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EFFICIENT DEPOSITION AND TRAPPING OF REACTIVE
SPECIES IN LIQUIDS AND HYDROGELS

Kinga Kutasi!, Péter Hartmann', Slobodan Milogevi¢?

"Wigner Research Centre for Physics, POB 49, H-1525 Budapest, Hungary
2 Institute of Physics, Bijenicka cesta 46, 10000 Zagreb, Croatia
E-mail: kutasi.kinga@wigner.hu

The presentation discusses the methods that make possible the deposition and trapping of reactive
oxygen and nitrogen species in liquids and hydrogels in a controlled way. The reactive species are
deposited with the use of the plasma plume of a surface-wave microwave discharge, whose
composition can be tuned in a wide density range. The reactive species are trapped by making use
of the characteristics of the biopolymers, of the Fenton-type reactions and the high reduction
potential metals, respectively.

1. Introduction

Reactive oxygen and nitrogen species (RONS) are deposited into the liquid through the interaction of
the active or afterglow plasma with the liquid. In the last decade it has been demonstrated that these
RONS can have anti-tumour/cancer, antibacterial and antimicrobial effect, and can induce oxidative
stress to cells [1]. Although physiological solutions have been proven to kill selectively cancer cells and
allow for local delivery by injection into the tumor, they can be quickly washed away by body fluids.
To overcome this, Labay et al.[2] have proposed the use of plasma-activated hydrosols such as the
gelatin solutions. As the collagen, from which the gelatin is derived, is the most abundant extracellular
matrix protein in humans and the main component of connective tissues, it makes the gelatin highly
biocompatible, and thus, a great candidate for implantable biomaterials. In the field of agriculture, it has
been shown that the RONS enriched liquids have potential in seed disinfection, and in improving seed
germination, the growth and stress tolerance of plants [3]. Furthermore, it is hypothesized that due to
the nitrate/nitrite ions deposited into the plasma-activated liquids (PAL) the RONS enriched liquids can
be used as green fertilizer by providing nitrogen nutrient for plants. In order to be able to produce well
designed RONS enriched liquids and hydrogels for the targeted applications, it is essential to achieve
the control of the species deposition and their lifetimes.

2. Deposition of RONS

The plasma system used (shown in Fig. 1) is an atmospheric pressure surface-wave microwave discharge
ignited with the help of a surfatron (Sairem, Surfatron 80) in a quartz tube of outer diameter 7 mm and
I.D. 4 mm, using Ar gas at 2000 sccm flow rate and MW input power of 25 W. The characteristics of
the plasma plume can be tuned with the initial gas mixture composition, input power and the treatment
distance (discharge tube to the water surface). By tuning the concentration of electrons and nitrogen and
oxygen content species at the plasma-liquid interface, the creation of NO,,, NO;™ and H,O, species in
the liquid can be controlled [4]. The electrons play role in the formation of the long-lived HO, molecules
in the liquid phase through the creation of OH molecules by the dissociation of H>O. The plasma column
of the surface-wave microwave discharge is characterized with a decreasing electron density profile,
thus by increasing the distance between the discharge tube and the liquid surface, the deposition of H,O,
in the liquid is decreased. Along the plasma plume, there is an air influx into the discharge, which
influences the self-sustainment of the discharge and the plasma characteristics (such as evolution of
electron density along the plume), while it results in the creation of the NO and NO, molecules. The NO
and NO, molecules when dissolved into the liquid, contribute to the formation of the long-lived nitrite
and nitrate ions in the liquid phase. As a consequence, the deposition of nitrite and nitrate ions into the
liquid can be increased by increasing the treatment distance. In this way the system makes possible to
create different plasma-activated liquids ranging from hydrogen peroxide dominated to nitrate/nitrite
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dominated. By treating 32 ml of liquid in a 35 ml Berzelius beaker for 5 min, RONS with a total
concentration of about 100 mg 1" can be deposited.

Into hydrosols RONS can be deposited by direct atmospheric pressure plasma treatment [2] or by
indirect plasma treatment. This latter method relies on the use of plasma-activated water (or
physiological solution) to prepare the hydrosol. For example, the gelatin solution is prepared by mixing
the 40°C swelled gelatin with freshly prepared 40-45°C plasma-activated water [5]. The indirect
treatment has the advantage to prevent the cross-linking of the gelatin that may occur by plasma
treatment, and it can also overcome the diffusion-limited deposition of RONS due to the gelation of the
gelatin solution, which starts at about 20-27°C, depending on the solution concentration.
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Fig. 1: Treating liquid with Fig. 2: The concentration of RONS in the filtrated PA(W+Mg) as a
the surface-wave microwave function of the storage time in the case of 5 min (closed symbol) and
discharge. 10 min (open symbol) treatments performed at 12 mm distance. [7]

3. Trapping of RONS

It is well known that the composition of plasma-activated liquids changes during storage, and the total
recombination of RONS can also occur. The lifetime of the PALs—followed either through the lifetime
of different RONS or the PAL’s activity retention time—has been found to vary from days to months,
depending on the plasma source used, i.e. on its initial composition, and on the storage temperature.
Since the RONS enriched liquids are predominantly acidic, the early stage of ageing is determined by
the NO,” + H,O, + H" — products reaction. As a consequence, in liquids with high H,O, concentration
the fast disappearance of NO;™ is expected. It is shown, that by introducing in the system a Fenton-type
reaction the kinetics of the H>O» can be controlled, and the lifetime of NO, can be increased [6].

The rate of the NO, + H,0, + H" — products reaction can also be controlled with the pH of the solution.
This can be achieved by introducing into the system metals with high reduction potential, which in liquid
(aqueous solution) can reduce H+ ions into H atoms, which escape from the liquid phase leading to the
increase of the pH. It is shown, that adding Mg and Zn powder into the liquids during plasma treatment
can neutralize the acidification induced by the plasma treatment and ensure the stability of RONS during
several weeks of storage (as shown in Fig 2. in the case of Magnesium) [7].
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In the case of hydrosols, it is shown that the stability can be achieved even at acidic conditions, as
illustrated in Fig. 3 in the case of gelatin. Gelatin is denatured collagen that forms gel through the
formation of hydrogen bond stabilized helices (renaturation) as it is cooled, starting from the critical
gelation temperature of about 20-27°C [5]. In the case of gelatin the trapping of RONS by the protein
network is suggested.
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Fig. 3: Evolution of the species concentrations and the pH during storage in treated water (TW) and
different percentage gelatin (G) solutions prepared with plasma-activated water produced with the
surface-wave microwave discharge using 5 mm treatment distances. The TW and gelatin solutions are
prepared by adding 60 ml plasma-activated water to 20 ml purified water and 20 ml water-based gelatin
solutions, respectively.
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SPATIOTEMPORAL SPECTROSCOPIC
CHARACTERIZATION OF ASYMMETRIC LASER-INDUCED
PLASMAS

Erik Képes!, Igor Gornushkin?, Pavel Pofizka!*, Jozef Kaiser'

!Central European Institute of Technology, Brno University of Technology, Purkyiiova 656/123, CZ-
61200 Brno, Czech Republic
’BAM Federal Institute for Materials Research and Testing, Richard-Willstdtter-Strasse 11, 12489
Berlin, Germany
3 Institute of Physical Engineering, Faculty of Mechanical Engineering, Brno University of
Technology, Technicka 2, Brno, Czech Republic
E-mail: kepes@vutbr.cz

The spectrally resolved optical emission of a plasma is a primary (and often only) source of
information used for its characterisation. In general, the plasma’s emission is collected in a spatially
integrated manner, i.¢., the spatial distribution of the plasma properties is lost. This talk presents several
approaches to attaining spatially (and temporally) resolved characterisation of laser-induced plasmas
(LIPs). The presented techniques range from spectrally resolved plasma imaging to inverse integral
transforms, such as the inverse Abel transform [1] for rotationally symmetric LIPs and the inverse Radon
transformation [2,3] for asymmetric LIPs. These techniques are demonstrated on case studies: non-
orthogonal laser ablation and orthogonal double-pulse laser ablation.

The first case study [4] deals with changing ablation geometries. Ablation geometry, including the
ablation angle, significantly affects the parameters of laser-induced plasmas. Consequently, the resulting
spectroscopic observations are also affected. Non-orthogonal ablation is prominent in stand-off
applications, such as the various Mars rovers where the orthogonality of the ablation laser pulse cannot
be always secured. As a result of the non-orthogonal ablation angle, the induced plasma exhibits
rotational asymmetry. Thus, spectrally resolved plasma imaging must be extended with tomography
(inverse Radon transformation) to characterize such LIPs. Using tomography, we confirmed that non-
orthogonal ablation leads to a laser-induced plasma that consists of two distinct parts: one expanding
along the incident laser pulse and one expanding perpendicularly the sample surface. The former emits
mainly continuum radiation, while the latter emits mainly sample-specific characteristic radiation.
Furthermore, non-orthogonal ablation affects principally the ionic emissivity of LIPs.

The second case study [5] is concerned with the temporal evolution of LIPs induced by two
orthogonal laser pulses, which are frequently used to improve the analytical performance of laser-
induced breakdown spectroscopy. Both the pre-ablation mode and the re-heating geometries are
explored. In the former an air spark is induced above the sample surface prior to delivering the ablation
pulse. Meanwhile, the latter arrangement delivers additional energy into the LIP created by the ablation
pulse. We show that the pre-ablation geometry yields a more temporally stable and spatially uniform
plasma. On the contrary, the plasma generated in the re-heating geometry exhibits significant variations
in electron density and temperature along its vertical axis.
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The talk overviews our recent efforts in implementation of DNA origami nanostructures to study
fundamental mechanisms of radiation damage to DNA.

DNA origami nanostructures are made by folding DNA single strand scaffold into desired shape by
the use of staples — designed set of short complementary strands. Full control over shape of the
nanostructures, functional sites for chemical modifications or high biocompatibility makes the DNA
origami nanostructures emerging in the fields like pharmacology, materials research or biophysics. [1].

The use of DNA origami nanostructures in fundamental studies of radiation damage was pioneered by
Keller and Bald in 2012 [2]. Since then, a variety of studies confirmed advantages of the technique for in
singulo studies of precisely defined DNA sequences in vacuum experiments. In 2021, we demonstrated, in
collaboration with the Bald group, that stability of the DNA in biological buffers and its high resistivity
against ionizing radiation makes them suitable for studies at realistic conditions of buffer solutions [3].
Since then, we are exploring stability of DNA origami under various types of irradiation and environmental
conditions, e.g. for drug delivery [4]. However, plasma modifications of DNA origami on surfaces via cross
linking, etching or carbonizing could be used also for surface nanopatterning and bottom-up building of
materials. Fig. 1 represents some of our trial experiments towards this direction.

The second direction of our research is focused on fundamental reaction mechansimin chemo-radiation
therapy. Here we implemented a frame DNA origami design of Endo [5] to study radiation damage to
defined DNA sequences. The platform in its current form allows for direct evaluation of relative damage
to two strands with approximately 60 unique basepairs allowing for wide range of studies. In our recent
study, we demonstrated different mechnaisms of radiosensititzation for radiosnesitizers in a form of
nucleoside halogenated at nucleobase and sugar moiety respectively [6]. Particulalry interesting is then
observation of proximity effects, when unmodified DNA strand is broken due to radiosensitizer presence
in parallel fully separated strand. Here, well characterized plasma sources of UV light and radicals could
be used to disentangle the most fundamental mechnisms of radiation damage.

Fig. 1 AFM Images of DNA origami triangles treated by diffuse coplanar surface barrier discharge
DCSBD in air (Roplass), 0.2mm from electrode surface. Treatment times from left to right 0, 30 and
60s.
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In the context of fast development of atmospheric pressure plasma jet, a better understanding of the
role of the different plasma components is needed. Among diagnostic experiments, many are
performed on plasmas developing freely in the air, away from the conditions of use. However, the
plasma/target interactions are of considerable importance as they lead to simultaneous changes in
the produced plasma and the treated target. We will address this issue and give some perspectives.

1. Context

The two last decades have seen an impressive increase of the research dedicated to applications of low
temperature atmopheric pressure plasmas, especially in biology and medicine related domains.
Biological applications are also now extending to agriculture and, more recently, to cosmetic. Despite
the huge number of in vitro and in vivo experiments there are still numerous challenges to overcome
linked to the nature of the encountered target (biological tissues and materials, organs and their direct
environment, liquids) that have a direct effect on the produced plasma itself and on the generated species.
That must therefore be taken into account in the applied treatments and it complicates the definition of
a "plasma dose" expected by many. It appears also very important to always take into account the
complete electric circuit represented by the plasma reactor, the plasma itself and the target, which
electrical characteristics can vary over the time, to properly adjust the plasma parameters. Development
of Artificial Intelligence and Machine Learning can also bring new solutions in the quest of reliable
routinely applied plasmas treatments.

2. Plasma/target interactions

The extremely strong coupling between the characteristics of the plasma and those of the target, as
already shown (e.g. ref. [1, 2]), will play a very important role in the results observed during the
treatments. A variation in the chemical or physical characteristics of the target will involve significant
differences in the gas flow, the local temperature, or the induced electric field, resulting de facto in
variations in the production of the reactive species. It also concerns the transposition of the results
between the in vitro and the in vivo/in field experiments [3] that are carried out under extremely different
conditions, especially concerning the equivalent electric circuit of the reactor / plasma / target assembly.
These problems directly affect the identification of the processes involved and currently limit the
possibility of a definition of a "dose" in plasma treatments. In this talk, after a presentation of the context,
we will focus on the different problems linked to the plasma/target interaction, including treatments of
tissues and liquids. We will emphasize on the fact that plasma diagnostics must be performed in real
treatment conditions and discuss the main issues, challenges and opportunities linked to the control of
the multimodal action of low temperature non-equilibrium plasmas.

Aknoledgments The work realized at GREMI was supported in part by ANR BLANC 093003 PAMPA,
by CNRS PEPS project ACUMULTIPLAS, by the ITMO Cancer in the frame of the Plan Cancer,
project PLASCANCER N°17CP086-00, by ARD2020 Cosmetosciences project PLASMACOSM and
by GDRs ABioPlas and HAPPYBIO. Involved PhD students have been supported by TFS INEL/Région
Centre Val de Loire, MENSR, and ANRT/LVMH PhD fellowships
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In recent years many applications of cold atmospheric plasmas (CAP) are focused on treatment of
liquid samples. CAP induces rich chemistry in active plasma volume creating short and long lived
reactive species that penetrate and/or react with molecules in the liquid-phase producing short and long-
lived species [1]. From the application point of view, the plasma treatment could be used for liquid
activation and creation of plasma activated water (PAW) and plasma activated medium (PAM), or for
destruction of dissolved pollutant molecules — for decontamination processes. For the latter case, plasma
can be used as a chemically free advanced oxidation process (AOP) that can efficiently remove various
organic micropollutants (OMP) from water. The major area of interest for PAW and plasma
decontamination lie within the field of plasma agriculture [2]. Apart this field, liquid activation has a
high potential in plasma medicine. For all these applications, clear knowledge of the entangled
connection between plasma properties, plasma chemistry and interaction with the liquid target is
necessary in order to tune the plasma for different outcomes of the liquid treatment [3,4]. In this work
we will present several kinds of plasma treatments featuring investigation of both plasma and treated
liquid properties and their dependence on the plasma jet type, operating parameters etc. Results of
treatments of pure and contaminated water (with organic contaminant) were performed by using high-
frequency pin-type atmospheric pressure plasma jet operating with He and Ar. For PAW creation, we
demonstrated how the plasma operating in different regimes with He as working gas yield different
concentrations of reactive nitrogen and oxygen species. Moreover, we investigated the influence of the
working gas as well as sample volume to the RONS concentration in the activated water. We observed
much higher production of H>O, in case of Ar plasma than in He. For treatments of the cell media used
in plasma medicine applications, we used a dielectric barrier discharge (DBD) jet configuration that
operated at 80 kHz. We showed that the power deposited to the plasma in contact with target was the
key parameter for monitoring the production of RONS in the PAW and PAM. Thus precise power
determination is crucial for fine tuning of the produced species.

Acknowledgement: This work was supported by MSTDI Republic of Serbia grant number 451-03-
68/2022-14/200024, NOWELTIES project - EU H2020 MSCA ITN No. 812880 and the Science Fund
of the Republic of Serbia, grant No. 3114/2021 - Project APPerTAin-BIOM.
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The use of non-thermal plasma treatment of seeds benefits over conventional
treatments due to short treatment time and low-temperature operations [1,2].
During plasma interacts with the oxygen, nitrogen, water, etc., in air, they
produce various radical and non-radical species [3]. It is a general fact that
reactive species like reactive oxygen and nitrogen species (RONS) can
influence plant growth and development. The increased nitrogen nutrients
level influences growth hormones, activation of growth-related gene
expression, and other physiological processes to understand the plasma effect
on seedling growth. Additionally, the presence of RONS can disrupt redox
homeostasis and cause mild oxidative stress in plants during vegetative and
reproductive stages. Electron paramagnetic resonance (EPR) spectroscopy is
optimal for interpreting any change in paramagnetic defect centers. The
detection of the change in paramagnetic species before and after seed treatment
is of great interest. Therefore, we used EPR spectroscopy in this study to detect
the changes that occurred in seeds before and after plasma treatment. Further,
we treated seeds that matured under heat stress with plasma and found that
subsequent germination was significantly restored; genes involved in ABA
biosynthesis were downregulated, whereas genes involved in ABA catabolism
and a-amylase genes were upregulated [4]. We suggest that plasma treatment
can significantly improve the germination of rice seeds affected by heat stress
by affecting epigenetic regulation.

This work is supported by Japan Society of the Promotion of Science (JSPS)-KAKENHI
grant number 22H01212. Additionally, partly supported by JSPS Core-to-Core Program
JPJSCCA2019002, JSPS KAKENHI Grant Number JP16H03895, JP19H05462,
JP19K14700, JP20H01893, JP20K14454, Plasma Bio Consortium, and Center for Low-
temperature Plasma Sciences, Nagoya University.
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Advanced plasma processing is an integral part of semiconductor devices high-volume
manufacturing. State of the art devices consist of the structures with dimensions that are
approaching several nanometers in scale. Congruently, with increasing device density per die
the elemental variety and materials composition of the novel structures is growing as well as.
Fabricating such complex strutures, therefore, calls for selective processes, utilization of new
chemistries and precursors, temporal or spatial process separation, and multi-step processing
schemes. In this situation, the plasmas could be very complex to understand and control at
atomic scale. Indeed, this complexity is challenging to address using experimental techniques
and sophisticated diagnostics. Recent reviews have stressed the insights that mathematical
modelling can bring knowledge to our understanding of the plasmas processes and their control
in semiconductor technology. Plasma simulation is becoming an essential tool for designing
and developing a new semiconductor manufacturing equipment. Multiphysics coupled
computational models are powerfull tools to help us in understanding of the conceptual models.
They enable simulation of complex reaction mechanisms to test hypothesis in silico and enable
further innovation.

The following factors are current challenges of plasma simulation: Firstly, innovative
concepts that are embedding plasmas into nonsymetric configurations. In such cases,
computationally demanding 3D plasma transport simulation is necessary. Additionally, 3D plus
motion (e.g. 4D plasma simulations) are required. Secondly, the chemistry in large-scale plasma
simulation requires a sensitive assessment of the dominant reactions and species to be included
in the models. On the other hand, the production and transport of reactive species can be
affected under the changes in spatio-temporal situation. Furthermore, operation modes have the
potential to control the reaction chemistry. Obviously, reduction of the species and reactants
speeds up the computation. However, it is not always the case that optimal runtime performance
1s the most suitable objective. Thirdly, a major challenge is using simulation data instantly and
effectively in the process design and development. This raises many concerns such as how to
couple the first principles models, reactions and transport within plasma and their interaction
with processed surfaces, correlation with process and equipment data, and as a result delivering
an optimized predictive outcome for device fabrication. The discussion and examples in this
talk will be mostly related to plasma sources utilized in semiconductor high-volume
manufacturing to address briefly described topics. Modelling and simulations are used to test
hypotheses that are difficult to address with other experimental techniques. They can help to
interpret experimental data or support and connect diversefied types of data obtained by
different experimental techniques.
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Atmospheric air plasma produces a cocktail of reactive oxygen and nitrogen species (RONS) with
multiple functions. The transport of RONS to the liquid phase through plasma—liquid interface can be
significantly enhanced by converting bulk water to aerosol microdroplets [1]. The expected solubility
of various RONS does not fully match Henry’s law solubility coefficients. We verified the applicability
of Henry’s law coefficients under strongly nonequilibrium conditions characteristic of plasma-liquid
interaction, with water in the form of bulk vs. microdroplets. This fundamental understanding can lead
to optimized designs of plasma—water interaction systems for multiple applications in biomedicine,
environment, and agriculture.

Figure 1 shows the schematic diagram of elementary processes of ionization, excitation and dissociation
in air plasma, and formation of radicals and other RONS, and their mutual reactions in the gas phase.
Then it shows their transport into the liquid water based on their solvation, indicating the Henry’s law
coefficients. Finally, in the liquid, the plasma-formed, as well as the new ionic RONS diffuse and
undergo further reactions. The RONS transport processes in water are compared in the bulk and in two
types of microdroplets, charged microdroplets produced by electrospray (ES), and nebulized non-
charged microdroplets. The amount of HO(aq) and NOs (aq) (mainly from gaseous HNO3) dissolved
in the nebulized microdroplets was ~1 order of magnitude higher compared to that in the ES
microdroplets because it was enhanced by their smaller size, providing larger plasma—water interface
area. On the other hand, the production of NO, (aq) (mainly from HNO; [2]) is higher in the charged
ES microdroplets, which indicates the importance of the charge effects.

air

[mol.m3.Pa-']

water

Fig. 1. Schematic of the elementary plasma-chemical and transport processes at the plasma-liquid
interface [3].

This work was supported by Slovak Research and Development Agency APVV-17-0382, APVV-20-0566
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The effect of cold atmospheric pressure plasma treatment on the germination and growth parameters
of several types of plant seeds (wheat, corn, soybean, barley, hazelnuts, peanuts) and as well as the
inhibition of pathogens on the surface of the seeds were studied. The surface treatment was realized
using a Diffuse coplanar surface barrier discharge, which represents a suitable plasma source for
generating low-temperature plasma also in ambient air at atmospheric pressure. The effect of plasma
treatment was studied under different parameters to optimize the conditions of plasma treatment for
a given type of seed. Plasma-induced changes were studied by surface diagnostic methods, such as
contact angle measurement to determine hydrophilicity, ATR-FTIR, XPS to determine possible
changes in chemical composition and bonds on the surface. Plasma source properties were
investigated by measurements of the electrical characteristics. Plasma parameters were investigated
using the optical emission spectroscopy and the chemical composition of the plasma gaseous
products using Fourier transform infrared spectroscopy.

1. Introduction

Cold atmospheric pressure (CAP) plasma has become the subject of significant research efforts in recent
years. In addition to common areas of plasma applications, such as surface treatments, many scientific
teams focus on the study of plasma interactions with biomaterials (wound treatment, preparation of
biocompatible materials for medical purposes, plant seed treatment in agriculture). The advantage of
CAP plasma is its low temperature approach, minimizing of chemicals and no need of vacuum systems
at atmospheric pressure [1,2].

Over the last two decades, a lot of scientific knowledge has been obtained declaring the positive effect
of CAP plasma on various types of seeds. It was found that plasma treatment of seeds has a
decontamination effect on commonly occurring undesirable pathogens on the surface of seeds, which
are currently mainly solved by coating the seeds with fungicides. The decontamination effect can be of
considerable practical importance, since it is well known that phytopathogenic microorganisms have a
negative impact not only on seed quality, but also on the subsequent production of agricultural crops.
Pathogens can be transmitted from the seed to the whole plant during its growth and development phase,
causing significant economic losses in crop yields. In addition to the reduction of phytopathogenic
microorganisms, many scientific studies have confirmed the positive effect of plasma on seed
germination (higher germination rate, shorter germination time and improvement of seedling vitality)
and plant growth (improvement of physiological parameters, growth dynamics and crop quality) [3,4,5].
Experimental research in the field of plasma processing of biological samples at atmospheric pressure,
as well as the first applications in practice, most often prefer two basic groups of plasma sources -
dielectric barrier discharges (DBD) and atmospheric pressure plasma jets (APPJ). Both types of plasma
sources include a relatively large number of configurations of electrode systems that allow the
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generation of suitable plasma with the required properties for specific applications [6,7,8].

In our contribution, we present an overview of the results achieved by our research group within several
scientific projects focused on the application of plasma in agriculture. Our effort is to look for conditions
suitable directly for use in seed treatment in practice. We used a plasma source based on dielectric barrier
discharge, which generates cold plasma at atmospheric pressure in the surrounding air, or in oxygen,
nitrogen and their mixtures. Of course, due to their multidisciplinary nature, the studies are the result of
collaboration with several experts in plant physiology, genetics and microbiology from the Faculty of
Natural Sciences. We also focus on the use of appropriate diagnostic methods to investigate changes on
the surface of seeds after plasma treatment. The evaluation of changes in the physical and chemical
surface properties of biological samples after plasma treatment is significantly more complex than in
the case of inorganic, polymeric or other samples. Established methods therefore require innovative
approaches in determining the surface energy, elemental composition and chemical bonds, or surface
morphology of biological samples. The evaluation of the plasma treatment on the physical and chemical
properties of the surface was carried out using modern procedures and equipment suitable for the
analysis of biological samples. Equally important for the study of the interaction of plasma and its
individual components with the surface of biomaterials is appropriate plasma diagnostics using optical
emission spectroscopy, determining the composition of plasma products using FTIR spectroscopy, as
well as electrical measurements in the plasma to determine the effectiveness of plasma treatment.

2. Experimental

Plasma Source and treatment of seeds

Diffuse Coplanar Surface Barrier Discharge (DCSBD), which we used as a source of cold atmospheric
pressure plasma for the treatment of seeds, is composed of many parallel electrodes of 1.5 mm wide and
20 cm long placed in mutual distance of 1mm. Electrodes were embedded in dielectric material (Al,O3
96% purity), cooled by oil flowing in cooling circuit. DCSBD was powered by AC high frequency
sinusoidal voltage (14 kHz, up to 20 kV peak-to-peak) generated by LIFETECH VF 700 generator,
described in more detail in [9]. Schematic layout of DCSBD together with experimental set-up for
treatment of seeds, OES and electrical measurement is shown in Fig.1.
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Fig. 1: Experimental set-up for plasma seed treatment, OES and electrical measurements and scheme of
DCSBD celectrode system.

Tested seeds (maize, wheat, barley, soybean, pea, and others) were treated in LTP of DCSBD discharge
ignited in ambient air (or in oxygen, nitrogen, and their mixture) at atmospheric pressure at input power
of 400 W and at the different exposure times (from 5 s to 120 s) accordingly on the type of seed, their
dimension, hardness and surface properties. The DCSBD plasma panel was placed on the orbital shaker
(PSU-10i, f. Biosan) to achieve the movement of the seeds in plasma layer for the purpose of
homogeneous treatment of the seeds. Plasma parameters were monitored by voltage and current
measurements and by optical emission spectroscopy and FTIR spectroscopy.
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Seed Germination

For estimation of plasma effect on vigor of seeds, there were used 50 seeds, which were rolled in the
sterile filter paper placed in glass pots and moistened with sterile deionized water. Seeds for germination
were cultivated in the incubator at 24 °C in the dark for 5 days. The percentage of germination was
calculated using the equation: final germination percentage = number of germinated seeds multiply by
100 and divided by total number of seeds. Germination potential was calculated as number of germinated
seeds in 3 days divided by total number of seeds and multiplied by 100. Index of germination was
calculated as a sum of germinated seeds on day x divided by days of germination [10,11].

Surface Diagnostics
The studied surface properties related to improved germination and physiological parameters of the
seeds were:
e  Wettability — measurement of water contact angle (WCA) depending on treatment time and
water uptake (imbibition)
e Seed surface morphology observed using scanning electron microscopy (SEM)
e Changes in chemical composition and chemical bonds on the surface analyzed by ATR-FTIR
spectroscopy and XPS

3. Results and discussion

Seeds Surface Changes

As shown in Fig. 2, experimental measurements of the water contact angle (WCA) of maize seeds after
plasma treatment confirm a decrease in the value compared to the reference sample, i.e. an increase in
the hydrophilicity of the seed surface. The results of the imbibition measurement confirm that, especially
in the first hours, the samples treated with plasma absorb more water [8]. Increasing plasma treatment
time is positively correlated with more intense water intake. It turns out that one of the primary
mechanisms of increasing germination is the creation of so-called functional (polar) groups, which leads
to an increase in the surface energy of the material, thereby causing an increase in wettability and a
subsequent increase in ability of water absorption. The changes in characteristic chemical groups and
chemical composition can be shown using ATR FTIR spectroscopy and XPS analysis, respectively. As
we can see from decrease of C-H stretching peaks and increase of bands attributed to starch and proteins
in spectra of treated and untreated samples (Fig. 2), we can assume that plasma treatment in the case of
maize surface can cause the activation of surface, due to the removal of lipids from the surface of seeds.
This effect is usually occurring on the seeds treated by DCSBD and can be related to further increase of
wettability of the surface.
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Fig.2: Effect of treatment time on the water contact angle measured on maize seeds samples treated by
ambient air plasma at atmospheric pressure, the discharge power was 400 W (left), ATR-FTIR spectra
of maize seeds before and after plasma treatment (60 seconds, ambient air, 400 W) (right). Values are
the mean = SD, n = 3, for 50 pieces of seeds in each repetition. [§]
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Improvement of Germination

Plasma can interact with the surface of seeds and change the surface characteristics that lead to faster
germination and greater yields. The effectiveness of the plasma treatments for seed germination can
vary on the type seeds, the condition of the seeds and the environmental factors such as climate, soil
conditions and water availability. The effect of plasma treatment on maize seed germination varied with
the treatment time as illustrated in Fig. 3. The CAP plasma treatment of maize seeds also affected the
characteristics of seedlings growth, including root and shoot length, fresh and dry weight (Fig. 3 right).
The maize is monocotyledonous plant with radicle root and two lateral roots. The treatment time of 60
seconds stimulated root length by 12% and shoot length by 35% compared to the control. The seedling
vigor index I and II combine the growth parameters and germination rate. The response to 60 seconds
plasma exposition increased vigor index I (by 23%) and II (by 32%) compared to the untreated maize
seeds (Fig. 3)
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Fig. 3: Effect of CAP plasma treatment on germination rate of maize seeds (left). Effect of a CAP plasma
treatment on seedlings vigor I (shoot and root lengths) and vigor II (shoot and root fresh weights) of 5-
days old maize seedlings (right) [10] .

Decontamination of seeds

We studied the inhibition of unwanted pathogens on the surfaces of cereals, nuts, and spices [10-13]. As
an example, the results of the study of the effects of plasma treatment of corn seeds contaminated with
both native contamination occurring naturally on the surface and artificially infected surfaces with pure
cultures of toxinogenic Aspergillus flavus, phytopathogenic Alternaria alternata and Fusarium
culmorum can be cited. The decontamination effect was different for different pathogens. The most
resistant fungus was Alternaria alternata (Fig. 4), on the other hand, plasma treatment had the strongest
effects on Fusarium culmorum. Based on the obtained results, the effectiveness of plasma treatment on
fungal contamination on the surface of corn seeds was as follows: Alternaria alternata < native
contamination < Aspergillus flavus < Fusarium culmorum.

Since the longer plasma treatment times required for complete decontamination of the seed surface can
cause a decrease in germination, we focused on the combination of plasma treatment in a shorter time
with chemical fungicide treatment. Plasma treatment of seeds led to increased surface wettability and
therefore better germination and fungicide penetration. The synergistic effect of fungicide and CAP
plasma treatment used against seed-borne phytopathogens present on the surface seeds was more
effective than when each of them was used individually. An optimal combination of plasma treatment
time and chemical fungicide dose can significantly reduce the use of harmful chemicals in practice but
at the same time stimulate germination via plasma treatment [14].
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Fig. 4: Growth inhibition of Aspergillus flavus, Alternaria alternata, Fusarium Culmorum and native
contamination on the maize seeds surface after plasma treatment, a) unterated control samples, b) 300
seconds plasma exposed samples [10].

Genotoxic efect and adaptive response

In our study, we first verified that the influence of CAP plasma pre-treatment of pea seeds can induce a
positive adaptive response and improve the seedling resistance to adverse growth conditions [15, 16].
In first, we investigated the effect of pea seeds plasma treatment at different times to estimate the optimal
plasma exposure time and determine the interval for safe use of plasma for seed treatment. The DNA
damage of pea seedlings was studied using the alkaline comet assay method and seedling-negative
conditions were simulated using toxic concentrations of zeocin. CAP plasma was shown to have a
positive effect on reducing DNA damage in pea seedlings at all exposure times used via initiation of
positive adaptive response when the seeds are treated by plasma before application of zeocin. Even at
lower exposure times, which were too short to trigger mechanisms involved in the regenerative phase
of the adaptive response, such as protein synthesis or antioxidant production, other defense mechanisms
of the adaptive response were activated. Our results showed that plasma pretreatment of pea seeds can
increase the defense mechanisms of seedlings and help overcome various stresses caused by adverse
growth conditions, such as drought, the presence of heavy metals or toxic chemicals in the soil. Plasma
diagnostics using OES confirmed the non-equilibrium, low-temperature character of CAP plasma. FTIR
analysis of gaseous products from the DCSBD plasma showed the presence of NO,, N,O, NO, HNO;
and HNO,, which may play an important role in the interaction with seeds.

4. Conclusion

Experimental results obtained as part of the research in the plasma application on seeds indicated that
low-temperature plasma generated by DCSBD at atmospheric pressure in ambient air can be
successfully used for plant seeds treatment to reach various positive effects. Plasma treatment of the
seeds led to an increase in surface wettability, which helps better germination and also capture of the
disinfectant. The application of CAP plasma in the field of agriculture and food industry is a promising
way to stimulate and protect plants and food products on the one hand, while reducing unwanted
xenobiotics in the environment on the other. A significant advantage of the used type of plasma source
(DCSBD) is that it does not need low pressure or any stabilizing working gas, moreover, it can work in
continuous mode only in ambient air, which means low operation and maintenance costs. The high
power plasma density is advantageous for more efficient processing with treatment times reduced to
seconds.
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In this work, a newly designed atmospheric pressure plasma jet (MPPJ3) is introduced and
characterized for a potential plasma-assisted material processing application. The proposed device
overcomes the typical issues concerning plasma jet efficiency by its specific design that allows the
use of three separated gas channels. Essential properties of the discharge such as rotational and
plasma temperature by means of optical emission spectroscopy (OES) and laser scattering are
determined, and fluid dynamics are examined through Schlieren imaging. The outcomes of this work
show that the MPPJ3 set-up provides a plasma with a rich chemistry, a controllable size and
temperature, and a superior gas mixing between channels.

1. Introduction

Despite the usefulness of atmospheric pressure plasma jets (APPJs) due to their superior features, a
higher performance of these plasma generating sources for practical purposes is still looked for. Many
studies have focused on the improvement of APPJ efficiency by alteration of plasma processing
parameters [1-3], modifying the APPJ configuration [4-6], switching to a different discharge gas [7],
and controlling the ambient environment [8]. In contrast to the extensive investigations of APPJ
efficiency enhancement, the existing APPJs are suffering from many issues such as lack of control over
the plasma size, temperature, and the chemistry. Therefore, the goal of this work is to introduce an APPJ
source to increase the volume of the plasma, to provide an elevated mixing between gases, and at the
same time to maintain the temperature of the plasma jet effluent low enough to avoid damaging of heat-
sensitive materials. Therefore, a parametric observation of the newly configured RF plasma jet, named
MPPJ3, will be reported through a series of diagnostic methods such as optical emission spectroscopy
(OEN), laser scattering technique, and schlieren imaging.

2. Methods and materials

The MPPJ3 reactor is designed in a 3-layer coaxial geometry illustrated in Figure 1 a). The set-up
contains an inner quartz (internal diameter (ID)=1.3 mm) capillary inside which an RF powered tungsten
rod with a diameter of 0.5 mm is centered. Coaxial to the inner capillary, another quartz tube (ID=4 mm)
for possible monomer introduction is placed. Finally, a grounded outer hollow aluminum cylinder (ID=8
mm) has been arranged to act as outer gas channel maintaining the coaxial symmetry. Furthermore, an
aluminum cap with a circular opening of 4.5 mm has been adjusted via a thread on the aluminum cylinder.
The plasma jet set-up was powered with an RF generator (CESAR 136, Advanced Energy), operating
at 13.56 MHz using a matching box. The RF input power during the complete experiment was fixed at
10 W. Plasma was first generated in pure argon (Air Liquide, Alphagaz 1), flowing through the inner
channel, between the centered RF powered tungsten rod and the grounded nozzle, with a flow rate of
0.5 slm. If only this first gas flow is introduced, applying RF power to the tungsten wire leads to typical
plasma ignition on the tip of the high voltage electrode (see Figure 1 b)). The gas flow through the
second capillary could be used as a potential channel for monomer introduction into the plasma effluent.
In this work, the argon gas flow rate through the second channel was fixed at 250 sccm. Finally, through
the third external channel, an argon flow rate of 2 slm was applied. The latter channel grants the
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following advantages to the jet: 1) it acts as shielding curtain limiting the atmospheric impact on plasma
formation, 2) it increases the plasma volume, and 3) it enhances the homogeneous mixing of the
monomer containing middle gas stream with the plasma.

For the purpose of plasma characterization, first plasma temperature was determined by analyzing the
OH and N, bands using optical emission spectroscopy (OES) and the results were compared with the
laser scattering technique at 532 nm used for detection of the Rayleigh signal of the heavy species in the
discharge effluent 0.7 mm underneath the jet opening. The laser scattering technique was also used to
examine the plasma structure. Finally, fluid dynamics were visualized using a single mirror Schlieren
set-up.

a) VN b) Inner channel
[ RF /?— Inner channel Middle channel °

Middle channel Outer channel L]
Outer channel

:

Tungsten electrode

C) Inner channel
Inner quartz capillary Middle channel @
Outer channel

= Middle quartz capillary

Outer hollow aluminum electrode

@— Nozzle outlet

Figure 1. a) Schematic representation of the MPPJ3. b) MPPJ3 image while operating with only the inner active channel, and
¢) with all the channels active.

3. Results and discussions

The device included three gas layers, each with its own distinctive purpose. Two plasma modes were
discernable by activating: 1) the inner and the inner + middle channels and 2) all three channels. When
all three channels were fed by argon gas, the plume was wider and filled the volume inside the cap and
thus the diameter of the plasma jet followed the nozzle outlet revealing the increased plasma size in this
mode (see Figure 1 b)). In addition, the generated plasma inside the semi-closed cap ensures efficient
gas mixing in the active plasma region.

A precise determination of the plasma temperature is very important to optimize the plasma performance
based on the application. Therefore, using different methods, the plasma temperature has been
determined. Figure 2 demonstrates the plasma temperature identified by the laser scattering technique,
and by the OH, and N rotational temperatures. The temperature overestimation by N, (C-B) can be
justified by the effective energy transfer between the Ar reactive states and the nitrogen species of the
ambient air resulting in N, (C) overpopulation and leading to a non-Boltzmann distribution. In case of
the OH rotational temperature, two independent mechanisms are responsible for OH(A) radical
formation: 1) electron impact excitation of ground state OH and 2) direct dissociation of water vapor,
where OH(A) produced in the latter case are at highly excited levels. These two mechanisms result in
the overpopulation of the rotational states of OH(A) with high rotational numbers and subsequent
temperature overestimation.

As shown in Figure 2, injection of argon in the outer gas channel significantly influences the gas
temperature in case of all used methods. For instance, the gas temperature measured by laser scattering
when the inner argon channel is active is 314.3 £ 2.5 K. Adding 250 sccm gas to the middle channel
slightly reduces the temperature which is more pronounced in the rotational temperature values. In this
case, the energy per molecule is lower due to the excess amount of the gas. As soon as 2 slm of argon is
fed to the system through the outer channel, a sharp elevation in temperature up to 360 = 5 K occurs.
This outcome can be explained by the prolonged stay of the gas mixture inside the reusable cap which
is filled with argon gas in this case.

29



600 -

X 500 -
[+P]
ol
B
(]
i
.
400
5
=
300 -
N2 0
(‘%’b% «“0‘0 (“o‘$

Figure 2. Plasma temperature obtained with different methods.

Aside from the plasma temperature, the plasma profile is another useful characteristic that can be
obtained using the laser scattering technique, which can show the plasma expansion for different
experimental set-ups. Using Rayleigh scattering, the plasma intensity in the vicinity of the plasma jet
outlet is determined in a circular area having a 30 mm radial distance from the plasma core. Figure 3
shows the effect of different experimental conditions on the resultant plasma profiles. Comparing the
curves suggests that the injection of gas to the middle and the outer channel enlarges the width of the
plasma in the afterglow region. This width depends on the diameter of the capillary which is being fed
by argon or in the case of three active channels this width depends on the nozzle outlet diameter.
Therefore, if the plasma generation channel is active, the diameter of the plasma effluent is 1.3 + 0.1
mm, analogous to the inner diameter of the inner capillary. When additional gas is being injected through
the middle channel, the plasma effluent diameter increases to 2.3 £ 0.3 mm. Although the inner diameter
of the middle capillary is 4.5 mm, this observation can be justified considering that the gas flow rate of
the middle channel is small (250 sccm). Finally, adding gas to the outer channel results in a plasma
effluent possessing the same diameter the nozzle outlet diameter. Slightly enhanced intensity in the
central point of the curves in Figure 3 also appears, which is induced by the presence of the tungsten rod
placed within the inner capillary having a diameter of 0.5 mm which influences the gas flow pattern.
Particularly, when the inner channel is the only active channel, the impact of the tungsten rod is more
pronounced.

Intensity of laser scattered light (normalized)

Radial position (mm)
Figure 3. Plasma profiles analyzed by laser scattering.
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Depending on the final application of plasma jets, the gas fluid dynamics become relevant. In the
turbulent regime, the ambient air species such as oxygen can mix with the reactive plasma species,
absorb their energy, and further expand the plasma. For some applications, the presence of these oxygen
atoms in the plasma afterglow is advantageous. In this case, the turbulent regime can assist in oxidation
and/or higher plasma propagation. On the other hand, if a pure plasma gas for material processing is
desirable, the laminarity of the fluid is of great importance. Therefore, flow visualization can provide
useful information on the plasma patterns and plasma propagation. The right image of Figure 4 depicts
the plasma propagation pattern when only the inner channel is fed by argon gas. Based on the shown
images, the laminar region is very extended (around 33 mm). This length however decreases to 27 mm
as soon as the second gas layer is activated. The right image of Figure 4 shows that by injecting gas in
the outer channel, the transition to the turbulence regime occurs closer to the nozzle outlet compared
with the other two experimental conditions mentioned above. For this set of experiments, due to the
special design of the RF plasma jet, the main gas mixing and outflow stream forming occurs before the
plasma leaves the nozzle. Indeed, under this condition, the gas receives additional thrust due to the semi-
closed volume in the reusable cap, where it circulates for a while meaning that the transition to the
turbulent regime occurs faster.

o
B

A

4. Conclusion

This work presents a novel APPJ set-up with improved performance enabling a good control over the
plasma size, temperature, and chemistry. Due to its special configuration, the MPPJ3 can operate in two
modes depending on the active gas channel. The three-channel configuration enables effective gas
mixing in the plasma active region before escaping from the jet outlet. When all three channels are active,
the plasma temperature in the core of the afterglow was found to reach a maximum of 360 = 5 K
indicating the potential of the set-up for treatment of heat-sensitive materials. The plasma profiles
determined by laser scattering method indicate that, based on the active gas channel, the effluent
diameter can vary from 1.3 mm up to the size of the nozzle outlet. Schlieren imaging provided a
comprehensive view over the gas distribution over the effluent and proved that the laminarity of the
plasma can also be controlled as desired. The acquired findings assure that the innovate MPPJ3 is a
multifunctional APPJ system, as it enables control over some plasma features that could be exploited in
various material processing domains.
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1. Introduction

Plant hormones (PHs) are signalling molecules produced within plants that influence plant growth,
seed germination, fruit maturation and ripening and pathogen defence [1,2]. Hence, the quantitative
analysis of the PHs and determination of their concentrations in different tissues is crucially important
to understand the role of these molecules in physiological processes occurring in plants.

Several analytical methods have been developed for analysis of PHs in different parts of fruits and
plants using LC and GC, in combination with mass spectrometry.

Methyl salicylate (MeSA), synthesized in plants from salicylic acid, is a plant hormone that plays an
important role in the resistance of plants to pathogens, thermogenesis in some flowers, and flower
durability [1-3].

In this work, an analytical method was developed to exploit the advantages of solid phase
microextraction (SMPE), Multicapillary column (MCC), and ion mobility spectrometry (IMS) for fast
and sensitive analysis of MeSA in tomato leaves.

2. Experimental

Fresh tomato leaves were taken, frozen in liquid nitrogen and ground to fine powder. A similar method
as reported in reference [4] was used to treat the tomato leaves by tomato ringspot virus (ToRSV) and
prepare the leaf samples. The ToRSV inoculation buffer was obtained from Institute of Virology,
Biomedical Research Center of Slovak Academy of Sciences (store at -20 °C) [5]. The lower leaves of
the tomato plants with an age of 5 weeks were inoculated by ToRSV.

The SPME fibers used in this work were commercially available SPME Arrow (Restek PAL,
Switzerland) coated with (i) Polydimethylsiloxane (PDMS), (ii) Divinylbenzene (DVB)/PDMS, (iii)
Carbon Wide Range (WR)/PDMS, and (iv) DVB/carbon WR/PDMS.

In the SPME experiments, the fiber was exposed to head space of 100 uL (standard solution) or 100
mg ground leaves (real sample) in a 20-mL sealed vial. To desorb the adsorbed compounds, the SPME
fiber was put in an injection port with a temperature of 220 °C. The desorbed compounds were
transferred to the MCC by a carrier gas (zero air) with a flow rate of 50 mL min™'. After separation, the
compounds were analysed by an IMS.

MCC columns including OV1, OVS5, OV17, and OV20 (Multichrom Ltd. Russia) of 20 cm length
were used for pre-separation of the volatile compounds released from tomato leaves. The stationary
phases for the MCCs were as OV1: 100% - polydimethylsiloxane (non-polar), OV5: 5% - diphenyl,
95% - dimethylpolysiloxane (non-polar), OV17: 50% - diphenyl, 50% - dimethylpolysiloxane (weak-
polar), and OV20: 20% - diphenyl, 80% - dimethylpolysiloxane (weak-polar).

The MCC was heated by heating elements powered by a power supply with a voltage of 30 V. The
temperature of MCC was kept constant during the measurements at 100+1 °C. The MCC was put
between an injection port and the inlet of IMS. The desorbed compounds from the SPME fiber are
separated in MCC before entering to the ionization region of IMS. Experimental set-up is shown in
Figure 1.
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Figure 1. Schematic presentation of the experimental set-up.

3. Results

In the positive polarity, ionization of MeSA resulted in [MeSA+H]" formation while in the negative
[MeSA-H] and [MeSA+O,] were formed.

Four different SPME fibers were used for head space analysis and four MCC columns (OV1, OVS,
OV17 and OV20) were investigated. Although all fibers can adsorb MeSA successfully, the maximum
signal intensity was achieved for the SPME needle with PDMS fiber.

To find the optimal condition for SPME sampling, the effects of concentration, extraction time, and
temperature were investigated. The optimal extraction time of 5 min was selected as to avoid
saturation in the real sample measurements. With the increasing extraction temperature, signal
intensity for the standard sample decreases. This may be due to the vaporization of solvent and its
liquification on the SPME fiber. So the room temperature was used for the SPME experiments.

Results of MCC show that in the positive mode, OV cannot separate MeSA peak, partial separation is
achieved using OVS5 and OV20, while with OV17 complete separation is achieved. In the negative
polarity, complete separation was achieved for all the MCCs columns. In the real sample analysis, the
negative polarity operation resulted in the suppression of many matrix molecules and thus in the
reduction of interferences. Hence, the performance of an MCC depends to some extent on the IMS
polarity. Since in the negative polarity, fewer matrix interferences appear, the separation is easier in
this polarity.

The limits of detection (LODs) of 0.1 pg mL™" and linear range of 0.25-12 pg mL™"' were obtained for
measurement of MeSA in a standard solution (H,O:CH3;OH, 50:50) by the SPME-IMS method with 5
min extraction time using an SPME with a PDMS fiber and OV5 column, in negative mode of IMS.
The MeSA content of fresh tomato leaves were determined as 1.5-9.8 pg g-1, 24-96 h after inoculation
by ToRSV. Figure 2 show that MeSA content reaches its maximum level for both the upper and lower
leaves, 48 h after inoculation, then, its amount decreases.
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In this work, the plasma discharge was selected for surface activation of polymer substrates as a first
operation in the multistep approach. After surface modification the monomer was grafted onto the
surface to create polymer brush structure via radical “surface from” reaction in gaseous or liquid
phase. The last step is connected with the anchoring of the active antibacterial species into the
surface structure.

1. A multistep process for polymer biofunctionalization

The direct immobilization of biomolecules onto polymeric surface is difficult and surface pre-
activation, followed by a multistep procedure is necessary. Several modification methods are commonly
used to modify the polymer surface. One of the most frequent consists in an immersion in the strong
acid solution. Nevertheless, such wet chemical methods are technologically complicated and
environmentally unfriendly especially because hazardous chemical substances are often used. Recently,
a plasma treatment is a preferred procedure considered as a progressive technique for polymer surface
modification without the use of aggressive chemicals. Moreover, the plasma treatment enables surface
modifications without changing the bulk properties of treated material. The low-temperature plasma
belongs to a clean, dry, eco-friendly method of the surface modification and it is often used in various
applications, such as in automotive, electronic, aeronautic, textile, optical and paper industry. The main
effect of the low-temperature plasma application consists in an increase of a surface free energy as a
result of the incorporation of polar functional groups to the treated surface making the surface of
polymers more hydrophilic.'* The reactions produced by plasma at polymer surfaces are due to various
plasma components such as electrons, ions, radicals, metastables, as well as photons of various
wavelength. In practice, plasma can modify the surface chemistry of polymers by incorporating various
functional groups, for example, hydroxyl, carboxyl, carbonyl, and peroxide in case of using air as a
carrier gas. Incorporation of such functional groups onto polymer surfaces allows for efficient
conjugation with further reagents. In addition, plasma induced free radical polymerization is a useful
technique for acrylic acid grafting (AAc) onto the surface of several polymeric substrates. Nevertheless,
several other monomers can be used and will be discussed in this contribution.
The multistep approach consists in several operations. Firstly, the grafting was initiated by a low-
temperature plasma treatment of polymeric substrate. Immediately after the plasma treatment, the
samples were subjected to the reaction with reactive monomers in order to create grafted polymer brush.
Such a polymer brush is consequently capable to adequately interact with active biomolecule. The
scheme is shown below in Fig. 1.
Active biomolecule is chosen according to the final application. The most of applications are targeted
to antibacterial or anticoagulant properties. However, accelerated wound treatment approaches are also
applications where surfaces of this kind can be applied, what will be shown in real systems and their
interaction with fibroblasts or keratinocytes cell systems.
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The diagnostics of atmospheric pressure plasmas for use in plasma catalysis is challenging due to
the specific reactor designs. Here, we give insights into the diagnostic challenges of plasmas for
catalysis as well as possible approaches to overcome them.

1. Introduction

A central challenge of our time is the energy transition from fossil energy sources to renewable ones.
Plasma catalysis is one of the promising techniques that has been proposed to contribute to this transition.
Research shows that synergies between classical catalysis and plasma processes can be obtained.
However, the underlying mechanisms are hard to entangle as typical reactor designs for plasma catalysis
are packed bed reactors. While advantageous for industrial processes, the diagnostics of these reactors
is challenging. Here, we give insights into the diagnostic challenges of plasmas for catalysis as well as
possible approaches to overcome them.

2. Diagnostic challenges
We will discuss alternative reactor designs for fundamental studies [1,2] and give an overview of global
and local diagnostic techniques: Current-voltage characteristics for dissipated plasma power and an
estimation of electron densities [3], emission-based techniques for reactive species densities such as
atomic oxygen [4] or electric fields [5].

As an example, Fig. 1 shows spatially and temporally resolved profiles of a micrometre-sized cavity in
an surface dielectric barrier discharge operated in a helium/oxygen mixture which were obtained using
an advanced actinometry approach.
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Fig. 1. Emission profiles (a,d), electron density (b,e) and mean electron energy (c,f) in a micro cavity of
a dielectric barrier discharge obtained using state-enhanced actinometry in the increasing (upper row)

and decreasing (lower row) voltage half-phase of the excitation cycle. [4]
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Application of mass spectrometry for asteroid exploration has recently become a hot topic. It is
interesting both in orbit and on the asteroid. It can be used for the analysis of space dust, micrometeorites
and particles from larger objects.

For the Czech SLAVIA satellite project was designed the HANKA (Hmotnostny ANalyzér pre
Kozmické Aplikace) space instrument - a high-resolution Orbitrap-based electrostatic ion trap mass
analyser. The instrument is based on a commercial mass analyser [1] established in biology and medicine
research, the so-called Orbitrap™ and the space CosmOrbitrap prototype (developed by LPC2E Orleans
[2]). HANKA will bring this new technology into space to combine a small CubeSat space version of
this ion trap analyzer, with an innovative in-situ hypervelocity impact ionization source for
micrometeoroids.

A laboratory version of this instrument (CIARA) is currently under construction, where ions can be
generated by three different methods:

1. Photons with molecules in the liquid phase (coupled with experiment LILBID (Laser Induced Liquid
Bead Ion Desorption)

2. Electrons with molecules in the gas phase (EI source)

3. Photons with solid-phase molecules (MALDI or Laser Ablation)
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Fig. 1. HANKA - proposal instrument, laboratory prototyp, preliminary data from EI source

Based on the results obtained on the laboratory prototype, a miniature version of the high-resolution
space mass spectrometer - HANKA - will be constructed.
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A dark-current discharge state created by combining argon flow with a needle electrode in ambient
air is described that has an ionization efficiency and mechanism comparable to those of conventional
helium direct analysis in real time (DART), without requiring dopants and DART glow discharge.
Polar compounds were mainly (de)protonated dominantly in this discharge, indicating that the
present dark-current discharge efficiently generates resonance-state argon with an internal energy of
~14 eV.

1. Introduction

Direct analysis in real time mass spectrometry (DART-MS) was first reported by Cody et al. in 2005 [1].
It is a versatile technique that operates in open air, allowing rapid, non-contact analysis of solid, liquid
and gaseous materials without any pre-treatment of samples. In common DART, excited helium (mostly
the metastable 2°S state, He(2°S)) is generated inside a ceramic flow chamber by an atmospheric
pressure glow discharge. The dominant positive-ion formation process is protonation, which results from
the Penning ionization of atmospheric water molecules by He(2°S). He(2°S) has an internal energy of
19.8 eV, which is higher than the ionization energy of water (12.6 eV). Penning ionization results in the
generation of oxonium ion H;O", and its water clusters H;O(H,0),, followed by proton transfer to
analytes with proton affinities greater than that of water (691 kJ/mol). In negative-ion mode, analyte
ionization can be attributed to proton transfer involving superoxide anion water clusters O, (H,0),.

Although helium DART has been performed with a great amount of success, helium gas is quite
difficult to obtain recently, which makes it hard to sustain its use. Argon is a possible alternative gas for
DART. Several research groups have investigated how argon works for DART compared to helium [2-
4]. Excited argon stably exists in discharges (including DART glow discharge) in metastable states, such
as the °P, and P states, with internal energies of 11.6 and 11.7 eV, respectively [3]. These energies are
lower than the ionization energy of H,O, which results in the formation of fewer H;O"(H>O), ions and
give rise to quite low analyte ionization efficiency in argon DART [3]. Thus, dopant-assisted protonation
based on atmospheric pressure photoionization has been used for the effective operation of argon DART
[3,4].

Herein, a novel argon discharge ionization technique under atmospheric pressure is reported in which
the analyte ionization efficiency and mechanism are comparable to those of conventional helium DART.

2. Results and Discussion
The present discharge system was easily established by modifying the conventional DART source: (1)
a needle, whose tip end was formed into a hyperboloid of revolution, was placed in the sampling area,
(2) heated ground state argon was flowed through the sampling area and (3) low DC voltage was applied
to this needle. Notably, the use of dopants and a DART glow discharge were not required. The resulting
discharge state in the sampling area is referred to as a “dark current discharge (DCD)”, a very low
electric current (0.2~1 micro A) compared to the DART glow discharge. Ar-DCD, i.e., argon excited by
DCD, ionized polar compounds such as a-amino acids (A) to (de)protonated molecules [A+H],
molecular anions A", oxygenated (de)protonated molecules [A+H+n0]*, dehydrogenated deprotonated
molecules [A-2H-H], fragment ions [A+H-F]* (F: neutral fragment) and negative ion adducts [A+R]"
(R: negative background ion). The absolute intensities of the (de)protonated molecules were found to
be 1.1-8.1 times higher than those observed using the helium DART technique. In contrast, using Ar-
DCD, non-polar compounds (e.g., n-alkanes; Alk) were detected as [Alk+O-3H]" and [Alk+20-H]" ions
via hydride abstraction and oxidation processes. Major background ions observed using Ar-DCD were
H;O0"(H20),, 02", Oy (H20),, and CO5’, while argon-related ions were not observed. These results
indicate that Ar-DCD efficiently generates excited state argon with an internal energy higher than those
of well-known metastable states (~11.6 eV), e.g., resonance states such as 5S *P; with an internal energy
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of 14.1 eV and 58 'P; at 14.3 eV. Therefore, this suggests that ionization reactions occurring in the Ar-
DCD method can be attributed to the Penning ionization of atmospheric HO and O, by resonance-state
argon, in a similar manner to that in the helium DART method.
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Innovative thermal plasma generation with high-current switching by diode-rectification has been
successfully developed. High-speed visualization of fluctuated temperature field in thermal plasmas
was clarified. Feasibility of silicon nanopowder processing by thermal plasma system was
investigated. Obtained remarks suggested that the thermal plasma is a promising tool to establish
high-throughput material process.

1. Introduction

Innovative thermal plasma sources have been successfully developed on the basis of diode-rectification
technique. Thermal plasmas can offer unique advantages such as high temperature, high chemical
reactivity, and rapid quenching rate. Industrialization of thermal plasma processing can be realized by
further development of thermal plasma sources in terms of the energy efficiency, scaling up, etc. Recent
improvement of semiconductor switching device enables to develop innovative thermal plasma sources.
Diode-rectified thermal plasma generation will be presented here. First one is a multiphase AC arc
(MPA) with bipolar electrode divided through the diode technique, as presented in Fig. 1. Another one
is generation of planar thermal plasma jet.

Fig. 1. Representative snapshots of thermal plasmas in diode-rectified AC arc system at different
atmospheres.

2. Diode-rectified multiphase AC arc for nanomaterial synthesis
2.1.background
A multiphase AC arc (MPA) is one of the most attractive thermal plasmas. This is because the MPA has
following advantages compared with conventional thermal plasma system such as higher energy
efficiency, larger plasma volume, lower gas velocity, availability of the scaling-up, and so on [1].
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The MPA has been applied to an innovative in-flight glass melting technology due to the above-
mentioned advantages [2-4]. In order to achieve the practical use of the MPA in industry, fundamental
research in terms of arc stability [5], the temporal and spatial characteristics of the arc discharge [6, 7],
and the electrode phenomena [8-10] has been conducted. However, the understanding of the
fundamental phenomena in the MPA remains to be explored. In particular, the electrode erosion
phenomenon is one of the most important issues to be understood, because it determines the electrode
lifetime and purity of the products.

Electrode erosion of the multiphase AC arc was a severe problem. In general, the required properties for
the cathode and anode in arc discharge are different. Low work function and high melting point as well
as sufficient electrical conductivity are important cathode properties for stable thermionic emission. In
contrast, high thermal and electrical conductive material is suitable for the anode as the electron recipient.
This originates from larger anode heating due to electron condensation. However, there is a lack of
appropriate electrode material, which satisfies the required properties at both the cathodic and anodic
periods. In terms of stable thermionic emission, tungsten-based electrodes are commonly used as the
AC electrode, although their thermal conductivity is not sufficiently high, resulting in severe erosion in
conventional single-phase AC arc [11] or the MPA [12, 13].

The electrode erosion mechanism in the MPA has been investigated based on high-speed visualization.
Erosion due to ejection of metal droplets larger than 100 um in diameter is dominant at the cathodic
period [12], while electrode evaporation at the anodic period is the dominant mechanism [13]. The
droplet ejection at the cathodic period is basically caused by the electrode melting due to high heat
transfer from the arc to the electrode at the anodic period.

To separate each AC electrode into cathode and anode pairs could lead to a breakthrough in the AC
electrode erosion issue. Therefore, an innovative diode-rectified MPA (DRMPA) to improve the
electrode erosion characteristics has been developed [14].

Table 1 summarizes the comparison between conventional MPA and the innovative DRMPA. Electrode
erosion has been successfully degraded in DRMPA. In this paper, feasibility of DRMPA in nanomaterial
synthesis process is discussed from the plasma arc temperature measurement and preliminary test of
silicon nanomaterial synthesis.

Table 1. Comparison between conventional multiphase AC arc (MPA) and diode-rectified multiphase
AC arc (DRMPA) in the case of 6-phase AC arc.

Electric Circuit Electrode Configuration Waveform of arc current  High-speed snapshots of
per unit electrode electrode region
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2.2. Experimental setup
Figure 2 shows the schematic illustration of the experimental setup for thermal plasma generation.
Twelve diodes are placed between the electrodes and transformers. Thus, the electrodes were divided
into pairs of cathode and anode, namely bipolar electrodes. Representative waveform of arc current in
Table 1. Each electrode consists of cathode made of water-cooled 2wt%-La,O; W rod with 6.0 mm in
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diameter and anode made of water-cooled Cu. Twelve pairs of electrodes are symmetrically arranged at
angle of 30 deg. DRMPA was generated among 12 bipolar electrodes in the chamber which was filled
by Ar-N, mixture at atmospheric pressure. Nitrogen concentration was changed from 0 to 40vol% to
investigate the N, addition effect on arc characteristics. Temperature field and its fluctuation under
different N> concentration was clarified. Measurement method will be explained in Section 2.3.

Feasibility test of the multiphase AC arc for Si nanomaterial synthesis was conducted. Silicon powders
with 5 um in diameter were directly injected into thermal plasma by Ar carrier gas at feeding rates of
10-50 g/min. Arc current for each electrode was adjusted at 200 A, whereas arc power was about 80 kW.
Argon was used as main plasma forming gas.

High-speed camera

<—— Cathode
DRMPA MPA :

Anode

One pair of
electrode

as

Cooling water AC power supply Top iew

Fig. 2. Experimental setup for diode-rectified 12-phase AC arc generation.

2.3. Measurement method of arc temperature
The arc temperature was measured from emission intensity ratio method assisted by high-speed camera
combined with optical band-pass filters under the assumption of local thermal equilibrium. The total arc
emission from thermal plasma can be classified into line emission and continuous emission.

Line emission coefficients due to electron transitions of Ar I, Ar II, Ar III, N I, N II, and N III are
calculated in temperature range from 5,000 to 30,000 K while no self-absorption is considered due to
its low importance in this case. Moreover, continuum emission coefficients due to recombination
radiation and Bremsstrahlung radiation were also calculated to evaluate total emission coefficients for
two different wavelength ranges of band-pass filters. Two filters with centre wavelengths of 795 nm and
675 nm at 5 nm band-width were selected on the basis of our previous research [15]. Figure 3 shows
examples of the calculated results for 795 nm and 675 nm at 90% Ar-10% N> condition. Temperature
can be measured from the ratio of total emission coefficient at 795 nm to that at 675 nm because the
ratio is a function of temperature.
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Fig. 3. Total emission coefficients at two different wavelength range; (a) 675+5 nm and (b) 795£5 nm.
The expressions of bb, fb, and ff correspond to line emission (bound-bound radiation), continuum due
to recombination (free-bound radiation), and Bremsstrahlung emission (free-free radiation), respectively.

A high-speed camera combined with suitable BPFs is used to visualize fluctuated temperature fields.
The schematic illustration of high-speed visualization system is shown in Fig. 4. Typical frame rate and
shutter speed are 5,000fps and 1 s, respectively.

&

Arc
Camera Lens

Mirror

Fig. 4. Schematic illustration of visualization system with band-pass filter optics and high-speed camera.

2.4. Experimental results and discussions

Figure 5 shows the visualized temperature distribution during 10 ms under 10% N, condition.
Complicated and fluctuated arc can be observed. Temperature near the electrode is higher than other
regions. Figure 6 shows the comparison of the arc temperature distributions in different N»
concentrations. The arc temperature at the centre is fluctuated in the range from 6,000 to 14,000 K.
Higher temperature region than 6.000 K was obviously became larger with an increase of arc current.
Addition of N into Ar leads to temperature decrease, while the temperature is still higher than 6,000 K.
As a conclusion, the arc temperature in the DRMPA is sufficiently high to melt and/or evaporate the
raw material in powder processing.
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Fig. 5. Representative snapshots of obtained arc temperature distributions during 10 ms. Nitrogen
concentration was 10vol%.
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Fig. 6. Representative snapshots of obtained arc temperature distributions at different nitrogen
concentrations; (a) Ovol%, (b) 10vol%, and (c) 40vol%.

Silicon nanoparticles were successfully synthesized via thermal plasma method. Representative SEM
images and size distribution are summarized in Fig. 7. Average particle size was about 80 nm, while
sizes are largely distributed.
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Fig. 7. SEM image of synthesized silicon nanoparticles and their particle size distribution.
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3. Diode-rectified AC arc for generation of planar thermal plasma jet

3.1.Background
Generation of planar-shaped thermal plasma jet is one of the most important approaches to expand the
applicability of thermal plasmas for materials processing, surface treatment, and waste treatment at high
processing rate. A few approaches using radio frequency inductively-coupled plasma [16] or DC arc
discharge [17] have achieved enlarged treatment area with plasma jets, although many limitations such
as insufficient temperature still remain. Here, an innovative thermal plasma source based on the diode-
rectified AC arc has been developed to overcome the afore-mentioned difficulties.

3.2. Experimental setup for planar thermal plasma generation

Schematic of thermal plasma source is shown in Fig. 8. Arc discharge was generated using 10 electrodes
placed in a linear array. These 10 electrodes were configurated by AC electrodes, diode-rectified
electrodes, cathodes, and anodes. Figure 1 shows the schematics of the plasma source. Electrode
positioned at locations 1 and 3 have the role of AC electrode, corresponding to negative-positive cycle
and positive-negative cycle, respectively. Diode-rectified electrodes are located at 2 and 4. Location 2
has the role of anode, while 4 works as cathode. Planar-shaped thermal plasma jet was successfully
generated owing to this unique configuration of electrodes with diode-rectification technique.
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Fig. 8. Experimental setup of planar thermal plasma generation with diode-rectified AC arc system.
Schematics from multi-views and a photograph.

3.3. Experimental results and discussions

Representative snapshots of the plasma jet is presented in Fig. 9. Corresponding waveforms of current
and voltage are also shown as Fig. 9(a). The plasma jet existence probability was analysed from the
high-speed images for 5 AC periods. This existence probability was defined as the ratio of the time
during which the plasma jet existed to total time. Therefore, “1” indicated that the plasma jet always
existed and “0” does not exist. Analysed image shown in Fig. 10 indicates that time-averaged existence
region of plasma jet exhibits planar-like shape as originally designed. Obtained remarks suggests that
the plasma jet is a promising plasma source and might replace the conventional DC arc in many
applications.
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Fig. 10. Representative existence probability of plasma jet during 5 AC period.

4. Conclusion
Innovative thermal plasma generation based on diode-rectification technique has been successfully
developed. Fundamental phenomena and feasibility in material processing were investigated. Obtained
remarks suggests that thermal plasma based on diode-rectification is a promising plasma source in
material processing at high throughput.
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SPARK CHEMISTRY:
CAN WE CONTROL THE ENERGY OF THE ELECTRONS?
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It appears that the energy distribution and density of electrons can be influenced in a self-pulsing
spark discharge by a simple modification to the driving circuit. This may be a strategy to control the
chemistry in the discharge.

Self-pulsing transient spark discharges can be generated with simple driving circuits with a high voltage
DC power supply, but without any pulsing electronics. In the circuit a capacitor is charged ‘slowly’ up
to a high voltage before it ‘rapidly’ discharges through a spark gap. The typical time scale for charging
is in the region of 100 ps to 1 ms, but the typical time scale for the discharge is 10 ns to 1 ps.

A simple modification to the driving circuit will be described. UV/Visible spectra indicate that the
distribution of atomic excited states changes in the discharge due to this modification. The change in
excited state populations suggest that the energies/density of electrons may be affected by the
modification and suggest that this may be a route to exerting some control over the chemistry in the
discharge.
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A microwave plasma torch (up to 100 kW input power) was used as the source of energy in the
reactor where different types of materials (polypropylene, solid recovered fuel and simulated
hospital waste) were fed to. Air was used as a working gas for the torch. The analysis of gas
products was performed.

1. Introduction

Plasma gasification of materials with high hydrocarbon content has been studied for decades [1].
Municipal solid wastes, sludges, hazardous and industrial wastes are typical materials convenient for
plasma gasification, because high plasma temperature limits the production of unwanted species such
as dioxins, toxic residues or tars in produced gas and higher price of the plasma facilities is justified by
the character of input materials.

Thermal plasma torches suitable for gasification can be divided into two groups: electric arc discharge
and radio-frequency/microwave induction torches. The radio-frequency/microwave induction torches
have the advantage in not having electrodes, which corrode and lower their lifetimes [2].

2. Microwave plasma torch
The microwave plasma torch used during experiment was supplied by company Muegge (Germany).
The torch consists of four major components which are: an AC power supply, a water cooling system,
a 2450MHz microwave generator and a 3-stub tuner. Maximum input power of 100 kW (with total
output power of 75 kW) was adjusted during some of described experiments and air was used as a
working gas.

3. Experimental

The plasma torch, together with the inlet of treated material, is mounted at the top of a reactor with
ceramic thermal insulation of 400 mm thickness. The inner volume of the reactor is 220 L. Produced
gas flows into a quenching chamber, where temperature is reduced to 300°C by a water spray, then
enters a filter chamber, a water ejector for controlling the underpressure in the reactor and
subsequently is burnt in the flare with a propane butane stabilizing burner. Temperature is monitored
by thermocouples and ranged between 1000°C and 1200°C during experiments. A sampling probe for
composition measurements was located at the reactor output and was cooled down by passage through
the quenching chamber. A quadrupole mass spectrometer Pfeiffer Vacuum Omnistar GSD 301 with
direct inlet and Matrix MGO1 spectrometer Bruker Optik GmbH were used as gas analyzers. A
freezing unit had to be placed into the sampling line to avoid water condensation.

Three different types of material were treated: polypropylene (PP), simulated hospital waste (SHW)
and solid recovered fuel (SRF) with main elemental composition CH,, CssH;0O and C,oH30,
respectively. SHW and SRF contain also small amounts of N, S and CI.

4. Results
The analysis of produced gas and basic parameters of experiment are summarized in Tab. 1. Due to the
fact that air was used as a working gas for the torch, high concentration of N, (from 58 to 83 vol. %)
can be seen. Produced gas is diluted by Ar as well, because Ar was added to the process and used as
an internal standard for the calculation of the flow rate of produced gas.
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Tab. 1. Experimental conditions and measured concentrations of main gas components (P of MW
stands for the input power of the microwave plasma torch).

mass rate air Ar P of MW co COo3 Ar (o)) CHa Hy N>
kg/h sim slm kW vol. %

PP 6 933 0 20 2.1 12.8 1.1 0.0 0.4 0.2 83.1
PP 15 1016 200 40 131 43 7.1 0.0 0.3 16.5 58.7
SHW 0 900 80 40 0.0 0.6 10.1 17.0 0.0 0.0 71.4
SHW 43 900 80 40 0.0 5.5 10.5 11.2 0.0 0.0 72.0
SHW 8.7 900 80 40 0.0 8.0 11.0 8.1 0.0 0.0 72.1
SHW 13.0 900 80 40 1.5 14.2 11.6 0.1 0.1 0.6 71.2
SHW 17.3 900 80 40 3.4 11.8 8.0 3.2 0.5 3.6 69.4
SHW 21.7 900 80 40 5.0 10.1 7.1 4.4 0.8 5.1 67.3
SRF 6.3 700 100 60 0.0 45 10.5 12.0 0.0 0.0 721
SRF 13 700 100 60 7.1 13.5 9.5 0.1 0.5 27 66.0
SRF 13.8 900 100 40 11.2 9.3 9.4 0.1 0.7 10.8 58.4
SRF 24.5 900 100 40 113 8.9 8.9 0.5 0.6 11.5 58.1

It can be seen that with the increasing mass rate of input material the concentrations of CO and H,
increase as well. Maximum CO, concentrations are reached for medium input flow rates, when
sufficient amount of O, in the reactor is provided, which is in good accordance with the theory. Lower
concentrations of C;H, and NOx were detected as well, but they are not presented in Tab. 1.
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Fig. 1. The dependence of syngas flow rate on input material mass rate.

The dependence of syngas flow rate on the mass rate of treated material is insignificant due to the
relatively low concentration of O, entering the gasification process. N, together with Ar form
approximately 80 vol. % of the gas leaving the reactor. Next experiments should be performed with
different working gases (H>O vapour, O,, CO; or their mixtures), what would lead to the production of
synthetic gas with more advantageous composition [3].
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We report time-of-flight differential cross section (DCS) measurements for the electron impact
excitation transition in H,. In this work, agreement between available theory and experiment is
excellent overall, and marks a transition in electron molecule scattering where differential scattering
of excitation is found to be in such precise agreement. We also prove that the newly built apparatus
can be used for accurate measurement of the mass stopping power for low energy electrons for H,
for which agreement between theory and experiment is found to be excellent.

1. Introduction
Collisions between electrons and molecules at low energy show unique quantum effects. Therefore
electrons can be used as a powerful tool for testing quantum phenomena inside the matter. The scattering
signal of electrons on different targets, in different range of incident energies, brings useful information
about the quantum nature of processes occurring in electron-matter interaction. Our recent experimental
work deals with the interactions of electrons with fundamental molecular targets. The simplest neutral
molecule H; is the subject of investigation.

2. Differential scattering electron time-of-flight spectrometer

Accurate data for molecular hydrogen dissociation is of crucial importance [1-3]. The great advantage
of a recently built time-of-flight (TOF) system is that it is not susceptible to transmission effects and can
accurately give inelastic to elastic ratios for (in this case) electron excitation of Ho.

The electron beam was pulsed using an additional thin aperture lens placed between the filament and
anode. The typical pulse duration was 2-5 ns. The TOF tube (see Fig. 1) was made compact, but long
and able to rotate up to 6 = 135°, It had an aluminum/titanium body which was coated with sprayed
colloidal graphite, with an opening of 2 mm diameter. The TOF tube had four tandem thin molybdenum
apertures, placed to subtend the same solid angle to the center of the collision region in an effort to reject
secondary electrons. The TOF tube and the e-gun were heated by electrically shielded, biaxial, magne-
tically free heaters up to 150 °C. The system was placed in a p-metal lined chamber with a single vertical
Helmbholtz coil which was able to reduce the remnant B field of the Earth in the laboratory. More detailed
description of the spectrometer can be found in [4,5].
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. Movable y
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Fig. 1. Top view chamber diagram of the experimental setup. The electron beam is actuated by pulsing
a lens placed between the filament and anode using a 0—40-V, 0.5-8-ns pulse generator. The TOF tube
is ~24 cm long and 3.3 cm inner diameter) and able to detect electrons from 8 = 20" to 135"

3. Results
The TOF spectrum was obtained by subtracting the background scattering with the gas beam collimator
displaced away from the collision region from the signal plus background scattering with the gas beam
collimator in place in the collision region. From such spectra we could determine accurate inelastic to
elastic ratios (see Fig. 2). By normalizing the TOF spectrum of the b’Z," state of H, to the experimental
elastic DCS of Muse et al. [6] we were able to determine the absolute differential cross section for this
transition.
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Fig. 2. Inelastic to elastic ratios R at 13.5 eV compared with the available convergent close-coupling
(CCC) data (solid line).

The total inelastic DCSs which are obtained from our R values and the elastic scattering H, DCSs (Fig.

3).
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Fig. 3. Selected electron-impact total inelastic scattering (excitation plus ionization) differential cross
section values (in atomic units) for Hy at 14.5 eV.

4. Electron mass stopping power in H:

The stopping power is of fundamental importance in biomedical dosimetry, radiation physics, chemistry,
medicine and biology involving neutrons, protons, X-rays and electrons. Although, the mass stopping
powers are widely used in many fields they are not easy to obtain experimentally.

The mass stopping power for low energy electrons traveling in gaseous H, is also the subject of the
present work. Recent theoretical calculations have provided most of the mass stopping power estimates.
The breakthrough CCC model of the Curtin University group [7] has provided accurate electron-H»
cross sections, which were extended to the calculation of mass stopping powers for electrons on H» [8].
Using a TOF spectrometer we have measured electron scattering spectra and used them to provide
experimental mass stopping powers of electrons in H, in the low electron energy range where there is
no experimental data available [9].
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Atmospheric plasma spraying (APS) involves feeding a powdered input material into a plasma jet
to melt and accelerate the particles and spray them onto a substrate. Unfortunately, very often
coatings produced by thermal spraying technologies are characterized by the presence of pores and
micro-cracks. To eliminate these defects, electron beam remelting can be used to improve the
uniformity of plasma-sprayed coatings. In the present study, Ni-Cr coatings with Re addition,
produced by plasma spraying on 316Ti stainless steel substrate were remelted by oscillating
electron beam and the effects were studied. The structure and chemical composition of plasma-
sprayed and electron-beam remelted coatings were analyzed by scanning electron microscopy
(SEM) and energy dispersive spectroscopy (EDS). The results show that the electron beam melted
coating is almost pore-free, and moreover, the chemical composition of the coatings becomes
homogeneous.

1. INTRODUCTION

Due to its unique properties, thenium has found use in industry as a refractory metal. It is often
used as an alloying additive. Rhenium addition in nickel- or cobalt-based superalloys increases their
creep strength. For this reason, it is also used to produce coatings or reinforced composites. Rhenium
has very high tensile and creep strength over a wide range of temperatures. It has the third highest
melting point and the second highest boiling point of all stable elements [1-4].

In order to obtain coatings with the desired chemical composition, a thermal spraying process such
as atmospheric plasma spraying (APS) can be used. This technology makes it possible to produce
layers of the desired thickness even on parts of complex shape. However, a significant disadvantage of
plasma-sprayed layers is the lack of homogeneity and compactness in their structure, caused by the
presence of pores and cracks. The porosity of these layers can be reduced by electron beam remelting
[5-10].

This paper presents the effects of electron beam remelting processes for atmospheric plasma
sprayed coatings with different rhenium content depending on different process parameters.

2. EXPERIMENTAL PROCEDURE

The coating materials used in this procedure were Ni20%Cr + 50%Re, Ni20%Cr + 40%Re,
Ni20%Cr + 30%Re alloys. The procedure consisted of 3 stages. The first stage was the manufacturing
of powders at the Lukasiewicz - Institute of Non-Ferrous Metals. The technique used for production of
these powders consisted of a thermo-chemical treatment for producing metallic rhenium from
NH4ReO4 (ammonium perrhenate) directly on the surface of modified commercial Ni20%Cr powders.

The second stage was the plasma spraying of powders with different rhenium content on an
austenitic stainless steel (316Ti) substrate. The surface of the substrate was prepared by abrasive
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blasting using corundum abrasive. The plasma spraying parameters were as following: arc voltage 69
V, current 530 A, plasma gas flow rate (H2) 9 1/min, shielding gas flow rate (Ar) 54 I/min, transport
gas flow rate (Ar): 5 1/min, travelling speed 400 mm/s and spraying distance of 140 mm.

The last stage was the electron beam remelting that was carried out using a CVE EB756
Electron beam welding machine model XW150:30. 9 samples were made for each rhenium content
with different process parameters (the parameters changed were the beam current and sample
movement speed). Electron beam remelting parameters:

60 kV accelerating voltage,

300 mm working distance,

485 mA focusing lens current (focused beam),

500 Hz deflection frequency,

14 mm deflection amplitude (perpendicular to the direction of sample movement).
Other process parameters are given in Table 1.

Tab. 1. Variable electron beam remelting parameters.

Sample no. | Sample movement speed, mm/min | Beam current, mA | Beam Power, W
1 500 23 1380
2 500 25 1500
3 500 27 1620
4 1000 31 1860
5 1000 33 1980
6 1000 35 2100
7 1500 40 2400
8 1500 45 2700
9 1500 50 3000

The microstructures of the samples were investigated by light microscopy (Nikon MA200
Eclipse microscope) and scanning electron microscopy (FEI Nova NanoSEM 450) with energy
dispersive spectroscopy (EDS). The SEM observations and EDS analysis were carried out with an
acceleration voltage of 20 kV, at working distance of 7.5 mm.

3. RESULTS AND DISCUSSION

Metallographic studies of the coatings before and after remelting revealed that for most of the
parameters used, it was possible to achieve metallurgical fusion with the base material and reduce
defects such as porosity, as well as homogenize the microstructure. The cross-section SEM (BSED)
images of the coatings before and after remelting are shown in Figure 1. Figure 1a shows photos of
Ni20%Cr+30%Re plasma sprayed coating. It is characterized by high porosity (up to 6% according to
analysis based on cross-sections analysis) and contain a lot of cracks and have typical plasma sprayed
lamellar structure. On the contrary, Figure 1b illustrates the cross-section of the same coating after
electron beam remelting. As it is visible in Figure 1b the remelting process effectively reduces the
presence of pores (<0.2% according to analysis based on cross-sections analysis) and microcracks and
changes the lamellar structure of the plasma sprayed coating to fine homogenous microstructure. The
microstructure of all remelted coatings was characterized by a columnar or columnar-dendritic
structure.

However, not all the parameters used made it possible to obtain coatings free of defects and
characterized by a uniform chemical and phase distribution. Figure 2 shows a comparison of
Ni20%Cr+40%Re samples of similar thickness remelted at 3 different speeds.
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Fig. 1. The cross-section SEM (BSED) images of coatings: a) plasma-sprayed Ni20%Cr+30%Re
coating; b) electron beam remelted Ni20%Cr+30%Re sample No. 3.

Fig. 2. Comparison of cross-sections of electron beam remelted Ni20%Cr+40%Re coatings of: a)
sample No. 8 (1500 mm/min), b) sample No. 5 (1000 mm/min), ¢) sample No. 2 (500 mm/min).

As it is shown in figure 2, specimens remelted at 500 mm/min were characterized by the best
remelted coating geometry, uniformity of structure and absence of defects. For all types of sprayed
powders, samples remelted at 1500 mm/min were characterized by a highly uneven microstructure and
occasional pores. In addition, for samples remelted at higher speeds, the thickness of the layers was
very uneven and the fusion line was irregular. Samples sprayed with Ni20%Cr+50%Re powder at
remelting speeds of 1000 mm/min and 1500 mm/min were most often characterized by the presence of
irregularly shaped gas voids. In the case of samples sprayed with Ni20%Cr+30%Re powder remelted
at 1500 mm/min, the occurrence of cracks was also observed. Figure 3 shows typical mictrostructure
defects of samples remelted at higher speeds.
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Fig. 3. Cross-section images of samples: a) Ni20%Cr+50%Re sample No. 5 (remelted with movement
speed of 1000 mm/min) — visible large pores, b) Ni20%Cr+30%Re sample No. 9 (remelted with
movement speed of 1500 mm/min) — visible cracks and large pores.

On the surface of all remelted samples, a layer with a different structure is visible, in which
cracks were very often (regardless of the remelting speed). This layer is also very poorly bonded to the
substrate, as for some of the samples it spontaneously fell off from the remelted layer during sample
preparations.

In order to check the uniformity of the distribution of elements in the coatings, as well as to
examine the elements present in the surface layer found on remelted coatings, all samples were
subjected to EDS testing. Figure 4 shows the result of EDS analysis of the coating area sprayed with
Ni20%Cr+40% Re powder and remelted with parameters for sample No. 2. While Figure 5 shows the
result of EDS analysis of the coating area sprayed with Ni20%Cr+40% Re powder and remelted with
parameters for sample No. 5

Fig. 4. EDS map scan results of the plasma-sprayed Ni20%Cr + 40%Re coating after electron beam
remelting, sample No. 2 (500 mm/min).
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Fig. 5. EDS map scan results of the plasma-sprayed Ni20%Cr + 40%Re coating after electron beam
remelting, sample No. 5 (1000 mm/min).

As can be seen in Figure 4, the distribution of elements in the structure of the coating remelted
at low speed is uniform. Figure 5, on the other hand, shows clear unevenness in the elemental
distribution of the sample remelted at 1000 mm/min. For both analyses, very high amounts of
chromium and oxygen are present in the surface layer. Due to the fact that the electron beam remelting
process is carried out in a high vacuum, the oxygen present in the coatings must come from the plasma
spraying process. This is a negative phenomenon and leads to depletion of chromium in the coating.
According to the fact that it is chromium element that provides good corrosion resistance properties,
this phenomenon, therefore, can lead to a marked reduction in the corrosion resistance of the coatings
obtained in this way (further research is needed to confirm).

Figure 6 and Table 2 show the results of EDS analysis with calculation of the chemical
composition of the sample sprayed with Ni20%Cr+30% Re powder and remelted with parameters for
sample No. 3. The result of the analysis shows that the chromium content of the remelted layer is
lower than both the substrate material (16.5-18.5% Cr according to EN 10088-1) and the sprayed
powder (14% Cr). Part of the chromium originally contained in the powder used for plasma spraying
was oxidized during the process and was present in the top layer of the coating after remelting.

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11,
Energy - keV

Fig. 6. The EDS analysis graph of electron beam remelted Ni20%Cr+30%Re sample No. 2.
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Tab. 2. Ni20%Cr+30%Re sample No. 2 EDS analysis results (usung¢ kolumne At i wiersz Matrix)
Element Wt% At%

TiK 00.10 00.13
CrK 12.93 15.91
FeK 20.49 23.47
NiK 50.47 54.99
ReL 16.01 05.50
Matrix Correction ZAF

All remelted layers were also subjected to thickness measurements. The coatings thickness
were measured by light microscopy examination of the cross-sections. The results of the
measurements are presented in the graph shown in Figure 7. This graph shows the dependence of
coating depth on beam power and remelting speed (for all sets of parameters from 1-9). Fusion was
not achieved for samples No. 1 (for samples sprayed with Ni20%Cr+40%Re and Ni20%Cr+50%Re
powders) and 7 (for all powders used).
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Fig. 7. Graph showing the thickness of the resulting coatings

Energy density (energy per unit area) is proportional to electron beam power, while it is inversely
proportional to sample movement speed. From Figure 7, it is clear that an increase in electron beam
power results in an increase in coating thickness (the distance between the top of the surface and the
maximum depth of penetration in the substrate). If the sample movement speed increases, the
penetration depth becomes smaller, and thus the total layer thickness decreases. Slight differences in
fusion depths depending on rhenium content are also apparent. Samples with higher rhenium content
generally have slightly lower thicknesses.

4. CONCLUSION

In this study, the effect of electron beam remelting on plasma-sprayed coatings was investigated.
Ni-Cr-Re coatings with varying Re content were produced by plasma spraying and then remelted by
electron beam. Plasma-sprayed coatings are characterized by high porosity and the presence of cracks.
These coatings also exhibit the presence of a lamellar structure, resulting in a heterogeneous chemical
composition.

After the electron beam remelting process, the coatings are bonded to the substrate through
metallurgical bonding, rather than adhesively bonded as in the case of sprayed coatings. The electron
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beam remelting process also reduces the presence of pores and micro-cracks. The structure and
chemical composition become homogeneous. Coatings remelted at high speeds (1000 and 1500
mm/min) are characterized by the presence of gas voids and cracks. The occurrence of gas voids is
particularly intense for samples sprayed with Ni20%Cr+50%Re powder. In addition, samples remelted
at higher velocities were characterized by significantly lower homogeneity of chemical composition
than samples remelted at 500 mm/min. Too high a remelting speed prevents effective degassing of the
coating and thorough mixing of all components of the sprayed layer. The speed movement of the
sample (remelting speed) has a significant impact on quality. Layers produced at lower beam travel
speeds become more uniform and dense.

Metallographic studies showed the presence of an additional layer on the surface of remelted
coatings. This layer is characterized by a different microstructure. EDS analyses showed an increased
presence of chromium and oxygen atoms, suggesting intensive oxidation of powder components
during the plasma spraying process (oxidation during electron beam treatment is impossible due to the
process being conducted in a vacuum). This phenomenon causes chromium depletion of the remelted
layers, which may lead to lower corrosion resistance. For further research, the degree of oxidation of
the sprayed powder should be reduced.

In addition, coating thickness measurements have shown that the thickness of coatings usually
increases with the power of the electron beam. In contrast, an increase in sample movement speed
yields layers with smaller thicknesses. Too low a power results in failure to achieve fusion into the
base material, failing to provide metallurgical bonding to the substrate.

Electron beam remelting using appropriate process parameters is a suitable method to improve the
properties of plasma-sprayed layers. It allows metallurgical bonding of the coating to the substrate,
reducing defects such as pores and microcracks, as well as homogenizing the chemical composition of
the coating.
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A Cryogenic Stationary Afterglow apparatus with Cavity Ring-Down Spectrometer and microwave
diagnostics (Cryo-SA-CRDS) was utilized to probe the time evolutions of number densities of
particular rovibrational levels of molecular ions and of electrons in afterglow plasma. The influence
of internal excitation on measured recombination rate coefficient will be demonstrated on the case
of N," ions.

1. Introduction

Recombination of positive ions with electrons is an important loss process for these ions in various
environments ranging from interstellar gas clouds and planetary ionospheres to technical plasmas [1].
Many experimental techniques were utilized in past 70 years such as stationary or flowing afterglows,
microwave diagnostics, Langmuir probe and absorption or emission spectroscopy [1]. Unfortunately, in
many cases, most famously for Hs" ions [2], the results of various experiments varied by almost an order
of magnitude or even more. It is evident that for reliable recombination rate coefficient determination
in afterglow plasma, it is necessary to understand the underlying (and sometimes very complicated)
chemistry leading to formation of studied ions. At low temperatures, that are of interest for interstellar
chemistry, the decay of plasma in afterglow can be influenced by recombination processes assisted by
third bodies (electrons, buffer gas particles) whose ternary recombination rate coefficients are largely
unknown for molecular ions. The possible dependence of the recombination rate coefficient on internal
excitation (rotational or vibrational) can also influence the measured recombination rate coefficients in
some cases [3].

He/N,

roots pump

turbopump discharge tube
AOM
{Isolator} {Laser 1]
[TSolator [Gsera]

Fig. 1. A scheme of the Cryogenic Stationary Afterglow apparatus with Cavity Ring-Down
Spectrometer (Cryo-SA-CRDS).
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2. Experiment

A detailed description of the experimental setup, depicted in Fig. 1, can be found in ref. [4] so only short
description will be given here. The discharge is ignited in a tube made of monocrystalline sapphire in a
mixture of gases of desired composition (nitrogen gas in helium buffer gas, typically [He] ~ 10'® cm™
and [N>] ~ 10'* cm™). The microwave resonator is connected to the discharge tube via copper braids and
attached to the cold head of the closed cycle helium refrigerator. The achievable temperature range is
30 — 300 K. On the axis of the discharge tube are positioned two plano-concave mirrors forming optical
cavity of the CRDS. The laser is switched on and off by passing through an acousto-optic modulator
(AOM) and then passes through mode matching optics (not in the figure) prior entering the cavity itself.
The light leaking through the cavity is collected by an avalanche photodiode. Several laser diodes
covering the transitions in the Meinel band of N,* (*Z," - Il,) originating in the ground and the first
excited vibrational state of the ion were utilized in present study. The wavelength was measured
absolutely by WA-1650 wavemeter. The electron number density was determined from the shift of the
resonance frequency of the microwave resonator with respect to that of an empty resonator. In this way,
the time evolutions of several rovibrational states and of electrons in afterglow plasma can be used for
recombination rate coefficient determination.

3. Results and Conclusions

By probing the time evolutions of both electrons and ions we were able to determine the recombination
rate coefficients for recombination of N," ions with electrons even at conditions where these ions were
not dominant species in the afterglow plasma (for details on the data analysis see ref. [5]). The probed
temperature range was 150 — 300 K. The lower temperature limit largely given by the formation of N4
cluster ions. The obtained recombination rate coefficients are pertaining to the vibrational ground state
of the N»" ions. By comparison to data from previous experiments with vibrationally excited ions we
estimated the recombination rate coefficient for v = 1 state of N,". Details of these experiments will be
presented at the conference.
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High-Finesse optical Cavities (HFC) proved to be a very effective tool in both trace gas detection and
reference absorption data acquisition. The achievement of ultimate sensitivity comes at a price of HFC's
very-narrow frequency transmittance (typically around few kHz). For their effective integration into
spectroscopic systems, laser with similar line-width and frequency stability are recommended solution.
This constrain, on the other hand, makes it very difficult to produce spectrometer with both broad
spectral coverage and fine (accurate and stable) frequency tuning.
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Fig. 1. Comparison of HFC transmittance for free running and phase corrected ECDL using the CCT
technique

The present contribution aims to discuss the strategy of producing such spectrometer using the femto-
second Comb Coherent Transfer (CCT) technique [1,2] applied to the Extended Cavity Diode Laser
operating around 2 um. Fig.1 shows the comparison of cavity transmittance using either free running
ECLD or feed-forward phase corrected signal. The observed "ringing" pattern for the latter case,
confirms the narrowing of the source to the mode width of the HFC, thus significantly improving the
injection efficiency.

The second advantage of the spectrometer design is the capability of agile mode-hop-free frequency
tuning. This is performed by controlling the radio-frequency (RF) offset which is mixed with the CCT
signal before performing the ECDL emission correction. In this way, depending on the RF-chain
bandwidth, the tuning range extends to 5-10 GHz with the step resolution below 1 kHz. Fig.2 shows an
example of CO; absorption peak around 146.171 THz with a step size of 20 MHz.
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Fig. 2. An example of CCT-CRDS signal showing the CO, line around 146.171THz recorded with step
of 20 MHz.

Further tuning of the spectrometer is performed by changing the “locked” frequency by tuning the ECDL.

At the end the CCT spectrometer offers high-sensitivity on the whole tuning range of the ECDL (1975-
2075 nm) with frequency resolution on the kHz scale.
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Secondary electron emission (SEE) is known to have a significant influence on plasma properties
such as electron temperature and plasma density due to the injection of high-energy electrons into
the plasma, which are generated when the emitted electrons are accelerated in the sheath potential.
As the plasma properties and emitted electrons also have an impact on the sheath width and
spatiotemporal potential distribution, the ion energy distribution function (IEDF) at the electrodes
show signatures that depend indirectly on the emission coefficients. Here, the influence of SEE on
the bimodal peak structure, which is formed by ions that traverse the sheath without collisions is
analyzed in detail. In particular, (i) its position corresponding to the acceleration through the mean
sheath potential and (ii) the peak separation in the bimodal structure, depend differently on the
effective ion induced SEE yield (y.y) and the effective elastic electron reflection probability (Tefr).
We present a technique that combines energy-resolved mass spectrometric measurements and 1d3v
particle-in-cell/Monte Carlo collision simulations to determine both parameters simultaneously and
independently in a symmetric rf capacitively coupled plasma in argon. The method is applied to
stainless steel and aluminum oxide surfaces resulting in a good agreement with literature values.
This technique allows for a straightforward and relatively fast estimation of the SEE coefficients for
all materials that can be deposited on the plasma electrodes.

1. Introduction

Besides stochastic heating, secondary electron emission is the most important source of high-energy
electrons: When ions, electrons, photons, metastable species or fast atoms hit the surface, the deposited
energy can release secondary electrons from the surface, that are subsequently accelerated in the
potential of the plasma sheath. These electrons enter the bulk plasma with high energies and can ionize
the background gas in electron impact ionization collisions. Therefore, secondary electrons are capable
of influencing the most important plasma parameters as plasma density and electron temperature and
are important for the understanding of the plasma. We used this influence of the electron emission on
plasma density to determine the effective ion induced secondary electron emission coefficient y.; and
the effective elastic electron reflection probability 7.

2. Experimental setup and results

We designed a symmetric capacitively coupled plasma with an electrode distance of 25 mm as sketched
in fig. (1). Two different electrode pairs were built out of stainless steel of which one was left uncoated
(SS) and one was coated with a thin layer of aluminum oxide (Al,O3). We measured the emission profile
through one of the slits in the cylinder wall and the ion flux-energy distribution of the Ar" ions with help
of the Hiden Analytical PSM in the center of the discharge at an argon pressure of 5 Pa.

The emission profiles for the two different surface materials, see fig. (2), show a 20% higher peak
emission for the Al,O; surface and a lower sheath width which both indicate a higher plasma density
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due to an increase in secondary electron emission. The ion flux-energy distribution in a rf discharge
consists of a bimodal peak structure at high energies that is formed by ions crossing the plasma sheath
without collisions and several broader maxima at lower energies that are formed by ion collisions with
the background gas in the plasma sheath. The ion flux-energy distributions for the two different surface
materials, see fig. (3), show significant differences in the number and positions of the collision peaks as
well as the position and peak separation of the bimodal peak structure. Please note, that in our case the
bimodal peak structure is influenced by collisions so that the high energy peak of the bimodal peak
structure is distorted to a shoulder like structure. Nevertheless, we can estimate the peak positions from
the high energy edge. We determined the position and peak separation of the bimodal peak structure,
which correlate with the plasma sheath potential and the ion transit time. The ion transit time itself
depends on the sheath width, which varies with the surface material as we have seen in the emission

profiles in fig. (2).
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Figs. (1) Sketch of the symmetric electrode geometry and operation conditions. (2) Emission profile
measurement through one of the slits in the cylinder wall. (3) Measurements of the ion flux energy
distribution for stainless steel (SS) and aluminum oxide (A1203). (4) Comparison of the sheath potential
and bimodal peak separation from the measurements and PIC/MCC simulations for the determination
of the effective ion induced secondary electron emission coefficient yoy and the effective elastic electron
reflection probability rey. Individual figures combined from reference [1].

Then, we compared the sheath potentials (@) and bimodal peak separations (AE) from the
measurements with the same parameters as determined from the ion flux-energy distributions from 1d3v
particle in cell/Monte Carlo collisions (PIC/MCC) simulations for different combinations of the
effective ion induced secondary electron emission coefficient y.; and the effective elastic electron
reflection probability 7.5 It turned out, that both parameters depend independently and differently on
these two surface coefficients, which allows a determination of y.; and r.;. The determined values are
in good agreement with the literature, see [1] for details.

In the future, we plan to apply the method to different discharge conditions as gas pressure, electrode
distance and other surface materials. Furthermore, including the positions of the collision peaks in the
fitting routine might further improve the accuracy of the proposed technique.
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Multi-hollow surface dielectric barrier discharge (MSDBD) generating plasma-activated gaseous
media was used to decontaminate fresh raspberries inoculated with Enterococcus faecium bacteria.
The highest microbial inactivation of 2 log;o was achieved for the exposure time of 1 min, distance
of 10 mm and flow rate of 15 L/min. No colour changes on raspberries were observed after the
plasma decontamination process. Temperature monitoring of the raspberries' surface immediately
after plasma treatment showed only a slight increase, therefore giving positive implications for the
product quality.

1. Introduction and experimental

This study aimed to evaluate the decontamination effect of plasma-activated gaseous media on fresh
food products. Food decontamination is an important topic that combines physical methods with
microbiology to ensure that foods are safe to consume. Fresh raspberries were chosen as a raw material
as they are very sensitive foods which hardly be washed or otherwise decontaminated as of now [1].
As a model microorganism, Enterococcus faecium was used for artificial contamination of raspberries
and subsequent inactivation using plasma treatment. Enterococcus faecium is a Gram-positive bacterium
typically coexisting in the gastrointestinal tract of humans and animals. It was used as a non-pathogenic
surrogate for Salmonella. The evaluation of microbiological inactivation was carried out using the plate
count method before and after plasma exposure. Inactivation was calculated based on counted colony
forming units per gram of sample (CFU/g), as logio(N/Ny), with Ny and N referring to the CFU before
and after the treatment, respectively.

Multi-hollow surface dielectric barrier discharge (MSDBD) working at atmospheric pressure
was utilised for the experiments. This plasma source's geometry and electrical parameters are described
elsewhere [2]. The dielectric plate of MSDBD contains many small holes, through which the working
gas is flown, and thus this coplanar-type DBD plasma source is capable of generating plasma-activated
gaseous media in volume [3]. The decontamination process of inoculated raspberries was carried out in
a closed chamber. Some trials were performed in an open atmosphere for comparison. The apparatus
enabled the variation of several treatment parameters, such as type (air, nitrogen) and flow rate (5-25
L/min) of the working gas, as well as the distance between the dielectric surface and the top of the
sample (5-20 mm). The input power was set constant to 30 W, and exposure times in the range of 1-10
min were tested. As the temperature is an essential parameter for maintaining the quality of fresh fruit,
the temperature of raspberries was measured immediately after the treatment using a contactless infrared
thermometer.

The fresh raspberries were purchased every time from the same provider to minimise the natural
inhomogeneities that could influence the results of the experiments. The halves of fresh raspberries
(15 g) were surface inoculated with 50 puL. of Enterococcus faecium working culture. Preparation of the
working culture as well as the method for inoculation are described elsewhere [4]. Only the outer surface
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of the berries was inoculated to simulate the natural contamination process in the field. After the plasma
decontamination, microbiological analyses were carried out by mixing raspberries (15 g) with Ringer
solution (135 ml) in a stomacher. Extracted liquid was serially diluted and plated on nutrient agar. Agar
plates were incubated for 48 h at 37°C before colonies were counted and inactivation levels were
calculated.

Moreover, colour analysis of samples before and after the plasma decontamination was carried
out with an electronic visual analyser, ensuring reproducible light conditions.

2. Results and discussion

The effect of working gas type, its flow rate and the distance between the dielectric surface and the top
of the sample on the microbiological inactivation were studied. The optimisation process aimed at a
combination of treatment parameters leading to the highest reduction of microorganisms. The duration
of the plasma decontamination process is a crucial parameter from an industrial point of view. The
exposure time of 1 min led to a 2 logo reduction of E. faecium. A further prolonged exposure time of
up to 10 min did not result in a significantly higher effect. Similarly, the increased working gas flow
rate up to 25 L/min did not result in a higher inactivation. The best results considering microbiological
inactivation were achieved for the distance of 10 mm, flow rate of 15 L/min and exposure time of 1 min.
The type of working gas (air, nitrogen) had only a minor effect on the microbial inactivation. The plasma
decontamination proceeded in such a way that each half of the raspberry was treated separately. Finally,
we decided to decontaminate all berries corresponding to one sample simultaneously. Surprisingly, the
treatment of all raspberries (15 g) in one step resulted in similar results as the treatment of every single
half of the berry. The main advantage of this finding is the decrease in treatment time needed to
decontaminate a certain number of berries corresponding to one sample. Colour analysis of samples
before and after plasma decontamination did not show any changes in colour. The temperature of treated
raspberries measured immediately after treatment did not exceed the value of 40 °C, even for 10 min
exposure time.

3. Conclusion

The MSDBD plasma decontamination under optimised conditions led to a reduction of E. faecium up
to 2 logio, and there was no change in the colour of the raspberries at the same time. The highest
microbial inactivation was achieved for the exposure time of 1 min. The temperature of the samples
measured immediately after the treatment was only slightly higher than before plasma exposure,
depending on the treatment parameters used, thus no thermal quality deterioriation took place. However,
further optimisation of the plasma decontamination process leading to higher microbial inactivation is
required in order to enable the implementation of the results in the food industry.
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The pulsed streamer corona discharge generated in ambient air was applied to single- and mixed-
species bacterial biofilms of different growth stages. Both types of biofilms underwent significant
losses of biofilm biomass, suppression of metabolic activity, and removal from polystyrene or glass
substrates. Despite the strong immediate effect on bacterial viability, the regrowth of biofilms on
the next day showed a inadequacy of the used plasma treatment. Also, hydrated form of biofilms
was found more resistant than dry-surface one. The gaseous species including Oz and NOy combined
with the etching of biofilms are probably the main factors responsible for overall antibiofilm
eradication induced by the pulsed streamer corona discharge plasma.

1. Introduction
The existence of microbial biofilms in various aspects of the human community causes severe economic
and health-related issues. Cells in biofilms demonstrate enhanced resistance to stressful environmental
conditions than planktonic bacteria and require higher concentrations of disinfectants to inactivate on
surfaces. Biofilms with harmful effects can be eradicated by physical and chemical methods [1]. Cold
plasma represents one of the alternative methods for biofilm infection control [2]. It is believed the
plasma treatment combine both physical (ion bombardment, electroporation, electrostatic disruption)
and chemical (oxidative and nitrosative stress) mechanisms. Besides damage to DNA, proteins, and cell
membrane as main targets of reactive oxygen and nitrogen species (RONS), the etching effect and
interference of quorum sensing have been reported among antibiofilm mechanisms of plasma treatment
[3]. There is a number of challenges to biofilm destruction by cold plasma, such as heterogeneity in
biofilm extracellular polymeric substances, its thickness, O, content, nutrient gradients, microbial
species, persister cells, and location of the biofilm. The adequate treatment of such coordinated
communities of bacteria is crucial to avoid the appearance of more adaptive biofilms, persister cells, or
resistance to RONS generated by plasma. Yet, knowledge of complex network of interactions between
bacteria in mixed-species biofilms as well as plasma-biofilm inactivation pathways is limited. The
objective of this work was to investigate the effects of the pulsed streamer corona discharge plasma on
single- and mixed-species biofilms of clinically relevant bacterial species S. aureus and P. aeruginosa.

2. Experimental setup

The pulsed streamer corona discharge was used for the treatment of biofilms (Fig.1). The discharge was
generated in ambient atmospheric air between the tip of the needle electrode and the surface of the
grounded electrode. The biofilms on the polystyrene or glass substrate were directly placed between the
electrodes and treated by the discharge. The discharge was driven by a high voltage (HV) pulse generator
(FID Technology FPG 20-10NM10) and its electrical characteristics are monitored by a HV probe
(Tektronix P6015A) and Rogowski type current probe (Pearson Electronics 2877) connected to a
digitizing oscilloscope (Tektronix TBS 2000). The applied voltage was set at 10 kV at 1 kHz.

The effects of plasma treatment were evaluated against models of 24-h / 48-h old single— and
mixed—species biofilms of Gram-positive S. aureus and Gram-negative P. aeruginosa. Bacteria viability,
biofilm biomass, metabolic activity, regrowth of biofilms after treatment, and intracellular ROS
accumulation were analyzed. Standard microbiological, spectroscopic, and fluorescence technics were
used. Additionally, the gas-phase chemistry of the discharge was evaluated by emission and absorption
spectroscopy.
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Fig. 1. Schematic diagram (left) and photograph (right) of the pulsed streamer corona disharge plasma.

3. Results and discussion

The pulsed streamer corona discharge plasma resulted in an effective biofilm inactivation (P. aeruginosa
— complete inactivation, S. aureus ~ 4 log reduction). Both S. aureus and P. aeruginosa displayed higher
resistance to plasma treatment in mixed-species biofilms compared to their single forms. A higher
reduction in metabolic activity of bacteria was achieved for more mature 48-h biofilms. The
fluorescence microscopy showed evident biofilm eradication from the glass substrate even at the shortest
(30 s) treatment time. Interestingly, a significantly stronger inactivation was found for dry-surface
biofilms compared with hydrated biofilms (Fig.2). Supposedly, plasma did not generate enough long-
lived RONS in water responsible for bacterial lysis. Moreover, Oz and NO, were dominant gaseous
species generated by the discharge that seemingly contribute to the predominant etching mechanism of
biofilm destruction.
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Fig. 2. Survival of 24-h old single species biofilms as a function of plasma treatment time.
(PA - P. aeruginosa, SA — S. aureus; hyd. — hydrated, dry — dry-surface biofilm).

4. Conclusion
Air streamer corona discharge has shown the ability to efficiently eradicate bacterial biofilms. The
results showed the plasma did not lead to the complete inactivation of bacteria within biofilms since
they regrew again the next day. A thorough fundamental understanding of cold plasma physicochemical
properties and revealing of plasma-induced biological responses are required for the safe application of
plasma in biomedicine.
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A novel combination of a gas aggregation source and a secondary radio frequency discharge is
used to generate, confine, and coat nanoparticles. The process is monitored using Fourier-
transform infrared spectroscopy and localized surface plasmon resonance spectroscopy. It is
demonstrated that Ag@SiO- nanoparticles can be synthesized with a well-defined surface coating.

Due to their size, noble metal nanoparticles have unique properties in comparison to their bulk
counterparts. Applications range from photocatalysis, resistive switching, sensors, solar cells, to
antibacterial coatings.

In this contribution, the Ag nanoparticles are created in a Haberland type gas aggregation source and
then injected into a secondary radio frquency discharge for further confinement and treatment. This
novel approach allows for treatments with much longer time scales than in traditional in-flight
treatment setups and much finer control over the coating properties. The system is capable of holding
particles over an hour without significant losses. The confined particles are measured using Fourier-
transform infrared spectroscopy and localized surface plasmon resonance for monitoring of the on-
going surface treatment. Ag nanoparticles between 5-60 nm have been coated with SiO, where a
homogeneous coating was achieved after 10 min of treatment. For shorter coating times, island growth
has been observed with a closing of the coating at around 5 min.

This method is very versatile and could be applied to many different particles ranging from different
metal types, alloys to inorganic materials and even polymers. Furthermore different coatings can be
applied and even the fabrication of a gradually changing coating is possible.

Gas Aggregation Source

Fig. 1. Left: Sketch of the two-step fabrication process of Ag@SiO. nanoparticles. On the left, a
Haberland type gas aggregation source is used to create Ag nanoparticles, which are then injected into
the secondary radio frequency plasma for further confinement and treatment with SiH4 Right:
HRTEM micrograph of a Ag nanoparticle after 10 minutes of coating with SiH..
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Plasmas in liquids have many applications in areas such as material science and health care [1].
Recently the focus of the plasma-liquid interaction research has expanded to include various applications
such as nanoparticles synthesis, material surface functionalization and water treatment [2,3,4]. With low
voltage pulses and higher conductivity ionic solutions, the discharge normally follows the formation of
a bubble or gas film around the electrode tip [5,6].

In this work, short HV pulses of ~7kV were applied to aqueous solutions. Typically pulse widths were
< 10 ps and frequencies were ~ 1 Hz or lower. The frequency was kept low to minimise heating of the
liquid. Two tungsten wire electrodes separated by a micro-gap of less than 1 mm were immersed in the
solution. The production and evolution of plasma breakdown in saline (NaCl) and potassium bromide
(KBr) solutions were investigated. An intensified charged-coupled device (iCCD) camera, iStar Andor,
was used to take Images at various delays, enabling the creation of a sequence of frame-by-frame images
to monitor the evolution of the vapour layer over time. The time evolution of emission spectra was also
monitored with the iStar camera attached to an Oriel MS125 spectrometer. Ho, HB and OI emission
lines are the most noticeable lines in the spectra. Fig. 1 shows the time resolved spectroscopy results for
Ho emission at KBr solution at different delays with a fixed time width 0.5 ps. These results are being
analysed to estimate electron densities.
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Fig. 1. Ha results for KBr solution at different delays; the labels dx
refer to time windows of x to x+0.5 us; e.g., d4 indicates a time window
of 4.0 to 4.5 ps after the initiation of the discharge.
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Atmospheric pressure plasmas open up a cost-efficient and modular way for the synthesis of
nanocrystals with optical qualities. The improvements to the plasma source HelixJet result in a stable
long-term operation which is needed for high particle yields. The jets parameters have been
optimized for nanocrystal synthesis and the properties of the resulting particles have been analyzed
with various methods.

©
>
9
c
)
5]
E=
[
o

600 700 800 900
Wavelength / nm

Fig. 1: The atmospheric plasma source HelixJet (top left) can be used to synthesize silicon
nanocrystals (top right) that exhibit photoluminescence (bottom left).

Due to their opto-electrical properties semiconductor nanoparticles can be used for a wide range of
applications including photovoltaic cells [1]. Cold atmospheric plasmas (CAP) are highly reactive
systems that can be used for the generation of such nanoparticles. Compared to low pressure plasma
systems [2] the production of crystalline particles is here more challenging, but also provides potential
economic benefits. In this contribution we report on the HelixJet [3]. The HelixJet is a capacitively
coupled RF-driven plasma source that is operating under atmospheric pressure. It consists of a dielectric
in between two helix-shaped electrodes as seen in Figure 1. Two improvements in the form of an
additional electrode and on-axis-gas-injection were made to the original jet design which make it
suitable for long-term operation at low powers [4]. Using the reactive gas silane, silicon nanoparticles
with a precise size control could be generated over a broad range of sizes. The particle size is determined
with a 1 nm resolution scanning mobility particle sizer (SMPS). The synthesized particles have been
analyzed in regard to their size, crystallinity, structure and photoluminescence. Distinct varieties of
nanomaterials could be synthesized depending on the operation parameters of the HelixJet. In-flight
annealing post synthesis allows the formation of large crystalline nanoparticles with diameters up to 200
nanometers. In addition, metals such as manganese could be incorporated into the nanocrystals creating
silicides (e.g. manganese silicides).
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This work focuses on a direct cold atmospheric-pressure plasma (CAPP) treatment of a model yeast
example Candida glabrata. The main goal was to test the efficiency of chosen CAPP sources on the
same microorganism and evaluate their antimycotic effects. The study also deals with the
optimization of selected working parameters to meet the medical requirements and to choose the
most suitable discharge for further studies focused on the treatment of superficial yeast-caused
infections in animals and humans.

1. Introduction

Cold atmospheric-pressure plasma (CAPP) technology has become a very discussed topic in
the past few decades, thanks to its wide range of applications in various fields of science.
Compared to the well-known hot plasma technologies used in welding, plasma cutting or
plasma spraying, the CAPP has much lower energy, and thus it can be used in fields like
medicine, agriculture or food industry. This work is aiming to broaden the knowledge about
antimicrobial effects of CAPP, mainly focusing on the antimycotic effects of different CAPP
sources as a potential alternative method for yeast inactivation. In this study, 4 different cold
plasma sources, namely: microwave discharges (unipolar and surface-wave) in the form of
plasma jets, transient spark and corona discharge in the form of corona pen were tested.
C. glabrata was chosen as a model yeast example as a representative of non-albicans species,
in order to establish basic plasma set-up of chosen CAPP sources for further studies and
experiments hopefully leading to clinical studies in-vivo.

C. glabrata

C. glabrata of the genus Candida is a natural part of human microflora and can be found mainly
in the oral cavity, genitals and the digestive tract. From a phylogenetic point of view,
C glabrata is genetically more similar to baker’s yeast (Saccharomyces cerevisiae) than to its
pathogenic sister C. albicans, to whom it is often compared to. This is because of its haploid
genome, which also distinguishes it from other Candida species [1]. In the past few decades, it
has been found that C. glabrata changed its lifestyle from a non-pathogenic yeast to an
opportunistic pathogen, which means that when the host's immunity is weakened, it changes
from a saprophytic yeast to a pathogenic yeast that can cause candidiasis (mycoses caused by
the yeast Candida) affecting various parts of the body. Currently C. glabrata is considered to
be the second most common cause of candidiasis in the world [2]. As in the case of the entire
genus Candida, C. glabrata is a threat especially to the so-called at risk population groups:
elderly people, small children, hospitalized patients, people with other serious diseases (HIV,
cancer, etc.) and other vulnerable groups [3].

CAPP

CAPP treatment is a non-thermal process that uses plasma (ionized gas or gas mixture) as a
source of electrons, ultraviolet radiation (UV), reactive oxygen species (ROS), such as hydroxyl
radicals, ozone or hydrogen peroxide and reactive nitrogen species (RNS), such as nitric oxide
and other NOx [4]. In the case of direct application of the discharge to the treated subject, the
electric field, which causes the so-called electroporation (opening of pores in cell membranes
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due to a high electric field) occurs as well. All these effects synergistically cause various
damage to microbial cell leading to apoptosis [5].

Numerous studies use low-temperature plasma in oncology [6] [7], dermatology [8], wound
healing [9], but also disinfection and sterilization [10] [11] using plasma technologies are also
very discussed topics. Some studies have already gone beyond the in-vitro experiments and are
performed in-vivo and some have progressed to the phase of clinical trials in real patients.

2. Experimental part

The yeast strain Candida glabrata CCM 8270, supplied by the Czech Collection of
Microorganisms in Brno [12]. Freshly prepared 24-hour inoculum was diluted to selected
concentrations and inoculated onto the agar plates. These were immediately treated by the cold
plasma under selected conditions. After treatment the samples were incubated in a thermostat
at 37 °C and photographed after 24 h, 48 h. Results were then evaluated based on the size and
stability of the inhibition zones. Detailed description of all the treatment conditions as well as
description of chosen discharges can be found in: Studium interakce plazmatu s kvasinkami
Candida glabrata [13]

3. Results and discussion

The aim of this work was to study the effects of chosen CAPP sources on the yeast C. glabrata
in order to examine the effects of individual discharges on a selected microorganism and to find
the most efficient way for its inhibition as well as to optimize the set-up for further
measurements.

The overall comparison of the investigated discharges shows that the most effective discharge
for yeast inactivation is the unipolar MW jet, followed by the surface-wave MW jet, then the
transient spark discharge and the corona pen. These results are quite understandable given the
power used in each discharge that strongly correlates with the concentration of active particles
produced by the discharge. With bigger applied power more active species, that play a major
role in microbial inhibition, are produced, thus resulting in greater inhibitory effects. In case of
zone stability, the transient spark discharge created the most stable zones, followed by the
corona pen and unipolar MW jet and lastly the surface-wave MW jet. This high stability of the
zones created by the transient spart discharge could beneficially be used in indirect plasma
treatment (production of plasma treated liquid) for the microbial inhibition.

I surface-wave MW jet 12 W

I unipolar MW jet 12 W
corona pen 1 W

I transient spark 2 W

Inhibition zone size [cm?]

0 10 30 60
Irradiation time [s]

Fig 1: Comparison of efficiency in inhibition of C. glabrata for chosen CAPP sources

81



From previous experiments and studies, 3 basic parameters were selected: treatment time,
power and initial concentration of cells, the effects of which have a major impact on the
inhibitory effects. In all experiments, the general trend was confirmed: in the case of treatment
time and power used, there is a directly proportional dependence of the inhibitory effects on
these two factors. With longer treatment times and greater power, leading to more interactions
of active particles with the microbial cells, better inhibitory effects can be achieved. On the
other hand, the initial cell concentration shows an indirect dependency, and thus better
inhibitory effects can be achieved with a smaller number of cells, which is mainly caused by
greater susceptibility of planktonic cells compared to cells forming a compact layer or biofilm.
The optimized parameters are listed below in Table 1 and will hopefully lead to further
experiments with more complex inoculation substrates as well as to in-vivo tests.

Tab. 1. Table summarizing the optimized parameters for each discharge.

- Surface-wave Unipolar MW Transient
Optimized . . Corona pen
parameters MW jet Jet spark
Treatment time [s] 30 - 60 30 - 60 60 — 300 60 —x
Power [W] 9-12 9-12 1 2
Initial cell
concentration 103, 108 103, 108 10%, 108 104, 106, 108
[CFU/ml]
Cultivation 37
temperature [°C]
Data gathering 24 h, 48 h, 7 days

4. Conclusion
The main goal was to test the effects of different CAPP sources on the yeast C. glabrata and to
optimize the plasma treatment to be applicable for the treatment of superficial candidias. From
the measurements we can conclude that all tested CAPP sources have strong antimycotic
effects, that are dependent on the treatment conditions. The unipolar MW jet was chosen as the
most effective discharge for yeast inhibition and will therefore be used for further
measurements.

5. References

[1] FIDEL, Paul L., Jose A. VAZQUEZ a Jack D. SOBEL. Candida glabrata: Review of
Epidemiology, Pathogenesis, and Clinical Disease with Comparison to C. albicans.
Clinical Microbiology Reviews [online]. 1999, 12(1), 80-96 [cit. 2022-11-23]. ISSN
0893-8512. Dostupné z: doi:10.1128/CMR.12.1.80

[2] PFALLER, M. A. a D. J. DIEKEMA. Epidemiology of Invasive Candidiasis: a
Persistent Public Health Problem. Clinical Microbiology Reviews [online]. 2007, 20(1),
133-163 [cit. 2022-12-03]. ISSN 0893-8512. Dostupné z: doi:10.1128/CMR.00029-06

[3] SARDIL, J. C. O., L. SCORZONI, T. BERNARDI, A. M. FUSCO-ALMEIDA a M. J. S.
MENDES GIANNINI. Candida species: current epidemiology, pathogenicity, biofilm
formation, natural antifungal products and new therapeutic options. Journal of Medical
Microbiology [online]. 2013, 62(1), 10-24 [cit. 2022-11-23]. ISSN 0022-2615.
Dostupné z: doi:10.1099/jmm.0.045054-0

82



[4] BOECKMANN, Lars, Mirijam SCHAFER, Thoralf BERNHARDT et al. Cold
Atmospheric Pressure Plasma in Wound Healing and Cancer Treatment. Applied
Sciences [online]. 2020, 10(19) [cit. 2022-02-20]. ISSN 2076-3417. Dostupné z:
d0i:10.3390/app10196898

[5] NIEDZWIEDZ, IWONA, ADAM WASKO, JOANNA PAWLAT a MAGDALENA
POLAK-BERECKA. The State of Research on Antimicrobial Activity of Cold Plasma.
Polish Journal of Microbiology [online]. 2019, 68(2), 153-164 [cit. 2022-03-08]. ISSN
2544-4646. Dostupné z: doi:10.33073/pjm-2019-028

[6] SCHUSTER, Matthias, Rico RUTKOWSKI, Anna HAUSCHILD et al. Side effects in
cold plasma treatment of advanced oral cancer—Clinical data and biological
interpretation. Clinical Plasma Medicine [online]. 2018, 10, 9-15 [cit. 2021-05-08].
ISSN 22128166. Dostupné z: doi:10.1016/j.cpme.2018.04.001

[7] SEMMLER, Marie Luise, Sander BEKESCHUS, Mirijam SCHAFER et al. Molecular
Mechanisms of the Efficacy of Cold Atmospheric Pressure Plasma (CAP) in Cancer
Treatment. Cancers [online]. 2020, 12(2) [cit. 2021-05-08]. ISSN 2072-6694. Dostupné
z: doi:10.3390/cancers12020269

[8] KRCMA, Frantisek, Ivan TSONEV, Katefina SMEJKALOVA et al. Microwave micro
torch generated in argon based mixtures for biomedical applications. Journal of Physics
D: Applied Physics [online]. 2018, 51(41) [cit. 2021-05-08]. ISSN 0022-3727. Dostupné
z: d0i:10.1088/1361-6463/aad82b

[9] BOGDANOV, T.,I. TSONEV a L. TRAIKOV. Microwave plasma torch for wound
treatment. Journal of Physics: Conference Series [online]. 2020, 1598 [cit. 2021-05-08].
ISSN 1742-6588. Dostupné z: doi:10.1088/1742-6596/1598/1/012001

[10] SHALI, Parisa, Pegah ASADI, Mohammad Asna ASHARI a Babak SHOKRI. Cold
atmospheric pressure plasma jet for tooth root canal disinfection. 2015 IEEE
International Conference on Plasma Sciences (ICOPS) [online]. IEEE, 2015, 1-1 [cit.
2022-02-20]. ISBN 978-1-4799-6974-6. Dostupné z:
doi:10.1109/PLASMA.2015.7179714

[11] SAKUDO, Akikazu, Yoshihito YAGYU a Takashi ONODERA. Disinfection and
Sterilization Using Plasma Technology: Fundamentals and Future Perspectives for
Biological Applications. International Journal of Molecular Sciences [online]. 2019,
20(20) [cit. 2021-05-08]. ISSN 1422-0067. Dostupné z: doi:10.3390/ijms20205216

[12] Katalog kultur: vlaknité houby a kvasinky. In: MUNI SCI: Ustav experimentdlni
biologie Ceska sbirka mikroorganismii [online]. [cit. 2022-12-19]. Dostupné z:
https://www.sci.muni.cz/ccm/houby/htmlh/T505.HTM

[13] TREBULOVA, Kristina. Studium interakce plazmatu s kvasinkami Candida glabrata.
Brno, 2022. Diplomova prace. Vysoké uceni technické, Fakulta chemicka, Brno.
Vedouci prace Prof. RNDr. FrantiSek Kréma, Ph.D.

83



PIC/MCC STUDIES OF LOW PRESSURE HELIUM
CAPACITIVELY COUPLED RADIOFREQUENCY DISCHARGES
WITH A STRUCTURED ELECTRODE

Jan Durian', Peter Hartmann?, Stefan Matejéik', Andrew R. Gibson®,
Zoltan Donko?

! Department of Experimental Physics, Faculty of Mathematics, Physics and Informatics, Comenius
University in Bratislava, Mlynskad Dolina F2, 842 48 Bratislava, Slovak Republic
2 Institute for Solid State Physics and Optics, Wigner Research Centre for Physics, 1121 Budapest,
Konkoly Thege Miklos str. 29-33, Hungary
3 Research Group for Biomedical Plasma Technology, Ruhr-Universitit Bochum,
Universitdtsstrafle 150, 44801 Bochum, Germany

E-mail: durian5@uniba.sk

A low-pressure capacitively coupled radiofrequency (RF) helium discharge with structured
electrodes is studied experimentally and numerically via kinetic simulations. In the experiment,
Phase Resolved Optical Emission Spectroscopy (PROES) is used to obtain information on the
electron-induced excitation dynamics with high spatial and nanosecond temporal resolution within
the RF (13.56 MHz) period. The numerical simulations are carried out with a new 2d3v Particle-in-
Cell/Monte Carlo Collisions (PIC/MCC) code accelerated by Graphics Processing Units (GPUs).
The two approaches give consistent results for the excitation dynamics in and near a square
indentation in the structured electrode. Lastly, the fluxes of vacuum ultraviolet (VUV) photons
incident on the different surface parts of the electrode are studied. The results are discussed in
relation to the relevant advanced surface processing and disinfection processes.

1. Introduction
Low pressure radiofrequency (RF) plasma sources are widely used in the field of surface treatment. This
includes surface modification for textiles, plasma etching in the semiconductor industry, as well as
coating deposition and surface sterilization in medical applications. These processes are primarily driven
by ions, radicals and UV/VUYV photons (known as active species) produced by excitation processes
taking place in the RF discharges.

Radiofrequency plasma sources find wide utilization in the applications mentioned. RF plasmas
showcase complex nanosecond time scale dynamics as the electrons react to the rapidly changing
electric field thanks to their high mobility. These dynamics determine the overall properties of the
plasma source, such as the electron energy distribution (EEDF) and the generation of active species,
which in turn drives applications in the industry.

In most applications, a homogeneous treatment of the surface is desired, which means that fluxes of
ions, radicals and UV/VUYV photons should be constant along the entire surface that is being treated.
The homogeneity of plasma, as well as the aforementioned fluxes, are greatly influenced by the plasma
reactor design, the RF discharge parameters, as well as the shape of the electrodes and the material the
electrodes are made of.

The aim of this work is to study the key parameters described in relation to the non-planar electrode
structure via PIC/MCC simulations, and their implications on the application outcomes. We note that
similar effects have already been studied in [1] experimentally and by an analytic model; the present
work represents an advance as it provides a rigorous comparison between experimental data and results
of kinetic particle simulations.

The results presented in this paper are published and explained in greater detail in [2].
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2. Experimental setup
The discharge cell, situated inside a vacuum chamber, is composed of a top flat electrode and a bottom
structured electrode 2.8 cm apart and 5 cm wide. Both electrodes are made of type 304 stainless steel,
with the bottom electrode being modified with an indentation milled into it. The shape of the indentation
is shown on Figure 1. The indentation is 1 cm deep, therefore the distance between the bottom of the
indentation and the top electrode is 3.8 cm. The background gas is chosen to be helium at pressures from
40 Pa to 140 Pa.

2.8cm

3.8cm

2cm
\ 4—4

lcm

lcm

A
Y

Figure 1 — Discharge chamber configuration with the structured electrode.

To validate our PIC/MCC model, the discharge is also studied experimentally using the PROES method
[3]. The main diagnostic tool of the setup is a fast-gateable ICCD camera equipped with a telecentric
lens centered on the axis of the indentation in the structured electrode. This diagnostic makes it possible
to determine the spatio-temporal distribution of the excitation rate of a given atomic state of the working
gas and this way it reveals information about the dynamics of high-energy electrons in the plasma.

3. PIC/MCC simulations and VUV photon tracing

A new Cartesian 2d3v GPU-accelerated PIC/MCC code was developed for modelling the discharge.
The code is written in C/C++ and utilizes OpenMP of CPU-side computations while the GPU-side of
the code was developed on top of the CUDA platform. The code is designed to handle arbitrary electrode
shapes and boundary conditions (Dirichlet, periodic) that are definable by the user, allowing for a
flexible means of modelling the discharges of our interest. The code uses numerical methods specifically
tailored for execution on GPUs, namely the parallelized version of Successive Over-Relaxation (SOR)
for solving the Poisson equation, and a massively parallelized Leapfrog scheme for integration of
particle motion on a “one thread per particle” basis synchronized using atomic operations.

The code execution is split into the two parts: (i) the convergence stage during which only the particle
counts are monitored, and (ii) the diagnostics stage during which detailed diagnostics data are collected.
The convergence stage concludes once the particle counts reach overall constant levels, which requires
simulating between 2000-3000 RF cycles of the discharge. The diagnostics data are not collected during
the convergence stage to ensure maximum quality of the collected data.

The dimensions of the simulation domain defined by the model are 5 cm (laterally) and 3.8 cm
(vertically). Periodic boundary conditions are applied at the left and right sides of the domain. The
resolution of the computation grid is 256x192 points, which results in near-square grid cells given the
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dimensions of the simulation domain. At the top boundary rests the flat, powered electrode, and at the
bottom of the domain is the structured, grounded electrode.

In the collision model only electron-neutral and ion-neutral collisions are included. For electron-neutral
collisions the “Biagi v8.92” [4] cross-section set is used. This set includes 51 collision types in total
(elastic collisions, 49 excitation processes and ionization). For ion-neutral collisions only elastic
collisions with neutral atoms are considered. A cross-section set proposed in [5-6] is used, and consists
of an isotropic and a backwards scattering component to model this interaction.

Secondary electron emission and electron reflection are modelled at the electrode surfaces. Coefficients
of y = 0.3 and p, = 0.7 are used for these two phenomena respectively, which are good estimates for
the combination of the background helium gas and the stainless steel material used for the electrodes in
the experimental setup [7-9].

The discharge is driven by a cosine waveform ¢(t) = 0.5 ¢, cos (2mft) with ¢, = 340 V. The
simulations are executed for five different pressures: 40 Pa, 60 Pa, 80 Pa, 100 Pa and 140 Pa.

Computing of the fluxes of VUV photons is decoupled from the main PIC/MCC simulations. From the
PIC/MCC simulations we obtain coordinates of excitation events to the state 2'P, which is the one that
leads to the emission of “primary” VUV photons of the resonance radiation. Subsequently, we can trace
the propagation of these emitted photons, treating them as individual particles via Monte Carlo methods
[10]. As these photons move through space, there is a probability P of them being absorbed into the
background gas at every time-step

P =1 —exp (—ng Opnaps € Atpp) M

where n is the background gas density, gppqps is the photoabsorption cross section, c is the speed of
light and Aty is the time-step of the photon tracing simulation. The absorption of the photons is
followed by re-emission and these processes repeat until the photons reach any of the boundary surfaces.
This procedure makes it possible to compute the fluxes of the VUV photons at the various parts of the
electrode surface.

4. Results

First, we present the comparison of experimental results with PIC/MCC simulations, as seen in
Figure 2. The excitation rates to the 3s state of Helium (at 706 nm) at 40 Pa and 140 Pa pressures are
presented, showing a very good agreement between the experiments and the simulations. Note that the
experimental values are in arbitrary units, while the simulation results are in units of 10*> cm™ s'. The
bottom electrode is highlighted with a white contour.

The results show that at 40 Pa the plasma barely penetrates into the indentation in the structured
electrode, while at 140 Pa very strong excitation is seen within the indentation. A crucial role in forming
these excitation patterns is played by the potential, shown in Figure 3. The very high excitation rate at
140 Pa is caused by the potential penetrating into the indentation as seen in Figure 3(b1) where the
potential closely follows the shape of the indentation. The sharp potential gradient creates an electric
field sufficiently strong to form strong excitation within the indentation once the plasma sheath starts
expanding, and the electrons are accelerated away from the walls of the indentation. This is not the case
for lower pressures, 40 Pa, where the electric potential reaches into the indentation only very slightly.
The potential above the indentation is about 125 V, which accelerates electrons away from the
indentation towards the plasma bulk, leading to intense excitation not being observed within the
indentation. Rather, the most intense excitation is observed right above the indentation.
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Figure 2 — Time evolution of the He 3s 706 nm excitation rate obtained from the experiments and PIC/MCC
simulations [2].
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Figure 3 — Electric potential distributions for pressures 40 Pa and 140 Pa as computed by the PIC/MCC simulations
[2].

The computed fluxes of ions and VUV (resonant) photons onto various parts of the structured electrode
computed using the method described in section 3 as a function of pressure are shown in Figure 4. Like
the PIC/MCC model, the photon tracing also uses periodic boundary conditions at the left and right sides
of the simulation domain.

From the ion fluxes, only the ion flux on the top “face” part of the electrode shows a non-monotonic
behavior, with its maximum at the pressure of 80 Pa. Since at higher pressures most of the excitation
(and ionization) happens within the indentation of the electrode, the ion flux at the “face” of the electrode
starts decreasing, and is eventually surpassed by the ion flux at the “side” walls of the structured
electrode.

In all cases, the total flux of VUV photons increases with increasing pressure due to the excitation of
the background helium atoms being more efficient. In this case, we observe a faster increase of VUV
photon fluxes on the “side” and “bottom” parts of the electrode compared to the “face” part of the
electrode. This indicates that at even higher pressures, the differences between the fluxes become
insignificant, which means we can achieve high VUV photon fluxes inside the indentation of the
electrode given the background gas pressure is high enough.
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Figure 4 —Ion ((b) top) and VUV ((b) bottom) photon fluxes onto the different parts (shown in (a)) of the structured
electrode [2].

5. Conclusion
A radio-frequency discharge with a structured electrode in helium gas at f = 13.56 MHz with
peak-to-peak driving voltage of ¢, = 340 V was studied in the pressure range of 40 Pa to 140 Pa.
A structured electrode with a 1 cm x 1 cm square indentation was used in the experimental and numerical
studies.

The experiments relied on the Phase Resolved Optical Emission Spectroscopy (PROES) method, while
the numerical simulations were carried out with the Particle-in-Cell/Monte Carlo Collisions (PIC/MCC)
method. A new Cartesian 2d3v PIC/MCC GPU-accelerated code was developed to facilitate the
numerical studies. The PROES measurements were performed on the
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He-1706 nm line and have revealed the 2D temporal dynamics of the excitation rate that is tightly related
to the electron dynamics. The same excitation rates computed by the new PIC/MCC code showed a very
good agreement with the experimental results.

Increasing the background gas pressure led to enhanced excitation within the indentation and around its
entrance. At low pressures, no significant excitation was observed within the indentation, while at high
pressures the excitation within the indentation was very strong.

This work studied key parameters relevant to charged particle dynamics and fluxes on surfaces in
a well-defined two-dimensional system. In real application scenarios related to sterilization or coating
deposition, more complex background gas mixtures and surface structures may be present. These
differences will lead to quantitatively different results, however, some general application-relevant
conclusion can still be drawn from the results of this work.

It was found that the background gas pressure has a very strong influence on the overall temporal
dynamics of the primary species (electrons, ions) in the pressure range studied. As a result, the variation
of the pressure can be utilized to control the electron dynamics in the discharge for the purpose of for
instance enabling enhanced dissociation of molecules close to surfaces.

The ion fluxes were found to be the highest at the top “face” part of the structured electrode for most of
the studied conditions, although the fluxes of ions at the “side” and “bottom” parts of the structured
electrode were still significant.

Controlling the pressure also allows for influencing the homogeneity of VUV photon fluxes incident on
different parts of the structured electrode, which is an important parameter in applications such as
sterilization. We observed a 2 times lower VUV photon fluxes within the indentation of the structured
electrode, which in practice would translate to a factor of 2 times longer sterilization time to ensure the
indentation is effectively sterilized compared to a flat surface.
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In this work, we investigated the effect of Plasma Activated Water (PAW) on seeds germination
and subsequent plant growth. Plasma activated water was prepared by 3 different plasma systems
and the content of reactive oxygen and nitrogen species was determined using colorimetric reagents
and UV-VIS spectrometry. Distilled as well as tap water was used for preparation of PAW.
A germination test was used to assess effects of PAW on germination and early growth of seedlings.
It was found out that PAW can increase germination of seeds of Zea maize L. Pot experiments were
conducted with the plant Raphanus sativa L. In pot experiments, however, PAW did not have any
positive effect on the plant growth. The effect on the plant growth was determined by weighing
of both underground part (bulb) and aboveground part (leaves) as well as by the content of the dry
matter.

1. Introduction

The excessive use of pesticides in our agriculture can be potentially harmful to non-target organism such
as aquatic organisms, birds, and animals. They can also have a negative impact on human health [1].
New field of plasma research, called plasma agriculture, is expanding. Plasma activated water (PAW)
is prepared by the interaction of plasma with liquids. The chemistry of plasma activated water is like
the gas plasma chemistry, with short-lived reactive oxygen and nitrogen species (RONS) such as NO-,
‘OH or -O,". These short-lived species form long-lived RONS, such as hydrogen peroxide, nitrites,
and nitrates, which stay present in water for days. Thanks to these RONS plasma activated water has
its unique properties. Low pH of PAW causes antibacterial properties, NOs; can act as a source
of nitrogen, which is a paramount plant nutrient, while H>O- in very low concentrations can stimulate
seed germination. These properties can make plasma activated water a new and environmentally friendly
tool to increase and sustain agricultural production [2].

2. Experimental setup
Plasma activated water for seed gemination was prepared by 3 different plasma systems:

1. dielectric barrier discharge (DBD) with the liquid electrode generating plasma above the water

surface [3];

2. apin-hole electrode with the high frequency source generating plasma directly in liquids [4,5];

3. bubbling of gaseous products from dielectric barrier discharge into water.
Physical-chemical properties of PAW were analysed by measuring of pH, conductivity,
and concentration of H,O,, NO;™ and NO;™. H,O, was analysed using titanium reagent and UV-VIS
spectrometer, while NO, and NO;~ were analysed using commercial kit based on the Griess reaction.
The germination test is a standard test in botany. Seeds of Zea maize L. were placed on a Petri dish with
a filter paper and 20 ml of PAW or control water. After 5 days, germinated seeds were counted,
and length of root was measured. Germination G (in %) was calculated using the formula (1) where G,
is number of germinated seeds in 5 days and S is number of all seeds in experiment.
Pot experiments with Raphanus sativa L. were performed in growth chambers with controlled
temperature and illumination. Pots were filled with approx. 1.5 kg of soil. First, seeds of R. sativa were
germinated in the Petri dish either in distilled water (control group) or in PAW (PAW group). After 3
days, seeds were planted in pots with soil. After 40 days, experiment was finished. R. sativa was taken
out of the pots, each plant was washed with water, and let dry. R. sativa was cut into 2 parts —
the aboveground part (leaves) and the underground part (bulb) and all parts were weighted on scales.
The amount of the dry matter was determined in 3 repetitions for each variant. The dry matter DM (in %)
was based on the determination of the weight loss of the sample after its drying at temperature of 105 °C

91



to the constant weight, as calculated according to the formula (2), where M, is the weight of the fresh
matter and M; is the weight of the dried matter.

G= i'100 (1)
S
DM :%-100 @)
3. Results

Based on the plasma system used, the composition of PAW was different (Table 1). When using the pin-
hole discharge, PAW contained mostly H,O,. With the DBDs (above water and with bubbling
of products), NO;~ was the dominant product. The pH of PAW was also changed based on the system,
with the pin-hole discharge PAW from distilled water having the lowest pH 6. Based on this data, we
can predict which PAW would be the most suitable for agricultural application. For germination tests,
PAW made from all systems was tested. For pot experiments, PAW with NO;™ as the dominant product
was chosen, because nitrogen is the most important nutrient for the plant growth. The DBD with
bubbling of products allowed PAW to be made in much higher quantities (in our case, 500 ml) than
the DBD with the liquid electrode, which was the reactor that had the maximal volume of 75 ml, only.

Table 1 Properties of PAW prepared by different plasma systems in distilled and tap water. Time of plasma treatment for all
PAWs was 2 minutes. Volume of water: DBD 75 ml; pin-hole 150 ml; bubbling 150 ml. (LOD = limit of detection)

Discharge pH G (uS:ecm™ Hy02 (mg1™h NO2 (mgl™h NOs™ (mg1™h
Distilled | Tap | Distilled | Tap | Distilled Tap Distilled Tap Distilled Tap
Control 7.0 8.2 5 450 Under Under Under Under Under 21.3£1.9
LOD LOD LOD LOD LOD
DBD 6.5 8.1 31 505 | 0.74+£0.0 | 0.96+0.27 | 0.16+0.01 | 0.85+0.11 | 7.4+0.2 | 35.9+3.8
Pin-hole 6.0 7.9 37 520 | 6.97+0.01 2.140.3 1.55+0.01 | 0.01+0.01 | 1.0+£0.1 | 28.6+3.4
Bubbling 6.9 8.1 20 500 | 0.79+£0.09 | 0.84+0.11 | 0.02+0.01 | 0.11£0.06 | 4.5£0.2 | 27.6£1.9

Table 2 Properties of PAW used for pot experiments with R. sativa. The volume of water was 500 ml. (LOD = limit of
detection)

Discharge | Time (min) | pH | G (uS-em™) | H0; (mg1™) | NO, (mg1™") | NO; (mgl™)
Control 0 7.0 5 Under LOD Under LOD Under LOD
Bubbling 40 5.0 200 0.57+0.09 0.0081+0.0008 30+3

Seeds of corn Z. maize were chosen for gemination tests. Z. maize seeds in control samples had
germination of 50-55 %. Germination of seeds germinated in PAW had increased by 5-20 % based

on the plasma reactor and type of water used for PAW. The best results were obtained when using PAW
from the DBD with bubbling of products (Figure 1).

Distilled water Tap water
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Figure 1 Graphical representatlon of results from germination test with Z. maize in PAW.
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Based on results from germination tests, PAW made by the DBD with bubbling of products was chosen
for pot experiments. The advantage of this system was that it allowed higher production of the PAW
volume, which was necessary for the pot experiment. Another advantage of this system was that PAW
can have different composition based on the volume of water and time of the discharge treatment. PAW
was produced in 500 ml beaker with activation time of 40 minutes to ensure sufficient concentration
0fNO3_.

R. sativa was grown in 4 different variations: soil irrigation with distilled water (Control group), seeds
germinated in PAW and then soil irrigated with distilled water (PAW group 1), foliar application
of PAW with soil irrigation by distilled water (PAW group 2) and soil irrigation with PAW (PAW
group 3). According to the results in Table 3, there was no significant increase of growth but rather
a decrease in the case of seeds germinated in PAW and soil application of PAW. The results were
processed using a two-population t-test, which confirmed that the difference in the weight
of the underground part of PAW group 1 and PAW group 3 compared to the control is statistically
significant at the level of significance p = 0.01. Bulb weights were decreased by the application of PAW.
Only the variation with the foliar application of PAW did not influence the growth of R. sativa both
negatively and positively. The data in Table 4 show that PAW increased the content of the dry matter
of the underground part (by 1.2-2.3 %, only) and simultaneously, the content of dry matter
of the aboveground part was decreased by up to 4.3 %. Overall, the effect of PAW on the growth
of R. sativa was not significantly positive. The main issue here might be the pH 5.0 of the used PAW
which decreased the growth of R. sativa in the soil irrigation group as well as in the germinated in PAW
group. More research regarding to the PAW effect on the plant growth needs to be done to find a suitable
composition and application of PAW which can help to induce the growth of plants.

Table 3 Mean weight of root and leaves of R. sativa at the end of pot experiments.

Bulb weight (g) Leaves weight (g)
Control group 30=+13 16+9
PAW group 1 20+12 11+8
PAW group 2 29+18 16+11
PAW group 2 1946 9+2

Table 4 Content of dry mass in R. sativa at the end of pot experiments.

Dry mass bulb (%) | Dry mass leaves (%)
Control group 4.5+1.7 14.1+4.6
PAW group 1 6.4+0.8 10.4+2.0
PAW group 2 6.8£1.5 11.5+£3.3
PAW group 3 5.7+£1.2 9.840.8
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A microplasma cell intended for in situ TEM studies of the plasma surface interaction is being
designed. Several design challenges were already overcome and solutions for the remaining ones
were apparently found. An overview of the designed microplasma discharge, as well as ex situ
observed surface modifications induced by the microplasma and the recent progress regarding the
in situ experiments is given.

The plasma surface interaction is still one of the most discussed topics in plasma technology due to its
relevance to the production and modification of micro- or even nanostructured surfaces.

In situ observation of plasma surface modifications is possible if a microplasma is inserted into a TEM
as shown by proof of principle experiments in 2013 [1]. Still, multiple challenges have to be overcome
for the development of a microplasma cell suitable for TEM integration. The electrodes have to be
electron beam transparent and are therefore restricted to tens of nanometers in thickness. With limited
space available inside of the TEM, one is restricted to an atmospheric pressure microplasma, which has
to be stable and can be operated without the risk of arcing or other instabilities, as they could break the
thin electrodes. The microplasma itself has to be vacuum-proof encapsulated and high voltages for the
plasma ignition have to be implemented into the TEM.

A DC microplasma was designed and intensively studied by current-voltage measurements and optical
diagnostics to ensure its stable operation in the normal glow regime [2]. Further, passive thermal probes
(PTPs) [3] have been used to measure the energy flux from the microplasma to the electrode surfaces.
The energy flux is an important quantity to measure as it is responsible for plasma induced surface
modifications [4,5].

Ex situ performed measurements proved the possibility to setup the electrodes thin enough for TEM
imaging and study the surface modifications [6]. The observed surface modifications correlated with the
measured energy fluxes. Larger energy fluxes resulted in stronger texturing and increased grain growths
of the microplasma treated thin films. Further, not only the total amount of the energy flux is responsible
for the surface modifications, also the composition and power transfer mechanisms influence the texture
of the plasma treated thin film. Based on a simplified model, different power transfer mechanism of the
plasma generated ions towards the surface were identified and correlated with the observed surface
modifications [6].

Furthermore, the designed in situ microplasma cell was successfully introduced into the TEM and first
images without plasma could be taken. Electrical isolation problems prevented plasma ignition inside
of the TEM, but will be solved by rebuilding the vacuum-proof encapsulation from ceramic.

This contribution summarizes the already overcome challenges and updates about the recent steps
towards in situ TEM imaging.
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In most low-pressure plasma sources a considerable interaction exists between the plasma and the
surrounding surfaces, including the electrodes. Most importantly, electron reflection and emission can
influence the plasma density and the electron power absorption mechanisms. Data for the coefficients
that characterize these processes are rather limited. Here, we propose a method for the determination
of the effective secondary electron emission coefficient based on the DC self-bias voltage generation
due to the Electrical Asymmetry Effect when the capacitively coupled radio frequency plasma is
driven by two consecutive harmonics of a base radio frequency signal.

1. Introduction

Capacitively Coupled Plasma (CCP) sources have a wide range of applications for surface modification,
layer deposition and etching, in, e.g., microelectronics [1,2]. Due to the use of radio frequency (RF)
excitation in these systems the processing of non-conducting samples is also possible. For most efficient
processing the knowledge-based optimization of these plasma sources is necessary, which requires well-
defined laboratory experiments and high-fidelity modeling. For the latter, one needs to build discharge
models which need a set of input data that describe the interaction of the charged species and radicals with
the background gas / gas mixture as well as with the surfaces that surround the plasma. In order to obtain
reliable modeling predictions for the plasma characteristics, accurate input data are necessary [3,4].
Among these data, the ones that describe the interaction of the plasma species with the surrounding
surfaces are often not known to the desired accuracy. Most important examples of such data are the ion
and electron-induced electron yields at the electrodes. When the energy of the charged species reaching
the electrodes is limited, these processes can be approximated as (i) ion-induced electron emission via the
potential mechanism and (ii) elastic reflection of impinging electrons.

In modeling studies, process (i) is often characterized by an effective electron yield, y, which may also
include contributions of species other than ions [5], while process (ii) is characterized by the effective
reflection coefficient R. Ideally, these coefficients should be available to modelers for various
gas/electrode material combinations. The situation is further complicated by the fact that these values may
depend on the particle energy distribution functions and electrode surface conditions, which are influenced
by the actual operating conditions of the discharge. Furthermore, the surface coefficient values available
in the literature often originate from surface physics experiments conducted under ultrahigh vacuum
conditions with heavily sputtered samples, which scenario differs strongly from those found in practical
discharge physics experiments and applications.

Therefore, during the past years a number of studies applying various approaches have been carried out to
determine the values of y and R, in situ. These studies have all combined experimental recordings of some
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plasma characteristics and computational studies in which the same characteristics have been derived as a
function of the surface coefficients in CCPs. The determination of the latter was based on finding the best
agreement between the measured and computed data. In [6], the spatio-temporal distribution of the
electron-impact excitation rate was targeted to be matched in CCPs operated in argon gas. This approach
utilized the changes of these excitation patterns as a function of the effective secondary yield, y. In
addition to these diagnostics, the electron density and the flux-energy distribution function of the positive
ions was also used in [7] for finding the in-situ values of y and R. Precise energy-resolved mass
spectrometry measurements of the ion flux-energy distribution function that allowed revealing the details
of the bimodal peak created by ions flying through the sheath without collisions [8] allowed the
determination of the same pair of parameters for stainless steel and aluminum oxide surfaces. In a recent
paper [9] we have also proposed an independent way to determine the surface coefficients discussed
above. Our method is based on the measurements of the DC self-bias voltage that develops in a
geometrically symmetrical CCP due to the Electrical Asymmetry Effect [10] when it is driven by a base
RF harmonic and its second harmonic with a controllable phase angle. The method utilizes the
dependence of this self-bias voltage on the surface coefficients.

2. Simulation method
Our numerical results are obtained from one-dimensional (1D3V) bounded electrostatic Particle in Cell /
Monte Carlo Collisions (PIC/MCC) simulations. As this is a well-established method, the description of
its details is omitted here, and only some details specific to the current study are outlined below. More
information about the approach can be found in the literature, e.g. [11].
Our code considers electrons and Ar™ ions and follows their motion in an electric field that is defined by
the potentials of the electrodes and the presence of the charged particles in the electrode gap. For the e —
Ar collisions, we use a cross section set that includes elastic scattering, excitation, and ionization
processes, while for Art — Ar collisions, a set that includes elastic collisions with an isotropic and a
backward scattering channel is used.
The plasma forms between two plane and parallel electrode; one of these situated at x = 0 is powered,
while the other electrode at x = L is grounded. The voltage waveform at the powered electrode is:

P(t) = Vicos(2rfit) + Vocos(4nfit +0) +1; (1)

where V; and V, are the amplitudes of the two harmonic signals, 8 is the phase angle between these, and
the last term is the DC self-bias generated by the plasma.

The equation of motion of the charged particles is integrated using the leapfrog scheme, with a time step
At = T/3000. The computational grid for the potential, the electric field, and the charged particle
densities comprises 500 points. These parameters fulfill the relevant stability criteria of the PIC/MCC
method. At the electrode surfaces, two processes are considered: (i) Ar* ions arriving at the surface
induce the emission of a secondary electron with a probability that is expressed by the secondary electron
yield, y. (ii) Electrons reaching the electrodes undergo an elastic reflection event with a probability R. The
DC self-bias voltage driven by N=2 harmonics is determined in an iterative manner. At the initialization
of the simulation, n = 0V is set. After executing the simulation for a given number of RF cycles, the
currents of the electrons and argon ions reaching each electrode are compared. Depending on the balance
of these currents, the DC self-bias voltage is changed by a small quantity. This procedure is continued
until n reaches a converged value and the time-averaged charged particle currents to each of the two
electrodes balance.

3. Results

The simulations are carried out for Ar gas, for different values of pressure p = 5 Pa, 10 Pa, 40 Pa;
electrode gap L = 2.5 cm; and base frequency f; = 13.56 MHz. Driving voltage waveforms specified by
Eq. (1) are used with voltage amplitudes of 133.5V and 66.7 V, with phase angles 8 = 90° (where 7 is
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nearly minimized) and 180° (where 7 is nearly maximized). For the surface coefficients, we adopt the
following values: the secondary electron yield y is varied between 0 and 0.4 and the elastic reflection
coefficient of the electrons ranges between R = 0 and 0.7.
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Fig. 1. Self-bias voltage as a function of the electron reflection coefficient R obtained from the PIC/MCC
simulations for 6 = 90° (left) and & = 180° (right). Discharge conditions are as follows: 4r p = 5 Pa
(solid lines), p = 40 Pa (dashed lines), L = 2.5 cm, f; = 13.56 MHz.
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Fig.2. Self-bias voltage as a function of secondary electron yield (y) obtained from the PIC/MCC
simulations for 8 = 90° (solid lines) and 8 = 180° (dashed lines) for an electron reflection coefficient R
is 0.5. Discharge conditions are as follows: L = 2.5 cm, f; = 13.56 MHz.

The values of the DC self-bias voltage (1) as a function of the surface coefficients, computed from the
PIC/MCC simulations are shown in Figures 1 and 2. Figure 1 illustrates the dependence of the self-bias
voltage on the reflection coefficient, computed at fixed values of gamma and the gas pressure, while
Figure 2 displays the dependence of 7 on gamma, at fixed R and a sequence of pressures. These data
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clearly indicate that the electron reflection has a weak effect on the self-bias voltage, especially at higher
pressures, e.g., at 40 Pa, whereas at this pressure gamma appears to have a marked effect on 1. These
dependencies lead us to conclude that the method is not easily applicable for the determination of R, but
has a good prospect for the measurement of gamma in CCPs.

Under the conditions of the specific excitation voltage waveform the charged particle dynamics generally
differ at the two sides of the plasma. At very low pressures, however, the motion of electrons is highly
non-local and this results in a softer dependence of  on gamma at e.g., 5 Pa pressure (see Figure 2). At
higher pressures the effects related to secondary electrons taking place at the two sides of the plasma are
more separated, and therefore, the best conditions for the determination of gamma in an experiment favor
the relatively high pressures.

Laboratory experiments are currently conducted to provide a proof for this principle of in-situ
determination of the effective ion-induced secondary electron yield in CCPs.
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We will present a device for utilizing VUV/UV-radiation from an atmospheric pressure plasma to
remotely initiate photo-chemistry in a precursor gas. This source was used to study the photo-
chemistry of organosilicon precursors by ion mass spectrometry. Deposited films were analysed
using Fourier-transform infrared (FTIR) spectrometry.

Atmospheric-pressure plasmas in pure helium or argon are efficient sources of vacuum-ultraviolet and
ultraviolet radiation (VUV/UV) in a wavelength range between 60nm and 150nm [1]. The emission
spectrum in this wavelength region is dominated by the excimer emission continua of helium (60 nm to
120nm) and argon (105nm to 145nm). Excimers are efficiently produced in three-body-collisions due
to the high collision rate at atmospheric pressure [2]. These highly energetic photons can be utilized to
remotely initiate photo-chemistry in precursor gases like e.g. acetylene, hexamethyldisiloxane
(HMDSO), tetramethylsilane (TMS) or hexamethyldisilane (HMDS) without direct contact to the
plasma [3]. This enables film-deposition from precursor gases without several drawbacks from the
interaction of the highly energetic electrons in the plasma with the precursor gas. These drawbacks
include deposition inside the plasma source
as well as particle formation due to negative
ions from electron attachment processes [4].

Aror He

4

RF-electrodes Lo .
To study and optimize the photo-chemistry,

a source that provides effective separation of
plasma species and precursor gas flow as
well as stable plasma operating conditions is
necessary. The so-called Crossflow-
Capillary-Jet is based on the UV-Jet
introduced by Schneider et al. [5] and the
Capillary-Jet [6]. The plasma is ignited
Ar or He inside a capillary acting as a dielectric in
+ HMDS :> :> exhaust  front of the electrodes by a sinusoidal RF-
voltage with a frequency of 13.56 MHz. Due

to the cross-field geometry, the plasma is
closely confined between the electrodes. A
sketch of the Crossflow-Capillary-Jet is
shown in figure 1. The tip of the capillary is
T ion mass spectrometer glued into a stainless-steel block housing the
or deposition substrate crossing gas channel. The distance between

. ) . the plasma and the crossflow section is
Figure 1: Schematic setup of the Crossflow-Capillary- 19 mm. VUV/UV-photons produced in the

Jet. The plasma feed gas is supplied from the top, while plasma travel this distance through the noble

the precursor is admixed to a crossflow from the left gas atmosphere into the crossflow section.
side. The inset shows a 3D-cross-section of the real jet  Tpe crossing channel has approximately
machined from stainless steel. twice the cross-sectional area as the vertical

channel, which is necessary for effective
separation of plasma species and photo-chemistry products. Another requirement for this separation is
the ratio of gas flows through both channels being 2-to-1 with the higher gas flow through the crossing
channel.
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Figure 2: lon mass spectrum of 500 ppm HMDS at 10 W generator power from 65amu to 155amu.
The gas flow consisted of 400sccm Ar through the plasma and 800sccm Ar in the crossing gas flow.
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Figure 3: lon mass spectrum of 500 ppm HMDS at 10 W generator power from 145amu to 235amu.
The gas flow consisted of 400sccm Ar through the plasma and 800sccm Avr in the crossing gas flow.

normalized counts / arb.u.

Using the Crossflow-Capillary-Jet, we studied the photo-chemistry of organosilicon precursors like
HMDS by positive ion mass spectrometry. The normalized mass spectra between 65amu and 235amu
with 500 ppm HMDS in the crossing gas channel are shown in figures 2 and 3 with identfied species
marked in green and peaks assinged to species produced via argon- and water-attachment as a artefact
of the sampling technique marked in red and blue respectively. The monomer ion is the most abundant
ion at a mass of 146 amu and the peaks from 147 amu to 151 amu are mainly attributed to its isotopes.
Breaking of the Si-Si-bond is expected to be the dominant decomposition step, leading to two radicals
with 73amu. Breaking of the Si-C-bond also takes place and produces species with 131amu and 15amu
(not shown). Follow-up reactions include the named radicals and will be presented in more detail in the
talk, as well as results from deposited films obtained by FTIR spectroscopy.
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CO; splitting in a coaxial Dielectric Barrier Discharges (DBDs) operated from 1 to 2 bar in CO2/Ar
gas mixtures is investigated. Electrical characteristics (discharge voltage, capacitances and
transferred charge) are examined and correlated with plasma-chemical effects. The CO; conversion
(from 3.4% to 12.7%) as well as the energy efficiency of CO formation (from 6% to 20%) enhances
with pressure. A higher number of collisions between CO; molecules and active plasma species
leading to dissociation explains such findings.

1. Introduction

Global environmental problems due to increasing CO, emissions have drawn much attention to the
development of new, promising CO. capture and recycling processes [1,2]. However, the
thermodynamic stability of the CO, molecule is high and its splitting requires high activation energy.
Nonthermal plasmas are considered as a possible technology for the “on-demand” conversion of CO, at
moderate gas temperatures, since electrons have sufficient energy for dissociation [3]. But, in DBDs the
energy efficiency and products selectivity needs to be enhanced [4]. It is argued, that energy efficiency
of DBDs can be improved by various parameters such as reactor geometry, combination with catalysts,
gas flow rate, gas distribution and composition [1]. In this study, the effect of the process pressure as a
parameter that has hardly been investigated so far is considered. This is done both in a classical coaxial
DBD without and with a packed bed (glass beads); the effects of bed particles without and with a CeO,
coating are compared. Furthermore, the admixture of Ar to CO; is used to reduce the breakdown voltage
and enable full discharging of the gas at elevated pressures. The electrical and chemical properties of
these DBDs are investigated and correlated with each other.

2. Experimental Section
Schemes of the coaxial DBD reactors are shown in Figure 1. The experimental set-up can be devided
into three parts: 1) coaxial DBD reactor; 2) power supply and electerical analysis and; 3) gas supply
system and gas analysis. The information of each part is given in Table 1.

Tab. 1. Information of experimental set up

DBD reactors Power supply and Gas supply and
electrical analysis gas analysis
= Inner electrode: stainless = Power amplifier and HFHV = 2 gas flow controllers
steel tube output transformer (< 23 kVpy) for binary Ar:CO,
= Outer electrode (HV): foil, |= Frequency: 4 kHz mixtures
5 cm wide, around dielectric |=  High voltage probe: 1:1,000 (compared with
tube (P6015A) for V(t) pure Ar and pure CO5)
= Dielectric: quartz, 1.3 mm » Measuring capacitor: 21.4nF |= Total gas flow rate:
thick with OD: 18.5 mm for charge Q(t) 400 sccm
= Discharge gap: 2 mm = Oscilloscopes: = uGC: 3000 Micro GC
= With and w/o packed bed: AFG 3101 (1GS/s) or (Inficon)
glass beads, 1 mm diameter DS0O7032B (2 GS/s)
= Pressure: 1-2 bar
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Partially packed bed Fully packed bed
coax. DBD (PPB) coax. DBD (FPB)

Empty Coax. DBD

Gas Outlet ———

Ground Electrode

H.V Electrode
Dielectric Barrier.
(Quartz tube)
Discharge Gap
Glass beads
Glass Wool

Gas Inlet |

Fig. 1. Scheme of coaxial DBD, empty, partially (PPB) and fully (FPB) packed bed (left), and detailed
sketch of the Reactor (right).

3. Results and Discussion

3.1- Electrical characterisation: Capacities, discharge voltage and transferred charge
Figure 2 shows a charge-voltage (Q-V) plots measured at atmospheric pressure for Ar:CO,= 4:1 for the
empty, PPB, and FPB reactor at an applied voltage amplitude of 12.5 kVy,. Such Q-V plots are an
established method for the determination of the discharge power. For all reactors in our study a
parallelogram is obtained. For sufficient high voltage amplitudes, the lower slope characterises the
capacity (CcentCs). Ceen is the total capacity of the DBD arrangement (formed by the gas capacity Cq Or
the capacity of the packed bed Cgb, and the dielectric tube capacity Cgiel) and Cs is a parallel parasitic or
stray capacitance (independent from the DBD geometry). Figure 2 shows that Cpyq is larger than Cg,

leading to P, > ™. However, the maximum of the larger slope of the active phase is the same for
all three reactor assemblies and nearly matches with the value (Cgiet + Cs). Obviously, in or PB reactor,
the plasma operates between the inner wall of the dielectric tube and the inner electrode and not between
the glass beads, as suggested in most of the literature about packed bed DBDs. The minimum sustaining
voltage Unmin, can also be investigated at the lower slopes of the Q-V plots. Its value increase with the
addition of bed material, slightly for PPB and significantly for FPB. To obtain further insights in the
voltage over the discharge and the charge transferred into the plasma the signals V(t) and Q(t) are further

analysed, considering the capacities being obtained.

— Cdiei C.s'

Rpia(t) E —_—C, x= gorpb l
Dve : T

Voltage (kV)

Fig. 2. Q-V plots measured at applied voltage amplitude of 12.5 kV, and frequency of 4 kHz in
Ar:CO.= 4:1 for different reactor assemblies (empty, PPT, and FPB), left and equivalent circuit, right.

Figure 3 shows the gap voltage Ug and the plasma charge Qrias calculated by equations (1) and (2) (red
and blue solid lines) togehther with the measured sinusoidal applied voltage V(t) (red dashed line) and
the total charge Q(t) (blue dashed line) for two pressures in the empty and FPB reactor, respectively.
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The electrical measurements are an averarge over 512 cycles. Equations (1) and (2) consider the
presence of Cs (few pF) in our set-up [5] and are valid for fully discharging of the DBD reactors (i.e.
Egier = Cgier, S€€ [6] and [8] for further details).

Upg® = [1+ =V~ z=0® (1)
Qpias = (%) [Q(®) — (Ceen + CHV ()] 2
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Fig. 3.Measured electrical signals and calculated gap voltage and plasma charge for empty and FPB
reactor at 1 and 2 bar.

The gap voltage Ugy(t) is constant in the active phase (,,on“). These ,,plateau values* (the so-called
discharge voltage) increase with pressure, whether the gap is filled with glass beads or not. The increase
with pressure is explained by Paschen’s law. The filling has obviously no effect on this at atmospheric
pressure. At 2 bar a decrease of the discharge voltage is obtained with the addition of glass beads. Maybe,
the plasma is now also formed in the voids between beads, i.e. at smaller distances. The transferred
plasma charge Qpias(t) is constant during the passive phase (,,0ff) and changes when the plasma is
burning (,,on*). The amount of transfered charge is lower for the FPB at 1 bar, but shows no difference
at 2 bar. Obviously, the plasma formation in the packed bed voids reduces the discharge current. This
behaviour has direct consequences for the dissipated plasma power which must be related with the
chemical performance described in the next section.

3.3- Plasma chemistry: CO2 conversion and energy efficiency
Figure 4 (a) shows the absolute conversion (X, equation (3)) and the specific energy input (SEl,
equation (4)) as a fucntion of the pressure. The conversion increases with pressure in the empty and PPB
reactor, while the trend is not clear for the FPB. As mentioned above and seen in the diagram, the
different conditions lead to different SEI which must be considered further. Therefore, the energy
efficiency (n, calculated by equation (5)) is given as a function of the effective conversion (equation (6))
in Figure 4 (b).
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Xabs [%] — [Coz]in_[c.'oz]out X 100% (3)

[COz]in
. _ P[W] L, 1eV
SEI[eV/particle] = Qo[Ln/sec] X 2691022 < 16091019 )
AH
n[%] = Xesr X S—E}; (5)
Xeff [%] = Xaps[%] X1 (6)

AHgr = 2.9 (eV/particle) is the reaction enthalpy for the CO; splitting reaction (CO,—0.5 O,+CO); r is
the fraction of CO; in the gas mixture (0.2 in most cases), [CO.Jin and [COz]ou: are the molar
concentrations of CO- in the gas mixture before and after plasma treatment. The SEI is determined by
the discharge power P (in W) divided by the gas flow Qo (in Ln/sec), L are standard litres.
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[ Empty EZ)rrB R PPB(CeO,) [ FPB [l FPB(CeO,) 22
1 1.5 2bar
20 4 Empty
20 PPB Y ¢
18 ® M A ppe(c0y
_ 4
S § © 8 é gg (135K,
A < SkVz)
g 7164 @ MW A FPB(COy
z _ 5 @ FPBC0) 135KV, O
o 3 21
g £ & x
O 2 M 12
= - 210 @
2 =
e M @
< 8 O
6 -

T T T T T T
0.4 08 12 16 20 24

1 1.5 2 1 1.5 2 1 1.5 2 2 Effective C fon (%)
ective Conversion (%
Pressure (bar) (13.5kV)

Fig. 4. Comparison of CO, Conversion and Energy efficiency in different reactor assemblies and
different pressures, for details see [8].

The chemical performance is in a range typical for DBDs, i.e. conversion far below 40%, n below 20%
[7], but at 2 bar (see the data marked with the pink ellipse in Figure 4 b) a significant enhancement in

both, energy efficiency and effective conversion is obtained. CeO; coating on the glass beads supports
the CO formation even further.

In DBDs the CO formation is mainly by electron collisions with the CO, molecules. Higher background
gas density would lead to more collisions and thus, increase CO formation. However, in Ar/CO; gas
mixtures the dissociative recombination of electron with CO,*-ions (see equation (13)) can play an
important role [3]. The CO;*-ions are formed by charge transfer from Ar* and Ar,* ions (11, 12), the
latter being formed via excimer ionization (10). Excimer formation (9) and charge transfer are 3-body
collisions, i.e. their rates and thus, the ion densities should increase with pressure. However, a dedicated
numerical study is needed to explain the effect of pressure.

e +Ar —2e +Ar Efr=158¢eV (7
e +Ar —e +Ar EAT>115eV (8)
Ar’ + 2Ar — Ar" + Ar ©))
e +Ar —2e +AnR* EAT2=32;4.7eV (10)
Art + CO, — Ar+ CO,* (11)
Art + CO, — 2Ar + CO* (12)
CO +e —CO+0 (13)

Another aspect is the back-reaction of CO with O to CO,. CeO, might supress this because its oxygen
storage and release properties. CeO; is noticed widely in CO; classical catalysis because of abundant
oxygen vacancies, acid base bifunctionality, redox properties, and unique interaction between metal and
support. The high oxygen vacancies can transfer between lattices. A possilbe interaction between CO;
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and the CeO; surface is CO; adsorption followed by carbonate formation, exchanging oxygen atoms and
releasing CO [9].

4. Conclusion

Electrical characterization of coaxial DBD reactors operating at elevated pressure shows an increase of
gap voltage with pressure, but also reduces the transfered charge. The additions of glass beads seems to
support the plasma formation at elevated pressures, e.g. in the voids of the packed bed. The pressure
increase leads to an enhancement of both, the CO; conversion and the energy efficiency, in the Ar/CO,
gas mixture 4:1. Packed bed also increases the CO formation at 2 bar, and even more with CeO,-coated
packed bed particles. The suggestions to explain these effects are (1) a higher rate of collisions between
electrons and gas molecules, (2) an enhancement of ion formation by 3-body processes and (3) the
supression of back reactions at the CeO, surface.
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Electron induced fluorescence of nitrogen was studied in the spectral range from 330 to 1030 nm
and in the energy range from 6 to 100 eV. 2D spectral map of nitrogen was constructed. The map
provides emission spectra and complete set of excitation-emission cross-sections data of individual
transitions. The most intensive molecular emission bands of nitrogen were observed: First positive
system N, (B °I1," - A3Y,"), Second positive system N, (C *I1, — B 3Il,), First negative system
N>* (B 23" - X ") and Meinel system N>* (A [T, — X 2),") and several other transitions. Atomic
lines of nitrogen N I and N II were also detected.

1. Introduction

Electron-induced fluorescence (EIF) is a series of physical processes that uses the principle of optical
emission spectroscopy to analyse the emission of the products of electron — molecule collisions in the
UV — VIS — IR spectral area. Using this technique electronic, vibrational, and rotational states of N»
molecule were analysed. It is possible to measure optically forbidden states of molecules. A photon has
quantized energy. Therefore, the photon must transfer all of its energy, while an electron transfers only
a portion of its energy. Thanks to this, the electron is able to excite optically forbidden states. In addition
to molecules and atoms interesting for astrophysics [1], emission spectrometry can study samples
relevant for nanotechnology and electronics for the deposition of thin layers such as organometallic
compounds. For these compounds, there are several works dedicated to UV absorption spectroscopy [2],
or UV photodissociation [3]. Regarding the investigation of electron collisions with organometallic
compounds, most works use mass spectroscopy as a detection method [4]. However, emission
spectroscopy brings a unique possibility of detecting electrically neutral fragments, while the complex
knowledge of fragmentation processes is critical for this application. Nitrogen and its electron induced
excitation is observed in electrical discharges and is especially relevant for widely used atmospheric
pressure discharges. Nitrogen is also often used as a working gas for lasers [5,6]. Nitrogen was used to
determine vibrational and rotational temperatures of ions and neutrals in plasma discharges using
electron induced processes [7,8]. A few articles on study of the nitrogen by electron induced excitation
have been published. One of the most complex papers focused on electron — induced excitations of
nitrogen was published by Mangina et al. [9]. Nitrogen was studied in the spectral range from 330 to
1100 nm at the energy of the interacting electrons 25 eV and 100 eV. They determined the value of
emission cross-sections at the energy of 25 eV and 100 eV for most transitions. They also compared the
experimental values with theoretical model and with other publications. Several other articles were also
focused on the study of electron excitation of nitrogen [9-13]. The main goal was to obtain complete set
of excitation-emission cross-section data on molecule N». Cross-sections have been published in articles
only for selected transitions in the threshold region [13] or at selected energies [9] of interacting
electrons. In our case, the 2D map provides complete information in the chosen spectral and energy
range. This data is important for simulations or diagnostics in the field of optical emission spectroscopy,
astrophysical environment, nanotechnologies, electrical discharges especially in atmospheric discharges,
and other scientific fields where the electron collisions play an important role.

2. Experiment
The experimental device. for the research of electron-induced fluorescence is based on the principle of
the collision of a molecular and electron beam at 90° angle (Fig. 1.). The experiment is carried out under
binary collision conditions, which means that only one electron collides with one molecule. The
measurement is performed in two standard modes. In the first mode, the spectrum is scanned at constant
electron energy. and in the second mode the dependence of photon intensity at constant wavelength on
electron energy is determined. The intensity of the photon signal is proportional to the emission effective
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cross-section, by which in this case we mean the effective cross-section for the process of excitation by
an electron impact and subsequent spontaneous deexcitation during which a photon is emitted.

Optical
mono-
chromator

Mi
irror cco

Lens

Vacuum chamber

L dlleall M
1]

Molecular beam

Fig. 1. The scheme of the electron induced fluorescence apparatus.

A trochoidal electron monochromator was used to generate the monoenergetic electron beam. The
molecular beam is generated by effusive capillary with a diameter of 0.5 mm and a length of 5 mm,
which is connected to an external gas inlet by a leak valve. Fluorescence radiation is collected by an
optical system placed perpendicularly to the plane defined by electron and molecular beams. The optical
system includes a plano-convex UV silicon lens placed in a vacuum, an MgF, window and a parabolic
mirror that focuses the photons into the entrance slit of an optical monochromator (Oriel Cornerstone
260 Czerny — Turner) with a focal length of 0.25 m. The width of the slit of the optical monochromator
is adjustable using micrometric screw in the range from 70 to 1000 um, which also affects the spectral
resolution reaching a maximum of 0.4 nm FWHM. After passing through the optical monochromator,
the signal is detected by low-noise (0.5-2 cps) photomultiplier (Hamamatsu) sensitive in the range of
185- 710 nm or Andor iDUS 420 CCD camera (sensitive in 300-1100 nm range). Both detectors were
thermoelectrically cooled using a Peltier cell to suppress thermal noise.

3. Results and discussion

In the Figure 2 we present the 2D spectral map of N, molecule. The 2D map was generated by measuring
spectra with CCD detector in the range from 330 to 1030 nm at constant electron energy for each
spectrum. The measurements were repeated in 1 eV steps in the range of 6 eV to 30 eV, 2eV steps in
the range of 30 to 50 eV and 5 eV in the range of 50 to 100 eV. The higher step density in the range of
6 to 30 eV was chosen because most of the thresholds are in this range. The estimated error for the
electron energy is = 0.5 eV from 6 to 30 eV, = 1 eV from 30 to 50 eV and £2.5 eV from 50 to 100 eV.
The spectral lines were identified according to NIST database [14] and papers by Lofthus and Krupenie
[10] and Mangina et al. [9]. The calibration of the electron energy was based on the cross-section
measurement of the 0-0 transition in the Second positive system (2PS) which exhibits a sharp maximum
at 14.1 eV [12]. The emission cross-section values were calibrated according to value of the 0-0 2PS
transition given by Mangina et al. [9].
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Fig. 2. 2D spectral map of nitrogen in the range a) 330 — 550 nm b) 550-1030 nm

In the 2D spectral map we can observe Second positive system (2PS) of N, (C °I1, — B °II,) (black
marking), First negative system (INS) of N>" (B ?Y,," - X 3,") (red marking), First positive system
(1PS) of N> (B °IL," - A *Y,") (blue marking), Meinel band system of N," (A *II, — X *Y,") (orange
marking) and atomic lines N I and N II (green marking). In the measured range the most intensive
transition is 0 — 0 INS at 391 nm. At some wavelengths, only one transition is present in the range from
6 to 100 eV, for example 0 — 0 transition of 2PS at 337.1 nm. However, at certain wavelengths, more
than one transition can be present depending on the electron energy, for example 3 — 0 transition of 1PS
at and Meinel band system 3 — 0 are present at the same wavelength (686 nm) and the contribution of
each transition to the photon signal depends on electron energy. In the 2D spectral map we can observe
ascending tendency of the thresholds of cross-sections of the 2PS and 1PS transitions. The transition 0
— X 2PS starts around the 10 eV, transition 2 — X 2PS starts around 11 eV around 3 — X 2PS starts around
11.5 eV. The ascending of the threshold value corresponds to the increase of the higher vibrational state,
what corresponds to the former publications [11-13]. The 1PS has the lowest threshold approximately
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7 eV. The second system with the lowest threshold is 2PS which starts at approximately 10 eV. Meinel

band system has the thresholds around 17 eV and 1NS has thresholds around 18 eV.

Tab. 1. Transitions labelled in 2D spectral map.

4p_4po

Label |Parti- |Wave- |Transition Label |Parti- |Wave- Transition
cle length cle length
(nm) (nm)
1 NII (4042 (3p'S—3d°P°/3p'S—3d |22 NI (8214 2522p*(*P)3s —
De 2s%2p*C’P)3p ‘P—*P-
2 NI [410.0,4 |2s2p*(’P)3s —2s2p*('D)3p |23 NI [821.9 25%2p*(°P)3s —
10.9 P-D’ 25*2p*CP)3p ‘P—*P-
3 NI (4913 |2s2p°(P)3s —2s2p*CP)dp |24 NI 8226 25%2p*(°P)3s —
p-*S° 2s%2p*C’P)3p ‘P—*P-
4 NI (4933 [2s2p*(’P)3s —2s2p°(P)dp |25 NI (8245 25?2p*(°P)3s —
’P-*S° 25*2p*CP)3p ‘P—*P-
5 NII 5004, [2s2p(*P%)3p—2s*2p(*P°)3d |26 NI |857.0 25%2p*(*P)3s —
500.7 |°D-F° 859.7 2s%2p*(*P)3p P-2P-
863.2
6 NII [553.4, [2s2p*(“P)3s—2s2p*(‘P)3p |27 NI [865.9 2522p*('D)3s —
5543  |°P—"De 867.0 25%2p*(*P)5p *D-*P-
7 NI [556.0 |2s2p*CP)3p—2s2p*(°’P)5d |28 NI [868.3 2s%2p*(*P)3s—
‘D—'F 25*2p*CP)3p ‘P—'D-
8 NI [556.4 |2s2p*(C’P)3p —2s%2p*(’P)5d |29 NI (8706 25%2p*(°P)3s—
‘Do—F 2s22p*(*P)3p ‘P—'D-
9 NII [566.6 |2s*2p(*P°)3s—2s2p(*P°)3p |30 NI |[8715 25?2p*(°P)3s—
’P—'D 25*2p*CP)3p ‘P—'D-
10 NII [568.0 [2s*2p(*P°)3s —2s*2p(*P=)3p |31 NI |[872.2 25%2p*(’P)3s—
’P—D 25%2p*CP)3p ‘P—'D-
11 NII [568.5 |2s*2p(*P°)3s —2s2p(*P=)3p |32 NI |[873.2 25%2p*(°P)3s—
’P—'D 25*2p*CP)3p ‘P—'D-
12 NII |571.1 [2s*2p(*P°)3s — 2s*2p(*P°)3p |33 NI [875.0 25%2p*(’P)3s—
’P—D 25%2p*CP)3p ‘P—'D-
13 NII [574.8 |2s*2p(*P°)3s —2s2p(*P°)3p |34 NI {903.0 25?2p*(°P)3p —
'Po—D 25%2p*(°P)3d *S°—*P
14 NI |648.1- [252p*CP)3p—2s2p’(’P)4d |35 NI 9047 25%2p*('D)3s —
648.6 |['D—'F 2s%2p*('D)3p *D—F°
NIl |648.2 |2s*2p3s—2s*2p3p 'P-—'P
15 NI [742.5 |2s22p*(’P)3s —2s2p*(°P)3p |36 NI [906.2 25?2p*(°P)3p —
‘P*Se 25*2p*(’P)3d *S>—*P
16 NI (7443 [252p*CP)3s—2s2p°(P)3p |37 NI (9389 25%2p*(*P)3s —
‘P—*Se 25%2p*(°P)3p *P—De
17 NI [746.9 |2s22p’(CP)3s—2s2p’CP)3p |38 NI (9395 25%2p*(°P)3s —
‘P*Se 25s*2p*(’P)3p *P-*D-
18 NI |[817.0 |[2s2p*('D)3s —2s2p*C°P)5p |39 NI (9826 2s%2p*(*P)3p —
’D-*De 25?2p*(°P)3d ‘D-—D
19 NI [818.9 |[2s2p°(P)3s—2s2p*(°P)3p |40 NI [986.6 25*2p*(*P)3p —
‘p—*pe 25s*2p*(*P)3d ‘DD
20 NI |819.1 [252p’CP)3s—2s2p°CP)3p |41 NI |1010.6- |2s*2p°CP)3p —
‘p—*po 1011.7  |25*2p*CP)3d ‘D—F
21 NI 8204 [2s°2p*(°P)3s —2s*2p°(’P)3p
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4. Conclusion
The 2D spectral map of nitrogen was measured by electron induced fluorescence. It contains spectra in
the range from 330 to 1030 nm at the energy range from 6 to 100 eV. The intensities of the spectra in
the map were calibrated so the absolute values of the emission cross-sections can be determined by
integrating the surface under the corresponding transition.
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Absolute densities of gaseous products generated by coplanar dielectric barrier discharge in N»/O,
mixtures and in ambient air were determined by absorption spectroscopy. Ozone (O3) and nitrogen
oxides (N>O, NO; and N,Os) were identified as the stable products of the discharge. It was found
that the actual product composition strongly depends on the gas temperature. At low input power
with the low gas temperature, O3 density was high and the NO, density was very low. At a specific
input power (and the gas temperature) Oz disappeared, while NO, density started to increase
steeply.

1. Introduction

Low-temperature plasma (LTP) at atmospheric pressure is currently widely studied as a tool for
plasma treatment of the surfaces of various materials. The reason for the wide interest is the potential
of plasma applications associated with low costs and environmentally friendly technologies. Plasma
interaction with the surfaces of materials depends on plasma composition. Therefore, plasma
diagnostics plays the important role in the study of the effect of the plasma treatment.

Currently, there is increasing interest in the use of LTP generated by different types of dielectric
barrier discharges, widely used are surface dielectric barrier discharges (SDBDs) of various electrode
configurations. In our work, we focus on the diagnostics of coplanar surface barrier discharge plasma,
which is often used in the surface treatment of various materials, in order to better elucidate the key
components affecting the treated (for example biomaterial) surfaces.

2. Experimental

The coplanar dielectric barrier discharge (CBD) is a type of dielectric barrier discharge operated
typically in air at atmospheric pressure. The coplanar electrode arrangement contains both electrodes
on one side of the dielectric barrier. In the used set-up, 19 parallel electrode pairs, connected
alternately in parallel, were deposited on 0.7 mm thick Al,O; ceramics with dimensions 20 cm % 8 cm.
The electrodes (1.5 mm wide with 1 mm gap) were immersed in oil and cooled by the oil cooling
circuit. The electrode system was placed in a box with dimensions 16 cm x 30 cm x 8§ cm made of
plastics. The electrodes were supplied with AC high voltage (20 kV peak-to-peak, frequency 14 kHz).
The input power to high voltage power supply was measured by FK Technics power meter. The ratio
of the power delivered to the plasma and to the high voltage power supply input power is then 0.95. In
this work, the CBD plasma source was operated in closed reactor as described above. The discharge
was generated in an ambient air, oxygen, nitrogen and in mixtures of nitrogen and oxygen in ratio of
80:20, 60:40 and 40:60. The gas flow rate was kept at 3 1/min in all cases. The ambient air was first
compressed to ensure the gas flow. The relative humidity of the air was approximately 50 %.

Optical absorption spectroscopy (OAS) of the discharge products in UV and VIS region was carried
out using standard experimental set-up. The working gas flowed first through the plasma reactor
chamber and then through a quartz cuvette (length 10 cm), located between deuterium halogen lamp
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(Ocean Optics DT-Mini-2-GS) and grating spectrometer (Ocean Optics Red Tide USB 650UV). The
light was transmitted into and from the cuvette by the optical fibers.

The OAS spectra were measured in the range 200 — 850 nm for various discharge parameters
(discharge power and gas composition). The spectra were averaged over twenty samples. The ozone
and NO; densities were determined using the absorption cross sections taken from Hitran database [1].

3. Results

The optical absorption spectroscopy provided a limited access to the discharge chemistry compared to
the FTIR spectroscopy. Typical optical absorption spectra, measured at specific powers and in N»:0,
mixture 40:60 and in ambient air, are shown in Fig. 1.

For the 40:60 gas mixture and powers up to 200 W, the light in the 200 — 300 nm wavelength region
was dominantly absorbed by the O3 molecule, see the curve a in Fig. 1. Although the absorptions by
N20s and N>,O molecules also fall in this region, they were not observed, as their densities (see the
results of FTIR measurement in [2]) as well as their absorption cross sections were significantly lower
than those of Os.
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Fig. 1. The optical absorption spectra of gaseous plasma products for gas mixture 40:60 and air at
various powers. Red and blue curves were multiplied by 20 in order to improve their readability.

Due to almost complete light extinction around O3 absorption maximum (257 nm), the O; density was
calculated from the 275 — 305 nm wavelength region.

At discharge powers above 233 W, the O3 absorption peak was missing and the absorption peak of
NO; spreads from 280 nm to 600 nm in the spectra, see curve b for 300 W in Fig. 1. The NO; density
was calculated from 399 — 401 nm wavelength region. A small absorption band around 225 nm could
be caused by N>O or N,Os molecules.

Similar absorption spectra were observed for the discharge burning in the air even at low discharge
powers, see the curve ¢ in Fig. 1. Besides N,Os and N,O molecules, HNO; with the pronounced part of
the cross section within 180 — 240 nm can contribute to the UV light absorption in humid air plasma.
Nevertheless, the similarity between curves b and ¢ suggests that the nitric acid is not present at
200 W, in agreement with the FTIR measurement [2].
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Power dependencies of the O3 and NO, densities are along with the results of FTIR spectroscopy [2]
shown in Fig. 2. In order to improve the image clarity, very low densities obtained by FTIR are not
shown in the plot. Although the measured density values are slightly different, both OAS and FTIR
spectroscopy provide a similar picture of the plasma chemistry development. As the FTIR and OAS
spectra were not recorded in the same experiment, the deviations between the OAS and FTIR values
were attributed to worse experiment repeatability, especially in the case of laboratory air. Generally,
the OAS measurement had a lower sensitivity (at least due to the used instrumentation), and it also
suffered more from the spectra overlap, compared to FTIR measurement.

The absence of the absorption peak in the spectrum could be used for the estimation of the upper-
density limit. For example, no absorption was observed at 662 nm, where NO3 absorption cross
section has a maximum [3]. The NO; density was therefore below 2 x 10 m>,
The uncertainty of the densities obtained by OAS was estimated to be about 10 %.
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Fig. 2. Comparison of power dependencies of O3 and NO; densities obtained using OAS and FTIR
spectroscopy.

4. Conclusion

The absolute densities of stable gaseous products generated by coplanar dielectric barrier discharge in
N»/O, mixtures and in ambient air were determined by absorption spectroscopy. Ozone (O3), nitrogen
oxides (N>O, NO; and N»Os) were identified as the stable products of the discharge in N»/O, mixtures.
The product densities were determined for a wide range of applied input powers (100 — 400 W). It
was found that the actual product composition depends strongly on the gas temperature. At low input
power, when the gas temperature is low, Oz density is high and NO; densities are very low. At specific
input power (and gas temperature) O3 disappears, while NO, density rises steeply.
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Different plasma reactors used for plasma-assisted catalysis for ammonia or methane synthesis are
developed. The usage of dielectric barrier discharges operated with kHz- and radio-frequencies for
effective catalysis reactions are studied. Different types of possible catalysts, like metal-organic-
frameworks (MOFs) or inorganic catalyst based on cobalt, are tested for in- and post-plasma
catalysis.

Nowadays, the energy efficient and decentralized performance of catalytic reactions, such as for the
production of ammonia, has become even more important. Plasma-assisted catalysis can help to achieve
these goals as it is available on demand and works without enormous external heating as for example
needed for ammonia synthesis. Therefore, non-equilibrium atmospheric pressure plasmas are used to
dissociate gaseous molecules, which can then react at the surface of the catalyst to form the desired
products [1]. Plasma-assisted catalysis reactors at atmospheric pressure are often realized by packed bed
reactors, in which the catalyst is packed into or deposited on millimeter-sized spheres [1-3]. However,
these millimeter-sized spheres are not feasible for all types of possible catalysts.

Therefore, different plasma reactors for plasma-assisted catalysis were developed and tested with and
without different catalysts for in-plasma catalysis, where the catalyst is in direct contact with plasma,
and post-plasma catalysis, where only reactive species from the plasma are reaching the catalyst.
Different types of possible catalysts are tested, like MOFs or inorganic catalyst based on cobalt.
Dielectric barrier discharges operated at kHz- or radio-frequencies are used for ammonia synthesis using
N> and H» as working gas as well as for methane formation experiments using CO, and H,. With the use
of mass spectrometry measurements, the obtained products are identified. Depending on the reactor-
type and working gas, the gas temperature during plasma operation ranges from room temperature up
to 200 °C. In order to compare the results of plasma-assisted catalysis with pure thermal catalysis, a
setup was developed, that can be externally heated. It can be shown, that the observed products during
plasma-assisted catalysis are not originating from the thermal catalysis.
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Phase Resolved Optical Emission Spectroscopy (PROES) measurements combined with Particle-
in-Cell/Monte Carlo Collisions (PIC/MCC) simulations are used to study the effects of the electrode
material on the discharge characteristics in low-pressure capacitively coupled plasmas (CCPs) in
Helium. The plasma density is significantly affected by using different materials at the grounded
electrode (stainless steel, copper and graphite), while using powered electrode made of stainless
steel in a geometrically symmetric CCP reactor. The discharge symmetry is also influenced by using
different electrode materials at the electrodes.

1. Introduction

Low-pressure CCPs are common tools for plasma-based material processing, such as etching, deposition
and surface treatment in biomedicine [1-4]. In these applications, the interaction of the charged heavy
particle species with the electrodes plays an important role. In order to optimize the flux and the energy
of the particles colliding with the electrodes, a scientific approach is beneficial to understand the
complex physics of the plasma. For example, understanding the electron power absorption dynamics [5]
and the effects of surface processes on the plasma have become a central issue [6]. In the current work,
these phenomena are studied in Helium discharges, by experiments and simulations: phase-resolved
optical emission spectroscopy (PROES) measurements and Particle-in-Cell/Monte Carlo Collisions
(PIC/MCC) simulations are performed at a low pressure and high voltages, which are ideal conditions
for various surface processes due to the high particle energies. We use three different surface materials
for the electrodes (stainless steel, copper, graphite) and compare some basic plasma parameters obtained
from experiments and simulations.

2. Experimental setup and discharge conditions

The measurements are performed in a geometrically symmetric plasma reactor (our “Budapest v.3” cell,
see figure 1): the electrodes are plain and parallel, with identical diameters of 14 c¢m and a gap of
L = 2.5 cm between them, located within a quartz cylinder. One of the electrodes is driven by a
sinusoidal RF waveform, while the other electrode is grounded. Both electrodes are made of stainless
steel, although disks made of different materials can be placed on the grounded electrode. In the current
work, stainless steel, copper and graphite disks (with diameters of 14 cm) are used at the grounded
electrode. The PROES measurements are done with an ICCD camera with a temporal resolution of 1 ns
and a spatial resolution of approximately 100 um. The optical emission of the plasma is filtered for the
He 3d; atomic excited state with a threshold of 23.074 eV, providing the spatio-temporal distribution of
the excitation rate of the selected state from the ground state [7]. The time frame of photocollection (the
gatewidth) is set to 1.5 ns in the current study. The driving frequency is f = 13.56 MHz, the voltage
amplitude is varied between 600 V < V; < 1000 V, and the pressure is fixed at p = 30 Pa.
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Fig. 1. Experimental setup. Picture of the “Budapestv.3” plasma reactor in our lab.

3. Simulation model

For the computational investigation of Helium CCPs, our 1d3v PIC/MCC simulation code is used. The
cross sections for the gas phase collisions of electrons are taken from the Biagi-v8.97 database [8]. This
set includes elastic reflection, 49 excitation processes and ionization. For the collision of He" ions with
He atoms, isotropic and backward elastic scattering is considered [9]. The surface processes at the
electrodes are treated based on a simple approach: electrons can be elastically reflected according to a
constant probability 77,, and He" ions can cause secondary electron emission described by a constant y
coefficient. Note that these are estimated effective coefficients representing various other physical
processes, e.g. electron-induced secondary electron emission, secondary electron emission caused by
metastables, VUV photons etc. The emission probabilities via these elementary processes typically
depend on the energy of the incident particles. In the current work, we estimate these energy-dependent
processes with constant coefficients. The values of the elastic reflection coefficient of electrons and the
secondary electron emission coefficient of ions are shown in table 1, for the three different surface
material. They were chosen to reflect the experimental data available in the literature [10-13].

Tab. 1. Surface coefficients used for the various electrode materials at the grounded electrode in the
PIC/MCC simulations.

Ne )4

Stainless steel 0.7 0.3
Copper 0.45 0.2
Graphite 0.35 0.15

4. Results

In figure 2, various discharge characteristics obtained from PIC/MCC simulations at a gas pressure of
30 Pa and driving voltage amplitude of 600 V are shown. The columns correspond to the three different
grounded electrode materials: stainless steel, copper and graphite, respectively. From the PIC/MCC
simulation results, the time-averaged charged particle density profiles, the spatio-temporal distribution
of the electric field, the electron power absorption rate, the ionization rate and the He 3d; excitation rates
are shown in the different rows. The He 3d; excitation rates obtained from PROES measurement for the
different grounded electrode materials are also shown in the last row.
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Fig. 2. Time-averaged charged particle density profiles (a-c), and spatio-temporal distributions of the
electric field [10° Vm™] (d-f), the electron power absorption [10* Wm™] (g-i), the ionization rate
[10*° m>s'] (j-1), and the He 3d; excitation rate [10* m~s'] (m-0) obtained from the simulation at a
pressure of 30 Pa and a driving voltage amplitude of 600 V. The last row shows the He 3d; excitation
rates [a.u.] measured by PROES (p-r). The columns correspond to the three different grounded electrode
surface materials. In panels (d-r), the horizontal axis corresponds to one RF period (Tgg = 1/f). The
powered electrode is located at x/L = 0, and the grounded electrode is at x/L = 1.
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When the grounded electrode is made of stainless steel, i.e. it is identical to the powered electrode (first
column), the particle density profiles are symmetric (panel (a)). The electric fields periodically develop
at one electrode to accelerate the electrons away from the electrode, forming a depleted sheath region
(panel (d)). In accordance with that, there are peaks in the spatio-temporal distribution of the electron
power absorption at the edges of the expanding sheaths (panel (g)). The electrons gaining energy at these
phases are able to cause ionization and excitation, forming localized peaks in the spatio-temporal
distribution of the ionization and the excitation rates as well (panels (j) and (m), respectively). This is
called a-mode discharge operation, which is typical in electropositive CCPs. Similar excitation patterns
can be observed in the experimental results (panel (p)): a good qualitative agreement is obtained between
the results from PROES and the PIC/MCC simulation.

The second column of figure 2 corresponds to the case when copper disk is used at the grounded
electrode, while the powered one is made of stainless steel. The most important difference compared to
the previous case (stainless steel electrodes at both electrodes) can be seen by comparing the central
charge densities: instead of 2.35 x 101°m™3, it takes a value of 1.5 X 10*>m~3, which is a decrease by
36%. The spatio-temporal distributions of the other plasma parameters are qualitatively similar to the
previous case, and the simulated excitation rate corresponds to the PROES measurement as well. By
using copper electrode instead of stainless steel as ground, the sheaths become slightly wider. The
reasons of the decreased plasma density and the wider sheaths are the lower values of the electron
reflection and the secondary electron emission coefficients (7, and y, see table 1) used in the simulations.
When the grounded electrode is made of graphite (third column in figure 2), the discharge still operates
in a-mode, and the qualitative picture is similar to the other two cases with stainless steel and copper
electrodes at grounded position. However, the central charge density decreases to 1.2 X 10°m™3,
which is 80% of the density obtained with copper grounded electrode and approximately half of the
density obtained with stainless steel electrode.
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Fig. 3. The DC self-bias forming between the two electrodes as a function of the driving voltage
amplitude, obtained from PIC/MCC simulation, for various surface materials used for the grounded
electrode.

When the two electrodes are made of different materials, electrical asymmetry can develop even in case
of a geometrically symmetric electrode configuration. The reason is the different interaction of plasma
particles with the electrodes, i.e. different particle yields and sticking ratios for different electrode
materials. This effect is illustrated in figure 3 based on PIC/MCC simulations: the DC self-bias
developing between the two electrodes is shown for the different grounded electrode materials for
different voltage amplitudes at 30 Pa. As it is expected, the self-bias is technically zero when both
electrodes are made of stainless steel. However, when the grounded electrode is replaced by copper or
graphite, a self-bias develops with a value between 40-80 V, which is 7-13% of the driving voltage
amplitude. Nevertheless this self-bias is still not significant and does not cause a noticeable asymmetry
in the particle density profiles and the spatio-temporal distributions of various plasma parameters
(shown in figure 2) under the studied discharge conditions.
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Phase Resolved Optical Emission Spectroscopy measurements combined  with
Particle-in-Cell/Monte Carlo Collisions simulations are used to study the electron excitation
dynamics in capacitively coupled plasmas in argon-oxygen mixtures. The measurements and the
simulations show good qualitative agreement in a wide parameter range. Various
emission/excitation patterns develop at different pressures and different mixing ratios of the two
gases. The mechanisms behind the formation of these patterns are revealed based on the simulation
results.

1. Introduction

In low-pressure capacitively coupled plasmas (CCPs), experimental observation of the space and time-
resolved plasma emission based on Phase Resolved Optical Emission Spectroscopy (PROES) provides
information on the electron power absorption and excitation dynamics. The spatio-temporal distribution
of the electron-impact excitation rate from the ground state into the selected excited atomic/molecular
state is generally considered to probe the ionization dynamics (which determines the discharge operation
mode) as well. In this work, we study the electron power absorption and excitation/ionization dynamics
in CCPs operated in mixtures of argon and oxygen. Such systems, i.e. low-pressure CCPs operated in
gas mixtures containing oxygen are highly relevant in plasma-based material processing. The study is
performed for a geometrically symmetric CCP reactor by combining PROES measurements with
Particle-in-Cell/Monte Carlo Collisions (PIC/MCC) simulations in a wide parameter range.

2. Methods

A geometrically symmetric plasma reactor (our “Budapest v.3” cell) is used for the measurements. In
this discharge cell, the plain parallel electrodes, made of stainless steel, with identical diameters of 14
cm, are situated within a quartz cylinder. One electrode is driven by radiofrequency voltage, while the
other electrode is grounded. The electrode gap is 2.5 cm. The PROES measurements are performed by
using a fast-gateable ICCD camera. In argon-oxygen mixtures, the optical emission from the Ar 2pl
state with a wavelength of 750.4 nm is measured. Detailed description of the experimental setup is given
in [1].

The simulations are based on our one dimensional in space and three dimensional in velocity space
(1d3v) PIC/MCC simulation code. This code (named PICit!) is suitable to model geometrically
symmetric CCPs in various mixtures of electropositive/electronegative gases. The particles traced in the
simulations of argon-oxygen gas mixture plasmas are electrons, Ar" ions, fast Ar atoms (Ar"), O," ions,
O ions and fast O, molecules (O,"). In total, 61 collision processes are included in the argon-oxygen
discharge model: the collision processes used previously for simulation studies of CCPs operated in pure
argon and oxygen, complemented with “cross processes” between oxygen and argon species and
collision processes for fast neutrals. The cross sections are taken from [2]. As surface processes,
secondary electron emission due to ions, elastic reflection of electrons and surface quenching of Ox(a'A,)
metastable molecules are considered and constant surface coefficients are used for these processes. The
density of the O(a'A,) metastable species is determined self-consistently in the simulations. The heating
of the background gas due to elastic collisions of fast neutrals and ions with background
atoms/molecules, as well as the heating of the electrodes due to inelastic collisions of plasma particles
reaching the electrodes are also considered in the model [1].

3. Results

The study is performed at a driving frequency of 10 MHz and a peak-to-peak voltage of 350 V. The
pressure of the gas mixture is varied between 15 Pa and 400 Pa, while the argon/oxygen concentration
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is tuned between 10% and 90%. For the whole parameter range covered in this study, the spatio-temporal
distributions of the electron-impact excitation rate measured by PROES and obtained from PIC/MCC
simulations show good qualitative agreement. This is illustrated in Fig. 1, in which PROES results and
PIC/MCC results are presented for 10% Oz — 90 % Ar mixture and 90% O, — 10 % Ar mixture at p =
240 Pa.

Experiment Simulation
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Fig. 1. Spatio-temporally resolved electron impact excitation rate from the ground state into the Ar2pl
state [a.u.] obtained from experiment by PROES (first column) and from PIC/MCC simulation (second
column) for 10% O2 — 90% Ar (first row) and for 90% O2 — 10% Ar (second row) mixtures at p = 240
Pa, f'=10 MHz, V;,, =350 V peak-to-peak voltage, L = 2.5 cm discharge gap.

Based on the measured and calculated excitation patterns, multiple discharge operation regimes are
identified. The simulations provide information about the mechanisms behind the formation of these
patterns. At the lowest pressure, a weak a-peak at the expanding sheath edge, a strong ambipolar peak,
and a weak drift feature in the bulk region are found in the excitation rates. With increasing pressure,
the a-peak and the drift feature are found to be enhanced, while the ambipolar peak is reduced. At
intermediate pressures, the a-peak is found to be the dominant excitation pattern in all mixtures. Further
increase of the pressure results in the formation of two distinct excitation peaks at the edges of the bulk
region (caused by local maxima in the electronegativity), which dominate the excitation at high
O; concentrations (see panels in the bottom row of Fig. 1).
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Time resolved optical spectra have been recorded of discharges in aqueous CsCl solutions. The
strongest atomic lines observed are from the hydrogen Balmer series, but there are also broader
features in the spectrum. There are significant changes in the intensity and shape of these features
in the spectra with time.

Plasma discharges have been generated in caesium chloride (CsCl) solution between two tungsten pin
electrodes. Time resolved optical spectra have been recorded with an ICCD iStar Andor camera and a
small broad band UV-visible spectrometer. Approximately 320 nm of the UV-visible spectrum can be
recorded with the camera and a 300 line/mm diffraction grating in the specgtrometer with a optical
resolution of approximately 1 nm and time resolution of better than 10 ns. In reality time windows for
spectra are generally significantly wider than 10ns. The Balmer Ha, H}, and Hy are being analysed to
try to determine electron densities as a function of time.
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The main objective of this work is to investigate the microgap vacuum breakdowns between
palladium electrodes set in the sphere-plane geometry and to characterize the emission current
generated in the pre-breakdown stages. The conditioning of electrodes and saturated breakdown
voltages were measured for different gap distances from 1 pm up to 10 pm. The microdischarges
were generated by a pulsed electric signal with a voltage ramp speed of 107 kV/s.

1. Introduction

The first attempts to characterize microdischarges were performed in the fifties of the last century by
Boyle, Germer, Kysliuk, and others [1,2,3]. They investigated the question of the origin of microgap
discharge breakdown and field emission (FE) phenomena mostly from the fundamental point of view.
In 1996, Schoenbach has shown a stable discharge generated in the microdischarge cavity at high
pressure with several potential applications [4,5]. Now, the microdischarges are used mostly in the
various plasma sources due to their high current densities caused by high electric field intensity.

However, there is still an unknown process behind the initiation of discharge due to field emission.
Due to the fast ionization processes ongoing in the discharge region, it is difficult to measure the pure
field emission at high pressure. For this reason, it is beneficial to provide the measurements in a vacuum
where the impact of gas on the electric breakdown can be neglected. In our previous study [6] we focused
on the characterization of FE from stainless-steel electrodes. The main objective of this work is to follow
our previous research and to investigate the phenomena occurring in the breakdown and pre-breakdown
stages for electrodes made from palladium. Thereafter, based on the Fowler-Nordheim theory, the
measured data can be used for the determination of other important parameters for the general
characterization of microdischarge such as emission current density, emission area, and factor of a
locally enhanced electric field.

Palladium belongs to the group of noble metals characterized by corrosion resistance and high thermal
conductivity [7]. It is mostly used in catalytic converters or multi-layer ceramic capacitors, but also in
spark plugs for enhancement discharge properties [8,9]. However, there are no available data about the
conditioning processes of noble metals or investigation of field emission phenomena which are
important for their complex characterization. For this purpose, we decided to use palladium metal to
represent the noble metal group and investigate its vacuum breakdown phenomena for a better
understanding of processes occurring in the discharge region.

2. Experimental apparatus

A Schematic of the experimental apparatus is shown in Fig. 1. The vacuum system consisted of a
vacuum chamber and pumping system which included a turbomolecular pump with pre-vacuum secured
by a dry forepump. The background pressure in the vacuum chamber was achieved at 2.10* Pa. The
palladium electrodes were set in sphere-plane geometry in the vacuum chamber. The sphere represented
the cathode with a diameter of approx. 5 mm. The plane anode was connected via a series of resistors to
the pulsed signal generated by a high-voltage power supply and switch controlled by a function
generator. The voltage ramp speed of the signal was ~ 107 kV/s. The size of the gap was set from 1 up
to 10 um using a micrometer head. The 0 um separation was established by measurement of electrical
contact between electrodes by using an chmmeter.
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Fig. 1: The scheme of the experimental apparatus for generation and measuring microdischarges.

3. Experimental results
Before measurement, the conditioning (cleaning of electrode surface from impurities by successive
breakdowns) is the key process for the subsequent investigation of field emission phenomena. The
conditioning is usually measured for one selected microgap ~ 10 um. Fig. 2 represents the evolution of
breakdown voltage during the conditioning.
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Fig. 2: Evolution of breakdown voltage during conditioning (107 kV/s, 10 um).

As shown in Fig. 2, during the conditioning of electrodes the average value breakdown voltage increased.
This augmentation was referred to as an unsaturated state. When the average breakdown voltage had
become saturated (stable), the electrodes were considered to be conditioned. However, the fluctuation
of breakdown voltage after full conditioning is still present. This is due to the formation of protrusions
and pinholes occurring on the electrode surface after each successful breakdown. An interesting point
is the finding that two successive breakdowns are not accidental. It is shown in Fig. 3 which represents
the correlation of the difference between two consecutive breakdown voltages Ven+1)— Vem) versus the
earlier one Vg determined for different gap sizes measured in the saturated voltage region. The
correlations represent the atypical graphs showing some trends which manifest non-randomness of
consecutively generated breakdowns.
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In the saturated state was also measured the maximum field emission current before breakdown for
different distances of microgap. Fig. 4 shows the field emission current and corresponding breakdown
voltages for different gap distances. The maximum field emission current was obtained for 5 um and
decreased on both sides for higher or lower electrode distances. This is in good agreement with the work
of Tsuruta [10] who proposed this current behavior if anode breakdown is dominant.
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Fig. 4: Field emission current measured for different sizes of microgap.
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The presented study is focused on the investigation of emission current from the large surface area palladium
electrodes with a sphere to plane geometry. The measurements were performed at the electrode distances in the
range of 500nm up to 10 um at the pulsed electric field rate of 10'°V/s. The breakdown voltages were measured
depending on the pulse rise time and the electrode separation. The emission current was analyzed using the field
emission theory described by the Fowler-Nordheim equation. The enhancement factor, the radius of the emitting
area, and current density were subsequently determined.

1. Introduction

The key parameter of utilizations of field emission microdischarges (FEM) in industry is the electrode
resistance to the corrosive atmosphere at high current densities. Our previous research [1] of FEM was
focused on the characterization of the electrode with stainless steel (SS). The maximum current drawn
from the SS electrodes before the breakdown occurs was approximately ImA @ (10°V/s; Sum). At
slower pulses was even lower with the strong influence of tip heating. Moreover, the oxidative
environments rapidly erode the electrode surface [2]. This leads to the search for a new reliable metal
for FEM electrodes. One of the possibilities is the use of precious metals due to their unique properties
as high electrical and thermal conductivity, high melting point, and resistance to oxidative atmospheres.
For this purpose, we focused in this study on the field emission properties of palladium electrodes.

2. Experimental setup
The schematic of the apparatus used in this experiment is shown in Fig. 1. The palladium electrodes
were situated in a vacuum chamber (p ~1.10Pa) in sphere to plane geometry, ensuring a quasi-uniform
electric field. The sphere electrode represents the cathode with a diameter of approximately 5 mm. The
electrode surfaces were mechanically polished with the diamond pastes (down to 0,25 pm grain size)
and afterward ultrasonic cleaned with isopropyl and distilled water. The voltage pulse was generated
by switching (Behlke) high voltage through the limiting resistor R1(20kW).
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Fig. 1 Schematic of the apparatus with electrical circuit generating HV pulse
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3. Results and discussion

The field emission parameters -enhancement factor 8, emitter area 4 and the current density J, were
extracted from the measured current—voltage waveforms /(U) following the standard approach as
defined by Forbes et al. [3]. Fig. 2 shown calculated enhancement factor §§ prior to breakdown as
function of voltage. The average § starts from ~22 at 10um down to ~8 for 0.5um. This is almost 3
times lower than for similar measurements for large area copper electrodes [4]. Maximum FE current
drawn from the electrode was observed at the peak of S5pum with a current of more than 200mA while
decreasing to 70mA for 10 pum and 2.5um. Based on the surface morphology and the current behavior
at different electrode spacing [5], we assumed the anode dominant breakdown occurs in all electrode
distances and the field emission current is primarily limited by the anode melting point heated by the
electron beam from the whisker.
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One of the advantages of gliding-arc plasma reactors is the ability to operate in a wide range of
composition and flow rate of working gas. Due to the significant influence of gas-dynamic forces, the
gas parameters directly affect the shape of the discharge and thus the efficiency of plasma treatment and
the requirements for the system geometry. The study presents the results from imaging of discharges in
a miniature, two-electrode gliding-arc reactor for applications in environmental engineering and food
technology using the high-speed camera (Photron FASTCAM SAZ 2100K). On the basis of the obtained
images, the position and speed of the arc were analyzed for two values of the working gas flow rate,
which was air, nitrogen or oxygen.

A comparison of the results shows the significant influence of the gas-dynamic forces resulting
from the forced gas flow. At the higher flow rate, the discharges lasted for a shorter time, but the arc
was much longer. In addition, it was possible to observe the appearance of a main, longest discharge
followed by successive, shorter ones. Adding up the duration of all the discharges per period of the
voltage signal, the discharges thus lasted as long as individual discharges at a lower flow rate. Combined
with the significantly longer length of the arc itself, represented by the positions of the discharges, the
obtained results allow to indicate one of the possible reasons for the higher generation of reactive oxygen
and nitrogen species for the higher flow rate. Differences between the different working gas
compositions were negligible, where slightly higher arc positions were observed for oxygen as the
working gas.
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We present experimental mass stopping powers of electrons in gaseous H2 obtained with a newly
developed electron time-of-flight spectrometer, for the incident electron energy range of 10 eV to
25 eV. In our procedure the average energy loss is derived from our conversion of electron time-of-
flight spectra into equivalent electron energy loss spectra so as to obtain the values of mass stopping
power using energy loss as the parameter for electron scattering.

1. Introduction
The mass stopping power (MSP) - a useful parameter obtained from collision studies - is of funda-
mental importance in biomedical dosimetry, radiation physics, chemistry, medicine and biology invol-
ving neutrons, protons, X-rays and electrons [1]. Although, MSPs are widely used in many fields they
are rarely obtained experimentally. This is because in these measurements the complete electron energy
loss spectrum should be measured, and the spectrum should be corrected for instrumental transmission
effects.

The mass stopping power is defined by the well-known formula:

_1dE N, (1)
MSP = P T = M <EL> Oinel

where Na is Avogadro’s number, M is the molar mass of the molecule, (£;) is the mean inelastic energy
loss, and is the mean inelastic energy loss, and oinel is the integral inelastic cross section in a.u. and p, is
the density of gaseous H; .

2. Experiment
Our measurements were obtained from a recently constructed time-of-flight (TOF) spectrometer, con-
sisting of an intense energy unselected pulsed electron gun and a TOF analyser [2,3]. In our studies we
collide low-energy electrons with target H, gas molecules in a crossed beam configuration, and we me-
asure transmission-free TOF electron scattering spectra. We used these TOF spectra provide experimen-
tal MSP of electrons in H; in the low electron energy range [4].
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3. Results
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Fig. 1. MSP for electron scattering from the ground state of H2. Experiment: Munoz et al. [5]; Theory,
Fursa et al. [6], Gumus [7], Dalgarno et al. [8], Miles et al. [9], Takayanagi and Nakata [10], Peterson
and Green [11], Sugiyama [12] and Spencer and Pol [13].
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The aim of the research was to investigate the effect of Cold Atmospheric Plasmas (CAP)
treatment on various parameters of freshly pressed NFC (Not From Concentrate) apple juice,
including on microbiological quality, physicochemical and structural properties. In addition, the
conducted research will be used to assess the usefulness of CAP in extending the shelf life of fresh
apple juice with minimized loss of valuable nutrients.

1. Research topics
At present, not-from-concentrate juices (NFC) also referred to as one-day or fresh juices are premium
products on the food market. They are produced by pressing fruit pulp or mechanical mashing raw
materials. Many scientific studies confirm that cloudy juices (vs. clear juices) contain several-fold
higher amounts of beneficial bioactive compounds, which exhibit strong anti-cancer, anti-
inflammatory, and anti-aging activities.
Currently conducted research, described by many authors, confirms the rightness of using CAP in
order to eliminate unwanted bacteria and fungi from food products. However, there is little evidence of
the effectiveness of the disinfection of fruit and vegetable juices. The most frequently performed
experiments are based on the analysis of the effect of CAP on specific microorganisms in pasteurized
juices. An interesting area, due to the prevailing trends related to healthy eating, is the possibility of
extending the shelf life of unpasteurized juices [1-6].
Using a modified GildArc (GAD) reactor connected to a flow system, the potential use of low-
temperature plasma technology to condition unpasteurized apple juice was investigated. The
conducted experiments were aimed at determining the optimal conditions of food processing with the
use of CAP.
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Electron induced fluorescence of acetone was studied by optical emission spectroscopy. Acetone is
the simplest ketone and it is an abundant compound of the interstellar medium. The emission
spectrum following electron impact on acetone is studied in a crossed-beam experiment. The
spectrum is measured at several electron energies in range from 10 to 100 eV within the wavelengths
of 280 - 950 nm. The emission bands of CH (A-X), CH (B-X) and CH (C-X) along with emission
lines of hydrogen’s Balmer series are detected. Relative emission cross sections of several emission
lines and bands are measured as well and their threshold energies and dissociative excitation
channels are estimated.

1. Introduction

Dissociation electron impact excitation processes can provide a remote diagnostic method of neutral
gases and chemical and physical properties of the environment in atmospheres around planets and small
bodies in our solar system [1]. Due to specific distribution of electron, vibrational and rotational energy
levels each compound has its own spectral fingerprint in IR, VIS and UV. The efficiency of the
excitation process strongly depends on collision energy [2]. In other words, the emission cross section
strongly depends on the kinetic energy of colliding electron. The shape of the spectrum is given by
population of individual energy levels of the molecule which depends on the process producing the
excited particle. In the figure 1 comparison of three spectra of OH(A-X) is shown. From the shape of
the spectrum the process leading to emission can be derived. Sufficiently rich database of the emission
spectra induced by different processes can be a strong tool for remote diagnostics of the planetary
environment [3]. Acetone itself has been found in various types of environments where electron induced
processes play a significant role. It was detected in gases surrounding young star by ALMA [4], in
interstellar space [5], it is the most abundant volatile organic compound in the Earth atmosphere which
has a significant impact on atmospheric chemistry [6].

2. Experiment

The experimental apparatus used in this work is based on a crossed electron and molecular beams
method and is further described in a previous publication [3]. Trochoidal electron monochromator
located in a vacuum chamber generates a monochromatic electron beam. The electron beam interacts
with a perpendicular molecular beam formed by an effusive capillary. The background pressure of the
vacuum chamber is ~10® mbar and the pressure of the molecular beam is set to sustain binary
interactions — one electron with one molecule. One of the products of electron-molecule interactions are
excited species. These are unstable and emit radiation as they de-excite. The emitted radiation is
collected by a UV fused silica lens and guided out of the vacuum chamber to a parabolic mirror, which
focuses this radiation to the entrance slit of a Czerny-Turner optical monochromator. To maximise the
detected signal, a spherical mirror is placed opposite to the collecting lens with its focus at the centre of
collision. To acquire signal from the emitted radiation, either a Hamamatsu photomultiplier R4220P
(PMT) or an Andor iDUS 420 CCD camera can be used. The photomultiplier is sensitive to wavelengths
of 185 — 700 nm and collects the signal at one wavelength at a time. The CCD camera is sensitive to
300 — 1100 nm wavelength range and can obtain signal from an approximately 85 nm interval of
wavelengths which makes the CCD camera more efficient for measuring spectra. The scheme of the
experimental apparatus is shown in Figure 1.
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Fig. 1. Simple scheme of the experimental system.

The emission spectrum of acetone was measured in the wavelength range of 280 — 950 nm at
50 eV electron energy and corrected for apparatus sensitivity. There were no detected transitions in the
region of 300 — 380 nm. The wavelength region of 445 — 900 nm consists of the lines of hydrogen’s
Balmer series H, at 656.3 nm and Hp at 486 nm, and the Swan system of Cs (d*I1,—a’Il,) within 460 —
472 nm. The emission spectrum within the wavelengths of 380 - 445 nm is depicted in Figure 2. The
emission band in the range of 415 — 445 nm corresponds to the radiation of CH (A?A-X’II) (v,v)
fragment. Less intensive radiation of CH (B~ —X?IT) (0,0) fragment was identified within 386 — 402 nm.
Several emission lines of hydrogen’s Balmer series H, — H;, were detected throughout the spectrum as
well. Individual rotational transitions from P, Q, R branches of both CH fragments are resolved in the
Fig. 2.
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Fig. 2. The main detected molecular bands CH (A-X) and CH (B-X).

3. Conclusions

Electron induced fluorescence of acetone was studied in a crossed-beam experiment. The emission
spectrum of neutral fragments of acetone was measured, analysed and compared with simulated spectra
from LIFBASE. Experimental threshold energies were determined from the relative emission cross
sections of selected transitions (Hp, H,, CH (A*A-XII)). Theoretical values were calculated from
enthalpy of formation and excitation energies and compared to experimental results. The comparison
was used as a basis for suggesting dissociative excitation channels for selected transitions. Further
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research will be focused on less intensive and other possible transitions in the spectrum and threshold
energies of all identified transitions. Individual dissociative excitation channels will be distinguished as
well.

Acknowledgments. The presented research was partially supported by Slovak grant agency VEGA
within the projects nr. 1/0489/21, 1/0553/22, by Slovak Research and Development Agency within
projects nr. APVV-19-0386, APVV-15-0580. This research has received funding from the European
Union's Horizon 2020 research and innovation programme under grant agreement No 871149.

4. References
[1] Galand M and Chakrabarti S 2002 GMS 130 55.
[2] Itikawa Y and Mason N J 2005 JPCRD 34 1.
[3] Bodewits D, Orszagh J, Noonan, J et al. 2019 4pJ 885 167.
[4] Lykke J M, Coutens A, Jorgensen J K et al. 2017 A&A 597 AS3.
[5] Combes F, Gerin M, Wootten A et al. 1987 A&A4 180 L13.
[6] Franco B, Clarisse L, Stavrakou T et al. 2019 GRL 46 2884.

137



ELECTRON IMPACT EXCITATION OF CARBON
MONOXIDE

Barbora Stachové', Jan Blasko', Juraj Orszagh', Steven Bromley?, Dennis
Bodewits?, Stefan Matej¢ik’

'Department of Experimental Physics, Faculty of Mathematics, Physics and Informatics, Comenius
University in Bratislava, Slovak Republic
’Department of Physics, Auburn University, Alabama, USA
E-mail: barbora.stachova@fmph.uniba.sk

Optical emission spectroscopy was used to study electron induced fluorescence of carbon monoxide
[CO]. CO is one of the dominant carbon bearing molecules in extra-terrestrial bodies such as comets
or centaurs. It is also present in interstellar gas clouds which are the precursors of star formation.
The emission spectrum following electron impact on CO molecule was studied in a crossed-beam
experiment. The spectrum was measured at several electron energies in range from 2.5 to 100 eV
within the wavelengths of 275 - 510 nm. The emission bands of CO and CO" dominate this spectral
region. Excitation-emission functions of several emission lines and bands were measured as well
and their threshold energies were estimated.

1. Introduction
Electron-molecule interactions play an important role in various environments, whether it is the Earth’s
atmosphere or extra-terrestrial objects. Electron induced fluorescence (EIF) is one of the phenomena
that occur during the inelastic interaction of molecules with low energy electrons. It results in excitation
and subsequent emission of radiation as excited particles de-excite. Studying EIF provides information
on these radiative processes, which is needed to produce reference data for the analysis of astronomic
spectra, theoretical modelling of complex systems such as atmospheric processes, electric discharges
and other research or industrial applications. EIF can be studied by optical emission spectroscopy, which
is of particular importance for astrophysical research that is focused on plasma-chemical processes such
as excitations, ionizations and dissociative reactions. Emission spectroscopy is one of the few methods
enabling remote analysis of a chosen object and therefore it is vital for studying these extra-terrestrial
bodies. The examples are the observations of the atmosphere of Jupiter’s moon Ganymede [1] or the
spectroscopic data obtained by the Rosetta mission, which was the first ever to orbit a comet’s nucleus
- 67P/Churyumov Gerasimenko [2]. These data show that electron induced processes in comas and
planetary atmospheres play a significantly more important role than it used to be anticipated.
Carbon monoxide is a relatively abundant molecule in the Universe and it is an essential life-forming
molecule. It is one of the dominant carbon bearing molecules in extra-terrestrial bodies such as comets
or centaurs. Especially the A’IT — X?E" transition of CO" is prominent in emission spectra of the comet
tails and is referred to as the Comet Tail system. The diagnostic of these cometary volatiles is a necessity
for solar system formation models [3]. CO molecule is also present in interstellar gas clouds which are
the precursors of star formation. It is commonly used as a tracer of H» in the interstellar medium, which
is difficult to observe on its own as it lacks a permanent dipole moment [4]. It is also an important
compound of planetary atmospheres, such as Mars or Venus. Tracking atmospheric CO on Mars is an
effective method for exploring the oxidizing capacity of the Martian atmosphere [5].
There are several papers on electron impact excitation of the CO molecule. Many are focused on the
Comet Tail system of CO" such as [6]. [7] studied the emission cross-sections of CO in within 126 —
500 nm for the Fourth Positive system and the Cameron system of CO, and the First Negative system
and the Comet Tail system of CO". A comprehensive review of the literature on the band spectrum of
CO was compiled by [8]. It consists of critically evaluated numerical data on band positions, molecular
constants, energy levels and potential energy curves. The aim of this experiment is to extend already
existing collection of the emission cross-sections to be sufficient for the study and theoretical modelling
of the processes that occur on numerous extra-terrestrial bodies.
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2. Experimental apparatus
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Fig. 1. The scheme of the experimental setup used to study electron induced fluorescence. Blue - electron
beam, red - fluorescence signal, violet - molecular beam.

The experimental apparatus used in this work is based on a crossed electron and molecular beams
method and is further described in a previous publication [9]. A trochoidal electron monochromator
located in a vacuum chamber generates a monochromatic electron beam. The electron beam interacts
with a perpendicular molecular beam formed by an effusive capillary. The background pressure of the
vacuum chamber is ~10® mbar and the pressure of the molecular beam is set to sustain binary
interactions — one electron with one molecule. One of the products of electron-molecule interactions are
excited species. These are unstable and emit radiation as they de-excite. The emitted radiation is
collected by a UV fused silica lens and guided out of the vacuum chamber to a parabolic mirror, which
focuses this radiation to the entrance slit of a Czerny-Turner optical monochromator. To maximise the
detected signal, a spherical mirror is placed opposite to the collecting lens with its focus at the centre of
collision. To acquire signal from the emitted radiation, either a Hammamatsu photomultiplier R4220P
(PMT) or an Andor iDUS 420 CCD camera can be used. The photomultiplier is sensitive to wavelengths
of 185 — 700 nm and collects the signal at one wavelength at a time. The CCD camera is sensitive to
300 — 1100 nm wavelength range and can obtain signal from an approximately 85 nm interval of
wavelengths at once which makes the CCD camera more efficient for measuring spectra. The scheme
of the experimental apparatus is shown in Fig. 1.

The experimental apparatus operates in two regimes — measuring the intensity of the radiation as a
function of wavelength (emission spectra), which gives information on the transitions that occur during
the process of de-excitation of species. The second regime measures the dependency of photon intensity
on the electron energy (excitation-emission function) corresponding to a specific transition. These
provide information on the probability of the given transition occurrence and its threshold energy.

3. Experimental results and discussion

The emission spectrum of CO was measured in the wavelength range of 300 — 510 nm at 50 eV electron
energy and is depicted in Fig. 2. This spectral region is dominated by the Comet Tail system of CO”
(AT — X?2") and its vibrational transitions that were identified according to [7,8]. There are also few
emission bands of the Baldet — Johnson system of CO™ (B°EZ — A*I1 ™) but their relative intensity is
considerably weaker than of the Comet Tail system. Along with the emission bands of ionized CO", we
have identified several emission bands of neutral CO. These bands spread along the whole spectral
region, but they are also much weaker than the Comet Tail system, so they cannot be identified in the
50 eV spectrum.
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Fig. 2. The emission spectrum of CO measured by CCD camera at 50 eV.

The emission spectrum of CO within the wavelengths of 275 — 510 nm was measured at several electron
energies ranging from 2.5 eV to 100 eV with steps closely together in the threshold region and with
lower density above 50 eV. The spectra form a surface corresponding to excitation-emission functions
for transitions within the selected spectral range which can be calibrated to absolute scale to determine
emission cross-sections in the measured spectral and energy range. Thanks to spectral resolution high
enough to distinguish vibrational transitions it is possible to determine excitation-emission functions for
individual vibrational levels by selecting appropriate cut along the Y axis. The 3D graph of CO spectra
is shown in Fig. 3. The 3D graph shows that there are features that do not correspond to the CO" emission
bands at lower electron energies. Spectra below 17.5 eV are dominated solely by the emission bands of
neutral CO.

T B o T T 7 T T T 1T
280 300 320 340 360 380 400 420 440 460 480 500
Wavelength [nm]

Fig. 3. The 3D spectral graph of the emission spectrum of CO measured at multiple electron energies.

Excitation-emission functions of selected transitions were measured at electron energy range within 2.5
— 100 eV. The excitation-emission function measured at 377.6 nm is depicted in Fig. 4. It is a mixture
of signal from two different transitions, which are characterized by two threshold energies. Threshold
energy of a transition is the minimum possible energy for a given process to occur. The first threshold
at 9.5 eV is of the emission of neutral CO. The second one at 17.5 eV corresponds to the emission of
CO" (A’T1 - X’TY) (4,0).
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Fig. 4. Excitation-emission function of a mixture of CO and CO" emission at 377.6 nm.

4. Conclusions
Electron induced fluorescence of CO was studied in a crossed-beam experiment. The emission spectrum
composed of neutral CO and CO" emission bands was measured at several electron energies ranging
from 2.5 to 10 eV. Excitation-emission functions were measured as well as the 3D graph of CO spectra
was constructed. Further research will be focused on the identification of CO emission bands at energies
lower than 17.5 eV. These energies are not sufficient for the ionization and excitation of CO. We will
also determine threshold energies of all identified transitions and compare them to theoretical values. A
comprehensive study on electron impact excitation of CO will be published in a peer reviewed journal.
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We present low energy electron (0-12 eV) interaction studies of CCl, clusters formed in supersonic
expansion. Negatively charged products of this interaction were analysed by mass spectrometry. We
have observed the following negative ions: ClI"; Cly7; CCly7; CClsT; as well as cluster ions: [(CCls)aCl]
(1 £n<3); [(CCly)nCLT; [(CCLa)CCl3]. Moreover, the parent anion CCly and its clusters [(CCla)n]
(1 <n < 3) were also observed. In this study, we include ion yields for production of all products.

1. Introduction

Interaction of low energy electrons with molecules and molecular clusters is one of the elemental
processes in plasma and plasma technologies. At the Comenius University in Bratislava we are focusing
on electron attachment (EA) and dissociative electron attachment (DEA) studies, in this work on carbon
tetrachloride clusters (CCls),. Carbon tetrachloride is widely known for its large cross section for thermal
electron attachment [1].

The CLUSTER-ILN experiment [2] (Fig. 1) was used to measure the electron molecular and cluster
interactions. It is equipped with a trochoidal electron monochromator (TEM) and quadrupole mass
analyser used for identifying the charged products of electron impact, both are in a perpendicular
orientation. The ratio 1:150 of CCl4:Ar was expanded via 80 um nozzle into the high vacuum (expansion
chamber, background pressure ~10° Pa); this supersonic expansion is sufficient for gas cooling to
produce a beam of molecular clusters which is then separated with the skimmer (0.8 mm) into the
reaction chamber (background pressure ~10 Pa ). Clusters interact with the electrons produced in TEM
with a well-defined kinetic energy (electron energy resolution ~200 meV in this work). The relevant EA
reactions to CCly molecules (1a), (CCls)nArm clusters (2a) and (3a); and the corresponding DEA
reactions to molecules (1b) and clusters (2b), (2¢), (3b), (3¢c), (3d), (3e) measured with the CLUSTER-
ILN experiment are summarized below.

e~ +AB AB™* (1a) e~ + MyN, (M, N,,)™ (3a)
AB~* A+ B (1b) X~ +R(M,_1N,)  (3b)
e+ (M), ~ (M), (2a) X"(Mp_iN)+R - (0)

X"+RM)p_; (2b)
X~ (M),_;+R (20

A"+ B(MyNo—y)  (3d)
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Ll il
A

expansion chamber reaction chamber
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= quadrupole
P, | | N ol al
skimmer —= detector
iy
pumping unit 1 ] ﬁ pumping unit 2

electron

monochromator

Fig. 1. The schema of CLUSTER-ILN experiment at the Comenius University in Bratislava (built at
the Freie Universitit Berlin [2]). Py is the sample pressure at the nozzle, typically 150-300 kPa.
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2. Dissociative electron attachment to CCly clusters

During our study of DEA to (CCls)nArn clusters we observed the well-known products from previous
studies: fragments of molecule CI', Cl,", CCly", CCls™ from gas phase studies [3,4] and the cluster ions of
[(CCla)u+1] 1 < n <9 and its fragments [(CCls)n+CI], [(CCls)ntClo], [(CCly)a+CCl3], as well as the
parent anion [5]. In this study we measured the electron energy ion yields (in Figure 2) for the following
cluster fragments [CClL4+CI], [CCl4+Cl,], [CCl4+CCl3], parent anion CCls™ and its clusters [(CCls)a],
[(CCls)s]. The gas phase measurement ion yields for CI', Cl,,, CCl; and CCl;™ from previous studies
[3,4] agree well with the recent measurements (upper panel of graphs and the third from top in the
middle in Figure 1). For these fragments the recent electron-cluster measurements confirmed all
resonances reported in the gas phase studies except 1.8 eV resonance for CCly, which is however also
very week in [3,4]. On the other hand, additional resonance was observed at 3.5 eV for the CI'; and at 0
eV for Cly', CCly” and CCls". The high energy resonances in the ion yield of Cl,” at 6 eV and 8§ eV are
more intense in comparison to the 1.1 eV resonance as in the gas phase study of Scheunemann et al. [3];
or Ragesh et al. [4] who reported only one higher energy resonance at 8 e¢V. On the other hand, for CCl3
we observed resonances at 5.5 eV and 8 eV; which were not seen by Scheunemann et al. [3] and Ragesh
et al. [4] did observe resonance only at 6.1 eV.
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Fig. 2. Negative ion yield for production of all observed products from interaction e + (CCls)n

For [(CCly)s+Cl] cluster ions with 1 <n <3 we observed almost identical shape of ion yields as for the
isolated CI fragment, they differed only in the relative ratio of the low energy resonances to high energy
resonances and with relatively more intensive 10 eV resonance. The ion cluster [CCl4+Cly] exhibits a
decrease in intensity of the 6 eV resonances compared to the 8 eV and the complete absence resonance
at 0 eV in comparison with our Cl,” fragment. We observed similar behaviour for the resonances at 5.5
eV and 8 eV of [CCl4+CCls] cluster ion compared to our CCls™ fragment measurement.

Contrary to previous studies [3,4] we have recorded the ion yield of the parent ion CCls, which is a
stable product only for electron-cluster interactions contrary to electron-molecular gas phase interactions.
Formation of CCls ion was observed with ion-pair studies of potassium with CCls [6]. Generally, after
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electron attachment to CCly at 0 eV an energy could be released, according to Ragesh et al. [4] the
calculated threshold energy for the CI" DEA channel is exothermic; -0.71 eV (CCSD(T)) or -1.03 eV
(DFT/B2PLYP). This means that the electron attachment to CCls will almost always lead to dissociation
into CI" + CCI3 when there is no possibility to release the excess energy. If there is an environment
around the excited anion CCls™* as in clusters, excess energy can be dissipated to it and the molecular
anion can be stabilised. The ion yield of CCly is similar to CI', dominant resonance is at 0 eV, 0.5 eV,
and a weaker resonance at 6 eV. For the [(CCls)], [(CCls)s] clusters we have recorded only the low
energy resonances.

In Figure 2 an increase of the signal for electron energies above 11 eV is obvious, which arises from
energetic secondary electrons produced via deexcitation of metastable Ar" atoms (produced at 11.548
eV [7]) when hitting the deflection plates of quadrupole mass analyser.

3. Conclusion

The electron attachment and dissociative electron attachment to CClys clusters was performed at this
study. We have found a good agreement with previous CCls gas phase studies [3,4], we reported new
resonances at 3.5 eV for CI', 5.5 eV and 8 eV resonance for CCl;” and 0 eV resonance for Cl,", CCly" and
CCls. We observed the same cluster fragments [(CCls)s+CI]" 1 <n <3, [CCl4+Cly], [CCl4+CCl3], parent
anion CCly and [(CCls)2], [(CCls)s] as in [5], but additionally we measured the ion yields for these
products. Parent ion CCls was observed with resonances at 0 eV, 0.5 eV and 6 eV. This ion has very
short lifetime in the gas phase and dissociates to Cl” + CCl;. However, in clusters the excess energy can
be distributed to the medium and this leads to stabilisation of the ion CCly". Its dimer [(CCls):]” and
trimer [(CCly)s]” have resonances only at 0 eV and 0.5 eV. The [(CCly),+Cl] (1 < n < 3) clusters have
similar resonances as Cl~ with more intensive 10 eV resonance, [CCl4+ClL:]” and [CCl4+CCl3]” have
resonances only at higher energies ~6 eV and 8 eV.
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The present work studies the electron-induced deprotonation in acetic acid CH;COOH carried by
argon as aggregation gas in clusters-phase and the formation of oligomers. The CH;COOH is aimed
to get insight into electron-induced deprotonation in the carboxylic acids present in the top layer of
HKUST-1 SurMOF, as responsible for electron-induced activation for nanofabrication purposes.
The studies include mass and energy spectrums performed collecting ion signals in combination
with channeltron to analyse negative ions. The anions were produced under Dissociative Electron
Attachment (DEA) regime for CH;COOH clusters and studied under single collision conditions in
a cross-beam setup.

1. Introduction

Understanding the electron-induced process has gained maximum relevance since the disruption of
semiconductors beyond the 10 nm node. This resolution can only be achieved either with extremely
short wavelength light sources such as Extreme Ultraviolet (EUV) and X-rays or electrons and ion
sources [1]. In the current study, a cross-beam device is used to study electron-induced processes with
high control over the electron energy but also guarantee that the driven processes are triggered by a
single electron collision [2], which brings a more detailed insight into the process. In the current
experimental study, processes induced by low-energy electrons in single collision conditions are studied
over CH3;COOH molecules embedded in argon clusters. Previously, it has been demonstrated how low-
energy electrons induce deprotonation in carboxylic groups via DEA [3], [4], and [5].

2. Experimental setup

The cross-beam experiments were performed in the CLUSTER-ILN detailed previously [6] and more
recently by [7]. For the present studies, the CH;COOH precursors were held externally in liquid form in
a sample reservoir at room temperature. The precursor reservoir allows the generation of vapours that
were conducted to the mixing reservoir at controlled pressures. The precursor vapours were mixed with
specific argon (Ar) pressures generating a mixture that acted as an effusion source with controlled
pressure via a reducing valve. The mixture of CH3COOH carried by Ar was then injected into the
expansion chamber through a nozzle with a diameter of 80 micrometre. The injection of the mixture into
the vacuum chamber is induced by pressure difference. The mixture vapours with a pressure ranging
1.0-1.5 atm were injected into the expansion chamber with a working pressure of 1.0x10—4 mbars. The
injected gas expands in the chamber, generating a cluster beam. The cluster beam formed in the
expansion chamber passes a skimmer narrowing the cluster beam travelling to the monochromator.
Thereafter the cluster beam is crossed with an electron beam produced by the trochoidal electron
monochromator (TEM). After the electron-molecule/cluster collision, charged products are analysed by
quadrupole mass analysers and detected by channeltron.

3. Results and discussion
Mass spectrums were recorded using monochromatic electrons according to the possible position of the
resonances identified. The mass scans were measured at 1.36 eV over the CH3COOH clusters embedded
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in argon. The spectrums recorded show how electrons at specified energies can lead to the production

of deprotonated species alongside oligomers.
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Fig. 1. Mass spectrum of anions formed via DEA of CH;COOH.

The acid trimer (CH3COOH); and tetramer (CH3;COOH), are the dominant products, as can be seen in
the mass spectrum in Fig. 1. Presence of water molecules in the context of HKUST-1 is considered
coordinated with the copper nodes, according to the current study, such molecules could have a role in
the electron-induced process. This water should not be considered pollution from the chamber, since the
ability of CH3COOH to attach water molecules has been previously demonstrated [3].
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Fig. 2. Comparison of ion yielding of anions and their deprotonated version formed under DEA of
CH3COOH clusters as a function of the incident electron energy.

DEA in acetic acid monomer in the gas phase has been previously reported [5]. The anion CH;COO™,
as a deprotonated species of the parent acid precursor, is identified in the study’s spectrums.
Deprotonated species could be considered the trigger of more complex products, as will be detailed in
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upcoming works. The results show clear evidence of DEA’s ability to favour the aggregation via the
deprotonation of the CH;COOH. When we compare the monomer’s energy scan with its deprotonated
version in Fig. 2, there we can see how deprotonated oligomers require less energy for their desorption
from the neutral cluster. This could explain why deprotonated species have higher abundances, as is
evidenced in Fig. 2 where the abundance of CH3;COO is at least twice as much as CH;COOH ", while
[(CH3COOH);s-H] ™ is almost three times more abundant than [(CH;COOH)s]".

4. Conclusions
The mass spectrums recorded for CH;COOH in cluster regime evidence the electron’s ability to produce
negative fragments and clusters for the precursor. In this context, it is evidenced also by the higher
yielding in the production of deprotonated products in comparison with the parent precursors.
Deprotonation of CH;COOH in cluster regime under electron capture of low energy electrons has been
evidenced only for the acetic acid monomer and dimer.
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A 1D hybrid (fluid+kinetic) simulation is applied to investigate the effect of the background gas
temperature on the electron dynamics in a radiofrequency microplasma jet operated in a He-N,
mixture (with a ratio of 1000:1) at atmospheric pressure, excited by a single frequency waveform
with /=600 V amplitude and /~=13.56 MHz frequency. The results show good agreement with
experimental results, based on Phase Resolved Optical Emission Spectroscopy (PROES). It is shown,
that by increasing the gas temperature the plasma undergoes a power absorption mode transition
from the Omega-mode to the Penning mode. The temperature increase is observed along the
discharge channel from the gas inlet towards the nozzle in the experiment.

1. Introduction

Radiofrequency (RF) driven micro-atmospheric pressure plasma jets have numerous applications, such
as surface manufacturing (sterilization, surface functionalization) and plasma medicine (wound healing,
cancer treatment), mainly due to the high generation rate of certain reactive radicals [1-3]. For an
effective generation of such species, the electron dynamics have to be thoroughly understood, since
reactive species are mostly created through electron impact processes. In this work we investigate how
the variation of the gas temperature can affect the electron dynamics in the COST reference microplasma
jet [4, 5]. By comparing the experimentally measured Phase Resolved Optical Emission Spectroscopy
(PROES) results for the electron impact excitation rate, with those obtained from a one dimensional
hybrid simulation, it is inferred that the gas temperature increases along the gas flow direction in the
discharge channel between the inlet and the nozzle. Furthermore, we show, that this temperature increase
leads to an electron power absorption mode transition, from the Omega-mode (where bulk electrons are
accelerated by the high Ohmic electric field due to the atmospheric pressure) to the Penning-mode
(where electrons created by Penning ionization as well as secondary electrons determine the electron
dynamics) [4].

2. Experimental technique and computational method

The COST reference microplasma jet consists of two plane-parallel stainless-steel electrodes covered
by quartz plates, confining the discharge domain of 30 mm x 1 mm x 1 mm. The electrode gap is 1 mm.
The sketch of the experimental setup is shown in fig. 1. The source is driven at a frequency of
f=13.56 MHz by a power generator (Coaxial Power Systems RFG 150-13) through a matching network
with an amplitude of /=600 V. Helium and nitrogen of 5.0 purity are used. Their flow rates (along the
30 mm length) are set to 1 slm and 1 sccm, respectively. The nozzle is located at z=0. Phase Resolved
Optical Emission Spectroscopy (PROES) with an interference filter at 700 nm and 15 nm of full width
at half maximum is used to monitor the helium emission line at 706.5 nm [5]. The spatio-temporally
resolved emission is recorded by an ICCD camera of 1 ns gate width.
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Fig. 1. Sketch of the experimental setup [5].

The simulations are based on a hybrid scheme, where charged particles as well as neutrals are described
by a fluid model, by solving the continuity equation based on the drift-diffusion approximation, as well
as Poisson’s equation. In order to capture kinetic effects, a separate Monte Carlo Collision (MCC)
module is used for the electrons, which are accelerated by the electric field calculated from the fluid
module. As a result, rates for various electron impact processes are calculated, which serve as sources
and losses for the continuity equation of the respective species in the fluid model. The two modules are
run in an iterative way until convergence in the species densities is achieved. Results obtained based on
this scheme are within a 10% agreement with PIC/MCC results in the atmospheric pressure regime,
while the runtime of the hybrid model is significantly shorter compared to the fully kinetic PIC/MCC
model.

The charged species considered in the simulation are electrons, He" ions, He," ions, N>" ions and N4*
ions. The electron impact processes include elastic collisions, triplet and singlet excitation and ionizing
collisions with helium, while with nitrogen there is an elastic channel, one rotational excitation, eight
vibrational excitations, twelve electronic excitations, one dissociation and ionization. References for the
corresponding cross section data and additional information can be found in [5]. One active neutral
species is considered, the (metastable) excited state of helium, which is defined as an effective state
comprising both the triplet and singlet excited states. Reactions between the heavy charged particles and
with neutrals are taken into account in the fluid module based on reaction rates. These include ion
conversion for the generation of He," ions and N4" ions, and Penning ionization between the helium
metastables and nitrogen.

The COST jet is assumed to have plane-parallel electrodes with an electrode gap of L=1 mm, where the
powered electrode is excited by a single frequency waveform with /=600 V amplitude and
f=13.56 MHz frequency. The gas temperature is varied between 200 K and 500 K. An elastic reflection
of 50% for electrons is used, while the secondary electron emission coefficient is set to 0.2 for He" ions,
to 0.12 for He," ions, and to 0.07 for both N>" and N4" ions. In order to keep the collision probability
below 5% in the MCC module, the number of timesteps is set to 2.7-10°, while this value is set to 400 in
the fluid module. The number of grid points is 200 in both modules.

3. Results

Figure 2 shows the measured spatio-temporal distribution of the electron impact excitation rate from the

ground state of helium atoms into the He—I 1s3s 381 level obtained from measurements of the 706.5 nm
He line emission at different spatial positions along the flow channel. The positions marked in the
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respective panels correspond to the distance from the end of the nozzle (cf. fig. 1), i.e. the first panel is
closest to the nozzle, while data shown in subsequent panels are measured at further positions. The
intensity in each panel is normalized to its respective maximum value. In the panel closest to the inlet
(at the position
z=-28.25 mm) the discharge is in the Omega-mode, since the maximum value of the Omega-peak (at
approximately 40 ns, which is a result of the “sheath expansion™) is large compared to the respective
Penning-peak (at e.g. 50 ns, corresponding to electrons created by Penning ionization, reflected electrons
and secondary electron emission).

|
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z=-12.35 mm z=-17.65 mm z=-22.95 mm z=-28.25 mm
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Fig. 2. Experimental results for the normalized electron impact excitation rate from the ground state of

helium atoms into the He—I 1s3s 381 level at different positions of the COST-jet along the flow direction.
The positions in the panel titles correspond to the distance from the nozzle (cf. fig. 1).

The excitation patterns change along the flow: the closer the position of the nozzle (z=0 mm) the more
pronounced the Penning-peak gets, being slightly larger than the corresponding Omega-peak at the
position closest to the nozzle (first panel). This means, that along the flow channel, the electrons undergo
a power absorption mode transition, from the Omega-mode near the inlet to a mixed Omega-Penning-
mode. One possible explanation for this behaviour is presented by the increased gas temperature along
the gas flow direction. In order to investigate this effect, 1D hybrid simulations have been conducted at
various gas temperatures. Figure 3 shows the normalized excitation rates obtained from simulations,
corresponding to the He line recorded in the experiments, for a gas temperature range between 200 K
and 450 K over 2 RF cycles. This temperature interval has been chosen such that a transition from purely
Omega-mode to the mixed Omega-Penning-mode is visible.
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Fig. 3. Simulation results for the normalized electron impact excitation rate from the ground state of

helium atoms into the He—I 1s3s 381 level for different gas temperatures.

The electron power absorption mode transition is clearly visible as the temperature is increased: while
in case of 200 K a pure Omega-mode is observed, the Penning-peak increases as the temperature gets
higher, and becomes dominant when the gas temperature reaches the value of 400 K. Based on this, and
comparing figs. 2 and 3, one can draw the conclusion, that the gas temperature increases along the gas
flow, possibly between 300 K and 400 K. This is verified by Optical Emission Spectroscopy
measurements for the gas temperature, which show an approximately 80 K increase in temperature
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between the inlet and the nozzle. The temperature was obtained from measuring the emission spectrum
of the 0-1 band of the 2™ positive system of nitrogen and fitting the signal to simulation results using a
wavelength range from 354 nm to 358 nm. The observed electron power absorption mode transition can
be understood based on the hybrid simulation as follows: by increasing the gas temperature the
background gas density decreases (since the pressure is kept constant), and thus the electron mean free
path increases so that Penning electrons can gain more energy over one mean free path due to their
acceleration by the strong sheath electric field. The increased ionization leads to an increase in the
electron density, a shorter sheath width, and thus a higher electric field. This results in an increase of the
excitation caused by Penning electrons relative to the maximum, caused by the Ohmic electric field
inside the bulk. The increased mean free path and average energy also lead to a higher metastable density
inside the sheaths, which in turn leads to even more Penning ionization. This mechanism stops when the
source and loss term for the metastables, i.e. electron excitation and Penning ionization, balance each
other.
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Transient spark (TS) is a dc driven self-pulsing discharge with typical repetition frequency 1-10 kHz.
The main advantage of TS is its ability of simultaneous generation of the plasma and the formation
of microdroplets by electrospray (ES) of water directly inside the discharge zone. In this study, the
production mechanism of hydrogen peroxide (H,O,) was analyzed with oxygen as input gas in TS
and ES system. These results are important for optimization and tuning of plasma activated water
generation process.

1. Introduction
Generation of plasma activated water (PAW) has become an important research topic in recent years
due to many potential applications in medicine, agriculture, and food industries [1]. PAW may contain
various reactive oxygen and nitrogen species (RONS), generated either by transfer of reactive species
from plasma, or by secondary chemical reactions in water. Hydrogen peroxide (H»O:), ozone (O3),

nitrites (NO,") and nitrates (NOs') belong to the important long-lived species in the PAW. Exact
composition of PAW depends on many parameters, e.g., plasma source, inlet gas or plasma/water
interface characteristics. In previous research in our group, it was found that the increase of gas/water
interface by electrospray (ES) of water to microdroplets enable higher transport rate of RONS from gas
to liquid phase in comparison to bulk water [2]. In this study, we employed TS with water ES in a one
stage system (1SS) in dry oxygen (O;) gas and TS operated in dry or humid O, followed by water ES in
a two-stage system (2SS). The aim was to show the significance of direct plasma-liquid interaction in
1SS for the generation of high concentrations of reactive species in PAW. TS was operated in RC (R=4.6
MQ, C=50 pF) driven circuit with DC power supply in closed reactor. A needle of 0.6 mm diameter was
used as high voltage electrode, which was kept at a gap of 0.8 cm with the ground electrode. The needle
electrode also served for deionized water inlet (flow rates 0.4-1 mL/min), pumped by syringe pump.
Oxygen gas was supplied into the system at constant gas flow 1L/min.
Bubbler

Gas Inlet

HV probe

DC HV supply

Plasma Chamber|

Electrospray
Chamber

Water Collection Gas Analysis

Syringe Pump

Fig. 1. Schematic of two stage system (2SS) with seperated TS and ES sections.
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The concentrations H,O, in water were detected using colorimetric methods. The gas phase
concentrations of RONS were monitored using UV-Vis and FTIR absorption spectroscopy techniques.
The time integrated optical emission spectroscopy (OES) was used to identify excited species in
generated plasma.

) Gas Analysis

Fig. 1. Schematic of one stage system (1SS) with TS and ES cogenerated by the same
pair of electrodes.

2. Results and Discussion

To study the production mechanism of H,O, in TS and ES system, we performed the experiments with
pure O, to minimize the interaction of H,O, in the gas phase and water phase with other RONS. In pure

oxygen we detected no NO, and NOs™ in PAW. There are significant differences in the concentrations
of H,0, in 1SS and 2SS in PAW. In 1SS, where TS and ES are in direct contact has higher amount of
H,0, production. In 2SS with humidified O, as input gas, much less H,0, is found (Fig.: 3). Optimum
conditions for H,O, production are depicted in the contour plot Fig:4. Maximum concentration of H,O»
was observed at lower flow rate and high input energy density. At higher water flow rate in 1SS, TS
discharge is less stable, which can affect the H,O, generation in water.
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Fig. 4. Contour plot of H>O concentration in 1SS with different water flow rate (W.F.R)
and energy density.

To get in depth views of plasma liquid interaction we performed optical emission spectroscopy test in
dry or humid O, and with ES. There are hundreds of lines of O II (O+), Fe I, Fe II (Fe+), and even O 111
(O++). The synthetic spectra were calculated for excitation temperature 30 kK, and 10 kK. Here, the
goal was just the identification of lines, not exact calculation of the excitation temperature. Fig.6 shows
comparison of emission spectra in range 225-500 nm from experiments in dry O,, humidified O, and dry
0, with ES (water flow rate 300 mL/min). All spectra are normalized to intensity of O II line at around
410 nm. There is only a negligible difference between spectra measured in dry or humid O..
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Fig. 5. Comparison of synthetic emission spectra of O, O*, O™, Fe and Fe" species
in the range 225-500 nm with experimental emission spectrum of TS with ES; in 1SS, with dry O, at
inlet, mean discharge current 1.3 mA, water flow rate 300 pl/min.

There is very significant increase of relative intensity of Fe I and Fe II lines in spectra of TS with elec-
trospray microdroplets (Fig. 5). This indicates enhanced sputtering of electrodes due to presence of wa-
ter flowing through the needle electrode. The emission spectrum is much simpler in the region 500-1000
nm with only lines of O I, and Ha line at 656 nm. Fig:.6 shows comparison of VIS-NIR emission spectra
from experiments in dry O,, humidified O, and dry O, with ES (water flow rate 300 mL/min). All spectra
are normalized to intensity of O I line at around 777 nm. The only difference is the intensity of Ha line
at 656 nm.
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Fig. 6. Comparison of optical emission spectra of TS generated in dry O,, humid O,, and in dry O»
with ES.

This line is absent in dry O,, and present in humid O, and in ES measurements. In case of ES spectra,
the H line is much stronger than in humid O,. It can be explained by higher absolute H,O density in
discharge zone, where the temperature is elevated compared to the room temperature. The higher Ha is
indication that more H,O molecules are dissociated to H and OH radicals in comparison to humidified
0,.

3. Conclusion

TS discharge operated in dry and humid synthetic air can produce NO,, HNO>, NO in the gas phase
which can then be transported to ES microdroplets to produce PAW in 1SS and 2SS both. To limit the

interactions of nitrites (NO;") with H,O,, pure O, was used as input gas. We observed that unlike NO;
and HNO,, no significant amount of H>O» is produced in gas phase. It is probable that OH radicals which
are transported from plasma to water combines to generate H>O; in liquid phase. For this reason, the
concentration of H,O, was much higher in 1SS (TS+ES) than in 2SS (TS and ES separated) because
direct contact between plasma and liquid water is possible only in 1SS. Optimum conditions for H,O»
generation in TS+ES system were found. These results are beneficial for understanding the mass
transport from gas phase to water and for the tuning of plasma activated water for various potential
applications.
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Plasma activated water was prepared using three different systems providing plasma-liquid
interactions above, inside or via bubbling of the discharge gas products into the liquid. Concentration
of reactive species produced in PAW was determined spectrophotometrically and compared. Time
stability as well as pH and conductivity were measured, too. The antimicrobial activity of PAW on
selected microorganisms E. coli and C. glabrata was also investigated.

1. Introduction

Plasma activated water is created by the interaction of non-thermal plasma with water. Thanks to this
interaction, reactive species with different lifetimes are formed. Short lifetime species include hydroxyl,
oxygen and hydrogen radicals, excited electrons, etc. while long lifetime species include hydrogen
peroxide, nitrates, nitrites, peroxynitrite, ozone, etc. [1]. PAW has antimicrobial effects thanks to the
high oxidation potential caused by oxygen and nitrogen species (RONS). The composition of plasma
activated water depends on different environment in which the plasma is created, the concentration of
reactive species and other physical and chemical properties changes [2]. Therefore, it is important to
choose the right plasma system for the chosen application in order to achieve the optimal composition.
Thanks to its unique properties, PAW has a wide range of applications, both in biomedicine and in
agriculture [3].

2. Experimental setup

In this work, three different plasma systems were used for the preparation of PAW (Fig. 1). The first
system generating plasma above the water surface was based on a dielectric barrier discharge with a
liquid electrode [3]. In the second system, the plasma is generated directly in the liquid by a high-
frequency voltage applied to the pin-hole based main electrode [4]. The plasma reactor consisted of two
electrodes — the main high voltage electrode and the second (counter) electrode. The main electrode was
constructed from a tungsten wire inserted into a ceramic head and an outer glass tube serving as a holder.
The second (counter) electrode was a flat aluminum plate. In the third system, the plasma was not in a
direct contact with the liquid. Gaseous products from an ozonizer operating in synthetic air were bubbled
into the liquid. The activation time of 2 minutes was the same for all plasma systems. Experimental
parameters such as applied power and treated volume are presented for individual systems in Table 1.
Physical and chemical changes (pH, conductivity, and RONS) were characterized in PAW. For the
detection of hydrogen peroxide, nitrates and nitrites formed in PAW produced from distilled water,
colorimetric methods combined with the UV-VIS spectrometry were employed.

Tab. 1. Comparison of applied powers and treated volumes in used plasma systems.
Plasma system Power (W) Volume (ml) Time (min)

DBD 36 75 2
AC pin-hole 65 150 2
O3 bubbling 30 150 2
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A)

Fig. 1. Plasma systems: A) DBD with the liquid electrode: 1 — Petri dish, 2 — ceramic cover, 3 — graphite
electrode, 4 — silver electrode, 5 — distilled water, 6 — plasma; B) AC pin-hole: 1 — HV electrode,
2 — aluminium plate electrode, 3 — distilled water, 4 — plasma; C) O3 bubbling: 1 — mass flow controllers,
2 — ozonizer (DBD plasma), 3 — distilled water.

3. Results

For each plasma system, the composition of the reactive species was different, therefore
the concentrations of hydrogen peroxide, nitrate and nitrite are plotted in Fig. 2. As the experimental
parameters of each system slightly differed, production efficiency in kJ-dm™ was calculated and
compared in Table 2. The highest concentration of generated particles was determined for the AC pin-
hole discharge. However, sufficiently low energetic efficiency of nitrates was also achieved in the DBD
and O3 bubbling systems.

PAW prepared in all systems was also applied in microbial tests, namely on yeast Candida glabrata and
bacteria Escherichia coli. We had expected that PAW prepared in AC pin-hole system would have
higher antimicrobial effect due to the high concentration of hydrogen peroxide and nitrites. However,
only mild antimicrobial effects up to 5.5 % were observed in case of PAW prepared in the DBD plasma
system (Tab. 3).

For individual types of PAW, their stability over time was also monitored at two storage conditions:
at room temperature as well as in the fridge, both in dark. In general, the PAW prepared in the DBD
plasma system (Fig. 3) was more stable than the AC pin-hole or O3 bubbling systems. Only a slight
decrease of hydrogen peroxide concentration connected with the reduction of nitrates to increase
concentration of nitrites was observed within four hours. In the AC pin-hole system, amount of nitrates
drops more rapidly to form nitrites due to the high concentration of hydrogen peroxide. In case of O3
bubbling, delayed formation of hydrogen peroxide was observed at room temperature, only.

Tab. 2. Production efficiency of RONS in PAW prepared in used plasma systems.

Plasma Egpec Production efficiency (kJ-mg™)
system (kJ-dm™) H,0; NO;3 NO;
DBD 58 73 11 94
AC pin-hole 52 4 6 26
O; bubbling 24 67 8 0

Tab. 3. Antimicrobial effects of PAW prepared in used plasma systems (+ 0-2.5 %; ++ 2.5-5.5 %).
Plasma system  Candida glabrata  Escherichia coli

DBD 4= 4=
AC pin-hole + +
O; bubbling ++ +
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Fig. 3. Time stability of PAW prepared in the DBD plasma system with the liquid electrode.
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Polymeric thin coatings were deposited on teflon substrates using atmospheric pressure plasma
polymerization from propane-butane (PB) mixture. The plasma polymerization was performed in
surface barrier discharge burning in nitrogen at atmospheric pressure. The chemical composition
of PB films was studied by EDX. The film surface properties were studied by surface energy
measurement. The thin film deposited samples were highly active against both Staphylococcus
aureus and Escherichia coli strains in general.

1. Introduction

Plasma polymerization is the process of creating a highly-branched polymer by plasma-initiated
polymerization of the gas precursor. Typically, plasma polymer is created as a thin layer consisting of
short chains with random organization and a high degree of crosslinking. The formation of thin layers
and coatings on the surface of a material makes it possible to significantly change its properties
without affecting the volume, or to combine the properties of two or more materials. Thin films are
widely used as functional, reinforcing, reflective, conductive and dielectric materials in the formation
of contacts, the production of printed circuit boards, integrated circuit elements in microelectronics,
the creation of light filters and the basic elements of optoelectronics. Intensive experimental and
theoretical research and development of thin film technology lead to significant progress in recent
years [1-3]. Based on the set conditions, the properties of the selected substrate and the selected
configuration of the electrodes, it is possible to deposit either hydrophobic or hydrophilic layers [1].
Several hydrophilic polymers were employed as candidates to develop hydrophilic anti-biofouling
coatings. Among them, poly(ethylene glycol) (PEG), zwitterion-containing polymers and their
derivatives were widely investigated [4]. Poly(2-oxazoline) (POx) thin films are an example of
antifouling coatings [5], which could replace PEG coatings. In our previous studies, POx thin coatings
were deposited using plasma polymerization with 2-methyl-2-oxazoline or 2-ethyl-2-oxazoline vapour
as a monomer [6,7]. In this contribution, we present preparation and diagnostic of thin polymer films
prepared by plasma polymerisation from propane-butane (PB) mixture. The films were deposited on
polytetrafluoroethylene (teflon) substrates. It was already shown that thin films deposited from PB
mixture in nitrogen atmospheric pressure discharge are highly hydrophilic [8]. Now, it is also shown
that such thin films have also strong antibacterial properties.

2. Experimental set-up
The experimental setup was described in detail in [9]. Deposition apparatus consists of a custom build
reactor with surface dielectric barrier discharge (SDBD) using high voltage AC generator (Lifetech,
Brno, Czech Republic) with a frequency of 30 kHz. The electrode system consists of 11 upper
revolving cylindrical surface electrodes made of brass with a length of 10.4 cm and a diameter of 1 cm,
between which there are gaps with a width of 2 mm. Lower flat electrode with dimensions 13.6 cm x
10 cm is placed below cylindrical electrodes and is covered by mica dielectrics with 1 mm thickness.
Nitrogen as working gas was supplied between the upper electrodes with a flow rate of 6.5 slm. The
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PB mixture was added to this nitrogen flow with flow rates from 20 sccm to 80 sccm, so the PB
concentration was 0.31-1.23 %. The deposition time was 6.5 s.

The total surface free energy of films was determined by measuring the static contact angle using the
sessile drop method. Sessile drop of a volume of 1 pl was dropped onto the measured surface and
analyzed using See System (Advex Instruments, Brno, Czech Republic). The contact angles of three
standard liquids (deionized water, diiodomethane and ethylenglykol) were measured and the surface
free energy was calculated by the Owens, Wendt, Rabel and Kaelble (OWRK) model [8].

The deposited films were imaged with scanning electron microscope (SEM) MIRA3 (TESCAN, Brno,
Czech Republic) with Schottky field emission electron gun equipped with secondary electron and
back-scattered electron detectors as well as with characteristic X-ray detector (EDX) analyzer (Oxford
Instruments, High Wycombe, UK), which was used to determine film elemental composition.

Two bacterial strains, gram-negative Escherichia coli (CCM 4517) and gram-positive Staphylococcus
aureus (CCM 4516), were used for the antibacterial tests. The antibacterial testing was performed
according to ISO 22196 with modifications. Bacterial suspensions (Escherichia coli 2.7x10° CFU
mL™"; Staphylococcus aureus 5.4x10° CFU mL™) were prepared in 1/500 Nutrient broth (HiMedia
laboratories, India). The bacterial suspension was dispensed on the sample surface (dimensions 25 mm
x 25 mm) in the volume 100 mL and the sample was covered with the polypropylene foil (dimensions
20 mm x 20 mm). Samples with foils were cultivated at 35 °C and 100% relative humidity for
24 hours. After the incubation time, polypropylene foil was removed and each sample was completely
washed by SCDLP broth (HiMedia laboratories, India), which was subsequently collected. The viable
bacteria count was determined by the pour plate culture method (PCA, HiMedia laboratories, India).

3. Results and discussion

The contact angles between the test liquids and PB films were measured using the sessile drop
technique in order to determine the total surface free energy and its components. Three test liquids
(distilled water, glycerol and diiodomethane (CHzl»)) were used. The acid-base theory with multiple
regression [10] was used to calculate the total surface free energy and its components — the Lifshitz—
van der Walls (LW) interaction component and the acid—base (AB) interaction component. The
surface free energy and its above mentioned components of PB films are given in Table 1. The
deposited films were hydrophilic with the water contact angle in range 13°-23° and surface free energy
in range 58-61 mJ/m?.

Tab. 1. The contact angles for different liquids and surface free energy and its components of PB
films deposited at different monomer flow rates. Teflon marks bare substrate.

ﬂ(osvcvcll;z:)t ¢ contact angle (°) surface free energy (mJ/m?)
water CHal, glycerol total LW AB
teflon 83.5+1.2 63.2+1.3 74.7+1.3 303+ 1.0 26.7+£0.8 35+0.8
20 12.7+1.6 32.8+1.7 58.1+1.7 61.2+3.6 43.0+£1.2 182+2.5
35 162 +1.2 37.8+0.8 60.0+4.0 58.8+49 40.7+0.4 18.2+4.5
50 21.0+1.3 38.2+1.0 60.9=+3.0 58.6+54 40.2+£0.6 18.7+4.8
65 209+1.5 29.4+5.0 62.8+1.0 61.0+22 40.1+£0.4 20.8+ 1.8
80 22.8+1.2 383+ 1.1 62.9+3.6 60.8+3.9 40.5+0.5 204+34

The elemental composition of PB films deposited at different monomer flow rates determined by EDX
is shown in Table 2.
Tab. 2. The elemental composition of films deposited at different monomer flow rates. The elemental
composition is given in atomic %.

flow rate (sccm) C N (o)
20 31.1 48.9 20.0
35 40.2 43.0 16.8
50 47.9 37.5 14.6
65 55.2 31.8 13.0
80 53.8 33.0 12.6
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The carbon content in films increases with increasing PB flow rate, the nitrogen content decreases
with increasing PB flow rate. Because the deposition setup is not closed in a vacuum chamber,
ambient air can diffuse in the discharge and therefore the oxygen is also present in films. The
elemental composition of PB films is close to the elemental composition of POx films [6,7].

The results of the number of viable bacteria per cm® of sample (CFU/cm?) and the values of
antibacterial activity (R) against the growth of Staphylococcus aureus CCM 4516 and Escherichia coli
CCM 4517 are given in Table 3. The calculation of antibacterial activity values was performed
according to ISO 22196: 2011.

Tab. 3. Resulting numbers of surviving colonies (CFU/cm2) on the PB films deposited at different
monomer flow rates. Teflon marks bare substrate.

flow rate (sccm) S. aureus CCM 2022 E. coli CCM 4517
(CFU/cm?) (CFU/cm?)
teflon 6.2 x 10* 9.1 x 10°
20 <1 <1
35 <1 <1
50 <1 <1
65 <1 <1
80 4.5x10° <1

The samples had a very strong effect against both Gram-negative and Gram-positive test strains, the
values of antibacterial activity (R) are > 4.8 for S. aureus and > 5.9 for E. coli. Such values of
antibacterial activity represent strong antibacterial properties according to ISO 20743: 2014. The only
exception is the sample deposited at the flow rate of 80 sccm. Only weak antibacterial activity against
S. aureus was measured for this sample. The strong antibacterial activity may be caused by the
presence of amines.

4. Conclusion

A fast and cheap method for the deposition of antibacterial coatings on teflon surface was developed.
The deposition time was 6.5 s only, so the deposition can be done online. The coatings deposited at all
monomer flows used were hydrophilic. The coatings deposited with PB flow rate up to 65 sccm had a
very strong antibacterial activity against S. aureus and E. coli. The antibacterial activity of PB films
can be caused by their hydrophilicity and the presence of amines. Due to similar elemental
composition with POx films it can be concluded that the PB films can also have antibiofouling
properties.
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Staphylococcus epidermidis and Escherichia coli are nosoclonal pathogens and our aim is to
investigate the effect of plasma on these bacteria, for which we want to achieve growth inhibition.
Fresh pig skin simulating human skin was used to culture the bacteria. Pig skins treated with plasma
showed a visible reduction in bacterial growth after culture compared to control (untreated) skins.
The number of colonies decreased after plasma treatment and the colony size was significantly
reduced.

1. Introduction
Inhibition of bacteria by plasma is a non-selective process that does not build up resistance, which is a
major problem nowadays. Plasma is characterized by antimicrobial effects due to generation of active
particles, ultraviolet radiation in the UV-C region, pH reduction, heat generation and electromagnetic
waves [1].

Staphylococcus epidermidis

Staphylococcus epidermidis belongs to the genus Staphylococcus and is a gram-positive cocci that
is immobile, does not form spores or a case. They are facultatively anaerobic bacteria. Staphylococci
can be arranged singly, in pairs, tetrads, short chains, but mostly in irregular clusters in a grape shape.
The bacterium is one of the most widespread species found on human skin and mucous membranes.
Staphylococcus epidermidis is classified as a member of the coagulase-negative Staphylococci (CoNS)
group. It is generally considered a commensal organism and is less invasive and virulent than
coagulase-positive Staphylococci. Staphylococcus epidermidis has become a common nosoclonal
pathogen in recent years, mostly in patients with poor defense mechanisms. Many strains
of S. epidermidis are able to form biofilms and easily colonize implanted medical devices [2, 3].

WD13.3mm 18.0kV x8.0k

Figure 1: SEM photograph of Staphylococcus epidermidis [4]

Escherichia coli

Escherichia coli is a facultatively anaerobic Gram-negative bacterium belonging to the
Enterobacteriaceae family. The bacterium is commonly found as a commensal in the normal intestinal
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flora of humans and warm-blooded animals, and the evolution of the microorganism has resulted in
pathogenic strains that cause serious extraintestinal infections in humans and animals. Pathogenic

Figure 2: SEM photograph of Escherichia coli [6]

E. coli are mainly divided into two groups according to the site of disease: extraintestinal pathogenic
E. coli (ExPEC) and intestinal pathogenic E. coli (InPEC) [5, 6].

2. Experimental setup
Microwave torch with direct gas supply

Microwave torch was generated in Argon direct flow of 5 Sl/min at frequency of 2.5 GHz and discharge
power of 12 W according to the scheme shown in Figure 3. The active unipolar like discharge was blown
out of the cavity in the form of torch. Bacteria were plated on sterilized fresh pig skin. Then the skin
was treated with a plasma beam that was 5 mm away from the sample. Plasma was applied for 30 and
60 seconds (Figure 4) [7].

Q)

Figure 3: Scheme of the experimental connection of the torch discharge with direct gas flow:1 — argon source; 2 — mass
flow controller; 3 — MW source; 4 — direct supply of argon; 5 — MW-coaxial cable; 6 — MW antenna; 7 — discharge cavity,
8 — plasma beam; 9 — Petri dish; 10 — Petri dish holder [7]
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Figure 4. Pig skin treated with a plasma beam

3. Results

10 and 20 pl of S. epidermidis and E. coli cultures were applied to the pig skin and then plasma was
applied to the prepared sample for 30 and 60 s. The process was carried out in a Petri dish without or
with a lid (in a closed area). In the Figure 5 it can be observed that the samples in which plasma was
applied with the lid showed a higher inhibition of bacterial growth than the samples without the lid. The
number of colonies decreased and their size was significantly reduced after the plasma exposure.

Figure 5: Demonstration effect of plasma: Staphylococcus epidermidis 30 s plasma treatment, power 12 W: A - culture
concentration 10 ul without lid, B - culture concentration 20 ul without lid, C - culture concentration 10 ul with lid,
D - culture concentration 20 ul with lid
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This contribution deals with the plasma polymerization of hexamethyldisiloxane as a method of
preparing protective hydrophobic layers on aluminum. The plasma-polymerized layers were
characterized using ATR-FTIR, XPS, SEM and WCA measurements. A new and optimized
experimental apparatus has been designed and constructed.

1. Introduction

The preparation of hydrophobic layers, and polymerization in general, is conventionally realized by the
means of chemical processing. Plasma polymerization (PP) is an alternative method, by which polymer-
like layers are created using a plasma source. Highly reactive particles of the plasma activate the
monomer present in the working gas and initiate the PP process without the need of additional solvents
or catalysts [1]. Plasma-polymerized layers have the potential to be mechanically and chemically
resistant, insoluble, thermally stable and homogeneous due to their high degree of monomer cross-
linking, and adhere well to different types of surfaces [2]. Further advantages of PP include generally
lower costs than conventional polymerization methods and the ability to precisely control multiple
parameters of the PP process (input power, exposure time, electrode system configuration, etc.) to create
layers of a desired thickness and functionality (protective, hydrophobic, anti-corrosion, anti-icing etc.).
Therefore, plasma polymerization can be considered a promising and environmentally friendly method
of hydrophobic-layer preparation.

Many works on the topic of hydrophobic-layer PP deal with the polymerization of hexamethyldisiloxane
(HMDSO). The presented work builds on our promising research in this field related to PP of HMDSO
on aluminum [3] and glass substrates [4]. In the previous PP-related research conducted at our
department, PP was carried out using a DCSBD-based plasma reactor. However, this reactor had certain
shortcomings (e.g. large volume of the working chamber; imprecise positioning of the sample above the
DCSBD surface; working gas enriched with the monomer was supplied far from the sample; movement
of the sample during PP was realized on an unnecessarily long path, etc.), which needed to be eliminated.
In order to advance in our PP research, we set two main objectives for this work: creating pp-HMDSO
layers on aluminum by using this reactor while studying the PP process itself; and designing and
constructing an improved version of this reactor for future experiments.

2. Experiment

The main component of our experimental apparatus is the special DCSBD reactor where PP takes place.
A preliminary set of experiments was conducted with this reactor to study the PP process, while also
assessing its limitations and finding how to improve the design and the operating process of the new
reactor.

The input power of the DCSBD plasma source was 300 W. Different exposure times were studied (30,
60, 120 s). Post-treatment, i.e. plasma treatment of already deposited pp-HMDSO layers without
supplying the monomer to the working gas, was also studied, as it poses a way to further refine the layers
and achieve even better anti-corrosion properties or durability [5]. The working gas was prepared in the
following way: nitrogen flowed into a bubbler filled with HMDSO, and the HMDSO-enriched nitrogen
was then mixed with pure nitrogen in the desired ratio through two mass flow controllers. The relative
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flow was 15.8 (8 slm of nitrogen + 1.5 slm of HMDSO-enriched nitrogen). The pp-HMDSO layers were
characterized using ATR-FTIR, XPS, SEM and WCA measurements.

3. Results and discussion

WCA measurements showed that keeping a precisely defined distance between the sample and the
DCSBD surface is one of the crucial parameters of an effective PP process. They also indicated that
after 30 s of PP, the aluminum surface is already completely covered with pp-HMDSO, as there appears
to be no additional effect of exposure times longer than 30 seconds on the hydrophobicity of the layers.
This was confirmed by the XPS analysis since no traces of the Al substrate were left in the spectra after
30 s of PP. Similarly, there were no significant differences in the chemical composition caused by longer
exposure times. The post-treated sample showed a significant increase in oxygen on the surface, which
is typical for a plasma treatment without an added monomer in the working gas. An additional increase
in silicon in the post-treated sample shows that the post-treatment utilizes HMDSO molecules that have
not yet been polymerized in the first step of the treatment, as was found in previous works [5].

The ATR-FTIR spectra of plasma-polymerized samples exhibited gradually growing absorption peaks
attributed to bonds of different parts of the HMDSO molecule. This showed the increasing thickness of
the layers as well as the radical fragmentation of the HMDSO monomer in the plasma, which leads to
cross-linking in the pp-HMDSO layer [6].

\
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Fig. 1. SEM image: a cross-section of the pp-HMDSO layer deposited on a silicon wafer, PP time 120 s.

SEM analysis of the pp-HMDSO layer deposited on a silicon wafer showed that the layer is
homogeneous and its surface is smooth and without defects (Fig. 1). The thickness of the layer after
120 s of PP was 334 nm, from which we can roughly estimate the deposition rate as 167 nm/min.

Our main objective was to design and construct the new and optimized PP reactor, which we
successfully accomplished. The volume of the new reactor is 3 1, whereas the volume of the old one was
18 1. Therefore, we achieved a six-fold reduction in the time needed to fill the reactor chamber with
working gas. The distance between the sample and the DCSBD surface is kept constant at 0.34 mm. The
movement of the sample is now completely automatized, which helps to firmly define one of the
parameters of the PP process and presents a more user-friendly operation.

4. Conclusions
The obtained preliminary results confirm the applicability of the DCSBD plasma source for creating
hydrophobic pp-HMDSO layers on the aluminum substrate. The pp-HMDSO layers have been
visualized with SEM, and their thickness and deposition rate were estimated. The effect of various
exposure times and post-treatment was studied with WCA, ATR-FTIR and XPS analyses.
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Based on our observations, anew and optimized PP rector has been designed and constructed,
successfully eliminating the limitations of its predecessor and enabling more advanced PP experiments
for future research.

Our upcoming work involves focusing on the durability and anti-corrosion properties of the pp-HMDSO
layers with ageing tests and salt tests, as well as more precise measurements of their thickness and
deposition rate with SEM and profilometry.
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Particle-in-Cell/Monte Carlo Collisions simulations are performed to provide a detailed
characterization of low-pressure capacitively coupled radiofrequency gas discharge plasmas suitable
for treatment of absorbants. Based on the simulations, discharge characteristics such as particle
densities, and particle flux and energy distributions at the surfaces relevant for treatment of Zeolite
are determined.

Zeolite has long been recognized as a mineral with excellent absorptive properties. This material, made
up of arrays of aluminum, silica, and oxygen, has been recently introduced as a novel microporous
material suitable for application in water decontamination. Since it is a porous material, the absorption
process results in not only capturing particles between grains, but also insertion of the particles into its
pores. Due to its high effective surface area, desorption is typically performed using suitable solutions.
However, this way of Zeolite regeneration proved to be ineffective for some adsorbed pharmaceuticals.
Experimental investigations performed so far showed that in this case regeneration can be efficiently
performed by plasma treatment which also represents an efficient and ecologically responsible
procedure. These procedures are based on the interaction of adsorbed particles and chemically active
species created in the plasma. However, the desirable effects can be achieved only for a narrow range
of treatment conditions. For the reliable, knowledge-based optimization of the applications, a detailed
characterization of the plasma reactor used for surface treatment is required, including information on
the plasma properties and surface processes. In this work, one-dimensional in space and three
dimensional in velocity space (1d3v) Particle-in-Cell/Monte Carlo Collisions (PIC/MCC) simulations
are performed in low-pressure capacitively coupled plasmas in Argon, under conditions corresponding
to the experiments for treatment of Zeolite (4.5 cm electrode gap, driving frequency of 13.56 MHz,
pressures < 600 mTorr, voltage amplitudes < 450 V). For these conditions, the voltage-current
characteristics, as well as the power and emission spectrum for the discharge are available from the
experiments. In the simulations, electrons, Ar" ions, and fast Ar atoms are traced. As surface processes,
secondary electron emission due to heavy particles and elastic reflection of electrons are considered.
The PIC/MCC simulations provide information on many plasma parameters and distributions of interest,
such as densities of the traced particles and their flux and energy distribution at the surfaces, the
spatiotemporal distribution of the electric field, the power absorption and energy of particles, as well as
the ionization and excitation dynamics in the discharge.
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This work deals with the hydrophilic surface modification of microporous polypropylene
membranes by plasma-initiated grafting of acrylic acid. The membranes were activated in low-
pressure radiofrequency discharge in argon or oxygen. The long-term stability of grafted
membranes was studied in deionized water and in 30 wt.% KOH aqueous electrolyte. The results
revealed that membranes activated in argon plasma exhibit considerably higher stability than
membranes activated in oxygen plasma.

1. Introduction

In order to reduce the amount of greenhouse gas emissions, an increase in the share of electricity
production from wind and solar photovoltaic energy is expected in the near future. The disadvantage
of these energy sources is that they do not allow continuous production of electricity. Therefore, it is
necessary to store energy when it is possible to produce more energy than is demanded. Nowadays,
approximately 99 % of the energy produced from wind and solar energy sources is stored using
pumped storage hydropower plants [1]. However, it is difficult to choose a suitable location, and
therefore the development of energy storage in the form of hydrogen is expected in the future. In this
case, electrical energy is converted into hydrogen using water electrolysis. During the electrolysis of
water, the passage of an electric current through the aqueous electrolyte between the electrodes breaks
down the water molecules into gaseous hydrogen and oxygen. To effectively separate the produced
gases and prevent their subsequent mixing, a separator is inserted between the electrodes. There are
several types of electrolysis cells, the two main types being PEM (proton exchange membrane)
electrolysers and alkaline electrolysers. PEM electrolysers, compared to the alkaline electrolysers,
have a higher investment cost and a shorter lifetime [2]. In alkaline electrolysers, separators are made
of porous and electrically non-conductive materials. The transfer of ions between the electrodes is
made possible by a liquid electrolyte (usually a 30 wt.% aqueous solution of KOH), which fills the
pores of the separator. Therefore, the conductivity depends not only on the conductivity of the
electrolyte, but also on the properties of the separator [3]. High conductivity, or low resistance of the
membrane is important for the efficiency of the electrolysis cell. Hydrophilicity is also an important
property of the separator. In the case of insufficient wetting of the separator with electrolyte,
precipitation and trapping of gas bubbles inside the separator occurs, which causes an increase in
resistance and promotes gas mixing [4]. In the past, chrysotile asbestos was used to produce separators,
but this was abandoned after asbestos was classified as a carcinogen. Nowadays, porous polymer
membranes are most often used as separators. Among the polymers that are sufficiently chemically
resistant in an alkaline electrolyte environment are polypropylene, polysulfone, polyphenylene sulfide
and polytetrafluoroethylene [5], [6]. Although these polymers are mechanically strong and tough, they
lack wettability by aqueous electrolytes [7]. Therefore, inorganic additives are used to increase
hydrophilicity. An example of such membrane is a composite of polysulfone and ZrO,, also known as
Zirfon® Perl [8]. The influence of the mass fraction of ZrO, on the properties of the membrane was
studied in the work [9], which shows that increasing mass fraction of ZrO, leads to deterioration of the
mechanical strength of the membranes.

Another approach to achieve hydrophilic surface modification is treatment by low-temperature plasma.
Various reactions with active plasma particles (electrons, ions) and UV radiation undergoes on the
surface of the polymer, the result of which, depending on the gas used, is the formation of a wide
spectrum of functional groups on the surface of the polymer. In addition to functional groups, radicals
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also form on the surface of the polymer (activation of the surface). When these radicals come into
contact with another monomer, we can achieve covalent binding and subsequent polymerization of
this monomer, resulting in a copolymer. This process is called grafting [10]. Radicals required for
grafting can be created on the surface of the membrane using an inert gas plasma or through the
creation of hydroperoxide groups with oxygen plasma, which create radical when heated. A suitable
monomer for achieving hydrophilicity is acrylic acid (CH,=CH—-COOH), the grafting of which creates
a polyacrylic acid copolymer containing a large number of carboxyl groups on the surface of the
membrane [11], [12]. Modification of microporous polypropylene membranes by graft polymerization
of acrylic acid was previously investigated for their application as separators in alkaline rechargeable
batteries [11] and alkaline water electrolysers [13]. It was found that grafting of acrylic acid strongly
improves electric conductivity of membranes in alkaline electrolytes. Moreover, grafting of acrylic
acid also reduces permeation of gases dissolved in electrolyte and thus improves purity of hydrogen
and oxygen produced in water electrolyser. The main drawback of this type of separators is limited
lifetime in alkaline environment. A long-term aging test of the grafted membranes in 30 wt.% KOH
aqueous electrolyte was conducted in the work [13], which revealed that although the high wettability
was retained for almost one year, the membranes continuously lost most of the grafted material during
this period. The objective of this work is to optimize the process of graft polymerization for improved
durability of the modified membranes in alkaline electrolytes with focus on comparing membranes
produced by two methods differing by composition of plasma used for membrane activation.

2. Experiment

Microporous polypropylene membranes (Merck) with nominal pore size of 1.2 um, diameter of 47
mm and thickness of 150 um were used as substrates. The membranes were activated in a low-
pressure capacitively-coupled radiofrequency (RF) discharge in argon or oxygen. Schematic of the
experimental apparatus is shown in Fig. 1. The membrane was placed in plasma reactor on a
polypropylene holder. Prior to activation, the reactor was evacuated to 1 Pa by a rotary vane pump.
Afterwards, argon or oxygen was introduced into the reactor and pump was used to maintain pressure
during the activation. To generate the plasma in the reactor, two electrodes located on the outer wall of
the reactor were used. We used the electrodes to generate a RF discharge powered by RF power
generator with a frequency of 13.56 MHz. Pressure maintained in the reactor during activation, power
delivered to plasma and activation time are given in Tab. 1.

Tab. 1. Parameters during plasma activation of membranes.
Working gas Pressure Plasma power Activation time
Argon 100 Pa 6W 1 min
Oxygen 50 Pa 3IW 2 min

Argon / Oxygen —»
Argon —>

Pirani gauge
Three-way valve gaug

o

Membrane

RF power

AAC monomer generator
reservoir Plasma reactor

Fig. 1. Experimental apparatus used for modification of microporous membranes.
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Grafting procedure was conducted immediately after plasma activation. Acrylic acid (AAc, Sigma-
Aldrich) was purified by vacuum distillation and dissolved in deionized water to obtain a solution with
concentration of 10 vol.%. Prior to grafting, the AAc monomer solution was deaerated with argon for
at least 1 hour. After activation of membrane, approximately 40 ml of this solution was poured into the
reactor via three-way valve. Activated membrane was immersed in grafting solution and sealed in the
reactor under argon atmosphere. Afterwards, the reactor was detached from the rest of the apparatus
and put into heated shaking bath to maintain grafting temperature. The grafted membranes were
washed in deionized water immediately after grafting, dried and characterized by grafting degree (GD).
GD was determined gravimetrically and represents the ratio of the weight of the polymer of
polyacrylic acid, which was formed on the surface of the membrane, to the weight of the membrane
before grafting. GD was calculated from the measured weight of the membrane before activation my
and after grafting m¢ according to
Mg — Mg
GD = ——x 100 [wt.%] (1)
Mo

Grafting time, grafting temperature and resulting GD of each membrane are given in Tab. 2.

Tab. 2. Grafting of membranes.

Membranes activated in argon plasma Membranes activated in oxygen plasma
Grafting time Grafting GD Grafting time Grafting GD
temperature temperature
1 h 31 min 70 °C 13.0 wt.% 29 min 70 °C 16.7 wt.%
1 h 33 min 70 °C 12.1 wt.% 30 min 70 °C 14.9 wt.%
2 h 14 min 60 °C 18.9 wt.% 30 min 70 °C 17.3 wt.%
1 h 50 min 60 °C 12.5 wt.% 30 min 70 °C 15.1 wt.%

To compare the long-term stability of grafted membranes activated by argon and oxygen plasmas,
aging tests in deionized water and 30 wt.% KOH aqueous electrolyte were conducted. Each membrane
was put into small bottle filled with deionized water or 30 wt.% KOH. During the aging tests, one half
of membranes was kept at laboratory temperature, while the other half was put into oven to maintain
temperature of 60 °C. The stability of grafted membranes was studied by measuring their weight and
calculating GD during several weeks. Before each measurement, each membrane was taken out of the
bottle, washed in deionized water and dried in oven. After the measurement, each membrane was put
into its bottle to continue the aging test.

3. Results

The results of the aging test in deionized water are shown in Fig. 2. The decrease in GD at both
temperatures is significantly faster for membranes activated in oxygen plasma (O-) in comparison with
membranes activated in argon plasma (Ar). The decrease in GD for Ar membranes is not only slower,
but also more linear. On the other hand, O, membranes had faster decrease in GD during the first 5
weeks than during the rest of the aging test. The results of the aging test in 30 wt.% KOH are shown in
Fig. 3. The decrease in GD is again faster for O, membranes. Moreover, the decrease in GD is clearly
faster for membranes kept at 60 °C than at laboratory temperature, regardless of the plasma activation
gas.
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Fig. 2. Aging test in deionized water. Fig. 3. Aging test in 30 wt.% KOH.

4. Conclusions
The results show that membranes grafted after argon plasma activation exhibit better stability than
membranes grafted after oxygen plasma activation. The rate of aging of argon plasma activated
membranes in caustic electrolyte does not significantly exceed the rate of aging in deionized water.
This indicates that caustic environment is not significant contributing factor to aging rate of argon
plasma activated membranes and that argon plasma activated and acrylic acid grafted microporous
membranes are promising candidates for separators in alkaline water electrolysers.
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SURFACE CLEANING OF ARCHEOLOGIC LEAD BY LOW
PRESSURE PLASMA

FrantiSek Kréma, Katefina Bubnova

Faculty of Chemistry, Brno University of Technology, Purkyiova 118, 612 00 Brno, Czech Republic
E-mail: krcma@fch.vut.cz

The low-pressure hydrogen and argon-hydrogen plasmas application on corrosion products removal
from metallic archeologic objects was used for the surface cleaning of silver and iron since 80’s of the
last century [1]. More recently, proper procedures for lower melting point materials such bronze were
successfully developed [2, 3]. The presented contribution gives the first results obtained during the
treatment of lead that is the most temperature sensitive metallic material used in human history.

To be able to observe influence of different treatment parameters, the model corrosion layers on lead
surface were prepared with dual composition were prepared. The technical purity lead samples were put
to desiccator with sand and organic acid. The samples corroded in environment of acetic acid or formic
acid with the aim of creating the corrosion, which would be at least partially simulated with corrosion
on the original artefacts. The corrosion process lasted for eleven months. After that, the samples were
dried out under reduced pressure, put to the protecting foil with humid and oxygen absorbers. The low
pressure RF plasma operating in continuous as well as pulsed regimes was created in pure hydrogen or
hydrogen-argon mixture of different composition. Sample temperature was continuously monitored by
special thermometer mounted on the sample surface; the optical data transfer was used to obtain related
temperatures in RF electromagnetic field [3]. The plasma chemical treatment efficiency, i.e. removal of
oxygen form the corrosion layers, was monitored by optical emission spectrometry of OH radical [3].
The samples surface was analysed by SEM, EDX, XRD methods to check the corrosion layers removal
efficiency. Based on the obtained results, the optimal treatment conditions were proposed and
successfully tested at treatment of original lead artefacts (recently excavated bullets from the battle at
Hradec Kralové in 1866).
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Cold atmospheric plasma was used for bakery products treatment. The aim of the work was to
investigate the effect of the use of gliding arc discharge on the on basic physico-chemical
properties and bread texture were determined during storage by 0, 3 and 6 days. Studies have been
conducted for gluten-free and mixed wheat-rye bread treated by 2 and 10 minutes of CAP. A
decrease in the moisture content of the bread accompanied by a significant increase in hardness
and a slight springiness of the bread. was observed.

1. Experimental set-up

Two electrode, gliding arc discharge (GAD) reactor operated at atmospheric pressure was applied
for the treatment of the bread samples [1,2]. Bread samples were cut in the cubes with dimensions of
15x15x15 mm and placed in the shallow open-batch glass container located under the GAD reactor’s
gas outlet in the vertical distance of 1 cm between the sample surface and electrode’s tip. The photo
and schema of the set up are presented in the Fig. 1.

A B

Gas flow Source of
|-
regulator working gas

High voltage

_q generator
L

v t— Forced gas flow|

I~ Electrodes
— Glass tube

—Gliding arc

I\

Open batch
— container
with bread

Figure 1. Experimental set-up (A-schema, B-photo)

After 2 min and 10 min plasma exposition the temperature of samples was measured using a DT-847U
temperature meter with Type K thermocouple. All physicochemical analyses of bread were performed
after 0, 3 and 6 days of storage. The protein content was determined using a Kjeltec apparatus and
ASN 3100 software. Total fat was determined with the method on Soxtec apparatus. The moisture
content of bread was determined according to the method of ICC (1996). The textural parameters of
the bread crumb texture were determined by TPA test, with a double compressing a bread sample.
During the measurements, the hardness and springiness were evaluated.
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2. Results and conclusions

The treatment of both gluten-free and mixed wheat-rye bread with CAP has gradually reduced the
moisture content, however, there were no significant differences in the moisture content of bread
during storage of 0, 3 and 6 days stored in closed foil bags. The longer the plasma application time, the
greater the increase in bread hardness. The use of plasma for 2 min resulted in a significant increase in
bread hardness after three days of storage, but only by about 12%, while the use of plasma for 10 min
increased the hardness of gluten-free bread by 28%. Much greater changes in hardness were observed
in the case of mixed wheat-rye bread. The springiness of both the gluten-free bread and the mixed
wheat-rye bread also increased.
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Figure 2. Protein (a-b) and fat (c-d) content of bread, a), ¢) gluten-free bread, b), d) mixed wheat-rye
bread, mean values in the same figure marked with different letters are significantly (¢=0.05) different

The use of plasma increased the percentage of protein in the bread (Fig.2.). For gluten-free bread, this
value increased by about 8% after a 2-minute plasma application and by 23% after a 10-minute plasma
application. In our study CAP treatment of bread reduced the fat content of the bread after just a 2
minute treatment time. There were no significant differences after 2 or 10 min of plasma treatment.
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Plasma-activated water (PAW) has the potential to be used in a wide range of human activities.
One of them is as fertilizer and protection of crops. However, sufficient knowledge about
the potential impact of PAW application in agricultural practice on the environment is necessary.
The paper presents a container experiment focused on the effect of PAW application on the water
stability of soil aggregates.

1. Application of plasma-activated water in agriculture practice

Agriculture is currently filed of rapid changes caused by population pressure, which is based on reducing
the impact on the environment or reacting to changes in climate conditions. This results in a change
in sowing methods, a change in the cultivation system (e.g., introduction of no-till, cultivation of catch
crops). There is also pressure to reduce inputs of mineral fertilizers as well as various hazardous
chemicals and search for new means of plant protection that would be more environmentally friendly.
Contemporary knowledge and recently published results indicate that plasma-activated water (PAW)
could become a suitable alternative to replace mineral fertilizers (nitrate content) and additionally to
reduce the input of plant protection agents (with bactericidal or fungicidal effects) [1, 2, 3].
However, it is necessary to appeal for an extensive and detailed investigation of the PAW direct
application effect in the landscape on other components of the environment. One of them is the soil that
PAW will land on when applied to plants. Although it will be a small amount, it can have a cumulative
effect that can lead to permanent modify or even damage the soil properties. Recently, the narrow
cooperation between the University of Technology in Brno and the Mendel University in Brno was
established also in the field of the monitoring of PAW effect on various soil properties (pH value,
conductivity, water sorption and retention, [4]). One among the monitored properties is the stability
of soil aggregates. Aggregates are the particles of the soil attached together in clusters. They have
various shapes (see Fig. 1.). Soil structure (basic unit aggregate of mm up to cm sizes) is extremely
important property of any soil because determines pore space, content and transmission of air and water
in soil, germination, seedling emergence, root growth, tillage, overland traffic, and erosion. In addition
to the shape, the aggregates are evaluated according to their water resistance, which shows the resistance
of the aggregates to the washing effect of water (low water resistance leads to higher manifestations
of erosion). [5]
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Fig. 1. Forms of soil aggregates. [6]

2. Effect of PAW application on water stability of soil aggregates

It is hypothesized that due to its composition, PAW could disrupt the stability of soil aggregates and
thus contributes to the erosion increase.

Two PAWs with different composition (see Tab. 1.) were prepared and immediately applied on the soil.
The first PAW was prepared using DBD discharge with liquid electrode according to procedure
described in detail in [4]. Briefly, 75 ml of distilled water were treated by DBD plasma 8 times
for 15 seconds. The second PAW was prepared by audio frequency (10 kHz) discharge generated
directly in distilled water using our special electrode configuration [7, 8]. 500 ml of distilled water was
treated for 5 minutes in this case.

Tab. 1. Characteristic of used treatment. [9]

Variant cH>O, 1 CNO31_ cNO, pH G
(mmol.I") (mg.I"") (mg.1™h (uS.cm™)

distilled water 2

PAW-AC 0,44 7,21 1,58 5,4 25

PAW-DBD 0,02 3,65 0,50 5,3 21

The laboratory experiment was carried out in pots (diameter 11 cm, height 9 cm) with a volume of
630 cm’®, in which dry natural chernozem (750 g, sieved by 10 mm) excavated at Polkovice (CZ,
49.3951167N, 17.2462244E) was placed. The individual pots were watered with distilled water/PAW-
AC/PAW-DBD. The first dose was applied on the soil free surface in a volume of 300 ml (6times per
50 ml) in order to moisten the entire volume of the pot. Subsequently, a dose of 75 ml (3times per 25 ml)
was applied on the soil free surface in steps of 3—4 days up to the end of experiment. The pots were
placed in a closed dark room to avoid fast water evaporation. Every 14-days three pots of each variant
were selected, and soil samples was taken from the upper third of the volume of each pot. It was assumed
that the greatest influence of the applied liquid on the soil properties will be at the pot top part.
Soil samples were dried by ambient air and sieved using 2 and 1 mm sieves. Thus, water resistance was
determined using particles with size of 1-2 mm. Tab. 2. shows the total dose of the solutions (distilled
water/PAW-AC/PAW-DBD) in individual sampling dates. Each treatment option and collection date
was represented by 3 pots, as is written above.
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Tab. 2. Dose of applied liquid (distilled water/PAW-AC/PAW-DBD) in sampling dates.
Total dose of liquid
(ml)

525
825
1125
1425
1725

Date of sampling

Al Bl Rl ISl o

Water resistance was determined by washing in distilled water (42 strokes/minute, [10]) in 4 repetitions
for each pot. Therefore, 12 values were obtained from each measurement for each variant.

Fig. 2. presents the results of water resistance depending on the applied liquid for individual sampling
dates. It can be seen a gradual decrease in the water resistance of soil aggregates in all variants
with the duration of liquids application. The highest aggregates water resistance over time was shown
for the variant treated with PAW-DBD, although the initial value (measured after 14 days)
was the lowest of all the variants used. This variant had the highest water resistance of the soil
aggregates at the end of the experiment (i.e., after a dose of 1 725 ml of the chemical). The remaining
variants in this term had similar values. For all variants, it is possible to observe uneven changes
in the water resistance of the aggregates about the amount of applied substance. For example,
for samples watered with distilled water and PAW-AC, it is possible to observe an increase in the value
in the 4™ sampling compared to the 3" sampling, but for the variant treated with PAW-DBD, the values
remained the same.

34 ¢
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30 F

water aggregate stability (%4)

1 2 3 4 5 1 2 3 4 5 1
date of collection

[ 3]
[
e
Ln

dest. water PAW-AC PAW-DBD

Fig. 2. Water aggregate stability after application of liquid (distillate water, PAW-AC, PAW-DBD) in
different doses.

3. Conclusion
In this experiment, a high dose of PAW prepared by different plasma-liquid systems was deliberately
applied to determine the possible effect on the soil environment, specifically the water resistance of soil
aggregates. The results show that the huge application of PAW-AC and PAW-DBD should not have
a negative effect on this soil property because they showed the same or even better water resistance
values of soil aggregates than soil samples treated with distilled water (as control), which can simulate
water in the form of rain.
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Plasma treatment of substrates depends on the ion flux and energy. The vacuum chamber with
inverted geometry, where the driven electrode has a significantly higher area than the grounded
electrode/substrate holder, enables to measure of the energy and flux of ions coming to the substrate
by a mass spectrometer.

The synthesis of modern nanostructured materials for electronic and photonic devices and sensors often
requires plasma treatment of interfaces to modify or enhance their properties. Radio-frequency (RF)
plasmas that are widely used for film synthesis or treatment can be used as a versatile source of ions
with energies that can be tuned exactly to reach the activation energy of desired processes (e.g. doping
or creating active sites on the surface) and keep the material otherwise unharmed.

We use the combination of a capacitively coupled RF plasma (CCP) with an inductively coupled plasma
(ICP) to tune the energy of nitrogen ions in the range of units to tens of electronvolts to modify the
catalytic substrates for batteries such as hydrothermally grown films with NiCo,O4 nanowires. This
substrate is being used as an electrode in Zn-air batteries. Nitrogen doping is being considered to
improve the electric conductivity of metal oxide nanostructures and therefore should lead to better
electrocatalytic activity. Unlike the wet chemical treatment with nitrogen-containing precursors, the
plasma treatment does not require high-temperature annealing and avoids chemical contamination.

We study the nitrogen ion flux and energy for various settings of ICP and CCP plasma source, as shown
in Figure 1, and the effect of such a nitrogen plasma treatment on the cycling performance of a Zn-air
battery with a NiCo,04 electrode using cyclic voltammetry, oxygen evolution reaction (OER) and
oxygen reduction reaction (ORR). After treatment with a nitrogen plasma, the electrodes show better
OER and ORR performance, a faster reaction rate constant, and a higher double-layer capacitance
indicating the increase of the active surface area.

&)Pa N, ICP 100 W and CCP 0-15 W plasma

20000 - CCP power
N2 ions — 0w
« 15000 —1W
a8 ] 3w
5 10000 —5W
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Energy (eV)

Fig. 1. The energy distribution of N» ions in an ICP plasma measured for various biases of substrate
electrode provided by tuning of CCP power.

References
[1] Schulze, C.; Li, H.; Mohn, L.; Miiller, M.; Benedikt, J. Plasma 2022, 5, 295-305.
https://doi.org/10.3390/plasmas5030023
[2] Wild, C.; Koidl, P. Appl. Phys. Lett. 1989, 54, 505-507. https://doi.org/10.1063/1.100913
[3] L. Xu, Q.Q. Jiang, Z.H. Xiao, X.Y. Li, J. Hao, S.Y. Wang, L.M. Dai, Angew. Chem. Int. Edit., 2016,
55, 5277-5281. https://doi.org/10.1002/ange.201600687

182



COMPARISON OF CONTINUOUS AND PULSED LOW
POWER DC SPUTTERED TI THIN FILMS

Anna Maria Reider!, Ariane Kronthaler!, Felix Laimer', Fabio Zappa',
Masoomeh Mahmoodi-Darian' , Paul Scheier!

!Institute of Ionphysics and Applied Physics, University of Innsbruck, Technikerstr. 25/3, 6020
Innsbruck, Austria
’Department of Physics, Karaj Branch, Islamic Azad University, Karaj, Iran
E-mail: anna-maria.reider@uibk.ac.at; masoomeh.mahmoodi@uibk.ac.at

In this work, titanium thin films with thicknesses up to 105 nm were deposited on borosilicate glass
implementing low power continuous (25 W) and pulsed (85 W) DC magnetron sputtering. The
characteristics of the resulting films were studied via atomic force microscopy (AFM), X-Ray
Photoelectron Spectroscopy (XPS), VIS spectroscopy and four-point-probe measurements. For both the
continuous and pulsed sputtering, the films exhibit a comparably low surface roughness with no visible
column-and-void structure. Additionally, the films show overall high reflectivity and constant
transmission and reflectance for wavelengths in the visible range of the spectrum. The electric resistivity
could be measured even for film thicknesses down to the single nanometer range and approaches the
bulk value for higher film thicknesses. The low power regime of magnetron sputter deposition does not
only offer the possibility of studying the development of physical characteristics during the growth of
ultra-thin films but also provides the advantage of extremely low heat development and no mechanical
force on the substrate during the coating process. This concept may hence be utilized in temperature-
sensitive coating processes, such as the fabrication of conductive coatings on flexible antennas.
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We present the results of mass spectrometry of large asymmetrical CCP discharge. The discharge
operated at 13.56 MHz with oxygen as working gas at the pressures of 300 mTorr, 450 mTorr and
600 mTorr. Threshold Ionization Mass Spectrometry (TIMS) was used to detect excited and
metastable oxygen molecules and oxygen atoms.

1. Introduction

Motivation for research of non-thermal low pressure plasmas stems from wide range of possible
applications. Due to the possibility of fine tuning of the discharge conditions and ability of the reactive
species from the discharge to modify and activate surfaces, low pressure plasmas are being exploited
for a long time for applications in fabrication of microelectronic devices, in textile industry, sterilization
of medical equipment, cleaning of archaeological samples, nitriding of metals etc. Lately this lists has
expanded in the field of plasma agriculture for treatment of seed to increase germination, plant yield or
to remove pathogens. In order to satisfy various demands in many different applications in which plasma
is used various types of plasma reactors had to be developed.

It is already known that reactive oxygen species (ROS) play important role in metabolism of plants with
most of them being also the signalling molecules. [1, 2]. Since ROS are easily created in oxygen
containing discharges the effects of these plasmas on plants metabolism is increasingly being studied
for discharges in both atmospheric and low pressures [2, 3]. In order to make the first steps towards
identifying the mechanisms responsible for triggering of signalling pathways in the treated seeds it is
important to determine chemistry produced in the plasma. Here we will present results of mass
spectrometry of the oxygen low pressure discharge in the large asymmetric CCP chamber.

2. Experimental setup and results

A cylindrically shaped reactor chamber was made of stainless steel. The length of the chamber was
2.5 m with the diameter of 1.17 m. Axially placed aluminium rod served as a powered electrode while
the chamber wall was used as a grounded electrode. The power supply unit operated at 13.56 MHz and
it was equipped with Variomatch matching network for reducing reflected power. In all measurements
the reflected power was kept below 1 % of the forwarded power. Vacuum was achieved by mechanical
Pfeiffer Vacuum rotary vane pump. We have used mixture of 99% of O, with 1% of Argon added. Flow
meters were used to control flow of each gas, in appropriate proportion, so that pressure could be set to
selected values of 300, 450 and 600 mTorr. Mass energy HIDEN Analytical EQP analyser was used for
mass and energy measurements of plasma species. It was introduced into the chamber side-on,
perpendicular to the powered electrode, with its orifice positioned at fixed distance of 31.5 cm from
powered electrode. For the detection of neutral species we have used RGA (residual gas analysis) mode.
The mass spectra of neutral species was recorded for the range 1 amu to up to 50 amu. In order to
determine the amount of oxygen excited and metastable species created in the discharge we have also
performed Threshold Ionization Mass Spectrometry (TIMS). We have done this type of measurements
for oxygen molecules and atoms with electron energy varied from 4 to 25 eV with resolution of 0.1 eV.
In Figure 1(a). Distribution of O," as a function of the electron energy emitted from the ionising source
of the mass spectrometer is shown. We can see that for lower powers there are no excited and metastable
species detected by the mass spectrometer.
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Figure 1. (a) Distribution of O," molecule detected by mass spectrometer as a function of energies of
electrons emitted by analyser’s ionising source. (b) Number of excited and metastable O, species
detected by mass spectrometry as a function of power given by RF power supply.

In Figure 1(b) we present integrated counts obtained by ionizing excited and metastable oxygen
molecule coming for the discharge. The integration of the mass spectrometer signals (shown in
Figure 1(a)) was performed from 4 eV to 12.5 eV. We have used this range of energies in order to be
below the ionization threshold for the neutral oxygen molecule. The maximum of detected excited and
metastable oxygen molecules moves towards higher powers given by the RF power supply with the
increase of the working pressure. This can be explained by the decrease in the mean free path of the
species and the position of the mass spectrometer orifice. Also, with the increase of the power plasma
expands towards the wall of the chamber.

3. Conclusion
We have presented the mass spectrometry results obtained in a large asymmetric CCP low pressure
oxygen discharge. The mass spectrometry was used to detect reactive oxygen species with the emphasis
on the excited and metastable species. We have used TIMS to determine the behaviour and abundance
of metastable and excited oxygen molecule and oxygen atoms.
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To study the atmospheric pressure chemical ionization of selected sulphur-containing hydrocar-
bons (Thiophene C4H4S, 2-Methyl thiophene CsHsS, 2,5-Dimethyl thiophene CsHsS, Benzothio-
phene CgHeS and 2-Methyl benzothiophene CoHsS) in positive polarity the ion mobility spectrom-
etry (IMS) and IMS combined with time-of-flight mass spectrometer (IMS-TOF MS) techniques
were used in the dry air at 373 K drift gas temperature. The dominant ionization reaction was the
direct proton transfer while the ionization was performed using the H;O*(H»O);4 reactant ions
(RIs). The ionization resulted in the appearance of M.H" ions for all substances except for Thio-
phene which forms M* and M.NO™ ions. The limit of detection for all studied compounds was cal-
culated.

1. Introduction

One of the affordable and reliable energy resources which are currently considered are petroleum oils
from fossil-based materials [1]. The molecular mixture in petroleum is mostly comprised of different
categories of hydrocarbons (alkanes, naphthenes, and aromatic compounds) with five- or six-carbon
member rings and polar compounds. The main unfavourable impurity in petroleum oils is the presence
of polar compounds containing hetero-atoms which are mostly composed of nitrogen, oxygen, and
sulphur-containing species. To reach better quality of petroleum all these compounds must be re-
moved, or their quantities reduced [2-4]. In crude oil, one of the most abundant constituents are sul-
phur-containing compounds such as thiols and heterocyclic compounds, and their detailed structural
characterization is of particular interest. In some cases, the content of sulphur in crude oil can be as
high as 10% [5]. The petroleum analysis is quite difficult due to sulphur-containing compounds which
exhibit high reactivity, absorptivity, and adsorptivity. These components are also mainly responsible
for catalyst poisoning and the corrosion of petroleum pipelines [6]. In the oil industry, their better
identification and reduction could be helpful to achieve a higher quality of oil, as well as cheaper
transportation processes and cost reduction achieved for refining. Besides that, sulphur-containing
compounds have implications regarding environmental and human health presenting high exposure
risk factors [4]. The main goal of present work is the detection and identification of five selected sul-
phur-containing hydrocarbons at sub-atmospheric pressure by IMS-MS at positive polarity. We are
focusing on identification of the nature of positive ions and designating the limit of detection of all
studied compounds.

2. Experimental part

In this work, the homemade ion mobility spectrometer (IMS) (Figure 1) with an atmospheric pressure
chemical ionisation (APCI) source based on corona discharge (CD) has been used. The technical
properties of the IMS are presented in Table 1. During measurements, the IMS was operated in the
positive polarity mode and at sub-atmospheric pressure (680 mbar) due to simple sampling of volatile
organic compounds by the capillary inlet. The sample flow rate was controlled by a micro-splitter
valve (Supelco) and adjusted by a gas flow meter (Platon). As a drift gas in IMS, a laboratory air
cleaned by our self-designed circulation vacuum system with additional moisture traps (Agilent) and
containers filled with activated carbon and potassium permanganate-impregnated activated alumina
spheres (Alphasorb) was used.
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Fig. 1. Scheme of the IMS spectrometer: The described IMS was operated in reverse gas flow mode.

Tab. 1. Parameters of IMS used in the experiment.

Operating Parameters Unit
IMS drift tube length 11.9 cm
Electric field intensity 672 V.cm'!
IMS operating pressure 680 mbar
IMS operating temperature | 373 K
Drift gas flow 800 mL.min"!
Sample gas flow 10 mL.min™
CD current 10 pA
Shutter grid pulse width 80 us
Shutter grid frequency 50 Hz

The vapours of the investigated compounds were introduced into the reaction region of the IMS
through a sample inlet. The thiophenes were placed in a glass syringe (about 3 mg, 1 drop) to deter-
mine the LOD value. To achieve an equilibrium between the gas and the liquid phase we waited at
least 20 minutes. Afterward, the syringe was connected via capillary with the sample inlet and using a
syringe pump (Kent Scientific), the sample was introduced into the reaction region of the IMS with a
pre-set flow rate. The reactant ions (RI) generated in CD were H;O" (H,0), (n=2,3) and in a very low
concentration NO*(H,0), (n=2,3). The IMS has been operated in reverse gas flow mode.
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Fig. 2. The positive IMS and the MS spectrum of Thiophene at 373K.
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Figure 2 shows the positive IMS and MS spectra of the ambient air with Thiophene at 373K. In the
IMS spectrum the Thiophene has two strong peaks at Ko = 2.15 cm*.V''.s' and Ko = 1.95 cm®. V' s™!
which correspond to monomer ions of sample M and M.NO" respectively confirmed by MS spectrum
with ion mass m/z = 84 and 114. The other investigated compounds form mainly ions with H". The
limit of detection for all investigated compounds was under 2.2 ppm.
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Ion mobility spectrometry (IMS) was applied for detection of NO, generated by the kHz driven DBD
atmospheric pressure plasma jet (APPJ) in Ar. The reactive oxygen and nitrogen species are
efficiently generated in the APPJ, which are widely used in various biological and technological
applications. The efficient detection of these species is of great importance for many fields of science
and engineering. Using IMS, we achieved fast and sensitive detection of NO, with the limit of
detection of 200 ppb. The highest production of NO; (3.7 ppm) generated by APPJ was achieved at
Ar flow rate of 100 mL/min.

1. Introduction and Methodology

Reactive oxygen and negative species (RONS) play an important role in many biochemical,
physiological, and pathological processes. Some of RONS like O3, OH, NO,, NO3, N,Os etc can be
generated using atmospheric pressure plasma jet (APPJ) in Argon. The production of controlled RONS
by the APPJ is frequently used in the fields of biomedicine for wound healing, cancer treatment, immune
cell activation [1-4] surface treatment and sterilization [5]. Several techniques are used to diagnose
RONS, Fourier-transform infrared (FTIR) spectroscopy, chemical and semiconductor gas sensors etc
[6,7]. In present study, we applied ion mobility spectrometry (IMS) as a new method for diagnosis of
NO; generated by the APPIJ.

The IMS is very fast (ms — s range), highly sensitive (ppb — ppt level), and powerful analytical technique
based on the measurement of the mobility in gaseous environment and presence of electric field [§—10].
The IMS instrument consisting of several parts, the ion source, the reactive region, the shutter grid, the
drift tube and the detector [8]. The IMS can be used for direct sampling of gaseous substances, for
headspace sampling of vapours of liquids and also for thermal or laser desorption of substances from
surfaces. It can be applied for monitoring of the ambient air or for online monitoring of different plasma
processes producing neutral molecules. The spectrometer can be operated in both positive and negative
polarity. The corona discharge is usually used as a source of reactant ions (RI) (H;O" in positive and Oy’
CO; in negative polarity). The RI are further used to ionise the neutral particles of sample injected into
the reactive region. The NO; and other RONS can be detected in negative mode polarity.

Detection of NO; was carried out for the APPJ developed at the Department of Experimental Physic at
Comenius University Bratislava [11]. APPJ plasma was generated in a glass capillary with an internal
diameter of 0.5 mm by a hollow needle electrode. The Ar (purity 4.6, Hastex spol. s.r.o., Slovakia) flow
through the needle at flow rates 50, 100 and 200 mL/min. The high voltage of 3.5 kV amplitude and
frequency 10 kHz was applied to the needle electrode. The other electrode of cylindrical geometry,
located outside of the glass capillary was grounded. The IMS used in this study for monitoring of NO,
generated by the APPJ was developed by MaSa Tech Company (Slovakia). The electric field intensity
in the drift tube of IMS was 547.6 V.cm™, drift gas flow was set to 700 mL/min. The IMS drift tube was
operated at a pressure 700 mbar and temperature 373K. The sample flow of IMS was set to 20 mL/min.

2. Results and Discussion
Prior the experiments, the IMS was calibrated for NO, detection. A standard mixture (100 ppm NO;
diluted in N,, Messer Tatragas s.r.o., Slovakia) was used for the calibration process. The standard
mixture was further diluted to concentrations in range of 0.1 — 20 ppm by Ar using mass flow controllers
(MKS Instruments, Inc.). The dilution of the NO, standard by Ar was related to the APPJ.

189



The IMS spectra for different concentration of NO, are presented in Figure 1. The signal intensity of the
2.49 cm®.V's' peak depends on the concentration of NO in the mixture. The RI were used for
ionisation of NO,, therefore the intensity of the RI peak decreases with increasing NO» concentration.
On the other hand, the intensity of the NO, was increasing with increasing NO, concentration. The
ionization of neutral NO, species was carried out using the negative chemical ionization method, with
RI:

05 - €Oy - (Hy;0)g12 + NO; » NO; + 0% + CO, + n H,0 (1

The electron transfer reaction ionizes molecules with electron affinities, exceeding the bond energy of
the electron in the reactant ions O, -COs-(H20)0,12, which is about 1.36 eV [12]. This condition is valid
for NO, (electron affinity of NO» is 2.273 eV [13]). The dependence of RI and NO, intensities on NO,
concentration are plotted in Figure 2. The linearity of the NO,™ scale was observed below 5 ppm. The
limit of detection for the NO, detection is about 200 ppb. At low NO, concentrations, the NO»’
background was observed, related to the NO; generated in the CD.
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Fig. 1. The IMS spectra of NO, standard Fig. 2. RI and NO>  intensities for NO, mixtures
mixtures for different concentrations. (0 — 20 ppm). Linearity range 0.2 — 5 ppm (blue

dashed line). Calculated NO;™ intensities (yellow
line) using rate coefficient 0.97 cm®.s™.

In the plasma generated by the APPJ in Ar many reactive species are formed (e, Ar’, exited Ar), of
which the metastable states of Ar (Ar*) are very important, as their life time in the plasma jet is long.
The excitation energy of Ar* is 11.6 eV [14]. Ar* undergoes dissociative reaction with N», O, or H,O
[15]. These gases are sucked into the Ar plasma beam from air. The NO; can be formed via following
reactions [15-17].

0+0,+M—0;+M )
N+OH->NO+H (3)
NO + 05 - NO, + 0, (4)

The negative polarity IMS spectrum of the Ar following through the APPJ (on discharge) is presented
in Figure 3 (black line). The dominant peak with reduced ion mobility of 2.20 cm®. Vs is assigned to
RI(0,.CO1.(H20)o,12) formed in the IMS. After applying AC (10 kHz) high voltage power to the needle,
the APPJ plasma was generated, and its products were detected by the IMS (Figure 3 red line). The
intensity of RI depends strongly on the concentration of electronegative species in the plasma. With the
increasing of the discharge power, the concentration of the electronegative species is increasing and the
RI intensity is rapidly decreasing and four new peaks with reduce mobilities 2.49, 2.24, 2.18 and 1.93
cm?®.V'.s! appear in the IMS spectrum. These ion mobilities were assigned by mass spectrometry
method to NO,", NO3', N,Os™ and NO;.(HNQO3). In this study, we have focused on the first peak (ion
mobility 2.49 cm®. Vs, related to NO,.
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In present work the formation of NO; in the APPJ was studied for different Ar gas flows (50, 100 and
200 mL/min). The highest voltage amplitude was kept constant for all flows. The NO; intensity in the
gas was measured for different distance between the APPJ outlet and the IMS inlet (separation 2 to 100
mm). In the Figure 4 we display the dependence of the NO, concentration as a function of APPJ-IMS
separation for tree different Ar gas flows. The highest concentrations of NO; 3.3 + 0.09, 3.7 £ 0.1, and
2.9 £ 0.12 ppm were observed at shortest distance (2 mm) for gas flows 50, 100 and 200 mL/min,
respectively. The present results yield values comparable to those of Adhikari et al., who measured a
concentration of 3.1 ppm at an AC voltage of 4 kV @ 28 kHz and an Ar flow of 350 mL/min [4]. The
concentration of NO, decreases with the increasing APPJ-IMS distance. This can be due to losses of
NO; from the gas flow into the surrounding environment.

The highest NO, concentration was observed for Ar flow rate 100 mL/min, the lowest productions was
recorded at a flow rate of 200 mL/min. Most probably the discharge power density (ratio of applied
voltage to flow rate) is important parameter for the production of NO». Substantial changes of NO,
concentration are visible in the separation rage 2 to 50 mm. At larger distance (up to 100 mm) the
production of NO, concentration is stable (~ 0.5 ppm).
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3. Conclusion

In this study we applied IMS for NO, detection generated by the APPJ in Ar. The value of reduced ion
mobility for NO,” was 2.49 cm®.V™'.s”. The calibration of the linear scale using an NO, standerd
indicated linearity of the method in the range 0.2 to 5 ppm. The NO- concentration was measured as a
function as Ar gas flow and APPJ-IMS distance for constant high voltage amplitude (3 kV) of 10 kHz
voltage power supply. The highest production of NO; for each flow rate was achieved at distance 2 mm,
where NO; could achieve concentration up to 3.7 ppm NOs. In the future we plan to study influence of
more parameters on NO; production (discharge power, gas flow, axial and radial profiles and admixture
of small amount of N», O, into Ar gas). We plan as well to detect additional produce of the APPJ NOs,
N203, NO3;(HNO:3).
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Low-energy electron processes on halogenated silanes are presented. We compare the dissociative
electron attachment in the gas phase to chloro-trimethyl silane, dichloro-dimethyl silane, tetrachloro
silane, tetrafluoro silane and tetrabromo silane.

1. Introduction
Electron attachment processes are usually one of the initial steps of silanes and halogen derivatives of
silanes in the plasma processing industry. In most of the cases, electron attachment leads to the
fragmentation of molecules into radicals and ions. These, in turn, are the components that perform the
plasma processing. Thus, data on the interaction of low-energy electrons with silanes are important for
plasma-assisted processes: cleaning [1], deposition [2] or etching [3].

2. Results

At the Comenius University in Bratislava we are focusing on dissociative electron attachment (DEA)
studies with the CEMBIA apparatus [4] (a gas phase mass spectrometer equipped with trochoidal
electron monochromator), in this work on chloro-trimethyl silane, dichloro-dimethyl silane, tetrachloro
silane, tetrafluoro silane and tetrabromo silane. The halogen elements (X) in each of these compounds
plays a special role in DEA process, due to their high electron affinity the main DEA product is the X"
ion, as expected for tetrachloro silane [5], tetrafluoro silane [6] and tetrabromo silane [6]. Within our
collaboration with Siedlce University in Poland we have focused on a group of different chloro-, fluoro-,
and bromo- silanes (methyls, ethyls...), trying to support the swarm experiments on these molecules
performed in Siedlce. We will present the DEA result to these first group of measured molecules,
compare the energetics of DEA leading to X" fragments, associated with first step quantum chemical
calculations based on DFT methods. The preliminary results show that these processes can act at very
low electron energies (0-2 eV) for chlorinated or bromo- compounds, however at significantly higher
energies close around 10 eV for the fluorinated compounds.
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The results of thermal electron attachment for (difluoromethyl)trimethylsilane in the gas phase are
reported. The fundamental parameters such as rate coefficients and activation energy for the electron
capture processes were determined. Results were obtained using Pulsed Townsend technique.
Measurements were carried out in the temperature range 298K to 348K. The obtained rate
coefficients depended on temperature in accordance to Arrhenius equation. From the fit to the
experimental data points with function In (k) = In (A)-E. /kgT the activation energy (E.) was
determined.

1. Introduction

Silanes and halogen derivatives of silanes play an important role in plasma technologies that are widely
used in the plasma processing industry. In such technologies, the electron capture process is usually the
initial step that ultimately leads to the breakdown of molecules into radicals and ions. These, in turn, are
the components that perform the plasma processing. Thus, data on the interaction of electrons with
halogenated silanes can be used to control important components in plasma in many technologies,
primarily in the microelectronics industry. The modern microelectronics industry is largely dependent
on plasma-assisted processes such as cleaning, etching and deposition [1-3].

2. Experiment and results
The aim of the conducted research was to determine the kinetic parameters (rate constants and activation
energy) for the process of electron capture by selected fluorine derivatives of silanes. The experiments
were carried out in the gas phase, using the electron swarm method with photochemical generation of
electrons using a Nd:YAG laser operating in the fourth harmonic mode, at a wavelength of 266 nm and
a frequency of 10 Hz [4].

Fig. 1. The reaction chamber of the SWARM method: 1- laser beam entry, 2- anode, 3- connection to
vacuum line and pumps 4- cathode, 5- baratron connector, 6- HV power supply, 7- preamplifier.
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Under the influence of a uniform electric field, electrons drift towards the anode, inducing an increase
in its voltage. Determination of the rate constant of the electron capture process is based on the numerical
analysis of the shape of the voltage pulse. Thanks to the small volume of the reaction chamber (0.7 dm?),
it is possible to heat it and precisely control the temperature inside it, which enables measurements to
be carried out at different temperatures and determination of the activation energy of the capture process.
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Fig. 2 Dependence of natural logarithm of k versus 300 K/T for (difluoromethyl)trimethylsilane.

We have measured rate coefficients k in the temperature range 298-348 K for (difluoromethyl)
trimethylsilane. The rate coefficient at 298 K is equal to 1.89 x 107" cm’®s™'. Activation energy was
obtained from the slope of the curve in Figure 2 and is equal to 0.30 eV. For few past years in laboratory
at Siedlce University using SWARM method were conducted studies on many compounds, such as
chlorine, fluorine and bromine derivatives of hydrocarbons, alcohols and ethers. Thanks to the results
of these studies, it was possible to find relationships between the number and position of substituents
and the rate constant of the electron capture process as well as the activation energy. The results
presented here are an introduction to analogous studies on the influence of substituents on the capture
of low-energy electrons in the gas phase for silanes.
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Proper care and handling of electrosurgical equipment are essential to patient and personnel
safety. Burns that destroy layers of the patient’s skin often linked to a medical mistake are largely
preventable. This paper is dealing with the design of surgical electrodes as one of the extremely
important factors for the formation of burns during standard procedures.

1. Introduction

The main mechanism responsible for skin burns during electrocautery is the electrical breakdown
characterized by a voltage that electrically breaks down gas in the interelectrode gap enabling current
flow through the ionized gas. The breakdown voltage usually obeys the standard scaling law. Further
development of the discharge depends on several parameters such as the geometry of the electrode
arrangements and the gap spacing. Results of extensive studies reveal that various electrode
configurations correspond to different electric field distributions although the same voltage is applied
leading to the dissimilar breakdown voltages.

2. Method

In the past few decades, computer modeling and simulations have evolved into very effective tools for
studying sparking during various electrosurgical procedures and for developing new instrument
designs. In this paper, the effects of the electrode shape on the sparking have been studied by using
software package COMSOL [1] based on the multi-component plasma fluid model. Our goal was to
determine both a minimum voltage necessary for sparking and locations where sparks start as crucial
factors for the formation of burns during electrocautery. For that purpose, calculations were carried
out for DC argon discharges having in mind that the main advantage of argon coagulation is constant,
a minimum depth of the thermal effect. The emphasis was put on generations of sparks between
various electrode arrangements (cylinder-cylinder, sphere-sphere cylinder-sphere, cylinder-cone,
sphere-cone, and cone-cone). Electrosurgical sparks have been distinguished both for the positive and
negative cycles. It was found that mechanisms of electrical spark formation are not equal in both
directions introducing the electrical asymmetries.

3. Results

The obtained simulation results shown in Figure 1 agree well with the experimental data taken from
literature [2] revealing that the sparking formation is strongly affected by the electrode configuration.
Sparking occurs most easily when both electrodes are cylindrical and the most difficult when one
electrode is a cone. The highest voltages are required for triggering sparks between arrangements with
one cone electrode. It was found that the field is more uniform in the cylinder-cylinder configuration,
while highly non-uniform in the cylinder-cone configuration. For a configuration with one or two
spherical electrodes, breakdown voltages are higher up to 10 V and 8 V, respectively. When one
electrode is a cone, the breakdown voltage is higher from 4 V up to 46 V.
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Figure 1. a) The breakdown voltage curves and b) maximum electrical field for various electrode
configurations. The experimental data [2] are presented by blue squares.
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