, in the far effluent, this tempera-
ture effect is reduced, since the densities of both reactants, OH and NO,, are
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Figure 3.16: Similar graphs as in figure but for HNOs.
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higher for the higher temperature profiles, which results in a higher HNOg
production.

3.2.15 Summary of the chemical pathways

Figures [3.17] 3.18 and [3.19] visualize the production and loss pathways in a
qualitative way and give a good overview of the complete reaction chemistry
of the biomedically active species. The species connections in these figures
are labelled and these labels will be mentioned throughout this section, so
that the pathway plots and this summary are complementary.

The pathway plots are constructed from the ‘basic case’ simulation with
50% relative humidity, 6.5 Watt total applied power and the gas tempera-
ture profile from figure Pathway visualization plots for other conditions
are not included in this chapter, but can be consulted upon request.

We want to stress that for the interpretation of these graphs a few remarks
should be kept in mind. For example in the figures showing the production
mechanisms: when a connection is made between species A and C, which
represents a reaction in the form of A + B — C 4 D, this means that
there is at least one important production reaction for C out of A, but it
says nothing about the possible collision partners, B in this case. It neither
suggests that this reaction is important as a loss for A as well, because the
plot only illustrates the production mechanisms.

A similar comment can be made for the connections in the loss mechanisms.
For instance, the connection from NO to O in figure (center graph) is
only important as a loss pathway for NO, but the connection is not a dom-
inant production pathway for O, since the density of NO is significantly
lower than the O densities. Hence, there is no production arrow going from
NO to O in the left graph.

The reason why we chose to show the production and loss mechanisms in
separate figures is because showing only the net reaction pathways, i.e. sum-
mation of formation and destruction rates, could possibly hide a lot of in-
teresting information and can even hide important mechanisms. Also, note
that a connection often represents several reactions. Additionally, when
there is more than one connection arriving at a certain species, the arrows
have a pen width in relation to their relative contribution to the total for-
mation/loss. Finally, it is important to mention that we use a 10% cut-off
for the arrow connections in the pathway plots to reduce the complexity of
the figure.
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e Nitrogen metastables (N2(A)) turn out to be very important for the
generation of biomedical species. They are probably always present
in biomedical plasma sources, as it is impossible to exclude nitrogen
from the gas feed (ppm impurity levels) and because nitrogen is a
basic component of the ambient air that diffuses into the argon stream
(percentage levels in the plasma jet). The electronically excited No(A)
state is formed rapidly by electron impact of Ny molecules, both inside
the device and especially in the active plasma jet due to humid air
diffusion (see label al in figures and [3.18). The Ny(A) density
of 3x10*? e¢m™ inside the device rises to a maximum of 2x10* cm™
at 0.3 cm from the nozzle exit (see figure 3.2). Ny(A) is mainly lost
by electron impact de-excitation inside the device, and is quenched
by H,O in the active plasma jet. Both processes again lead to the Ny
ground state (see label a2 in figures[3.17 and .18)). The N»(A) density
becomes negligible towards the far efluent region for all conditions
under study, hence there is no arrow connection between Ny and Ny(A)
in figure |3.19,

e The O atom density is in the order of 10'* cm™ within the device. This
indicates that most of the molecular oxygen impurities are dissociated.
The O atoms are, in the absence of nitrogen admixtures in the gas
feed, created by electron impact dissociation in this region (label bl
in figure . In the active plasma jet, when higher amounts of
nitrogen become available, O, dissociation reactions by collisions with
N3(A) and Ny(a’) (label b2 in figure become equally important
as the electron impact process. Therefore, the O atom density rises
by typically more than two orders of magnitude in the active plasma
jet (at maximum 8x 10 cm™ for the ‘basic’ case of figure . Water
species like OH and HO5 are responsible for the loss of O atoms in
all three regions, forming O, again (label b3 in figure - .
Another important destruction reaction is the formation of Oz by
association of O atoms with Os. The rate coefficient of this reaction
is highly dependent on the temperature, thus this process is more
important towards the far efluent where the gas is cooler (label b4
in figures and [3.19). Note that a significant amount of O atoms
keeps being formed even far from the nozzle exit, by collisions between
0, (a) and Oj (label b5 in figure[3.19). Therefore, the O atom density
gradually drops in the far effluent but is still considerable towards the
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end of the simulated domain (2x10' cm™® in figure [3.2)).

The O3 concentration is negligible inside the device, but rises rapidly
after the nozzle exit (by 3-body association between O and O; label
cl in figures [3.18 and [3.19) and it even becomes one of the most
abundant species in the far effluent (4x10% cm™ in figure Note
that, in the beginning of the active plasma jet, the net O3 production is
limited due to the high H density in that region, which reacts heavily
with Oz forming OH and Os (label ¢2 in figure 3.18). In the far
effluent, however, the loss processes (predominantly collisions with
O(a) and NO, labels ¢3 and c4 in figure [3.19 respectively) are rather
slow, explaining the high O3 concentration in this region.

Os(a) is, both inside the device and in the active plasma jet, created
primarily by electron impact excitation (label d1 in figures and
. Inside the device, Os(a) is mainly lost by electron impact de-
excitation, forming ground state Oy molecules again (see label d_;
in figure . Note that in the active plasma jet, it is additionally
produced by energy transfer from Ny(A) (label d2 in figure [3.18). In
this region O(a) is mainly quenched by HO, (label d3 in figure [3.18)).
The maximum Oy (a) density (4x10* cm™ in figure is reached at
the end of the active plasma jet because formation in the far efluent
is negligible compared to the loss (i.e. collisions with Os; label d4 in
figure [3.19). Even so, this loss of Os(a) is rather slow and, therefore,
Os(a) is also long-lived (at these time scales).

N atoms are only formed inside the device and in the active plasma
jet, mainly by dissociation of Ny by electronically excited Ar atoms
(see label el in figures and [3.18). These reactions accelerate
after the nozzle exit, where the nitrogen levels increase, explaining the
higher N density in the active plasma jet (at maximum 4x10* cm in
figure . In the far effluent, the formation of N is almost negligible,
explaining why no arrow points towards N in figure|3.19, The N atoms
are in all three regions easily converted into NO by reaction with OH
or Oy (see labels €2 and e3 in figures . Moreover, a large
part of the produced N is also converted back into Ny upon reaction
with this generated NO (see label e4 in figures [3.1713.19).

e The H atoms are produced from a series of steps that begin with col-
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lisions between Arj and HyO (label f1 in figures and [3.18)). The
H formation is especially prominent in the first few mm’s after the
nozzle exit due to humid air diffusion, explaining why the H atom
density is the highest in the active plasma jet (at maximum 4x10
cm™ in figure . The H atoms are very efficiently converted into
OH, either directly but especially indirectly (through HO,; label f2
in figures -B.19). However, the H density does not get depleted
before the far efluent because the OH radicals are continuously con-
verted back into H atoms upon collision with O atoms, especially in

the active plasma jet (label f3 in figure 3.18)).

e As just mentioned, HO, is the intermediate species out of which OH is
(re)created, after H generation. It is produced by a 3-body association
reaction between H and Oy (label gl in figures . Neverthe-
less, this process is only fast in the active plasma jet where H atoms
are abundant, resulting in a density of maximum 6x10* cm™ in this
region (see figure . Subsequently, HO, is converted into OH by
collisions with O atoms (label g2 in figures [3.17}3.19)), or with O (a)
(label g3 in figures [3.18| and [3.19). The contribution of the latter
process increases towards the far effluent.

e The OH radical density only starts rising after the nozzle exit, be-
cause inside the device it is efficiently dissociated by electron impact
(label hl in figure soon after its generation by Ary and H,O
collisions (label h2 in figures and . In the active plasma jet
region, where the OH density reaches its maximum value (1.5x10
cm™, see figure , it is additionally (and mainly) dissociated upon
collision with O atoms, thereby producing H atoms. In the far effu-
ent only this quenching by O atoms remains (label h3 in figures
and . Nevertheless, most of the OH is always regenerated from
these H atoms (mainly through the HO, intermediate as mentioned
above, label h4 in figures [3.18| and [3.19). Towards the far effluent,
OH is definitively removed because the generation of HNO, from OH
and NO now also becomes important (label h5 in figure . The
same applies for the formation of HNO3 and HyOs but because the
contribution is lower than the cut-off, this cannot be seen in figures

[3.18 and [3.19.

e The production of HyO, is negligible inside the device, but in the ac-
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tive plasma jet and far effluent it proceeds through the 3-body asso-
ciation reaction of two OH radicals (label il in figures and [3.19).
The rate of this process is the largest in the active plasma jet, where
the OH radicals are the most abundant. Therefore, HyO5 reaches its
maximum density at the end of this region (almost 10 cm™, see fig-
ure , and it remains more or less constant in the far efluent. The
loss of HyOs is primarily due to collisions with H (forming HoO and
OH; label i2 in figure [3.18)), with O (forming HO, and OH; label i3
in figure and with OH (forming HoO and HOy; label i4 in figure
and . H50, is a long-lived species in the far effluent because
the rates of these loss processes rapidly drop, especially the first two
processes. Note that the reactions with H and OH create water and
thus reduce the reactivity of the plasma.

The production and loss mechanisms of NO and NO, are tightly cou-
pled. Their densities are very small inside the device, so the reaction
pathways for that region are not discussed here. NO is generated
through various processes in the first mm’s after the nozzle exit, i.e.
from O+Ny(A) (label j1 in figures and [3.18)), from OH+N (label
j2 in figure and from O,+N (label j3 in figure [3.18). Subse-
quently, it can be either quenched by N back into No+O (label j4
in figure or be converted into NO, by a 3-body association re-
action with O atoms (label j5 in figure and . However,
most of the NO, is converted back into NO by collision with O and
H atoms (i.e. label j6 in figures and and label j7 in figure
3.18], respectively). NO is long-lived on the simulated time scale with
a high density (6x10' cm™) because its loss reactions are slow in the
far effluent. Indeed, the N density is depleted, the O density is also
decreasing, and only Og still has a high concentration, but this last
quenching reaction is rather slow (label j8 in figure . Neverthe-
less, the NO, density keeps slowly rising in the far effluent because of
these last two processes.

The N,O5 production only occurs by a 3-body association reaction
between NOy and NO3 at low temperatures (label k1 in figures
and . Therefore, it is negligible inside the device. Furthermore,
since the two reactants need some time to build up in the plasma jet
effluent, we only observe significant NoO; densities in the far efluent
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(about 2x 10 cm™). Note that the loss of NyOs is dominated by the
reverse reaction, forming NOy and NOj3 again (see label k_; in figures

B18) and B10).

Finally, HNOy and HNOj are again negligible inside the device, and
also reach their highest density in the far effluent (2x10' ¢cm™ and
2.5x10' cm™, respectively). Their production mechanism inside the
active plasma jet and far effluent is very similar, 7.e. through a 3-body
association reaction between OH and NO forming HNO, (label 11 in
figures and and between OH and NOy forming HNOj (label
12 in figures and . The much higher concentration of NO
compared to NOsy is the main reason why HNOs is more abundant than
HNOj. This is in spite of the fact that HNO, is partially destroyed by
collision with O atoms (forming OH and NOs; label 13 in figure
and OH (forming HyO and NOy; label 14 in figures [3.18 and [3.19)),
whereas HNOj3 does not seem to have significant loss processes.
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Table 3.3: Effect of varying the conditions on the densities of the biomedical
species. Note that the densities under consideration here, are the spatially aver-
aged values over the three different plasma jet regions, see figures Hence,
some very local effects might be filtered out.

Relative humidity 1 Power 1 Peak gas temperature 1
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As mentioned above, figures illustrate the reaction pathways at the
‘basic’ case of 50% relative humidity, 6.5 Watt applied power and the gas
temperature profile plotted in figure 3.1l Varying these conditions affects
the densities of the biomedical species, which is schematically illustrated in
table [3.3] and can be summarized as follows:

e Increasing the ambient air humidity results in a lower concentration

for all the non H-containing species.

This is mostly due to more
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3.3. Conclusion

quenching of Ny(A) by water, hence, less Ny(A) is available for the
generation of the non H-containing biomedical species. Obviously, the
densities of the H-containing species rise for higher air humidities. We
see that close to dry air conditions, the effect is the largest. For the
HNO, species there is even practically no effect of humidity except
for close to dry air conditions. This is caused by the opposite trend
for the H- and non H-containing reactants, both necessary for HNO,
formation.

e The generation of all biomedical species increases in the active plasma
jet when applying more power. However, due to the high density of
reactive species at high power they clearly destroy each other much
faster. Therefore, the concentrations of most of the atomic and molec-
ular radicals even become again lower towards the far efluent, at high
power. Nevertheless, the stable long-lived neutrals typically have a
higher density in the far effluent for higher powers.

e A higher gas temperature in the active plasma jet results in only a
slightly higher concentration of O, Oy(a), OH and NO. For these last
two species this is a result of multiple processes compensating each
other, but for the first two species this is because they are formed
directly or indirectly (by argon or nitrogen metastables) by tempera-
ture independent electron impact processes. The latter is in fact also
the case for N and H but the loss processes of these species are clearly
favored (for N) and disabled (for H) by a high temperature. Addition-
ally, we observe that a low temperature favors the oxidation of NO
into NOy and also enhances the association of NOy with NOj3 forming
N3Os. Finally, we found that a high temperature profile only delays
the formation of HyO, and the HNO, species but does not prevent
this.

3.3 Conclusion

In this chapter the production and destruction pathways are analysed for
the most important neutral biomedically active species, i.e. O, Oz, Og(a),
N, H, HOQ, OH, NO, NOQ, NQO5, HQOQ, HN02 and HN03

For almost all species it was shown that the pathways change as a function
of the distance from the nozzle exit. The net production of the species is
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Chapter 3. Reaction pathways of the biomedically active species

usually high either inside the device, in the active plasma jet or in the far
efluent. Indeed, we demonstrated that some processes and pathways are
very local, e.g. destruction of ozone by H. We have also shown that for some
species the formation mechanism consists of multiple different pathways at
the same time, e.g. for NO.

Air impurities in the gas feed seem to be easily excited by electron impact
inside the device, forming Os(a) and No(A). Furthermore, O, is efficiently
dissociated by electron impact and H2O by collisions with argon species.
Hence, also H and O atoms are abundant inside the device, certainly when
keeping in mind the low air impurities. The N atom density on the other
hand remains lower. After the nozzle exit, the gas mixes with ambient (hu-
mid) air and the densities of H, O and N atoms drastically rise. However,
further in the active plasma jet the production of these species reaches
a maximum, since the electron and argon species densities are dropping.
Subsequently, the atoms are now converted into NO (mainly produced from
N3(A)+0), NOy (formed by NO oxidation), OH (or its precursor HO,, both
created from H) and Oj (association between O and Oj). These processes
are further accelerated by the decreasing gas temperature when moving
further away from the nozzle exit. Moreover, most of these molecules are
efficiently dissociated by electron impact inside the device and/or by col-
lision with the atoms in the active plasma jet. However, this becomes of
minor importance in the far efluent. Furthermore, towards the far effluent,
the OH radicals dimerize into HoO5 or associate with the NO, species into
stable HNO5 and HNO3; molecules. Note that the NO and NO; molecules
themselves are only partially converted into NoOs and HNO,. More impor-
tantly, the reaction of NO and NO, with O3 in the far efluent is too slow
to reduce the NO, species densities at the given time scales. Finally, we
see that Oy(a) reacts only slowly with other species as well (in contrast to
N3 (A) which is efficiently quenched by water and has a low concentration
further in the plasma jet). Thus, Oy(a) becomes, together with O3, the most
abundant long-lived species. Obviously, it would be very interesting to see
how a specific air/water admixture to the gas feed can prevent/stimulate
the generation of certain biomedically active species.

We conclude that the chemical pathways are more complex than usually
presumed and that the different species groups (i.e. derivation products
from either oxygen, nitrogen or water) intensively interact, even in the case
of ppm gas impurity levels or minor ambient air humidities. Thus, it is ex-
tremely important to consider all possible reactions with all possible humid
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3.3. Conclusion

air species.
Our parameter study showed that the species concentrations can easily vary
by one order of magnitude, but usually not much more than that.
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Chapter 4

Analysis of the O, density and
reaction pathways in a needle-type
atmospheric pressure plasma jet |

Preface

The development of our semi-empirical 0D model was done in parallel with
validation studies of experimental measurements. Indeed, the fitting of the
parameters like temperature and power density needs to be done with cau-
tion, considering the large amount of physical assumptions that are made
in our numerical approach. For example, how to convert the 2D spatially
resolved gas temperature measurement (with a significant gradient in the
radial direction of the jet) into a 1D profile. Besides, exactly the same ap-
plies for the mixing of ambient air with the argon discharge flowing out of
the discharge chamber.

Additionally, spatially resolved power density measurements, a measure-
ment of a related plasma property or numerically obtained values (in order
to make a good estimation) are lacking in the literature. Thus, in this
chapter and the subsequent ones we indirectly evaluate the best approach
by comparing the calculated species densities with the experimentally mea-
sured values. For this chapter we specifically focus on the formation of
ozone in the plasma jet and its effluent.

Important to mention is that a validation of the reaction set also proved to
be critical. Indeed, the reaction rate coefficients reported in literature for
identical reactions often vary significantly and their accuracy is extremely
difficult to asses. This is sometimes even the case for crucial reactions.

A modified version of this chapter was published as: Zhang S, Van Gaens W, van
Gessel B, Hofmann S, van Veldhuizen E, Bogaerts A and Bruggeman P 2013 ‘Spatially
resolved ozone densities and gas temperatures in a time modulated RF driven atmo-
spheric pressure plasma jet: an analysis of the production and destruction mechanisms.’
Journal of Physics D: Applied Physics (46) 205202
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4.1. Experimental setup

4.1 Experimental setup

An image of the operating plasma jet used in this chapter is depicted in
figure [4.1](a). The APPJ geometry is the same as for the RF excited DBD-
like sources described in the previous two chapters. However, this image
specifically shows a jet with Oy gas admixed to the argon feed gas, flowing
through a quartz tube (inner diameter of 1.8 mm) and around the needle
electrode (diameter of 1 mm) positioned in the centre of the tube.

A grounded copper ring is placed outside the quartz tube to obtain the afore-
mentioned DBD-like configuration. This can be seen from figure [4.1|(b),
which illustrates the geometry schematically.

The plasma jet is placed vertically, parallel with the axis of the gravitational
force, faced up, and without surrounding objects, to ensure a minimal dis-
turbance of the flow. Actually, the plasma jet looks like the flame of a
candle. In addition, about half a metre above the plasma jet is a ventilator,
which does not affect the jet effluent but ensures that the produced Oj is
not accumulating around the jet effluent.

All the measurements shown in this work are for a 2 slm argon flow with 2%
O mixture (in the previous two chapters no admixtures were used) and the
dissipated plasma power is 6.5 W. Note that the plasma used in this work is
time modulated, so this dissipated plasma power is an average value. The
power measurement is performed as described in detail in [38].

The O3 density is measured by UV absorption (mercury lamp which emits
the 254nm UV line). Since the expected absorption signal is very low, a
lock-in amplifier needs to be used as it is capable of measuring small vari-
ations precisely if the variation is modulated by a known frequency. This
kind of modulation is achieved by the modulation of the RF signal with
the light source continuously on. In this way, the small absorption signal is
subsequently modulated. As the plasma—off time should be long enough to
ensure that the gas flow flushes away the ozone produced in the plasma, a
low frequency plasma modulation of 50 Hz is used. Given the diameter of
the quartz tube of 1.8 mm and the gas flow of 2 slm, the velocity of the gas
flow is estimated to be at least 10 m.s™' at 300 K. This means that the Os
is removed by the flow over a length of 25 mm in 2.5 ms. According to this
estimation, a plasma-off time of 10 ms is enough for the gas flow to flush
away the produced ozone. Further details on the absorption measurement
are described in [40] and are not mentioned here because they are beyond
the scope of this work.
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Chapter 4. Og3 in a needle-type atmospheric pressure plasma jet

Figure 4.1: Schematic of the nozzle of the plasma jet (a) and an image of the
operating plasma source (b). The APPJ is operating with a 2 slm argon flow
mixed with 2% Os and the plasma dissipated power is 6.5 W

The gas temperature plays an important role in the ozone production and
destruction [181]. To analyse the effect of the gas temperature on the ozone
density distribution, Rayleigh scattering is performed to measure the gas
temperature distribution in the jet. Details about the measurement setup
can be consulted in [40].

4.2 Model input

For this investigation, the 0D plug-flow model as described in chapter [2] is
again used. In fact, the experimental conditions described in section 4.1| are
used as a basis for the fundamental case study of the plasma jet reaction
chemistry described in chapter 2] Note that both investigations were per-
formed simultaneously. Hence, most of the plasma parameters of figure
are quite similar as those depicted in figure 2.1 with the following excep-
tion. Here, 2% oxygen is admixed to the gas feed whereas the simulations
of chapter [2| were performed with pure argon as a feed gas (including ppm
air impurities) to keep it as general as possible. Therefore, we assumed for
the simulations of this chapter that the mixing rate is the same as the one
displayed in figure and that a different initial gas feed composition thus
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4.2. Model input

Figure 4.2: Plasma characteristics as a function of the axial position along the
plasma jet axis. Both the experimental input parameter of the gas temperature
(i.e. 3 alternative profiles, see text), the assumed power deposition profile, the
air fraction and the resulting values of electron density and temperature are
depicted here. The interior of the plasma jet device is represented by the grey
area, beginning at the needle electrode tip. This zone ends at the nozzle exit
(indicated with axial position = 0.0 cm) and it is followed by the plasma jet
propagating in the surrounding air. Around 1.2 cm from the nozzle exit, when the
power density has reached a value of zero, the plasma jet becomes an afterglow.
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Chapter 4. Og3 in a needle-type atmospheric pressure plasma jet

does not affect the diffusion of ambient air into the jet significantly. Note
that the addition of 2% oxygen to the feed gas influences the chemistry, as
well as the electron temperature and density. These values are also shown
in figure [4.2]

Once more, we want to point out that we assume a linear correlation be-
tween the power density and the distance from the nozzle exit, which is
probably not exactly consistent with reality, but better experimental or
modelling data was not available at this point. Important is that the total
power deposition in the model matches exactly the experimentally measured
value of 6.5 W.

In the following sections the assumption concerning the gas temperature
profile will be further clarified. As previously stated, since the gas tem-
perature evolution in the jet is essential to model the plasma chemistry
correctly (especially for Og [146]), it was not calculated (e.g. from contri-
butions of reaction enthalpy) but fitted to the experimentally measured gas
temperature. Three different profiles are considered (see figure as well):
a temperature at a radial position Imm off-axis, a maximum temperature
at the symmetry axis, and a temperature radially averaged over all values
in between -1lmm and +1mm from the jet axis. These represent a lower
limit, upper limit and average temperature, respectively (see below).

4.3 Results and discussion

4.3.1 The gas temperature

Figure shows the two-dimensional distribution of the gas temperature
as experimentally measured. On every different axial plane, the maximum
gas temperature is always located on the axis of symmetry. In the radial
direction, the temperature decreases quickly within + 1 mm off-axis, i.e.,
the tube radius. In the axial direction, between z = 8-13 mm, the gas
temperature decreases quickly towards room temperature. Remarkably the
maximum gas temperature is found at a distance of about 7 mm from the
nozzle, which corresponds to the location at which significant mixing of air
into the jet occurs. The exact mechanisms are not clear and it needs to
be mentioned that the increase in temperature beyond the nozzle exit is
close to the experimental accuracy of the temperature measurement (£ 20
K). Nonetheless, a similar small increase in the gas temperature is found
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4.3. Results and discussion

Figure 4.3: Spatially resolved gas temperature (K).

Figure 4.4: Experimentally obtained ozone density by UV absorption (cm~3)
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Chapter 4. Og3 in a needle-type atmospheric pressure plasma jet

in the model calculations and the heating seems to be caused by chemical
reactions having excess energy in addition to the reaction products (i.e.,
reaction enthalpy).

The observed gas temperature is larger compared with the results for e.g.
the RF Ar based jet (kinpen) developed at the INP institute in Greif-
swald [195] (see also chapter [f| below). However, the actual power dissipated
in the plasma (6.5W) in this work is expected to be larger than the power
of the kinpen. Certainly, the discrepancy is not due to the different tech-
nique of the gas temperature determination. Indeed, different techniques
of obtaining the gas temperature have been compared in detail in previous
investigations of this plasma jet setup [38§].

4.3.2 Ozone density

Figure 4.4 shows the experimentally measured ozone density obtained from
the absorption measurements as described in [40]. The distribution of the
ozone density consists of two different zones. In the zone close to the nozzle,
i.e. in the ionizing plasma, the peak density of ozone is 1 mm off-axis. In
the second zone further downstream and outside the ionizing plasma, the
maximum density of ozone is on the axis of symmetry. The maximum den-
sity of ozone, produced by the APPJ, is 1.9x10' cm™ at axial position z
= 13 mm from the nozzle.

Comparing figures [4.3]and [4.4], a strong correlation between the gas temper-
ature and the ozone density is found. Indeed, in the hot plasma region, the
ozone density is smaller compared with the colder efluent and the radial
edges of the plasma plume, which also have a temperature lower than the
gas temperature at the axis of symmetry. By means of a chemical analy-
sis it is investigated below if there is any causality between the observed
phenomena.

4.3.3 Analysis of O; production and destruction mech-
anisms

Due to our numerical approach, the simulations yield for each time-step
radially averaged O3z densities (cm™2) for a volume that is as wide as the
tube radius and as long as the movement in the axial direction within that
time—step due to the gas flow. Hence, this data is only resolved in the axial
direction (i.e. along the symmetry axis of the jet) whereas the experiments
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Figure 4.5: Comparison of calculated and experimentally obtained O3 area densi-
ties as a function of the axial position. The calculated area densities depicted by
the black line are obtained for Tgas average (see figure and relative humidity
50% of the surrounding atmosphere. The two green O3 area density profiles are
calculated with different gas temperature profiles (see figure as well).

provide data with radial resolution as well. Therefore, both the spatially
averaged model results and the spatially resolved measured values of the
ozone density are converted into area densities (cm™!) for each axial plane.
Note that the radial resolution of the experimental measurements is thus
not considered in the comparison displayed in figures and

Both the measurements and the model indicate that the highest density
of Oz is found in the downstream region of the effluent outside the active
plasma region (beyond 12 mm). The dependence of the Oz density as a
function of the axial position and the absolute O3 density are well captured
by the model (using an average gas temperature in the jet). The model
shows that the absolute O3 densities strongly depend on the temperature
value. Indeed, as shown in figure [4.5 using a maximum, average or off-axis
gas temperature yields a significant difference in the absolute O3 densities.
It is further checked that a change in humidity of the air, which diffuses into
the Ar—Os effluent does not have a significant influence on the obtained Oj

densities (depicted in figure .
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Figure 4.6: Comparison of calculated and experimentally obtained O3 area den-
sities as a function of the axial position. The calculated area densities depicted
by the solid black line are obtained for Tgasaverage (see figure and relative
humidity 50% of the surrounding atmosphere. The dashed and dotted O3 area
density profiles are obtained for the humidity of the ambient air equal to 10%
and 90%, respectively.

Finally, the assumption for the power deposition profile was checked, using
lower /higher maximum power density values and/or a more/less steep slope,
while maintaining a total power deposition of 6.5 W (results not shown).
This resulted in deviations for the other biomedical species O, NO and OH
densities (also involved in the O3 production and destruction, see below)
with a maximum of a factor 2, but the changes in the O3 density were
only about 25% at maximum. The above results show that the production
and destruction processes of O3 can be determined by the zero-dimensional
model.

The most important ozone production and destruction reaction rates are
shown in figures and [4.8] respectively. In addition, the densities of the
species involved in the production and destruction pathways are shown in
figure [4.9

The three-body association reaction of O atoms with molecular oxygen and
Ar as a third body (see reaction 1 in figure has the most important
contribution to the production of ozone. This is due to the very high O
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Figure 4.7: O3 production rates of the dominant pathways, as calculated by the
model

Table 4.1: Reactions and the corresponding rate constants

Reaction Rate constant? Ref
(1) O+O02+Ar — O3+ Ar 6.4 x 1073%exp(663/Tgas) [170]
(2) O+O+Ar— Oy +Ar 5.2 x 107%exp(900/Tgas) [112]
(3) O+ 03— O+ 0Oq 8.0 x 107 2exp(—2060/Tgas)  [188]

3 1

2 Units for the two— and three-body reactions are cm®s~! and cmSs1.

density with a maximum up to 3x10'7 cm™. However, the gas temperature
in the present jet is approximately two times higher (700K compared with
below 400K in the case of [196]); hence, the local plasma dissipated power
will be larger and it can be expected that the same will be valid for the O
density as well. On the other hand, since the electron energy is possibly
slightly overestimated by our model (see chapter , the dissociation rate
might be somewhat overestimated too. According to the Boltzmann solver
calculations, the dissociation rate might be reduced to half its value with
an average electron temperature of 2 eV instead of 3 eV.

Nevertheless, in the region of the plasma close to the nozzle the high tem-
perature inhibits an even faster rate for the three-body formation of Oj.
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Figure 4.8: Og destruction rates of the most dominant pathways, as calculated
by the model

Indeed, this reaction type is typically strongly inversely dependent on the
temperature (see reaction 1 in table . Moreover, in this region Og is
also significantly destroyed by the abundance of O atoms. Nevertheless,
more downstream (approximately 10 mm from the nozzle), when humid air
entrainment becomes more important, the destruction of ozone by H atoms
also becomes significant.

The density of these two atomic species drops significantly in the far efflu-
ent, which allows for the increase in the O3 density. Note that a significant
decrease of O and H atoms is found in the model at about 13 mm from the
nozzle, which corresponds to the location of the maximum Oz density found
in the experiment. As a result, the destruction of Oz in the far effluent be-
comes significantly slower and is determined by long-lived species such as
NO and Os(a).

The calculations predict that the densities of H and O will increase upon
rising gas temperature (this dependency is not shown in the figures), but
also the rate coefficients of their reactions with ozone will increase, which
results in a much higher destruction rate of ozone. Additionally, the rate
coefficients for association of O and Oy, thereby forming Os, are inversely
proportional with the gas temperature, which illustrates again that Os for-
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Figure 4.9: Densities of the main species involved in the O3 formation and de-
struction pathways, as calculated by the model

mation is extremely sensitive to temperature effects. Again, this effect can
clearly be seen in figure 4.5 where the ozone density profiles for three dif-
ferent temperature conditions are plotted.

Interestingly, the model predicts that O atoms are, in the far effluent, mainly
created by a collision between Os(a) and Oz. Note that it is the only sig-
nificant destruction pathway for both Os(a) and Oj in this region. In fact,
its reaction rate is low, since its rate coefficient is proportional with tem-
perature and the jet effluent has cooled down to nearly room temperature
in that area. Thus, this explains why Os(a) and O3 are long-lived species
at these time scales. We also want to stress that the O atoms generated by
this process, are readily converted back into ozone, since O association with
O, at room temperature is much faster than the reactions 2 and 3 shown
in table [4.11

Thus, although a direct (inverse) correlation seems to be observed be-
tween the gas temperature and the Oz density, the depletion of O3 in the
plasma core is not attributed to thermal dissociation of O3 (i.e., O3 + M —
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O + Oz + M) but it is caused by the generation of atomic oxygen and hy-
drogen, and due to a low reaction rate for the association of O atoms and
O, at high gas temperatures (reaction 1). Indeed, this causes the depletion
of Oz in the plasma core.

4.4 Conclusions

The same RF driven DBD-like plasma jet geometry as discussed in the pre-
vious chapters, operating at 6.5 W is investigated, but this time with Ar +
2% O as the feed gas. Spatially resolved ozone densities and gas tempera-
tures are obtained by UV absorption and Rayleigh scattering, respectively.
Significant gas heating in the core of the plasma up to 700K is found and
the elevated gas temperature is correlated by a decrease in O3 density. The
maximum Ogj density is found at 13 mm from the nozzle, downstream of
the plasma and equals 2x 10 cm™.

The production and destruction reactions of O3 in the plasma jet as a func-
tion of the distance from the nozzle obtained from our 0D model are pre-
sented in detail. In the core of the plasma the Oz is produced from O and
Oy in three-body reactions while the O3 dissociation induced by atomic
species (O and H) is found to be the most important loss process. In the far
effluent, where the O density is significantly reduced, Oz is produced less
efficiently and the destruction of Oj is due to long-lived species such as NO
and Os(a).

The boundary between the two zones with different O3 chemistry is deter-
mined by the significant drop of O and H at about 13 mm from the nozzle.
This location corresponds with the position where the temperature steeply
drops and where the maximum O3 density is observed experimentally. In-
deed, it is shown by the model that the gas temperature and the O and
H concentrations strongly determine the Oj density. For instance, the re-
action rates involved in the destruction and especially the production of
O3 (i.e., mainly by the three-body association reaction 1) are temperature
dependent. Still, it needs to be emphasized that thermal dissociation of Os
is not causing the depletion of O3 in the core of the plasma.
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Chapter 5

Analysis of the O and NO density
and reaction pathways in a
needle-type atmospheric pressure
plasma jet: effect of the electrode
geometry and water impurities |

Preface

Depending on the type of plasma medicine application, certain plasma
agents are desired more than others. For example, nitrogen oxide (NO),
oxygen atoms (O) and ozone (O3) are identified to play a key role in wound
healing [95] and sterilization applications [197]. In order to assure the safety
of the devices, a detailed knowledge of the chemical cocktail is crucial. Fur-
thermore, it is necessary to investigate how the chemical composition of the
jet can be controlled by altering the operating conditions (geometry, gas
feed, etc.). Numerical simulations can provide this information but at the
same time it is necessary to benchmark the model by experimental results.
For the work reported in this chapter we make use of the same 0D model
to study the reaction mechanism for NO and O in a power modulated RF
driven plasma jet for two distinct electrode configurations. We will show
that the electrode configuration largely affects the power deposition profile,
which results in a different chemistry and species density distribution in the
effluent. Walsh et al already reported on the contrasting characteristics of
such different plasma jet types [198|, although mainly by optical emission
spectroscopy.

Additionally, we will also investigate in more detail the possible effect of RF
power modulation on the chemistry, by comparing the densities calculated
by the model with the experimental data.

A modified version of this chapter was published as: Van Gaens W, Bruggeman P J
and Bogaerts A 2014 ‘Numerical analysis of the NO and O generation mechanism in a
needle-type plasma jet.” New Journal of Physics (16) 063054
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The next sections will elaborate on the reaction kinetics for both O and
NO. Finally, the influence of feed gas humidity will be discussed.

5.1 Experimental setup

In the present chapter we also consider the RF driven micro discharge with
needle electrode as in the previous chapters, but with two different grounded
electrode configurations (see figure[1.6(a) and (b)). These APPJs were pre-
viously characterized for a range of different operating conditions at the
Eindhoven University of Technology by Hofmann et al [38,[39], Zhang et
al [40] and van Gessel et al [33,/41,|165]. Furthermore, the setups were also
used in biological studies [71,(166].

The grounded electrode can be ring-shaped and in that case it is placed over
the glass tube. In the alternative setup the electrode consists of a metal
plate with a small hole in the center, through which the plasma jet can
freely propagate, and which is positioned 3 mm from the nozzle exit. Both
configurations are displayed schematically in figure [5.1] It is clear that the
electric field is orientated in a different direction for these two configurations
(cross field on the left and linear field jet on the right) and this will strongly
impact the chemistry in the effluent, as we will demonstrate in this chapter.
For this specific study, an argon gas feed of 1.0 slm is again used, mixed
with 2% of dry air. This argon gas mixture flows freely into a stationary
humid air environment. The plasma is operated at a frequency of 13.9 MHz
and modulated at 20 kHz with a 20% duty cycle.

Experimentally, the total power deposited in the plasma is determined by
correcting the total power for the power dissipated in the matching box
as described in [38]. The resulting value for the plasma dissipated power is
used in the numerical simulations to match the experimental conditions. Al-
though experiments were performed for several different plasma dissipated
powers, we will study the plasma at approximately 3.5 W dissipated power
as a representative case in this chapter.

The experimental data in this work are obtained by Rayleigh scattering to
measure the gas temperature, laser induced fluorescence (LIF) to measure
the NO density in situ, and two-photon absorption laser-induced fluores-
cence (TALIF) to measure the O density. Moreover, a calibration step
enabled the determination of absolute species densities. Finally, Raman
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Chapter 5. O and NO in a needle-type atmospheric pressure plasma jet

Figure 5.1: Schematic diagrams of the two different plasma needle configurations
considered in this study, and input data used in the model (graph): humid air
fraction diffusing into the argon stream (the same for both configurations; black
curve); estimated flow velocity profile at the jet symmetry axis, based on 2D fluid
flow calculations (again the same for both configurations; blue curve); and gas
temperature profiles used in the model, for the two different electrode geometries,
as obtained from the experiments (red and green curves, solid and dashed lines,
respectively).
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scattering was used for evaluating the humid air fraction in the argon effu-
ent. More details about these diagnostics and the measurement conditions
and procedures can be found in [33}|41}/165]199].

Table 5.1: Modified reaction scheme for Oz, which now includes O3 i, as a sep-
arate species, compared to our previous modelling work. Reactions are taken

from [200]. Units for the two— and three-body reactions are cm3s~! and cm® 1.

Nr. Reaction Rate coefficient

(A1) O+ 0O+ Ar — O3 + Ar 2.10x10"%°exp(663/ T gas)
(A2) O+ Oz + Ar — Oz + Ar 4.30%x1073%exp(663/Tgas)
(A3) Osyib + O = Oy + Oy 8.00x 1072exp(-507 / Tgas)
(A4) O3,vib -+ 02(a) — 0y 4+ 0y + 0 2.60x 10_106Xp(—1287/Tgas)
(A5) 03,Vib + Oy — 03 + Oy 3.00x 10719

(AG) Og,vjb + 0 — 03 + 0O 2.00x10°13

Figure 5.2: Power deposition profile experienced by a random volume element
travelling along the effluent in the case of a 20% duty cycle (full green curve; right
axis). The resulting NO and O density profiles inside the plasma jet device (grey
region) and in the first few millimetres after the nozzle exit are also displayed (full
black and red curve, respectively). Additionally, also the calculated profiles for
an equivalent continuous power deposition are shown by the dash-dotted curves.
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5.2 Model description

The reaction set of the model that is used in this chapter is almost iden-
tical to the one used in chapter The only update is the addition of a
vibrationally excited state for ozone, O3 i, which resulted in more accurate
model results. The reactions with this species are shown in table [5.1]

In literature it is described that 2/3 of the three-body association reac-
tions of O and O, forming O3 generate this vibrationally excited state of
ozone [104,200]. Most of these Os ., molecules fall back to the ground
state by physical quenching (A.5-6), but several chemical quenching reac-
tions (A.3-4) are slightly accelerated as well, compared to the corresponding
reactions of ground state O3 molecules, which results in a lower overall O
density. The fact that this Og i, reaction mechanism was not included in our
previous investigations, can explain why the model of chapter || predicted
less destruction of Oz in the far efluent than experimentally observed

The plasma properties like gas temperature, gas flow velocity and ambient
humid air diffusion (as a function of the position in the effluent), specific
for these ring and the plate electrode plasma jet geometries [41},|165], are
updated and displayed in figure [5.1]

As the air humidity is not controlled in the lab environment, we estimate
that the air humidity is about 50% relative humidity. Furthermore, the gas
feed humidity is set to contain 100 ppm H,O (see also section .

Very important is that the experiments show that the gas temperature pro-
file is very different for the two distinct plasma jet configurations. Obviously,
the gas temperature significantly affects the chemistry, as many reaction
rate coefficients are a function of this parameter (see previous chapters).
The experiments indicate that the gas temperature starts decreasing in the
effluent at 1 to 2 mm from the nozzle exit. It is worth mentioning that from
the measurements, however, it remains unresolved whether the temperature
at this position is at the maximum, because inside the discharge tube no
measurements have been performed. For the majority of this chapter we as-
sume for the calculations that a maximum in the gas temperature profile is
indeed reached at this position (i.e. 1 mm from the nozzle exit). Moreover,
we presume that the gas temperature begins to increase at the needle tip
position (i.e. where also the power deposition is high), starting from room
temperature, as this is the temperature of the gas when entering the tube.
We hypothesize that the time is too short for a significant temperature rise
in the device before this position (at least at this power), because of the
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high flow speed.

Nevertheless, at this stage we are not able to fully exclude the possibility
that the gas temperature does not start rising earlier or more rapidly nearby
the needle electrode. This is especially the case for the ring electrode config-
uration where most of the power is deposited within the plasma jet device,
as we will demonstrate further in this chapter. At the end of section
we will comment on the possible effect of such a temperature profile on the
formation of O and NO.

Crucial in this work is that the power deposition, as a function of the dis-
tance from the powered electrode, is not assumed to be linear like in the
previous chapters. Indeed, we will demonstrate that the power deposition
profile is significantly different for the two plasma jet configurations.

This chapter also features the time modulation of the power deposition
(kHz). This modification implies that the duty cycle of 20% is now taken
into account, while maintaining the same time-averaged power deposition
of 3.5 W. To achieve this, we multiplied the power deposition profile with
a factor 5, but this power is ‘ON’ only 20% of the time. Indeed, this is
the power that a gas segment would feel, flowing along the powered needle
electrode and beyond. However, the next segment (that follows the pre-
vious one) experiences a power deposition at different positions along the
efluent. Therefore, we performed simulations for five different kHz modu-
lated power profiles, averaged the results and compared this average with
the experimental data for the NO and O density. This is acceptable because
the absolute density measurements are performed with high temporal res-
olution but are always accumulations of a large number of laser shots and
thus are intrinsically averaged in the same way.

One of these five modulated power profiles is shown in figure for the
ring electrode geometry. Note that the power is instantaneously five times
higher than the time-averaged power deposition, plotted in the remainder
of this chapter (figures , and .

One can see that the O and NO densities vary by a factor of 2-3 at maxi-
mum during the duty cycle, and these variations are only observable inside
the plasma jet device or in the first few millimetres after the nozzle exit.
The corresponding data for the grounded plate electrode geometry are very
similar and not shown.

It turns out that, after averaging the five different power modulated profiles,
we observe rather small differences in the species density profiles compared
to the simulations with a five times lower, but continuous power (i.e. max-
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imum 20% difference, dependent on the position in the effluent, see figure
5.2)). This is because in general the chemistry for O and NO only scales
up, but the relative importance of the various reactions does not change
drastically. Indeed, within this power range, when delivering more energy
to the electrons by increasing the power, the electron temperature and the
electron energy distribution function does not change much. Thus, the ion-
isation degree of the plasma must rise to maintain the same electron energy
density. Therefore, the reaction rates of all electron impact reactions for the
generation of the reactive species rise as the density of one of the reactants
has increased (i.e. the electrons) while the rate coeflicients stay the same,
so the same chemical pathways continue to be favoured. The experiments
of van Gessel et al [165] indeed demonstrated that the electron temperature
only slightly changes when the power increases fivefold.

Finally, it should be mentioned that the power deposition profile shown in
figure includes the kHz modulation but not the RF frequency used in
the experiment. This should be acceptable, as we study primarily the neu-
tral chemistry which is much slower than the RF period. Thus, it should
be sufficiently accurate that the total deposited power for the calculations
is equivalent to the experimentally measured plasma power deposition, as
long as the bulk chemistry does not change by neglecting the RF frequency.
Recall that the previous chapter already demonstrated that this assumption
is valid under the given conditions (at least for ozone).

Note that we identify several specific regions (a-h) in most of the figures
presented in this chapter (for example see figure . This will be used in
sections to show how the dominant chemical reactions change
throughout the efHuent.

5.3 Results and discussion

5.3.1 Time modulation of the N,(A) density

As a validation of our approach concerning the power modulation (see sec-
tion , we will first discuss the calculated densities of species that are
strongly affected by this power modulation. More specifically, we will in-
vestigate the No(A) molecules, as they are very important precursors for
both NO and O production. One can see that the No(A) density exhibits a
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much more pronounced time modulation than the NO and O ground state
densities (see figure above and figure below). Indeed, Van Gessel
et al [41] and Zhang et al [199] found that both the NO and O ground
state densities are not strongly affected by the power modulation and are
constant as a function of time.

In the work of van Gessel et al [41] it was reported that, during the cali-
bration, a lifetime of 24 ns was obtained for NO(A) in the plasma, i.e. the
electronically excited state of NO. However, the authors did not observe
that the density of this species was modulated by the RF cycle (period of
72 ns) although its lifetime is shorter than the RF cycle. The NO(A) is
thus most likely not created by electron impact excitation. Therefore, the
authors argued that excitation to the NO(A) state is most likely to occur
by a collision with No(A):

NO + Ny(A) — NO(A) + Ny (1.1)

Because No(A) is a metastable state, this would explain why the NO(A)
density is unaffected by multiple RF cycles as well as its slow decay (about
0.7 us) after the RF power is turned off [41].

Note, however, that the NO(A) state is not included in our model. This
is justified because the NO(A) state has a low energy content and does
not react much differently than the NO ground state itself. Therefore, we
decided to implement the total quenching of No(A) by NO simply as follows:

NO + Ny(A) — NO + N,

More importantly, as we already demonstrated in chapter (3], O and HyO are
the dominant quenchers of Ny(A) and not NO.

Figure illustrates the calculated species densities of NO, O and Na(A)
when a voltage pulse with a 20% duty cycle is applied. Although NO(A) is
not included, one can easily see that in about 1 us after the voltage pulse
(power is switched on for 10 us) the calculated No(A) density drops by sev-
eral orders of magnitude. This is very similar to the experimental 0.7 us
decay time of NO(A), which is in principle created from No(A) (see reac-
tion ) Therefore, we can conclude that there is a good (yet indirect)
correlation between the model and the experiments, concerning the voltage
pulses.

In addition, in the work of van Gessel et al [41] it was shown that the NO(A)
density keeps increasing during the pulse. This might seem contradicting
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Figure 5.3: Densities of NO, O (black and red curve, respectively; left axis), and
N2(A) (blue dotted curve; first right axis) in the first mm after the nozzle exit, for
a random volume element travelling along the effluent in the case of a 20% duty
cycle. The power deposition resulting from these voltage pulses is also displayed
(green curve; second right axis)

with our calculations, because the Ny(A) density slightly drops in the second
part of the voltage pulse. However, the ground state NO molecules, which
are the other reactant in reaction , keep increasing during the pulse,
so the overall reaction rate for NO(A) production will indeed continue to
increase while the power is on. The reason for the rise in the ground state
NO density can be found in the increasing O density during the pulse, as O
atoms are involved in several NO production pathways (see section .

5.3.2 Power deposition profiles and their effect on the
NO and O density profiles

In our previous studies, we assumed a triangular power deposition profile
with a maximum at the electrode and a gradually decreasing slope through-
out the efluent. This was done both for simplicity and due to the lack of
experimental data. However, such a profile does not perfectly represent
the electric field for the grounded ring electrode nor for the grounded plate
electrode. Obviously, in the latter case the electric field is directed more

129



5.3. Results and discussion

towards the effluent, so a significant power deposition is also expected fur-
ther in the effluent. For the ring electrode case we will show later in this
section that almost all of the power is deposited more closely to the powered
electrode needle tip.

To investigate the power deposition profile, we performed a sensitivity study
on the effect of several different power deposition profiles on the calculated
NO and O density profiles which are also experimentally obtained.

More specifically, we studied the case where all power is deposited very
close to the powered needle electrode tip (c¢f. ring electrode configuration),
as well as the case where the power deposition gradually starts increasing
at the needle tip and reaches a maximum even beyond the grounded plate
electrode (cf. plate electrode configuration), and several different profiles in
between. The calculated NO and O density profiles can then be compared
with the experimental data for the two electrode configurations, see figures
5.7l Because the chemistry of the O atoms is related to the NO forma-
tion, we will first discuss figure for NO and figure for O for the ring
electrode configuration before analysing the results of the plate electrode in
figures 5.6 and [5.7]

The first power deposition profile from the top graph of figure [5.4] where
almost no power is deposited beyond the nozzle exit, results in a narrow NO
peak before the nozzle exit. This NO density profile does not agree well with
the experimental density profile. The result suggests a deficiency of reactive
species, out of which NO is generated (such as N and Ny metastables, see
section , already shortly after the nozzle exit. The overestimated NO
density in the far efluent is more difficult to explain and requires a detailed
understanding of the reaction chemistry, which will be analysed further in
this chapter.

In the bottom graph of figure [5.4] the maximum NO density is found several
millimetres beyond the nozzle exit, hence pointing out that initially too
few reactive nitrogen species, out of which NO is formed, are generated.
Moreover, the maximum density is clearly lower than the experimentally
measured maximum value. Further in the effluent, the NO density drop is
clearly too steep. We will demonstrate later in this chapter that this can be
related to an over-production of O atoms in that region, see also figure [5.5]
The intermediate case of figure matches the experimental NO profile
both quantitatively and qualitatively. Here, most of the power is still de-
posited inside and close to the discharge tube, but it drops more gradually
to low values at 0.3 cm from the nozzle exit (the power deposition becomes
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Chapter 5. O and NO in a needle-type atmospheric pressure plasma jet

Figure 5.4: Calculated NO density profiles (black solid lines, left axis) for three
different power deposition profiles (green curves, right axis). Also shown are the
experimental NO density profile (black dashed lines), and the fitted gas temper-
ature profile (red curves) for the ring electrode configuration.
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zero at 0.8 cm from the nozzle exit).

When consulting the calculated O density profiles for the different power de-
position profiles in figure [5.5] it becomes clear that the power deposition of
the middle graph shows once more the best agreement with the experimen-
tal data. For the top case the decrease in power deposition is too abrupt,
resulting in an O density drop that is too steep. In the bottom case the
power is distributed over a too large region and the maximum O density is
therefore clearly too low compared to the experimental values.

The quantitative difference between simulated and experimentally measured
densities is only a factor 2 at maximum, which can be expected given the
assumptions of our model and the uncertainty on the input data, for exam-
ple the rate coefficients and the accuracy of the density measurements.

In figure the calculated NO density profiles for the plate electrode con-
figuration are evaluated, again for three different power deposition profiles.
An important feature of this type of plasma jet configuration is that the
jet is longer. Recall that the electric field direction is more in line with the
symmetry axis of the jet, so the power deposition is expected to be more
homogeneous throughout the effluent.

The power deposition profiles from the top and middle graph of figure [5.6
result in quite similar NO density profiles. The calculated values corre-
spond well with the experimental data. In the middle graph the profile
shows a maximum density at exactly the same position in the effluent as in
the experiment. However, experimentally it was found that the power den-
sity remained constant with increasing power as a corresponding increase
in plasma size with increasing power was found [38]. This suggests that
the power profile of the top graph of figure [5.6| corresponds better to the
experiment, although the agreement of the simulated and experimentally
measured NO density is not as good. Furthermore, the power deposition
profile of the top graph is based on the profile of the middle graph of figure
but more extended in the effluent. Finally, the simulated and experi-
mental O density profiles for the plate electrode configuration are also more
consistent when using the power deposition profile of the top graph in figure
Therefore, we will use this specific case for the chemical analysis in the
next section.

The bottom graph of figures and figures 5.7 clearly shows that too much
power is deposited far away from the nozzle exit (even beyond the plate
electrode), resulting in O and NO densities that are much too high beyond
the plate electrode. It is, however, interesting to see that the maximum NO

132



Chapter 5. O and NO in a needle-type atmospheric pressure plasma jet

Figure 5.5: Calculated O density profiles (black solid lines, left axis) for three
different power deposition profiles (green curves, right axis). Also shown are the
experimental O density profile (black dashed lines), and the fitted gas tempera-
ture profile (red curves) for the ring electrode configuration.
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Figure 5.6: Calculated NO density profiles (black solid lines, left axis) for three
different power deposition profiles (green curves, right axis). Also shown are the
experimental NO density profile (black dashed lines), and the fitted gas tem-
perature profile (red curves) for the plate electrode configuration. The vertical
dash-dotted line at 3 mm from the nozzle exit denotes the position of this plate
electrode.
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Figure 5.7: Calculated O density profiles (black solid lines, left axis) for three
different power deposition profiles (green curves, right axis). Also shown are the
experimental data points for the O density (black dashed lines), and the fitted
gas temperature profile (red curves) for the plate electrode configuration. The
vertical dash-dotted line at 3 mm from the nozzle exit denotes the position of
this plate electrode.
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density is still located at about the same position, which demonstrates that
it is not possible to get an NO peak even further in the effluent, not even
by placing the majority of the power deposition profile further away from
the nozzle exit.

To conclude, one can clearly see that the distinct power deposition profiles
result in remarkably different O and NO density profiles. In general, the
NO density is higher for the ring electrode configuration (with a maximum
density of 9x10* ¢cm™) and it peaks closely to the nozzle exit, whereas for
the plate electrode configuration the NO density is generally lower (with a
maximum density of about 6x10™ c¢cm™) and it peaks shortly after the jet
passes through the grounded plate electrode.

The O density profile of the ring electrode configuration also exhibits a
peak close to the nozzle exit, i.e. similar to the NO density. Its maximum
density is more than an order of magnitude higher than the maximum NO
density (i.e. 1.5x10' cm™), but the density drop is steeper as a function
of distance from the nozzle exit. In the efluent of the plate electrode the
O density is generally lower, but the concentration of this species fluctuates
around 8-9x10'® ¢cm™ even up to 0.5 cm from the nozzle exit.

The validity of the chosen power deposition profiles is further confirmed
by the experimental observations of the electron density profiles (and also
the intensity of the light emission) for both plasma jet configurations [165].
Indeed, the experiments indicated that the plasma intensity rapidly drops
in between 1 and 3 mm from the nozzle exit for the ring electrode configu-
ration, whereas the active plasma can be found up to 8 mm from the nozzle
exit for the plate electrode configuration. This corresponds well with the
power deposition profiles used in our calculations which give the best fit for
the O and NO density.

Although we demonstrated good correspondence between the model and
experiment, we will also address here the possibility of a slightly different
temperature profile within the plasma jet device. As mentioned previously,
there is no experimental data available on the temperature and species den-
sities for that area. Up to now we assumed that the ring electrode configu-
ration is corona-like with most of the power deposited in close proximity to
the needle electrode tip. However, one might argue that this configuration
has some characteristics of a broader axial dielectric barrier discharge with
plasma formation over the entire length of the ring electrode that surrounds
the glass tube. Also, in this case it is likely that the temperature will reach
its maximum value earlier than at the nozzle exit. Therefore, we performed
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Figure 5.8: Calculated NO and O density profiles (black solid lines, upper and
lower graph respectively) for the ring electrode configuration for a power de-
position profile representing a more DBD-like discharge (A), in contrast to the
corona-like profile used in figures The graphs also contain NO and O
density profiles for the DBD-like power deposition profile and a higher gas tem-
perature within the plasma jet device (B). This modified gas temperature profile
is indicated with the dotted red curve, the DBD-like power deposition profile is
indicated with the green curve (both with axes on the right).
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a simulation mimicking these characteristics and the results are plotted in
figure [5.8|

By comparing figures[5.8 and [5.4] we can conclude from this simulation that
the NO density profile (indicated with ‘NO(4)’) is indeed affected by this
different power deposition profile. However, when also the different tem-
perature profile (indicated with ‘Tyag (s)’) is applied, the NO density profile
(indicated with ‘NOg)’) again becomes remarkably similar to the case of a
corona-like power deposition profile as discussed above (see ﬁgure. This
is because a higher temperature within the device compensates for a lower
power density. Indeed, a lower power density results in a lower amount
of reactive species out of which NO is created (see section but the
temperature dependent rate coefficients of these reactions increase.
Similarly, by comparing the two O density profile of figure with figure
5.5 (middle graph) we can conclude that the generation of O atoms, which
are created by electron impact reactions (see below) is affected differently
because gas temperature variations have less influence on these reactions.
Thus, a high power density at a lower temperature results in more O atoms
nearby the needle electrode (see middle graph of figure , even though
the area of high power deposition is smaller and the total amount of power
dissipation is the same.

We acknowledge that the power distribution and temperature within the
plasma device is important, but additional (experimental) research is nec-
essary to clarify this. However, it has a limited effect on the NO and O
density in the effluent and will not change the conclusions made about the
effluent chemistry in this work.

The following two sections will elaborate more on the NO and O chemistry,
which will help to explain the specific shape of their density profiles. In the
remainder of this chapter, we will use the power deposition profile of the
middle graph of figures [5.4] and [5.5] for the ring electrode configuration and
the power deposition profile of the top graph of figures and for the
plate electrode configuration, as they yield good agreement with experiment
for the NO and O density profiles.

5.3.3 NO chemistry

In this section the chemical reactions for the production and loss of NO
throughout the plasma jet will be analyzed for both electrode configura-
tions. The rates of the reactions shown in figures and are spatial
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averages for a specific region in the jet. In some regions of the plasma jet the
chemistry changes more rapidly than in others and therefore the averaging
is performed over different spatial lengths in the axial direction (correspond-
ing to the letters a-h in figure . The power deposition profiles used for
the ring and plate configuration are taken from the middle graph of figure
and the top graph of figure |5.6], respectively.

Figure 5.9 clearly illustrates that the predominant production and loss path-
ways are largely the same for both electrode configurations, although the
relative contributions and the total rates can be quite different depending
on the region. Indeed, both the production and loss rates are more than
a factor 3 higher in the ring electrode configuration than in the plate elec-
trode configuration. In both configurations the rates are the highest close
to the nozzle exit, but for the ring electrode configuration they immediately
drop drastically beyond that position whereas for the plate configuration
the rates only slightly decrease throughout the effluent. This is of course
directly correlated to the power deposition profiles, see figures and [5.6]
Indeed, in the ring electrode configuration, the power deposition profile is
more concentrated inside the device and just after the nozzle exit, whereas
in the plate electrode configuration, it extends till some distance beyond
the plate electrode.

(a) Production of NO

Several processes contribute to the NO production both inside the device
and in the efluent for both electrode configurations:

O + Ny(A) — NO + N(°D) (3.1)
O+ NOy; = NO + O, (3.2)
H+ NOy; — OH + NO (3.3)

OH+N — H+NO (3.4)

The first three processes seem to be dominant, especially for the ring elec-
trode setup. For more details on these reactions and species, we refer to
chapter [2] .

To a lesser extent, also the reaction between Oy and N(?D) and the three-
body association reaction between O and N (with any gas molecule M as
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Figure 5.9: Most important chemical production and loss processes for NO
throughout the plasma jet, for the ring electrode configuration (left) and plate
electrode configuration (right).
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third body) contribute to the NO production:

O, + N(*D) — NO + O('D) (3.5)
O+N+M—=NO+M (3.6)

Finally, also the reaction of NH with O contributes to some minor extent
to the production of NO in the efHuent:

NH + O — H 4 NO (3.7)

It should be noted that this reaction actually takes over the role of reaction
after the nozzle exit because, in the presence of water, N(2D) rather
reacts with water to form NH instead of reacting with O,. Indeed, water is
present in the jet as impurity but the water fraction also rapidly rises after
the nozzle exit due to the mixing with humid ambient air.

Note that reaction (3.1]) was also identified by Guerra et al as an important
production channel of NO for an Ar/O, /N, surface microwave plasma [201].
Furthermore, reactions and are similar to the Zel’dovich reaction
mechanism, which is well studied in the combustion community [202]. Ob-
viously, as combustion applications occur at high temperature, three-body
association reactions, such as reaction , will not be important at these
conditions, because the rate coefficients drop significantly upon higher tem-
perature. Furthermore, due to the high temperatures, a reaction between
ground state molecules or atoms is possible in combustion, whereas for cold
plasmas activation to electronically excited states, such as Ny(A) and N(?D)
in reactions and , is necessary.

It is also important to mention that reactions and can be seen
as the regeneration of NO because NOy is first created out of NO itself (in
loss process ; see below). Nevertheless, such regeneration processes are
very important and they greatly affect the NO density profile; otherwise
NO would be removed almost immediately when the power drops.

(b) Loss of NO

As far as the loss of NO is concerned, the only two processes that play a
significant role, in the entire plasma jet for both electrode configurations,
are the reactions with N and O atoms:

N+NO —- Ny +0O
O+NO+M — NOy +M
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Note that the first process is a two-body reaction, whereas the second pro-
cess is a three-body reaction involving any background gas molecule (M) as
the collision partner.

(c) Explanation of the NO density profiles

After identifying the most important production and loss reactions, we can
now compare the chemistry and also explain the NO density peak beyond
the plate electrode for that setup.

We see that, for the plate electrode configuration, several of the produc-
tion processes will decrease significantly beyond the nozzle exit, especially
reactions (3.1]), and (3.6). In these reactions nitrogen species, such
as Na(A), N and N(?D), are involved. The reason that the rates of these
reactions decrease is that the electronically excited Ny(A) state is very effi-
ciently quenched by HyO and that both N and N(2D) are created mainly by
a dissociation of this No(A) state, rather than from ground state Ny. Obvi-
ously the H,O concentration rapidly rises in the effluent due to ambient air
diffusion.

On the other hand, the rates of the NO regeneration reactions involving O
and H atoms (i.e. reaction and (3.3)) increase in the effluent of the
plate electrode configuration because of increasing O, and HyO levels (again
due to ambient air diffusion) while the power deposition stays constant. We
want to stress once more that this is thus regeneration of NOy into NO and
not the creation of ‘new’” NO. This regeneration mechanism is clearly not
very important for the ring configuration because the power deposition in
the effluent is not sufficient to yield a large production of either O or H.
Additionally, the loss processes also play an important role in determining
the NO density peak beyond the plate electrode. Recall that the gas tem-
perature is significantly higher for the plate electrode configuration than for
the ring electrode configuration (see figure [p.1]). Therefore, the three-body
loss reaction (3.9)) is suppressed even far in the efluent of the plate electrode
configuration, as this reaction type is typically slower at higher temperature.
The lower gas temperature in the ring electrode configuration aids to the
fact that the NO destruction becomes larger than the production already
shortly beyond the nozzle exit. Nevertheless, even for the plate electrode
configuration the loss will eventually become larger than the production
(i.e. shortly after the plate electrode), although this might be difficult to
see in figure as the difference is so small.
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Overall, it can be deduced from figure 5.9 that for the ring electrode config-
uration the absolute difference between total production and total loss rate
is, depending on the region, much higher than for the plate electrode config-

uration (i.e. at the maximum the values are 3.6x10' cm™@s! vs. 3.0x 10"

em3s! for the ring electrode configuration, and about 8.0x10'® cm™s™ vs.
7.0x10" cm3s! for the plate electrode configuration). The fact that the
net NO production is positive for a larger part of the effluent in the case
of the plate electrode clearly cannot compensate for this because the max-
imum NO density is much lower for the ring electrode configuration, even
though the calculations are performed for the same total deposited power

in both configurations.

5.3.4 O chemistry

The dominant chemical processes for O formation and loss are displayed in
figure for both electrode configurations, in a similar way as in section
H.3.3]

The total O production rate for the ring electrode again abruptly drops
after the nozzle exit following the power deposition profile which is only
high inside the device and just after the nozzle exit, whereas the loss rates
decrease more gradually. Therefore, the total O loss rate becomes signifi-
cantly higher than the total O production rate beyond the nozzle exit (i.e.
starting from region e).

For the plate electrode configuration, the total O production rate also drops
beyond the nozzle exit, although the decrease is less steep than for the ring
electrode. This is somewhat unexpected as the power deposition stays con-
stant and the Os concentration keeps rising by ambient air diffusion. The
total loss of O atoms, however, does not follow the decreasing trend of O
production and reaches a maximum shortly after the plate electrode which
is also the position where the O density decrease becomes more steep (see
figure .

Finally, figure [5.10| shows that the same reactions are dominant for both
configurations, although the absolute rates and the relative contributions
greatly vary throughout the plasma jet. Similar to the NO chemistry, the
O production and loss rates are 2-3 times larger in the case of the ring
electrode compared to the plate electrode configuration.
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Figure 5.10: Most important chemical production and loss processes for O
throughout the plasma jet, for the ring electrode configuration (left) and plate
electrode configuration (right).

144



Chapter 5. O and NO in a needle-type atmospheric pressure plasma jet

(a) Production of O

The O atoms are mainly generated by the dissociation of molecular oxygen
through various pathways, i.e. by electron impact dissociation and by colli-
sions with electronically excited argon atoms (Ar*), argon excimers (Ars*)
and nitrogen metastables (No(A)), see first four production reactions in fig-
ure [5.10] (4.1-4.4).

Furthermore, the quenching of O(*D) upon collision with any gas molecule
M (i.e. physical quenching) also contributes to a large extent to the O pro-
duction (see reaction 4.5 in figure . This process is, however, not an
actual production pathway because O('D) is formed out of the O atoms by
excitation.

Finally, as was the case for NO, a non-negligible amount of the O atoms is
produced in a chemical regeneration reaction:

N+NO —Ny+ 0 (4.6)

as NO is (mainly) created from O itself (see section above).

(b) Loss of O

The predominant loss processes of the O atoms, i.e. excitation to O(*D)
upon collision with Ny(A) metastable molecules or electrons (see reactions
4.7-4.8 in figure , are in fact no real destruction pathways, as this
excited state is physically quenched back to the ground state O atoms (re-
action 4.5 in figure and see also chapter [3)). Near the nozzle exit, the
collisions of O atoms with OH and HO,, rapidly gain importance:

OH+0 — H+ 0, (4.14)
HO, + O — OH + O, (4.15)

These processes are in fact part of a cycle in which also reaction (4.16)) is
involved:

H+ O, + M — HO, + M (4.16)

Thus, after the generation of H from H5O, the H atoms are converted into
HO, radicals (reaction (4.16])) which are subsequently reduced to OH (re-
action ) The cycle ends with a further reduction, creating H atoms
again (reaction ) Previously, this mechanism has been reported by
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Komuro et al [203] and Verreycken and Bruggeman [204]. In these three
processes there is a net loss of two O atoms and a net production of one Oy
molecule.

The other loss processes shown in figure (producing Oz, NOg, Oy and
NO; reactions 4.9-4.13) all contribute to about the same extent, both inside
the device and in the effluent for both electrode configurations.

(c) Explanation of the O density profiles

The efficient H-cycle for the destruction of O atoms (involving loss processes
and (4.17])) can explain the observed trends in figure [5.5 where the
density of the O atoms in the ring electrode configuration decreases quite
drastically shortly beyond the nozzle exit (by a factor 3). Note that beyond
3 mm from the nozzle exit the drop in O density is less steep because there
is still a low amount of power deposited up to 8 mm beyond the nozzle, as
is clear from the middle graph of figure and [5.5] Recall that sufficient
O atoms are required to convert NO into NOy and thus to lower the NO
concentration. The presence of O atoms, even far from the discharge tube,
was previously reported by Waskoenig et al [205] and Reuter et al [142].
From the loss processes of the plate electrode configuration it becomes clear
that, for a constant power deposition, this H-cycle for the destruction of
O atoms becomes more and more efficient in the effluent due to (humid)
ambient air diffusion. Of course H atoms can also be created from the initial
water impurities in the gas feed and figure [5.10 indeed indicates that there
is a considerable loss of O atoms by the H cycle even within the device.
Although it is difficult to see from figure |5.10, it can be deduced that the
loss becomes greater than the production in region e for the ring electrode

configuration (6.4x10' ecm™3s? versus 3.7x10' ecm™3s!), whereas this hap-

pens only in region f for the plate electrode configuration (6.3x10' cm3s!
versus 5.6x10' cm3s1), thus beyond the plate electrode.

It is very clear that the H atom generation is important both inside the
device and in the effluent, and plays a significant role in determining the O
density profile. Recall that H was also important for NO (re-)generation (at
least for the plate electrode configuration) as the H atoms reduce NOy (re-

action ([3.3])) after NO is oxidized to NO, (reaction (3.9)), see section [5.3.3)).
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Figure 5.11: Influence of ppm water impurities on the calculated NO density
profiles for both the ring and plate configurations (upper and lower graph, re-
spectively).
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Figure 5.12: Influence of ppm water impurities on the calculated O density profiles
for both the ring and plate configurations (upper and lower graph, respectively).
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5.3.5 Influence of water impurities

Finally, we discuss the effect of varying the water impurity level in the initial
gas feed on our calculation results, as we showed in the previous sections
that the H-containing species are very important for the NO and O con-
centration in the plasma jet. The importance of the feed gas humidity was
recently reported by Winter et al [163]. Note that this parameter is difficult
to control in an experiment, even if the setup is flushed for several minutes
or even up to hours.

Figure displays the effect of 1 ppm, 100 ppm and 500 ppm water im-
purity in the Ar + 2% air feed gas on the NO density. The model indeed
predicts a considerable influence of the water impurities on the maximum
NO density for both electrode configurations, although the shape of the NO
density profile does not change much. In general, only the relative con-
tributions of the different loss and production reactions change (data not
shown), which still leads to a total decrease of the maximum NO density of
about 38% when we increase the water impurity level from 1 ppm to 500

ppm.
Although the rate of NO production processes (3.3) and (3.4)) (with H and

OH as reactants) should increase for a higher feed gas humidity, as both
OH and H are generated in higher amounts when the feed gas humidity
increases, we still see the opposite correlation for both electrode configura-
tions.

First of all, this is caused by the efficient quenching of Ny(A) by water,
lowering the production of NO through reaction . Recall that N rad-
icals are also created from Ny(A), as already mentioned above, and so the
reactions (3.4), and are inhibited (indirectly) as well.

Secondly, the NO generation will also be influenced by reactions where O
atoms are involved and this concerns both the production (reactions (3.1)),
(3-2). and (3.7)) and the loss (reaction (3.9)) pathways for NO. There-
fore, we must first take a look at the effect of the water impurity level on
the O density, and this is shown in figure [5.12} Tt is very clear from these
graphs that the O density increases when the feed gas is more dry for both
the ring electrode and the plate electrode configuration. Nevertheless, it is
not evident to quantify the net effect on the NO density because O atoms
will influence both the production and the loss of NO.

For the ring electrode configuration the maximum O density is 70% lower
for 500 ppm water in the gas feed than for 1 ppm. For the plate electrode
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configuration the decrease is only 45%. This is like expected because, for the
ring electrode configuration, most of the O radicals are formed just after the
nozzle exit where the humid air diffusion is not yet very large and where the
feed gas humidity is thus absolutely crucial. After a few millimetres from
the nozzle exit, the water concentration in the jet rises to the level of per-
centages, which is of course significantly higher than the amount of water
that originates from water impurities in the discharge tube. This explains
why the effect is less pronounced for the plate electrode configuration.

The reason for the rapidly decreasing O concentration upon increasing feed
gas humidity is twofold. First, the production of O radicals is lower be-
cause Ny(A) (involved in reaction 4.4 of figure is efficiently quenched
by water. Second, the destruction of O atoms will be higher at increased hu-
midity since more H-containing species that quench O atoms (see reactions

(4.14)-(4.16))) are produced at higher water concentrations.

5.4 Conclusions

In this chapter we demonstrated a good agreement between our semi—
empirical 0D kinetic model and experimental observations for two distinct
cold atmospheric pressure plasma jet setups. The model provides chemical
information on O and NO and their reaction pathways, even for regions
that are not accessible by optical diagnostics.

We observed that the power distribution in the effluent is very different in
a cross field and in a linear field plasma jet (i.e. the setup with a grounded
ring electrode and plate electrode, respectively). For the latter, the electric
field is oriented in the same direction as the gas flow, which allows power
dissipation much further from the nozzle exit causing a longer plasma plume
(i.e. for the investigated plasma jet setup about 8 millimetres for 3.5 W).
Moreover, the power dissipation seems to be more or less constant over the
entire length of the visible plasma plume in the linear field jet. In the case of
the cross field, the main power deposition is restricted up to a few millime-
tres from the nozzle exit (i.e. for the investigated plasma jet setup about
3 millimetres for 3.5 W). Hence, the power density is much higher for the
ring electrode configuration as the total power deposition is equal for both
setups.

As a result, the chemistry and the species concentrations in the effluent are
quite different for both setups. For the ring electrode configuration the NO
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density profile shows a high maximum density of almost 10* cm™ close to
the nozzle exit, but the NO concentration then drops abruptly.

The maximum NO density for the plate electrode configuration is, how-
ever, only 6.5x10" ¢cm™ and is reached a few millimetres further from the
nozzle. The NO density peak is now located much further from the nozzle
exit because H and O atoms are being produced in large quantities in that
region due to the constant power deposition, and these two atoms are able
to regenerate NO from NOs,.

We demonstrated for the ring electrode case that the O density rises to
a maximum of 1.5x10* cm™ just beyond the nozzle exit. Beyond 2 mil-
limetres from the nozzle exit the power drastically drops along with the O
production. As a result, O is now rapidly destroyed by collisions with OH
and HO,. Note that H atoms act as a catalyst in this multi-step process
that results in the conversion of two O atoms into one Oy molecule and ends
with the regeneration of the H atom.

For the plate electrode configuration, O atoms continue to be produced even
beyond the plate electrode itself since the power deposition is more or less
constant for that entire region. A maximum O density of only 1.0x10
cm™ is reached just before the plate electrode, but the maximum is much
broader.

Finally, we also demonstrated that the feed gas humidity is a crucial pa-
rameter due to the importance of the hydrogen chemistry and should not
be neglected in both modelling and experiments, not even at ppm impurity
levels. The effect was the largest for the O atoms, for which we showed
a three-fold density decrease upon rising feed gas humidity, in the range
between 1 and 500 ppm.
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Chapter 6

Analysis of the O, and NO, density
and reaction pathways in the kinpen
atmospheric pressure plasma jet:
effect of nitrogen and oxygen
admixtures |

Preface

This chapter reports on the production of nitrogen dioxide (NO3) and ozone
(O3), which are both identified as important RONS in plasma medicine ap-
plications.

When nitrogen oxides (NOy) of the gas phase dissolve into the aqueous
phase, they react further with water molecules to generate nitrite (NO3 ),
nitrate (NOj ), peroxynitrite ions (ONOO™) and protons [70]. Although the
exact ratio between the different NO, and their reactivity depends on the
pH of the biological sample, they generally cause oxidative reactions and
are therefore highly bactericidal. The latter is also valid for Oz generated
in the gas phase, which causes oxidation of organic cell components in the
aqueous phase. When O3 enters the liquid phase it is converted into hy-
droxyl radicals (OH), especially at alkali conditions since Oj is slightly more
stable at acidic conditions. Furthermore, O3 in the liquid is also rapidly de-
composed by nitrite ions, forming nitrate ions |71]. However, it should be
noted that Oz in fact does not dissolve efficiently into liquid water. This
might be compensated by the fact that it is a long-lived species in the gas
phase and that, for most operating conditions [206], it is generated in high
amounts in oxygen containing plasmas |207].

Besides the bactericidal properties of the RONS, these species are also im-

A modified version of this chapter is submitted to New Journal of Physics as:
Van Gaens W, Iséni S, Schmidt-Bleker A, Weltmann K-D, Reuter S and Bogaerts A
‘Numerical analysis of the effect of nitrogen and oxygen admixtures on the chemistry of
an argon plasma jet operating at atmospheric pressure.’
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portant in other biological processes such as wound healing. Nitric oxide
(NO) is an important signaling molecule for the wound healing process. Fur-
thermore, nitrite ion formation can be important as it can act as storage
form of NO [68]. At the right operating conditions, both NO and NO, can
be generated in large quantities in the gas phase, as will be demonstrated
in this chapter. Moreover, in the liquid phase, NO, is rapidly converted
into nitrite ions and thus indirectly contributes to the level of NO in the
biological sample.

In this study we combine the results of laser infrared absorption measure-
ments of NOy and Og in the plasma jet efHuent with numerical simulations
of the gas phase chemistry. Both methods are greatly complementary be-
cause the numerical simulations offer a very detailed insight in the discharge
kinetics, although the complexity of the plasma processes is simplified in the
model. Details about the experimental work and the model, which are ap-
plicable to this specific chapter will be given in section [6.1}

The results of the measurements and the simulations for a range of oper-
ating conditions, i.e. different admixtures of O, and Ny to the argon feed
gas, are presented in section [6.2] Additionally, these results will be further
discussed by means of a chemical analysis for O3 and NOs.

6.1 Experimental setup and model descrip-
tion

6.1.1 Plasma source: kinpen

The room temperature, non-equilibrium atmospheric-pressure argon plasma
jet considered in this chapter (see also figure [L.6|(c) in chapter [I)) is a com-
mercial device, the so-called kinpen (neoplas GmbH, Germany) [43./44]. It
is driven by 1 MHz radio frequency (RF) electric excitation.

Figure depicts the basic geometrical and electrical configuration, which
consists of a high-voltage (HV) needle electrode centred within a dielectric
capillary of radius 1.6 mm. The electrode potential is brought from 2kV to
6kV and dissipates an average power ranging from 0.9 W to 2.2 W in the
plasma (see also section [6.1.3).

A feed gas flow rate ranging from 0.5slm to 3.0slm of dry argon can be
blown through the capillary and after excitation produces a visual plasma
effluent outside the nozzle between 0.3 and 15 mm length. The plasma ef-
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fluent length depends on the admixture type and fraction (see also below).
In order to control the interaction of the efluent with the surrounding at-
mosphere, an external gas flux is implemented by means of a gas curtain
device. More information can be found in [208]. This gas curtain can be fed
with different gases, however, for the purpose of this work dry air is used,
only to keep the ambient humidity out of the active region, as reported
in [209]. Additionally, the gas curtain enhances the reproducibility and the
stability by excluding any variation of water vapour concentration, which
strongly depends on the location and time of operation. Furthermore, this
gas curtain device is used to couple the plasma jet with the measurement
chamber providing a similar atmosphere near the plasma effluent as in open
conditions.

6.1.2 QCLAS diagnostic technique

Absolute density measurements of NOy and O3 produced by the kinpen are
performed by laser infrared absorption spectroscopy in the mid-infrared.
The experimental setup is identical to the one reported in a previous work
by Iséni et al and is only described briefly here [210].

The diagnostic apparatus is initially based on the Q-MACS system (neo-
plas control GmbH, Germany) although some optimizations were performed
to allow investigations of plasma jets operating at atmospheric pressure [157,
210].

For the measurement of both species, NO, and Oz, a nanosecond single
mode pulsed quantum cascade laser (QQCL) is used as a mid-infrared source
driven in intra-pulse mode [211},212]. Unfortunately, pulsed QCLs have
typically an emission range only within a few wavenumbers (about 5cm™?
to 15cm™1) whereas both NO, and O3 have their absorption bands sep-
arated with a gap of about 600cm™!. Consequently, two different QCLs
(Alpes Lasers SA, Switzerland) are used alternatively, emitting from 1607.72
em ™! to 1619.43 cm ™! and from 1024.5cm™! to 1029.9cm™! to match the
absorption band positions of NOy and Og respectively.

As the absorption properties of each molecule in the mid-infrared as well as
the expected densities are rather low [213], a 60 cm multipass White cell is
used in order to increase the absorption length. The laser beam is focused on
the entrance of the multipass cell and is then reflected several times before
reaching a very fast mercury cadmium telluride detector (Q-MACS IRDM-
600A, neoplas control GmbH, Germany). The number of passes through the
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cell is tunable. In this work, a number of 32 passes and a total absorption
length of 19.2m is sufficient to observe a good absorption signal. The signal
is acquired by a digitizer board controlled via a computer. The latter mon-
itors the complete system by means of QMACSoft Monitor software [214].
Figure|6.1]illustrates the diagnostic bench and focuses on the coupling of the
plasma source to the measurement chamber. In order to collect the reactive
species produced by the plasma jet, a measurement chamber is mounted
within the multipass cell. The chamber is a cylinder of 9.0 cm inner diame-
ter and 57.5cm length, yielding a volume of 3660 cm?.

The coupling of the plasma jet to the measurement chamber is achieved by
an opening located at the half-height of the cylinder at the centre of the
multipass cell to conserve symmetry between the two exhausts. The gas
curtain cap mounted on the plasma device helps to keep the connection
with the chamber tightened. It also provides air around the plasma efluent
to reproduce the ambient conditions and prevent the chamber to be filled
with argon.

As shown in figure [6.1] the mid-IR beam is reflecting on the multipass cell
mirrors and passes through the chamber without interaction with the active
visual plasma effluent itself. The homogeneity of the gas mixture within the
chamber has been checked in a previous work and confirmed by a numerical
CED model |210].

The absolute density measured within the chamber is determined as follows:
the laser is tuned to scan a range of about 0.8 cm™! yielding the absorption
spectrum. The latter is fitted with a simulated spectrum based on the line
strength reported in the HITRAN database [213,215]. The procedure is
automatically implemented through the QMACSoft Monitor software and
allows a sample rate of 0.5 Hz in our experimental conditions. The absolute
wavelength position and wavelength scale distortion during the laser tuning
are corrected via a calibration procedure reported in [157]. Herein, a more
detailed description of the fitting method is given.

In order to dry the pipes and the measurement chamber, the gas curtain
was flushed with 5.0 slm dry air, at least 12 h before to start. Similarly, the
argon pipes were flushed in advance with 0.5slm for over 6 hours. Indeed,
water is known to have many broad absorption bands in the mid-IR, which
can lead to a significant disturbance and to an over-estimation of the pro-
duction rates (or concentrations) of the species but also because even very
low amounts of water will influence the plasma chemistry [163}209,216].
Moreover, this protocol enhances the repeatability and stability of the di-
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agnostic.
From the measured densities n; (cm™3) of species i, the net production rates
R,ii

R; =1n; x 8 x 10%/60 molec.s*

are calculated accounting for the total gas flux of 8slm, ¢.e. combined
curtain gas and argon feed gas flux.

feed gas, argon + admixture >—+

gas curtain (dry air) | —— HV electrode

—— housing

dielectric

gas curtain cap

grounded
electrode

plasma

glass chamber

effluent

far field T

Mid-IR laser beam

gas exhaust opening
spherical mirrors

Figure 6.1: Sketch of the experimental setup illustrating the plasma source kinpen
with the gas curtain cap connected with the diagnostic chamber of the QCL
absorption setup located in a multipass cell.

6.1.3 Power

The power dissipated at the electrode is one of the key parameters to de-
termine how much energy excites the electrons and it is a crucial input
parameter for the simulations (see below).

In this work, the power measurement is performed in the same way as re-
ported by Hofmann et al [38]. This results in a measured dissipated power

157



6.1. Experimental setup and model description

ranging from 1.4 W to 1.8 W in the case of impurity admixtures up to 1.0 %.
These values of dissipated power are in agreement with the power reported
by other groups using similar argon RF atmospheric pressure plasma jets,
i.e. with similar length and gas temperature of the effluent, geometry, gas
flow rate, etc. [42,1217].

6.1.4 Gas temperature

The gas temperature value is a crucial parameter for the application as it
needs to be close to room temperature (a few millimeters from the nozzle)
in order to avoid any thermal damage on the sample. Moreover, it is also
important to know the evolution of the temperature throughout the efluent
to be able to accurately model the reaction chemistry.

The gas temperature is measured with a non-metallic fiber-optics probe
mounted on a three-axis linear table (FOTEMP1-OEM and TS3, Optocon
AG, Germany). Unlike for metallic probes, there is no visible change in the
emission of the plasma when the probe is brought in contact with the visible
efluent. However, it is noted that with the probe merely average tempera-
tures can be detected, while in a turbulent flow the local temperature can
be expected to exhibit significant statistical fluctuations.

6.1.5 Admixture variation

The kinpen in this work is operated with 3.0slm argon (99.999 % purity)
gas feed flow rate and an additional gas curtain of 5.0slm dry air. The
gas flow is regulated by mass-flow controllers (MFC, MKS Instruments,
USA). To prevent any impurities and ambient humidity from penetrating
the pipes and contaminating the argon, stainless-steel and PTFE gas tubes
are used [163].

In this chapter, an admixture variation of Oy and/or Ny is applied from
0.0 % to 1.0 % of the total feed gas flow rate (0.0sccm to 30.0sccm in ab-
solute values, respectively). The purity is 99.995 % for O, and 99.999 % for
N, according to the provider specifications (Air Liquide GmbH).

The mixing of either of these molecular gases with argon is performed be-
fore the gas is blown through the plasma jet in order to obtain a better
homogeneity.

Additionally, an artificial mixture of both Ny and O, is also used in this
work besides admixing both gases separately. Obviously, this should re-
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sult again in a different gas composition of the effluent. In this case, the
argon/admixture ratio is fixed (Ar 99.0% + 1.0 % admixture) but the con-
tent of the admixture fraction itself is varied from 0.0 % to 100.0 % O, with
100.0% to 0.0% Ny. Hence, a 0.2% 02/0.8% N ratio is equivalent to a
1.0 % dry air/99.0 % argon admixture.

Figure 6.2: Kinpen characteristics along the axial symmetry axis of the device.
These profiles of the curtain gas diffusing into the argon feed gas stream, the
power density, gas temperature and gas flow velocity are the input to our chem-
istry model and match either the experimental measurements or the fluid flow
calculations (see text). The nozzle exit is located at the axial position of 0 mm.
The powered needle electrode (and thus the highest power density) is located a
few millimeters before this position. After the nozzle, the plasma jet can freely
propagate and eventually enters the ‘effluent region’ when the power density has
become zero and where the temperature drops to 300K.

6.1.6 Model description

The numerical simulations are performed with the same reaction set as used
in the previous chapter. The simulated area is the visual plasma jet and be-
yond (see figure[6.2). The gas flow velocity and the gas curtain entrainment
rate follow from an external 2D computational fluid dynamics simulation of
the neutral gas at room temperature using Reynolds-averaged Navier-Stokes
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with a standard k-e model equations to account for the turbulence [21§].
The computed ambient species densities agree well with mass spectrometric
measurements [218219).

In the far efluent region the gas will eventually become stationary and there
we assume that the 3 slm argon feed gas is fully mixed with the 5 slm dry
air of the gas curtain. However, it is obvious that there is also an admixture
gradient of the gas curtain in the radial direction of the jet. As our model
is 0D without a degree of freedom in the radial direction, we simply tested
which of the admixture profiles (from different off-axis positions) resulted in
the best agreement between the simulations and the measurements. Even-
tually, the gas curtain admixture profile at r = 0.6 mm resulted in the best
correspondence between the experimental and the calculated species densi-
ties.

In reality the situation is more complex as the propagation of the ionization
wave is strongly linked to the turbulent flow pattern. It was recently found
that the ionization wave preferentially propagates through the channel with
the highest noble gas content and thus the lowest concentration of admix-
tures (in the order of 1% and lower). Moreover, as the ionization wave
follows the vortices occurring in the turbulent flow, it is often positioned
off-axis [220].

The power deposition profile along the efluent obviously depends on the
electric field generated by the electrodes and the plasma itself. It is greatly
affected by the electrode setup, as was already demonstrated by this model
in the previous chapter. Because the electrode configuration of the kinpen
has a very similar geometry, we use the same shape for the power deposi-
tion profile (see figure but the magnitude of the power density is scaled
down to match the operating conditions of the kinpen; we set the total
power deposition equal to 1.5 W (see section .

Important is also that our power deposition profile, shown in figure[6.2], does
not explicitly take the RF excitation waveform into account. We apply this
simplification since we are primarily interested in the dynamics of long-lived
species and therefore neglect fluctuations on the sub-microsecond timescale.
Thus, it should be sufficiently accurate that the total deposited power for
the calculations is equivalent to the experimentally measured plasma power
deposition, as long as the bulk chemistry does not change by neglecting
the RF excitation. Our previous work showed that this assumption is suffi-
ciently valid for argon plasma jets operating at a higher frequency of 13.56
MHz.
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The experimentally measured gas temperature profile is plotted in figure 6.2
as well.

6.2 Results

In this section the spectroscopically measured and numerically simulated Og
and NOs net production rates in the far effluent of the plasma jet (measure-
ment cell) are displayed and compared. In the following three subsections,
this is done for Ny, Oy or Ny4+05 admixtures, respectively. In each of these
sections, we also present a detailed reaction kinetics analysis for both Og
and NQO,, as obtained from the model.

In the context of the comparison of these net production rates in the mea-
surement cell (e.g. the values depicted in figure , it is important to
mention that the model was previously only used for simulating the plasma
jet effluent for a typical timescale of milliseconds. However, as the residence
time of the plasma jet effluent within the measurement cell during sampling
by the QCLAS is significantly longer (calculated to be around 25s), we
changed the end time for our simulations to 6s, in order to allow for a
correct comparison with the measured net production rates. At this point
there are no drastic changes in the gas densities of O3 and NOy anymore.
Additionally, it needs to be stressed that the values depicted in figure 6.3
are net production rates, so the total production minus the total loss of the
species. This distinction has to be made in order to avoid any confusion
with some of the values of figure (and the consecutive similar figures)
where the production and loss rates are presented separately.

6.2.1 Nitrogen admixtures

Figure (top) demonstrates a very good agreement between the experi-
mentally measured and simulated NO, production rate, for the investigated
range of Ny admixtures between 0 and 1 %: the trend as a function of the
Ny admixture and the absolute values are very similar, with at maximum
a factor 2 difference for 0 % N,. Unfortunately, this is not the case for the
O3 production rate where the difference is up to a factor 3 (see figure
(bottom)). Furthermore, the model predicts a steeply increasing Os pro-
duction rate between 0 and 0.2 % admixed Ny, whereas the experiments
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Figure 6.3: NO2 and O3 net production rates in the far plasma jet efluent as
measured by infrared absorption spectroscopy and simulated by the 0D model,
for different Ns fractions added to the argon feed gas.

indicate only a very slight increase over the entire operating range. Note
that this might be explained by the fact that these O3 concentrations are
near the detection limit of the diagnostic setup under the present experi-
mental conditions. Moreover, experimentally, very slight differences in the
jet properties, such as turbulence or impurities in the tubes, can easily oc-
cur. This determines the concentration of molecular gases in the argon and
therefore indirectly affects the O3 concentrations. Indeed, we will show in
this work that the balance between production and loss rates is often very
delicate and that a slight inaccuracy can have a large influence on the NO,
and Oz net production rate. In this context it needs to be mentioned that
we chose to keep the gas curtain entrainment rate consistent for all the
simulations, so for the different admixture amounts and for the different
admixture gases.

We will now further clarify the production pathways of O3 and NOy by
means of a detailed chemical analysis, as obtained from the model, but now
focussing mainly on the chemistry that occurs on the time scale of mil-
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liseconds. Indeed, this is the time frame where, chemically speaking, the
most interesting changes happen. Obviously, this time frame corresponds
to the distance that a gas element travels within the kinpen device, the
active/visual plasma jet and finally the initial efluent region (thus not the
entire measurement cell). The displayed values in figures below (i.e.
density, the total production and loss rates, the relative contributions of
the reactions and electron temperature) are averages for one of these three
regions, obtained by performing an integration along the symmetry axis of
the jet. Accordingly, the most important chemical phenomena can be iden-
tified for each region.

For example, the density evolution of a species, from the vicinity of the
needle electrode tip until the far effluent, is thus reduced to only three data
points. Indeed, this turned out to be crucial for maintaining a relatively
simple overview of the changing chemistry when varying the admixture ra-
tios and at different distances from the nozzle and the needle tip. To make
this concept easier to interpret, we added the schematic of the plasma jet
above the reaction kinetics data in figure [6.4]

Also important is that in each figure the production rates are displayed in
the upper part of the top graph and the loss rates in the bottom part of
the top graph (both with white dots, left axis). Note that the y-axis of the
loss rates increases from top to bottom, hence opposite to the y-axis of the
production rates, to clearly indicate their opposite effect. The same top
graph also displays the contribution of the different reactions to the total
production and loss rates by colour areas (right axis). We only show the
reactions, which contribute more than 10% to the total loss or production
of a species. Therefore, the sum of the different contributions often does
not reach the full 100%. Note that we show all these contributions, for the
sake of completeness, but in the text we only discuss the most important
production and loss processes, which are indicated in bold in the legends
at the right of the graphs. The bottom graph of these figures presents the
species densities.

The short time-scale information in these plots (e.g. figure is, in gen-
eral, sufficient to explain the trend observed on the longer time-scale (see

figure .
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Figure 6.4: Os chemistry inside the device, the plasma jet and the far effluent,
as a function of the N9 admixture. Top graph: the white dots represent the total
production/loss rates (cm™ s, left y-axis); the colour areas (linked to the right
y-axis) represent for each region the spatially averaged relative contributions of
the dominant reactions to the total production/loss. The production is plotted
in the upper half and the loss in the lower half of the top graph. Note that
the y-axis of the loss rates increases from top to bottom, hence opposite to the
y-axis of the production rates, to clearly indicate their opposite effect. Bottom
graph: spatially averaged Ogs densities in the three regions as a function of the
Ny admixture.
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Figure 6.5: O chemistry inside the device, the plasma jet and the far efluent
as a function of the Ny admixture (see figure for explanation about top and
bottom graph).

Figure 6.6: Spatially averaged electron densities (cm™) and average electron tem-
perature (eV) inside the device and in the plasma jet, as a function of the Ny
admixture. The far efluent region is not shown, as the electrons will be negligible
in this region.
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Figure 6.7: N3(A) chemistry inside the device, the plasma jet and the far efluent
as a function of the N9 admixture (see figure for explanation about top and
bottom graph).
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(a) Ogs formation

Figure illustrates that Oz is mainly formed in the effluent region (see
white dots in the top graph) for all Ny admixtures investigated. Indeed,
the formation rate in the plasma jet is about one order of magnitude lower,
and there is no O3 formation at all inside the device. The figure shows the
following dominant pathway:

O+OQ+AF—>O3+A1" (1.1)

It is clear from figure that the production rate in the far efHuent region
is more than two orders of magnitude higher than the loss rate (c¢f. upper
and lower part of the top graph). Indeed, the main species responsible for
the loss of O3 are the electronically excited states Oz(a) and Oq(b) (see fig-
ure as well), but they do not reach sufficiently high concentrations. The
O3 density as a function of the Ny admixture in the early efluent therefore
corresponds to the production rate in the far efluent as predicted by the
model and depicted in figure (note the logarithmic scale in figure [6.4)).
Recall, however, that the agreement with the experimental result was not
very good in this case.

As the O atoms are fully responsible for the O3z production, we will now
analyze the chemistry of this species.

Figure [6.5] illustrates the variation of the O density as a function of the Ny
admixture. Furthermore, it can be seen that the O atom production occurs
mainly in the plasma jet region. Indeed, in this region O, from the gas
curtain starts to diffuse into the argon jet, as shown in [142,219,220]. The
production in this area is very similar to that of Oj.

Yet for 0% N, admixture, the O atom production inside the device is quite
significant. Indeed, there is only some Ny present in the form of impurities,
because, as initial conditions of our simulations, we always impose a slight
amount of Ny, Oy and HyO in the argon feed gas (1 ppm) to mimic the
impurities in the gas bottles and desorbed molecules from the piping. This
Ny impurity level is insufficient to reduce the electron temperature as dras-
tically as for cases with significant Ny fractions (see figure [6.€]), where a lot
of energy is used for vibrational excitation of Ny. Fast electron impact dis-
sociation of O and electronically excited OH radicals, i.e. OH(A) created
from H5O, are therefore possible within the kinpen device at 0% No.

e +0y—>e +0+4+0
e +OH(A) 5 e +O+H
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As a result, the O atom density is already significant within the kinpen
device when no N, is admixed to the argon.

This also explains the maximum in the O atom density in the plasma jet
region, at 0% N, and the clear drop upon addition of small Ny admixtures.
However, at larger Ny admixtures the O atom density increases again. Here,
the O atoms are mainly created from collisions of Oy species with the ni-
trogen metastable (Ny(A)):

Moreover, in the plasma jet region the rates of the reactions and be-
come insignificant for 0% N,. This is because the electron density drastically
drops as a result of electron attachment to oxygen species (see figure ;
note that the electron chemistry itself is, however, not explicitly shown in
this work) since the Oy density quickly rises due to the mixing of curtain
gas with the argon.

Note that figure illustrates that No(A) is also significantly quenched in
this region but the quenching of this state is much slower than that of the
electrons. Additionally, the rising Oy density compensates for this No(A)
quenching and still causes the rate of reaction to be high in the plasma
jet region.

Besides, figure also illustrates that No(A) is mainly formed inside the
kinpen device, i.e. by electron impact excitation of ground state N:

e +Ny —e + NQ(A) (15)

Thus one might expect a rising No(A) density upon increasing N, admixture,
simply because the density of one of the reactants becomes higher.

However, above 0.4% N, the electron density and electron temperature,
plotted in figure , become quite low (due to the vibrational kinetics, as
mentioned above) and this compensates for the rising Ny density. This even
causes a slight drop in the rate of reaction [1.5/above 0.4% Ny and the same
behavior is therefore seen for the Ny(A) density in the bottom graph of
figure 6.7 As a result the rate of reaction (causing the dissociation of
O, into O atoms in the plasma jet) will also first increase upon increasing
N, fraction (after the initial drop, as explained above), but after 0.2% Ns
it will remain more or less constant (see figure [6.5). This explains the
behaviour of the O atom density upon rising N, fraction, and because the O
atoms are mainly responsible for the O3 production, this also clarifies why
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the O3 production and Ogs density first increase upon rising Ny fraction,
then remains more or less constant and eventually slightly decreases for Ny
fractions above 0.5% (see figure [6.4] and also figure [6.3| above).

The above explains the production rates predicted by the model. We believe
that we at least identified all the dominant reactions correctly, although the
agreement with the experiments is not perfect. Note that deviations can
easily occur since the balance between the production and loss processes of
all the species involved here is delicate. A more complete model approach
might be better in this case.

Figure 6.8: NOgy chemistry inside the device, the plasma jet and the far efluent
as a function of the N9 admixture (see figure for explanation about top and
bottom graph).

(b) NO, formation

Figure illustrates the NOy production and loss rates, as well as the
relative contributions of the different processes and the NO, density, as a
function of Ny admixture. It is clear that NOs is mainly produced from NO,
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Figure 6.9: NO chemistry inside the device, the plasma jet and the far effluent
as a function of the N9 admixture (see figure for explanation about top and
bottom graph).
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especially by reaction 1.6, and to a lower extent also by reaction [1.7}

O+ NO + Ar — NOy + Ar (1.6)

These processes are especially important in the plasma jet. Indeed, the to-
tal production rate of NO, is almost an order of magnitude larger than the
total loss rate here. In the effluent region this production rate has already
decreased by at least a factor 2, but additionally the loss rate (i.e. mainly
the reaction NOy + O — NO + Os) is now of about the same magnitude.
The net production rate is therefore much smaller in the effluent than in
the plasma jet region.

Still, NO, is a rather long-lived species because there are no highly reac-
tive species present in the efluent that are sufficiently abundant to cause
considerable NO, loss within these time scales. Note that the O atoms
are involved both in the main production and loss reactions of NOsy and
this species will eventually get depleted in the effluent region (see figure
above. The same is true for N and OH, which are involved in several other
loss processes).

Important to mention is that NO, reaches only its maximum concentration
towards the end of the plasma jet region, whereas the density practically
does not change any more in the effluent region and stays continuously high
here. The averaging we performed thus results in a relatively low NOy den-
sity in the plasma jet region, although it is mainly produced here.

Because NO is the main NO, precursor, we show the NO chemistry in fig-
ure[6.9] NO is produced in large amounts early in the plasma jet region, by
a reaction between Ny(A) and O atoms:

Ny(A) +0O — NO + N(*D) (1.8)

The reason for this is twofold: first, the maximum Ny(A) density is located
close to the needle electrode where the power density is at maximum; further
in the plasma jet it is rapidly quenched by O, thereby creating O atoms
or excited Oy molecules (see figure [6.7). Second, the O atoms only reach
a maximum density in the plasma jet region, as illustrated in figure 6.5,
because of the oxygen entrainment from the ambient into the argon, which
obviously only starts after the nozzle exit. The combination of these two
effects explains why the maximum rate of reaction [1.§] is located in the
early plasma jet, close to the nozzle exit. Nevertheless, the production of
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NO by this reaction is also non-negligible inside the device, as is clear from
figure [6.9

As the excited Ny(A) molecules mainly determine the NO formation, and
NO is the dominant NO, precursor, the NO, production as a function of the
N, admixture therefore largely follows the trend of the No(A) state, which
depends both on the Ny fraction and on the electron temperature inside
the kinpen device, as the latter determines the rate coefficient. Because the
electron temperature (and hence the rate coefficient) drastically decreases
upon increasing Ny fraction, at least within the device (see figure above),
these two effects are opposite to each other.

Thus, the NOy production (and density) steeply rises immediately when
small amounts of Ny are added, but beyond 0.15% N, the NO, production
(and density) drops again, because the effect of the electron temperature
starts to play a more dominant role. Indeed, this explains the trend seen
for the NO, production rate in figure [6.3| above.

Figure 6.10: NOg and O3 net production rates in the far plasma jet effluent as
measured by infrared absorption spectroscopy and simulated by the 0D model,
for different O fractions added to the argon feed gas.
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6.2.2 Oxygen admixtures

This subsection is structured in exactly the same way as the previous one
for nitrogen admixtures. We first look at the longer timescale, comparing
experiments with simulations and consequently we explain the observed
trends on the basis of a chemical reaction analysis of the short timescale.
The trends of both the NO, and the O3 production rate as a function of
the O fraction in the argon feed gas (from 0 and 1 %) are reproduced well
by the model, as demonstrated in figure [6.10, The NOy production rate
decays exponentially as a function of the O, fraction, while the O3 trend is
practically the inverse with a sharp increase between 0 and 0.2% O,. The
absolute values are, however, not fully comparable, although the difference
is at most one order of magnitude within the investigated range of the O,
fraction. As previously stated, this might be related to the inaccuracy on
the amounts of curtain gas that diffuses into the jet (i.e. the absence of a
radial gradient in the model or consequences of turbulence).

Figure 6.11: Og chemistry inside the device, the plasma jet and the far effluent
as a function of the Oy admixture (see figure for explanation about top and
bottom graph).
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Figure 6.12: O chemistry inside the device, the plasma jet and the far effluent
as a function of the Oy admixture (see figure for explanation about top and
bottom graph).
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Figure 6.13: Spatially averaged electron densities (cm™) and average electron
temperature (eV) inside the device and in the plasma jet, as a function of the Ogy
admixture. The far efluent region is not shown, as the electrons will be negligible
in this region.

(a) Ojs formation

As described in section [6.2.1f(a), O3 is almost exclusively produced by re-
action [L.1] However, in the case of adding O, this occurs already in the
plasma jet region and even inside the device, at least for O, fractions above
0.2%, as demonstrated in figure |6.11

For lower Oq levels there is clearly not yet enough O, present inside the
device and in the (early) plasma jet to yield a large rate for reaction .
Therefore, the production will occur in such a case mainly in the efluent
region when there is enough entrainment of O, from the gas curtain.

At higher O, fractions, the production of O3 is smaller in the effluent than
in the plasma jet region or even inside the device. Nevertheless, since the
O3 loss is clearly negligible in the efluent region, the O3 density is still at
maximum here (see figure . The absence of a significant loss process
explains why Oj is a relative long-lived species.

As described in section , the O3 production is mainly determined
by the O atoms; therefore, the chemistry of the O atoms is displayed in
figure |6.12 The O chemistry, however, is now considerably different from
the case when adding Ny (section [6.2.1a)]). Indeed, the O atoms are now
mainly produced within the kinpen device, so mainly from the oxygen ad-
mixture itself and not from the gas curtain.
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Secondly, in the absence of significant Ny admixtures, the O atom produc-
tion is now mainly due to the dissociation of Oy by direct electron im-
pact and by collisions with energetic argon species (i.e. Ary* excimers,
Ar(*S(®P3)) metastables, as well as higher excited states, grouped in the
model as Ar(*P), but not by collisions with Ny(A). Note that the heavy
particle reactions with energetic argon species are in fact also an (indirect)
result of electron impact reactions, because these species are created by
electron impact excitation of Ar ground state atoms, possibly followed by
an association with another Ar atom to form the Ary* excimers (data not
shown).

A third difference is that the contribution of O, dissociation upon collisions
with the argon species increases with rising O, fraction, whereas the contri-
bution of direct electron impact dissociation drops (at least between 0 and
0.2% O,). Indeed, the contribution of the latter process is more than 60%
at very small O concentrations, compared to about 30% above 0.2% O,.
This can be explained by the electron temperature evolution as a function
of the Oy admixture (see figure . Clearly, the average electron temper-
ature rises for higher O, admixtures and argon excitation therefore becomes
relatively more important than O, dissociation because its higher threshold
energy is not an issue anymore and since the reaction coefficient drastically
increases with the electron temperature.

Finally, note that after the initial rise in net O atom production (and thus
O atom density) until 0.2% O,, the O atom density stays relatively constant
at higher Oy admixtures (i.e. between 0.2% and 1.0% O,). This is not only
because the average electron temperature is rather constant in this range
but also because the O atoms seem to be ‘self-quenching’ as the main loss
pathway of the O atoms creates O3 (see reaction and the latter is also
quite important for the loss of O atoms (see figure again):

03 + 0O — 2 0y (2.1)

The O3 production is therefore almost linearly dependent on the O, fraction
between 0.2% and 1.0% (or between 0.3% and 1.0% for the experimental
values), as was depicted in figure . Indeed, the rate of reaction is
practically first order because the O atom concentration does not change
much in this range.
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Figure 6.14: NOg chemistry inside the device, the plasma jet and the far effluent
as a function of the Oy admixture (see figure for explanation about top and
bottom graph).
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Figure 6.15: No(A) chemistry inside the device, the plasma jet and the far efluent
as a function of the Oy admixture (see figure for explanation about top and
bottom graph).
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(b) NO, formation

The admixture of Oy does not change the dominant production pathway for
NO; compared to the admixture of Ny (see section [6.2.1[(b)). NO, is still
mainly formed by the reaction between O and Ny(A) producing NO (by
reaction above, data not shown again here), which then oxidises further
by the three-body reaction with O atom and Ar as the third collision part-
ner (see reaction above), as depicted in figure m

The net production rate is the highest towards the end of the plasma jet
region (the loss is significantly lower than the production although this is
difficult to see due to the log scale). Note that some NOy production also
occurs in the far efluent region but the loss rate is now more comparable
to the production rate here. However, the NO, density shown in figure [6.14
is not as high in the plasma jet region as in far efHuent region, again simply
due to the averaging (as explained above).

The NO, formation once more depends indirectly on the Ny(A) formation
and this species is produced less upon increasing O, admixture (see fig-
ure . This is because No(A) is mainly formed from electron impact
excitation, as can be seen from this figure, and the density of the elec-
trons, which are involved in this reaction, rapidly drops when increasing
the Oy content (see figure . The latter is caused by efficient electron
attachment processes for O, species. Obviously, the reaction rate of electron
impact excitation (reaction also depends on the electron temperature,
which determines the rate coefficient, but this is less important in this range
of electron temperatures (3-3.5 eV). Therefore, the production of Ny(A), as
well as the No(A) density, clearly drop upon increasing O, fraction, as shown
in figure [6.15]

Secondly, the NO, formation also depends on the concentration of the other
reactant, i.e. the O atoms. The density of this species drastically rises when
very small amounts of Oy are added to the feed gas, but afterwards (beyond
0.1%) the density remains more or less constant, as discussed above (see
figure .

Combining the Ny(A) and the O density trends upon increasing O, admix-
ture indeed leads to the observed behaviour of the NO, density as a function
of the O, fraction, depicted in figure a steep rise between 0 and 0.1%
O, to a maximum of about 10¥cm™ followed by a clear drop for higher O,
fractions.

Note, however, that the calculated and measured net NOy production rates
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as a function of the Oy admixture, illustrated in figure [6.10] above, do not
exhibit this initial rise between 0 and 0.1% O,, that is observed in figure
(not only for the NOy density, but also for the NOg production rate). The
reason is that the calculated and measured NO, net production rates, shown
in figure above, apply to a much longer time scale (i.e. in the order of
seconds; cf. the total residence time in the measurement cell, as described
at the beginning of section , whereas the calculation results of the ef-
fluent region depicted in figure [6.14] apply to a time scale in the order of
milliseconds.

Within this shorter time frame, the loss of NOy occurs predominantly by
collision with O atoms, and these species will eventually disappear from the
discharge (for example by forming O3 as described above). Therefore, in a
later stage of the effluent, O3 will be the only available molecule able to react
with NO; as it is the only 'reactive’ species that is at least as abundant as
NO,. Note that the reaction NOg+Oj is not displayed in figure[6.14] because
only the dominant reactions contributing more than 10% are presented, but
at longer residence times, this reaction eventually becomes important. As
the O3 density is rather small for O, admixtures between 0 and 0.1%, the
NO, loss at these longer time scales will also be negligible at these low O,
admixtures. Therefore the net production of NOy will be for a longer time
scales, eventually, the highest between 0 and 0.1%, and indeed the NOy net
production rate will continuously drop from 0 to 1% O, as illustrated in
figure [6.10] above.

6.2.3 Oxygen-+nitrogen admixtures

An interesting combination of the two chemistries clarified in the previous
sections is obtained when Oy and Ny are simultaneously added to the argon
feed gas. Recall that in this case, a fixed 1% O3+Ny admixture is used,
but with the Oy/(05+Ns) ratio varied between 0% and 100%. Therefore,
0% O2/(02+Ny) in figures |6.17H6.21| correspond to the conditions of 1% Ny
admixture in figures 6.4H6.9, whereas 100% Os/(O2+Ny) corresponds to the
case of 1% O, in figures [6.11H6.15

Figure [6.16] illustrates that the simulated evolution of the NOy and O3 net
production rates is also well in accordance with the measurements. For
both species, the shape of the curve is quite complex. The NOs production
rate initially drops (except for a first rise between 0 and 5% O, for the
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Figure 6.16: NOg and O3 net production rates in the far plasma jet effluent as
measured by infrared absorption spectroscopy and simulated by the 0D model,
when adding 1% O3+Nj3 to the argon feed gas, in different Oy/(O2+Ny) ratios.

model results), but increases again at about 20% Os/(Ny+0O3). A second
maximum is formed at about 50% O2/(N240O2) before the production rate
steeply drops close to 100% O, (thus for low Ny levels).

The shape of the O3 production rate as a function of the admixture compo-
sition is clearly x3-shaped, although more pronounced in the experimental
measurements. Indeed, the difference between the simulated and measured
O3 production rate is in general about a factor 2, but in the middle of the
investigated range, at an Oy /Ns ratio close to 1, this difference has increased
to a factor 3.

(a) Ogj formation

The O3 formation pathway was found to be similar for O, or Ny admixtures,
as demonstrated above. Therefore, figure[6.17)indicates that the same mech-
anisms are applicable here when admixing both gases at the same time, i.e.
the formation is mainly due to the three-body reaction between O atoms
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Figure 6.17: O3 chemistry inside the device, the plasma jet and the far effluent
as a function of the O2+Ny admixture (see figure for explanation about top
and bottom graph).
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Figure 6.18: No(A) chemistry inside the device, the plasma jet and the far efluent
as a function of the O2+Ny admixture (see figure for explanation about top
and bottom graph).
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Figure 6.19: O chemistry inside the device, the plasma jet and the far effluent as
a function of the O2+Ng admixture (see figure for explanation about top and
bottom graph).

184



Chapter 6. O3 and NOs in the kinpen plasma jet

and O, molecules, with Ar as third body (see reaction [1.1)).

Again, like in the case of Oy addition, the production is highest in either
the plasma jet (and inside the device) or in the early effluent, depending on
the Oy content, as explained in section [6.2.2(a)| above.

A dissimilarity between figures [6.10] and [6.16] concerning the net Os pro-
duction rate as a function of the O fraction is that for pure Oy admixtures
the net production rate first rapidly rises (between 0% and 0.2% O in ar-
gon) but it tends to saturate at higher Oy concentrations (see figure ,
whereas for Os+Ny admixtures (see figure the first rise (between 0%
and 0.2% in argon) is less steep and is followed by a gradual rise (between
0.2% and 0.8% O, in argon) and, finally, a more drastic increase between
0.8% and 1% O in argon (which is more pronounced in the experimental
data). The Os production without Ny (for pure Oy admixtures) is thus
higher between 0% and 0.8% O, than with Ny (in the case of Oy4Ny ad-
mixtures).

Indeed, the observed effect must be explained by the role of Ny(A) (which
is created from the Ny admixture molecules in reaction see figure
in the generation of O atoms, which eventually leads to O3 production by
reaction This O chemistry is illustrated in figure [6.19]

As demonstrated in section above, the O atoms can easily be formed
by reaction (i.e. between No(A) and Oy molecules) when significant
amounts of Ny are present. Indeed, figure [6.19|illustrates that this reaction
gains importance when the Oy/(0O2+Ny) ratio drops and it takes over the
role of O, dissociation by collision with argon species and by electron im-
pact as the most important O atom production process.

Consequently, the Ny(A) chemistry in figure m provides the final answer.
The increase in No(A) density upon decreasing O, fraction in the plasma jet
region is not linear between 100 and 0% O2/(O2+N3) (looking from right to
left on the x-axis). Indeed, the Ny(A) density seems to be somewhat sup-
pressed until 10% O2/(02+Ny), yet for even lower Oy/(O2+Ng) fractions
than 10% the No(A) density will finally increase drastically.

It is clear from the loss reactions in figure that even small amounts of
O, (above 0.1% O3/(024Ny)) efficiently quench the No(A) molecules, not
only by chemical quenching leading to O atoms and thus O3 formation, but
also by physical quenching. Thus, it can be concluded that the O3 produc-
tion is partially inhibited when significant amounts of Oy and Ny are added
simultaneously, explaining why the rise in the net O3 production is higher
between 80 and 100% O/(02+N3) than between 20 and 80% Oz/(02+Na),
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as depicted in figure above.

Figure 6.20: NO chemistry inside the device, the plasma jet and the far efluent
as a function of the O2+Ng admixture (see figure for explanation about top
and bottom graph).

(b) NO; formation

For the NO, production rate as a function of the Oy/(O2+Ny) admixture
ratio one might expect the highest value for equivalent Oy and N, fractions,
but this does not seem to be the case (see figure above). From the
above sections, we know that NO, is formed from NO and this is also valid
here (therefore, the NOy chemistry is not explicitly shown, as it does not
give new information). Thus, by studying the chemistry of NO in figure
it is possible to explain the observed trend for the net NOy production rate
displayed in figure [6.16|

In the plasma jet region the NO density is, as expected, the highest between
10% and 70% O3/(02+Ny) ratio. However, in the effluent region a small
dip at 20% starts to develop. This is due to significant NO destruction upon
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Figure 6.21: N chemistry inside the device, the plasma jet and the far effluent as
a function of the O2+Ng admixture (see figure for explanation about top and
bottom graph).
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collision with N atoms:
N+NO —=Ny+0O (3.1)

Indeed, the concentration of the N atoms is at maximum at this Oy/(O+Ns)
ratio, as demonstrated by figure |6.21

As a result, the measured and modelled net NOy production rate further in
the measurement cell (shown in figure above) exhibits a similar pro-
file as the NO density in the effluent region of figure [6.20, because NO, is
created from NO.
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6.3 Conclusions

In this chapter we presented the results of both our semi-empirical numeri-
cal model, which describes the chemical kinetics within the kinpen plasma
jet device (with a surrounding dry air gas curtain), and experimental mea-
surements of the jet effluent by high resolution QCL infrared absorption
spectroscopy. The net production rates of the biomedical species, O3 and
NO,, were determined with both techniques for multiple different operating
conditions.

In the first two cases either Oy or Ny is admixed from 0% to 1.0% of the
total argon feed gas flow rate. Additionally, an artificial mixture of No+O,
is used and in this case, the admixture fraction is fixed at 1% but its content
is varied from 0% to 100 % Oy with 100 % to 0% Na.

We obtained a good qualitative agreement in all cases for the net production
rates of NO, as a function of the different admixtures. Concerning O3, the
similarity of the results computed in the model and the experimental data
is qualitatively correct for most of the investigated conditions. Neverthe-
less, in case of Ny admixtures, a mismatch between the calculation and the
measurement is observed. It is not clear whether this is caused by a possi-
ble inaccuracy in the reaction set or due to the gas curtain diffusion profile
assumed in our 0D model, which is much more complex in reality [220]. In
the latter case, a more sophisticated model approach might offer a solution.
Quantitatively, the results of both techniques do not vary by more than a
factor three at maximum within the investigated range (i.e. a consistent
overestimation compared to the experimental measurements). The highest
O3 production rate was achieved at the highest investigated O, admixture of
1%, see ﬁguresand (i.e. 4.9%x10'7 molec.s! measured and 1.0x10'®
molec.s! simulated). These figures also illustrate that the O3 production
initially drops steeply when Oy is being replaced by Ny (between 100% and
80% O2/N3+0,) while the decrease is much more gradual between 1% and
0.3% pure O, admixtures.

For the net production rate of NOy in the case of Ny and No+O5 the agree-
ment is almost perfect. It is remarkable that the calculated NOs production
rate is quite comparable to the measured results within the investigated
ranges of pure Ny admixtures and Ny+O, admixtures, i.e. between 1x10°
molec.s™! and 3x10'® molec.s'. Moreover, in both cases the NO, production
rate becomes significantly lower when the N, fraction is lower than 0.1% in

the argon gas, see figures and [6.16]
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6.3. Conclusions

Due to the complementarity of the two distinct techniques that have been
used, we have acquired important insight in the reaction kinetics in all
regions of the kinpen device, even in areas that are not accessible by opti-
cal diagnostics. The pathways for the formation of O3 and NO, are quite
complex. From the analysis of the model output, it is demonstrated that
the production of NO5 and Ojz is mostly triggered by two common species:
atomic oxygen (O) as well as metastables of nitrogen (N2(A)), which are
both energy carriers and lead to the formation and/or destruction of NO,
and O3. O and Ny(A), among other species like Ar metastables, can be con-
sidered as transient particles that are direct results of the electron chemistry
and eventually lead to the formation of longer living molecules outside the
kinpen device.

Even more important is that admixture differences, even at these relatively
low levels, can significantly alter the electron density and temperature and
therefore have a large impact on the chemistry. In general, it can be con-
cluded that the production of these important biomedically active species
can be manipulated by up to one order of magnitude by varying the amount
of admixture or the admixture type.

Based on these results, the feed gas and also the gas curtain composition
can be selected even more carefully to optimize the applications.
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Summary

Atmospheric pressure plasma jets (APPJs) for plasma medicine applications
are discharges produced inside a millimetre sized apparatus by applying an
electric field. The plasma exits the device through an opening at the front
and flows into ambient air, by means of a gas flow through the device.
Note that this gas is usually mainly argon or helium. Furthermore, the
APPJs are characterized by their non-equilibrium state, which means that
the electron temperature is much higher than the gas temperature, making
it safe for humans in terms of heat damage. However, the collisions of the
background gas with energetic electrons result in a complex chemistry, in
which all kinds of reactive species are produced, for example oxygen (O) and
nitrogen (N) atoms, hydroxyl (OH) and nitrogen monoxide (NO) radicals
and ozone (O3). These species, combined with other plasma agents like UV
photons, make this technology suitable for applications such as decontami-
nation and wound healing. Moreover, APPJs are not only efficient, but also
easy to handle (e.g. in a hospital by doctors) due to its relatively small size
and the possibility of remote treatment.

In this thesis three different argon APPJ sources are investigated, one of
which is a commercial device. In all these sources power is supplied by a
radio—frequency driven needle electrode (possibly kHz modulated).
Currently, several plasma jet properties can be measured by a range of dif-
ferent diagnostic tools. However, not all information can be acquired, for
example, because species densities might be below the detection limit and
since some areas in the setup are difficult to access by diagnostics. Fur-
thermore, experimental measurements are expensive and time consuming.
Numerical simulations, on the other hand, offer a large amount of informa-
tion but have the disadvantage that the complexity of the plasma processes
often has to be reduced by making assumptions. Therefore, a good valida-
tion or benchmark of the model is necessary.

The goal of this thesis is therefore to provide new insights in the plasma
chemistry in APPJs, so that the efficiency and safety of the technology can
be improved.

This thesis starts in chapter [1) with a general introduction on plasmas. Fur-
thermore, the most important devices used in the field of plasma medicine
are briefly described, all with their specific advantages and disadvantages.
Although this thesis is not devoted to the study of the application itself,
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we end this chapter with a summary of the different biological and medical
applications that might benefit from our work.

In chapter 2| the numerical model we developed is described in detail. In
this work a zero-dimensional (0D) model is used to describe the reaction
kinetics of argon plasma jets flowing into humid air. The model is used in
a semi-empirical way because we fit several important plasma parameters
(e.g. gas temperature and air entrainment) to experimentally measured val-
ues. We also present the argon/humid air mixture reaction chemistry set
that we have built. It considers 84 different species and 1880 reactions. The
model allows us to simulate the densities of the biomedical species (which
are often not the main plasma components) without excessive calculation
times, and at the same time to ‘mimic’ the experimental conditions.

A case study for the plasma jet geometry developed at the Eindhoven Uni-
versity of Technology is presented as well. Calculated species density pro-
files along the plasma jet are shown and the major chemical pathways are
explained. It is demonstrated that chemically reactive H, N, O and OH
radicals are formed in large quantities after the nozzle exit and O9(*4,),
O3, HyO4, NO, NO,, N;O, HNO5 and HNOj3 are predominantly formed fur-
ther in the effluent as 'long-lived’ species. The simulations show that water
clustering of positive ions is very important under these conditions. The
influence of vibrational excitation of nitrogen impurities on the calculated
electron temperature and the electron energy distribution function proved
to be quite large but only when air entrainment becomes significant or if
a considerable amount of molecular gas is admixed to the argon gas feed
(more than ppm impurity levels).

The gas phase production and loss pathways of the aforementioned biomed-
ically active species are examined in more detail in chapter [3] We demon-
strate how the pathways of the biomedically active species drastically change
as a function of the position in the effluent, i.e. inside the discharge device,
active plasma jet effluent and afterglow region far from the nozzle.
Additionally, we show how the reaction kinetics and species densities are
affected by different ambient air humidities, total deposited power into the
plasma and gas temperature along the jet. It follows that the pathways are
readily affected by these parameters.

We conclude that the chemical pathways are more complex than usually
presumed and that the different species groups (i.e. derivation products
from either oxygen, nitrogen or water) intensively interact, under all cir-
cumstances. Thus, it turned out to be extremely important to consider all
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possible reactions with all possible humid air species. Our parameter study
showed that the species concentrations can easily vary by one order of mag-
nitude, but usually not much more than that.

The thesis is continued with chapter [} which contains complementary nu-
merical work and experimental measurements on the ozone generation in
the same APPJ from the Eindhoven University of Technology. Significant
gas heating in the core of the plasma is found experimentally and this co-
incides with a depletion of the ozone density in that area. The comparison
shows that the depletion of Oz in the core of the plasma is mainly caused
by an enhanced destruction of O3 due to a large density of O and H atoms
in that area. Additionally, the high temperature largely inhibits association
reactions between O atoms and O in which Ojs is being formed. It is found
that thermal dissociation of O3 is not causing the depletion of O3 in the
core of the plasma.

The next combinatorial study of experiments and simulations concerns two
cold atmospheric pressure plasma jets (chapter [5), operating in Ar + 2%
air, with a different electrode geometry but with the same power dissipated
in the plasma. One of these APPJs from the Eindhoven University of Tech-
nology is the same as the one we studied in the previous chapters, namely
with a grounded ring electrode around the dielectric tube. The other one is
constructed with a grounded plate electrode in front of the device.

A good agreement between the calculated and measured data (obtained by
laser diagnostics) is demonstrated. Furthermore, the most probable spatial
power distribution in an RF driven plasma jet is obtained for the first time
by comparing measured and calculated species density profiles. This was
possible due to the strong effect of the power distribution on the NO and
O density profiles.

The power dissipation seems to be more or less constant over the entire
length of the visible plasma plume when a grounded plate electrode is placed
in front of the nozzle, causing an NO density peak near the plate electrode
and a high O density throughout the entire plume. In the case of the
grounded ring electrode around the dielectric tube, the main power deposi-
tion is restricted up to a few millimetres from the nozzle exit and the NO
and O density are higher than in the other configuration but also drop much
more rapidly.

In addition, the dominant reaction pathways for both the NO and the O
species are identified, which enables us to explain the observed phenomena.
Finally, we demonstrate that water impurities in the order of 100 ppm in
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the gas feed can have a significant effect on the spatial distribution of the
NO and O density.

In the final chapter [6] we study the commercial APPJ developed at the
INP institute in Greifswald (GE), called kinpen, operating in Ar with dif-
ferent admixture fractions up to 1% pure Ny, Oy and Ny+0O,. Moreover,
the device is operating with a shield gas shower of dry air. The production
of the biomedically active O3 and NO, species, determined in the far efiu-
ent by infrared absorption spectroscopy, is calculated by our model. Very
good qualitative and even quantitative agreement between the calculated
and measured data is demonstrated.

The analysis shows that small differences in the admixture amount (even at
these relatively low levels) can already significantly alter the electron den-
sity and temperature and therefore have a large impact on the chemistry.
Indeed, the production of these species can be manipulated up to one order
of magnitude. Based on these results, the feed gas and also the shower com-
position can be selected even more carefully to optimize the applications.
As a general conclusion we would like to state that the variety of configu-
rations in the field of plasma medicine is both a blessing and a curse; each
setup has its own advantages and disadvantages and the slightest modifi-
cation of the geometry or the operation conditions can cause considerable
differences in the plasma chemistry. This all enables many different appli-
cations but at the same time it is quite difficult to compare the different
experiments performed all over the world and it prevents even faster devel-
opments.

Our outlook to the future is that the work has only just begun since mod-
elling efforts in this research field are still rather limited due to the novelty
of this application. Besides, fully self-consistent modelling of an APPJ is
incredibly complex. Indeed, there are many different physical phenomena
present, each occurring at different time—scales that range from nanoseconds
to milliseconds. For almost every part of the physics a different modelling
approach must be used and to couple them while maintaining a reasonable
calculation time is a huge challenge. It is therefore evident that these issues
are first handled one by one. Much endeavour was for example made to
obtain more insight in the mechanism of the propagating ionisation waves
within the jet. Our contribution to the unravelling of the complex ar-
gon/humid air chemistry must be be viewed in this context as well. We
hope that the developers of more sophisticated models can benefit from it
and build their reaction set more efficiently.
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Additionally, modellers will also have to solve new issues that were more
recently detected by experimentalists. First of all, most diagnostics and
modelling is performed for freely developing jets but in practice the jet is
in contact with a wound or object and this seems to change the plasma
properties. For instance, laminar flow is generally assumed. However, the
electrostatic forces in the jet seem to trigger a transition to turbulent flow
in some cases, especially in contact with an object or liquid surface. A
second huge obstacle is how the gas phase species are transferred to the
liquid phase, both physically and chemically. In other words, can all species
diffuse across the boundary layer and if they do, are they chemically stable
or are they converted into new species. Moreover, what is the influence of
the gas flow in this when it disturbs the liquid surface.

These issues and open research questions offer in the next few years some
nice opportunities for modellers in the field of plasma medicine.
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Samenvatting

Plasma jets, die gegenereerd worden bij atmosfeerdruk (APPJ’s), zijn ontla-
dingen die geproduceerd worden in apparaten met afmetingen in de orde van
millimeters. Ze worden gegenereerd door een elektrisch veld aan te leggen
en vinden hun toepassingen in de biomedische sector. Doorheen het toestel
wordt een gasstroming aangebracht en langs een opening aan de voorzijde
verlaat het plasma het apparaat. Het gebruikte gas is meestal argon of he-
lium. Voorts worden deze APPJ’s gekarakteriseerd door hun niet-thermisch
evenwicht. Dit betekent dat de elektrontemperatuur vele malen groter is dan
de gastemperatuur, wat de toepassing veilig maakt voor de mens in termen
van thermische schade aan weefsels. Niettemin zorgen botsingen tussen
het achtergrondgas en de elektronen voor een complexe chemie waarin vele
verschillende reactieve deeltjessoorten worden geproduceerd, bijvoorbeeld
zuurstof (O) en stikstof (N) atomen, hydroxyl (OH) en stikstofmonoxide
(NO) radicalen, maar ook ozon (O3). Deze deeltjes, gecombineerd met an-
dere plasma agentia zoals UV straling, maken dat deze technologie onder
andere ontsmettend werkt, maar de verschillende componenten kunnen ook
het wondgenezingsproces doen versnellen. Bovendien zijn APPJ’s niet al-
leen erg efficiént in vergelijking met conventionele technieken, maar zijn ze
ook handig in gebruik door de relatief kleine afmetingen (bijvoorbeeld voor
dokters in een hospitaal) en de mogelijkheid om een object op afstand te
behandelen (maximaal één of twee centimeter).

In deze thesis worden drie verschillende argon APPJ bronnen onderzocht,
waarvan er één commercieel beschikbaar is. Bij al deze apparaten wordt
het vermogen op eenzelfde manier geleverd, namelijk via een radio-frequent
(RF) aangedreven naald elektrode (mogelijks kHz gepulst).

Momenteel worden verschillende plasma eigenschappen gemeten door een
uitgebreid gamma aan diagnostische technieken. Desondanks is dat meestal
niet voldoende om al de informatie en inzichten te verkrijgen, die nodig is
om de toepassing te verbeteren. De concentratie van de deeltjes kan bijvoor-
beeld onder de detectielimiet liggen en sommige regionen zijn experimenteel
zeer moeilijk te bereiken. Ook zijn de metingen vaak duur en tijdrovend.
Numerieke simulaties daarentegen bieden een nog veel grotere hoeveelheid
informatie maar hebben als nadeel dat de complexiteit van de plasma pro-
cessen moet gereduceerd worden door aannames te maken en dat daardoor
een goede aftoetsing aan experimentele resultaten noodzakelijk is.
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Het verkrijgen van nieuwe inzichten in de plasmachemie van APPJ’s is dus
het einddoel van deze thesis, en zodoende willen we een bijdrage leveren tot
de verbetering van de veiligheid en efficiéntie van deze technologie.

Dit werk start in hoofdstuk [1| met een algemene inleiding over plasma’s.
Daarna worden de meest gangbare toestellen kort beschreven die gebruikt
worden in de biomedische toepassingen, inclusief hun specifieke voor- en
nadelen. Hoewel deze thesis niet focust op het eigenlijke gebruik van de
APPJ, geven we aan het einde van dit hoofdstuk een samenvatting van
de verschillende biologische en medische toepassingsdomeinen waarvoor ons
werk van nut kan zijn.

In hoofdstuk [2] wordt in detail het numerieke model beschreven dat door
ons ontwikkeld werd. Het betreft een nul-dimensionaal (0D) model dat ge-
bruikt kan worden om de reactiekinetiek te bestuderen binnenin een argon
APPJ die in een omgevingslucht met aanzienlijke relatieve vochtigheid pro-
pageert.

Het model wordt gebruikt op semi-empirische wijze aangezien verschillende
belangrijke plasma parameters, zoals de gas temperatuur en de opname
van omgevingslucht in de argon stroom, niet berekend worden maar gefit
worden aan experimenteel gemeten data. Daarnaast presenteren we ook
de benodigde argon/lucht reactieset die door ons werd opgebouwd. Deze
brengt 84 verschillende deeltjessoorten en 1880 reacties in rekening. Het
model laat ons toe om de deeltjesdichtheden van de biomedisch relevante
deeltjessoorten (die overigens meestal niet bij de belangrijkste plasma com-
ponenten behoren) te bekomen binnen een aanvaardbare rekentijd en om
de experimentele condities voldoende accuraat na te bootsen.

Ook wordt in dit hoofdstuk een casus beschreven voor de APPJ geometrie
die ontwikkeld werd aan de Technische Universiteit Eindhoven. De bere-
kende dichtheden voor de verschillende deeltjessoorten en de voornaamste
chemische reactiepaden worden hier vermeld. Er wordt aangetoond dat H,
N, O en OH radicalen in grote hoeveelheden worden gevormd vlak na de
uitlaat van het toestel en dat Oz('A,), O3, HoO2, NO, NOy, NyO, HNO,
en HNOj eerder verderop gecreéerd worden en dat deze laatste groep deel-
tjes ‘lang levend’ is, of toch binnen de gesimuleerde tijdschalen. We laten
tevens zien dat de vorming van waterclusters erg belangrijk is onder deze
omstandigheden. Tenslotte blijkt dat de invloed van vibrationele excitatie
van stikstofonzuiverheden op de berekening van de elektrontemperatuur en
de elektronenergie distributie functie aanzienlijk kan zijn, maar enkel op het
moment dat er reeds veel omgevingslucht is opgenomen in de jet of wanneer
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significante hoeveelheden moleculair gas wordt toegevoegd aan de initiéle
argon gastoevoer (meer dan ppm niveau).

De productie- en verlieskanalen voor de eerder vermelde biomedisch actieve
deeltjes in de gasfase worden in meer detail onderzocht in hoofdstuk |3|voor
hetzelfde type APPJ als in hoofdstuk 2] Er wordt aangetoond dat de reac-
tiepaden sterk verschillen in functie van de positie in de jet/gasstroom. Er
is vooral een onderscheid te maken tussen de chemie binnen het apparaat,
in het actieve plasma en in het grotendeels gerecombineerde gas nog verder
van de uitlaat.

Aanvullend tonen we hoe de reactiekinetiek en de deeltjesdichtheden worden
beinvloed bij een verandering van de relatieve vochtigheid van de omgevings-
lucht, het totaal geleverde vermogen of de gastemperatuur doorheen de jet.
Het besluit is dat de chemie veel ingewikkelder is dan meestal wordt aange-
nomen en dat de verschillende groepen deeltjessoorten - afkomstig van ofwel
zuurstof, stikstof of water - intensief interageren onder al de onderzochte
omstandigheden. Het is dus uitermate belangrijk om al de verschillende
reacties en de verschillende luchtcomponenten in rekening te brengen. De
parameterstudie maakt ook duidelijk dat de deeltjesconcentratie makkelijk
een ordegrootte kan verschillen bij het variéren van de werkingsparameters
die eerder werden vermeld, maar ook niet veel meer dan dat.

De thesis wordt verdergezet met hoofdstuk [4] die een combinatie bevat van
berekeningen en metingen van de ozon productie voor hetzelfde type APPJ
als in de vorige hoofdstukken. Een beduidende verhitting in de kern van de
jet wordt experimenteel geobserveerd en dit blijkt bovendien samen te gaan
met een erg lage ozon concentratie op dezelfde locatie. Aan de hand van
de berekeningen wordt aangetoond dat dit hoofdzakelijk kan toegeschreven
worden aan de destructie van Os in reacties met O en H atomen. Daarnaast
zorgt de hoge temperatuur er voor dat de snelheid van de reactie tussen O
atomen en O, - hetgeen de belangrijkste bron van ozone is - sterk afneemt.
De conclusie is dus dat thermische dissociatie van Oz niet die oorzaak is
van de lage ozon concentratie in de kern van de plasma jet.

De volgende complementaire studie van experimenten en simulaties betreft
twee APPJ’s (hoofdstuk [5)), beiden met Ar + 2% lucht als achtergrondgas
en hetzelfde totaal geleverde vermogen maar met een verschillende elek-
trode geometrie. Eén van deze twee APPJ’s van de Technische Universiteit
Eindhoven beschikt opnieuw over dezelfde configuratie als beschreven in de
eerdere hoofdstukken, namelijk die met geaarde ring elektrode rond het toe-
stel. De andere maakt gebruikt van een een geaarde plaatelektrode net voor
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het toestel.

Er is een goede overeenkomst tussen de berekende en de gemeten data (be-
komen via laser diagnostiek). Een verder resultaat is dat de vermogensdepo-
sitie ook ruimtelijk kon bepaald worden door de metingen en de simulaties
te vergelijken. Het is overigens de eerste maal dat dit bekomen werd voor
een RF aangedreven plasma jet.

De vermogendissipatie blijkt, voor de geometrie met een geaarde plaatelek-
trode net voor het toestel, min of meer constant te zijn over de volledige
lengte van de zichtbare plasma pluim. Dit veroorzaakt een NO dichtheids-
piek vlak na de plaat en een hoge O dichtheid doorheen de volledige jet. In
het geval dat een geaarde ring elektrode rond het toestel wordt gebruikt,
zien we dat de vermogensdepositie beperkt is tot enkele millimeters achter
de uitlaat, dat de NO en O dichtheid een hogere waarde bereiken maar dat
deze wel veel sneller afnemen. De analyse van de dominante reactiepaden
voor zowel NO als O maakt het mogelijk om deze fenomenen in detail te
verklaren.

Uiteindelijk tonen we in dit hoodstuk ook aan dat wateronzuiverheden in
de gastoevoer - van de ordegrootte van 100 ppm - een beduidende invloed
hebben op de NO en O dichtheden in het plasma.

In het laatste hoofdstuk [6] wordt de commerciéle APPJ bestudeerd die
werd ontwikkeld aan het INP instituut in Greifswald (GE). Het toestel met
de naam ‘kinpen’ werkt met argon als achtergrondgas waaraan vervolgens
verschillende gasfracties (Ng, O of No+03) kunnen worden toegevoegd.
Meer specifiek bekeken we mengsels van deze moleculaire gassen tot 1% in
de configuratie waarbij een afschermende gasstroom (bestaande uit droge
lucht) rondom de jet is aangebracht om meer controleerbare omstandighe-
den te verkrijgen. De productie van de biomedisch actieve deeltjes O3 en
NO,, gemeten door infrarood spectrometrie ver van de uitlaat, werd gesimu-
leerd door het 0D model. Opnieuw werd een goede overeenkomst bekomen
tussen de berekende en experimentele waarden, zowel kwalitatief als kwan-
titatief. De analyse wijst uit dat zelfs kleine verschillen in de toegevoegde
gasfracties kunnen leiden tot een aanzienlijk verschillende elektronen kine-
tiek en dat dit dus een grote impact heeft op de chemie binnenin de jet. Op
basis van de verkregen resultaten kan de samenstelling van de gastoevoer in
de toekomst nog zorgvuldiger gekozen worden om zo de toepassing verder
te optimaliseren.

Als een algemene conclusie kan gesteld worden dat de verscheidenheid aan
configuraties binnen het veld van biomedische plasma toepassingen zowel
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een zegen is als een vloek. Elke opstelling heeft namelijk zijn specifieke voor-
en nadelen en de minste verschillen in werkingscondities kunnen leiden tot
aanzienlijke verschillen in plasma samenstelling. Dit maakt de technologie
interessant voor uiteenlopende toepassingen maar maakt het moeilijk om de
verschillende experimenten, uitgevoerd over de hele wereld, te vergelijken
en verhindert aldus een snellere ontwikkeling.

Onze conclusie is dat het modelleerwerk nog grote stappen heeft te zet-
ten, eenvoudigweg omdat de technologie nog zo nieuw is. Bovendien is het
enorm moeilijk om volledig zelf-consistente modellen te ontwikkelen door de
hoge mate van complexiteit van APPJ’s. Er doen zich immers verscheiden
fysische verschijnselen gelijktijdig voor, die elk optreden met uiteenlopende
tijdschalen (van nanoseconden tot milliseconden). Bijna voor elk aspect
moet, een andere n