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PLASMA-TREATED HYDROGELS: A THERAPEUTIC ALTERNATIVE IN 
PLASMA MEDICINE? 

Cristina Canal1,2,3 
1PlasmaMED Lab, Biomaterials, Biomechanics and Tissue Engineering Group, Department of 
Materials Science and Engineering and Institute for Research and Innovation in Health (IRIS), 

Universitat Politècnica de Catalunya ·BarcelonaTech (UPC), Av. Eduard Maristany 10-14, 08019 
Barcelona, Spain. 

2Barcelona Research Center in Multiscale Science and Engineering (CCEM), UPC, Barcelona, Spain. 
3Centro de Investigación Biomédica en Red de Bioingeniería,  

Biomateriales y Nanomedicina (CIBER-BBN), Instituto de Salud Carlos III, Spain. 
E-mail: cristina.canal@upc.edu 

Plasma medicine, an emerging interdisciplinary field, explores the therapeutic potential of cold atmospheric 
plasma (CAP) for biomedical applications [1]. Two plasma treatment modalities have been under study in the last 
years: direct plasma treatment and indirect plasma treatment via plasma-treated solutions, usually saline 
solutions when designed for medical applications.  In direct treatment, the therapeutic target (e.g., wound or 
tumor) is directly exposed to the plasma plume. Here all components of plasma, including short-lived RONS are 
locally delivered to the target. However, the extremely short penetration depth of plasma requires its access to 

the site. In contrast, in indirect treatment, CAP is used to treat a chemical solution to generate with RONS within 
it. This plasma-treated liquid can be used for local, minimally invasive treatment of internal targets / tumors. 
These plasma-treated liquids contain only the long-lived RONS from plasmas, and can be diluted in vivo by body 

fluids upon injection.  

Hydrogels, with their high water content, biocompatibility, and tunable physical properties, present a unique 
platform for plasma-based therapies, as they can allow to overcome clinical limitations associated with direct 
plasma application and provide alternatives to plasma treated liquids [2]. This talk investigates the interplay 

between CAP and hydrogels, focusing on their potential as therapeutic alternatives in plasma medicine.  We 
examine how plasma treatment modifies hydrogel properties, including their chemistry, mechanical 

characteristics, and bioactivity. The design of the hydrogel is a key step, and key findings highlight the generation 
of reactive oxygen and nitrogen species (RONS) within hydrogels due to plasma exposure, and key cytotoxic 
activity. The evidence of the immunogenicity of PTH will be presented, along with reported induced 

immunogenic cell death (ICD) in osteosarcoma cancer cells [3]. 

Plasma-treated hydrogels are an interesting platform as they can incorporate further entities in the system, and 

thus allow simultaneous delivery of other bioactive molecules or drugs. This capability broadens the potential  
applications of PTH. This presentation evaluates existing challenges, including scalability, standardization, and 

long-term effects, while proposing strategies for advancing this innovative therapeutic approach. 

Plasma-treated hydrogels stand at the frontier of plasma medicine, poised to bridge the gap between advanced 

materials science and cutting-edge biomedical therapies. This talk aims to spark dialogue on their translational 
potential and inspire novel research directions. 

1. References 
[1] Tornin, J., C. Labay, F. Tampieri, M.P. Ginebra, and C. Canal 2021, Nat Protoc., 16(6): p. 2826-2850. 
[2] Zivanic, M., A. Espona-Noguera, A. Lin, and C. Canal, 2023, Adv Sci., 10(8): p. e2205803. 

[3] M. Živanić, A. Espona-Noguera, H. Verswyvel, E. Smits, A. Bogaerts, A. Lin, C. Canal, 2024, Adv. 
Funct. Mater., 34, 2312005.  



DIFFUSE DBD AT ATMOSPHERIC PRESSURE:  
FROM PHYSICS STUDY TO APPLICATIONS 
Naudé Nicolas1, Belinger Antoine1, Dap Simon1 

1LAPLACE, Université de Toulouse, CNRS, INPT, UPS, Toulouse, France 
E-mail: nicolas.naude@laplace.univ-tlse.fr 

This contribution is dedicated to studying diffuse DBD at atmospheric pressure through electrical and 
optical diagnostics with spatial resolution. Subsequently, the use of this type of discharge for applications 
will be discussed, focusing on thin film coating. 
 

1. Introduction 
Dielectric Barrier Discharges (DBDs) are a type of atmospheric pressure discharge that can be used for 
a variety of applications, including surface modification, thin-film coating, sterilisation, treatment of 
gases, aerodynamic flow control, and energy-efficient lighting devices [1-3]. Depending on the gas, 
electrical parameters, and electrode configuration, these discharges can operate in either the classical 
filamentary mode or in a diffuse mode [4-5]. One the one hand, the filamentary mode can be too 
restrictive for some applications, such as surface coating. On the other hand, the conditions required 
to obtain a diffuse DBD can also be restrictive. 
Diffuse DBDs at atmospheric pressure have been obtained in noble gases like helium, argon, neon, and 
nitrogen with a Penning admixture [5]. In nitrogen, the ionisation level is too low to allow the formation 
of a cathode fall. Consequently, the electrical field is quasi-uniform over the discharge gap, like low-
pressure Townsend discharges, and the discharge that is obtained is called Atmospheric Pressure 
Townsend Discharge (APTD) [5]. Compared to Atmospheric Pressure Glow Discharge (APGD) obtained 
in noble gases, the conditions required to obtain an APTD are more often restrictive. For example, the 
APTD can be obtained only at low frequencies (from a few Hz to a few kHz, depending on the 
experimental conditions), and a production of seed electrons is necessary when the electric field is low 
to obtain the Townsend breakdown. 
 

2. Study of Diffuse DBD in N2 and N2 oxygen species admixtures 
The APTD obtained in N2 and N2 with O admixtures (O2, N2O, NO) have been intensively studied using 
electrical and optical diagnostics [6-7]. At atmospheric pressure, an important aspect is always to 
determine the discharge regime (filamentary or diffuse). Electrical measurements are more 
straightforward than optical measurements for doing that. They are also used to study the discharge 
behaviour. However, because of the dielectric presence, it is impossible to measure directly the 
electrical parameters of the discharge. Usually, the electrical parameters (gas gap voltage, discharge 
current, charge transferred within the discharge, discharge power, …) are calculated from the 
measured quantities (e.g. total current or charge) under usage of an electrical equivalent circuit [8-9]. 
Among other parameters, the electrical equivalent circuit depends on the DBD geometry. The key 
parameter for this approach is the determination of the discharge area, which is usually considered 
equal to the electrode surface as long as the discharge is homogeneous. However, even if the discharge 
seems to cover the electrodes uniformly, its electrical properties (current density, breakdown voltage, 
discharge duration, …) are not the same at any time and at any point on the surface. That’s why it is 
preferable to talk about diffuse discharge rather than homogeneous discharge. 
The spatial variation can be due to several factors like the dielectric surfaces or the gas flow circulation, 
as observed in a diffuse discharge ignited by Townsend breakdown in nitrogen [10]. Indeed, for a plan-
to-plan DBD, when a gas flow is injected, the residence time of the gas increases as a function of the 
position from the gas inlet to the gas outlet. Thus, the species densities are not the same along the gas 
flow because of the kinetic processes and chemical reactions in the discharge [10]. Then, the discharge 
current and the gas voltage are not uniform along the spatial DBD dimensions. Therefore, the 



determination of discharge current and gas voltage from macroscopic parameters of the DBD is often 
inaccurate. In the best case, the calculated values are spatially averaged but do not allow the 
interpretation of localised plasma treatment. 
To have a more accurate characterization of the discharge behavior, a measurement of the local 
current density is required. To get a 2D mapping of the discharge electrical parameters, a dedicated 
setup was developed in which the ground electrode was prepared as a segmented electrode with 64 
equally spaced square segments. The high voltage electrode remained full. This electrode is a 3x3 cm2 
square, while each square of the segmented electrode has a 3.44 mm side length, a distance of 350 
mm spaced each segment (Figure 1). A prototype based on this experimental configuration together 
with a dedicated data acquisition system has been successfully validated by the comparison with short 
exposure time photos taken by a camera from above the discharge cell [11]. Then, it has been used to 
study the diffuse discharge (APTD) and shows the effect of a gas flow on the local electrical behavior 
of the discharge. In the case of diffuse DBDs with sinusoidal voltages at frequencies from 1 to 20 kHz, 
the temporal and spatial resolutions are high enough to characterise the discharge behaviour with 
sufficient spatial information. Figure 2 presents a 3D mapping of the surface power density obtained 
with the segmented electrode for a gas mixture of N2 with 30 ppm of NO. We can clearly see the main 
influence of the gas flow on the breakdown voltage. 
This electrode arrangement and measuring systems allows a 2D mapping of the discharge electrical 
parameters (discharge current, power dissipated, gas voltage, etc.) of Townsend but also of Glow 
discharges, hybrid or patterned regimes. 
 

 

 

Fig. 1. Diagram (a) and photograph (b) of the segmented electrode and the high-voltage electrode. 
 

 
Fig. 2. 3D mapping of surface power density from measurements with the segmented electrode in N2 
+ 30 ppm NO (gap=2 mm, 2 kHz, 17.12 kVpp, 4 sLm). 



 

3. Applications of APTD? 
During the presentation, the use of an APTD for surface treatment applications will be discussed. We 
will first focus on thin-film coating using APTD. As an example, Figure 3 compares coatings realised 
with a filamentary discharge and a diffuse discharge for the same gas composition (N2 with N2O and 
HMDSO) and the same discharge power (10 W/cm3). Then, we will also explore some other 
possibilities. Finally, solutions to improve discharge uniformity and power dissipation, to reduce the 
sensitivity to precursor concentration, and to increase deposition rate mainly in the case of discharges 
obtained in N2 will be discussed. 
 

  
Fig. 3. Comparison of a coating realised with: a) a filamentary discharge and b) a diffuse discharge in 
N2 with N2O and HMDSO for the same discharge power (10 W/cm3). 
 

4. References 
[1] S. Samukawa et al., J. Phys. D: Appl. Phys. 45 (2012) 253001 
[2] I Adamovich et al., J. Phys. D: Appl. Phys. 55 (2022) 373001 
[3] U. Kogelschatz, Plasma Chem Plasma P 23 (1), 1-46 (2003) 
[4] R. Brandenburg, Plasma Sources Sci. Technol. (2017) 26 053001 
[5] F. Massines et al., Eur. Phys. J. Appl. Phys. 47, 22805 (2009) 
[6] R. Brandenburg et al., J. Phys. D: Appl. Phys. 38 (2005) 2187 
[7] G. Dilecce et al., Plasma Sources Sci. Technol. (2007) 16 511 
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We present the results of breakdown measurements for three freons: 1,1,1,2-tetrafluoroethane (R134a, C2H2F4), 
2,3,3,3-tetrafluoropropene (HFO1234yf, C3H2F4), and trans-1,3,3,3-tetrafluoropropene (HFO1234ze(E), C3H2F4) in 
a centimeter-sized plan-parallel electrode system, under swarm conditions at low currents (~ 1 A) and low 

pressures. Paschen curves and corresponding distributions of emission intensities at low current were recorded 
in the pd (pressure x electrode gap) range from 0.05 to 3 Torr cm, covering the region of Paschen minimum. We 

obtained an effective ionization coefficient of studied freons from the emission profiles for the E/N range 2.5 kTd 
to 23 kTd. 

 

1. Introduction 
The widespread use of fluorocarbons and sulphur hexafluoride (SF6) has raised concerns regarding 
their emissions due to their detrimental environmental impact. These greenhouse gases have an 
extremely long atmospheric lifetime, high global warming potentials (GWP) and high ozone depletion 
potentials (ODP). The electrical industry, a major consumer of SF6, is actively working to replace it with 
environmentally friendly insulation gases. Among the most promising alternatives are 
hydrofluoroolefins (HFOs), perfluoro-ketones (PFKs), and perfluoronitriles (PFNs). These synthetic 
compounds not only have significantly shorter atmospheric lifetimes compared to SF6 [1, 2] but are 
also added in small concentrations to atmospheric gases, providing similar electrical strength as SF6 [3-
5]. However, the ideal SF6 replacement in electrical gas insulation equipment must fulfil some relevant 
technical parameters such as maximum operating voltage, limited by the breakdown voltage, 
minimum operating temperature, boiling point, vapour pressure, toxicity, flammability, low GWP and 
ODP etc.  
In recent years, many studies (dielectric breakdown experiments, swarm experiments) have been 
made to obtain the necessary data needed for a better understanding of the electrical and physical 
properties of new synthetic compounds and their mixtures [6-9]. Nonetheless, there is still a lack of 
essential data necessary for the development of environmentally friendly power equipment. The main 
objective of this work is to gather the elementary breakdown data (breakdown voltages at various 
reduced electric fields, effective ionization coefficients, secondary electron yields) that will contribute 
to the development of comprehensive sets of cross-sections and other discharge parameters in the 
energy range that are relevant to a wide array of applications. 
 

2. Experimental setup 
Breakdown measurements are done in a centimeter-sized plan-parallel electrode system, under 
swarm conditions at low currents (~ 1 mA) and low pressures (~0.05 – 3 Torr). The copper cathode and 
aluminium anode have a diameter of 5.4 cm, and the distance between them is set at 1.1 cm. The 
electrode system is placed in a narrow cylinder made of quartz glass, which allows the recording of 
side - on images of the discharge emission in a wide spectral range. We used a sensitive ICCD camera 
(Andor IStar DH720-18U-03) to capture light emission from discharges, and for spectrally resolved 
recordings, we employed optical band-pass filters. A more detailed description of the experimental 
procedure is given in [10, 11]. Measurements were done for three freons: 1,1,1,2-tetrafluoroethane 
(R134a, C2H2F4), 2,3,3,3-tetrafluoropropene (HFO1234yf, C3H2F4), and trans-1,3,3,3-



tetrafluoropropene (HFO1234ze(E), C3H2F4). Figure 1 depicts a simplified schematic of the 
experimental set-up. 
 

 
Fig. 1. Schematics of the experimental setup and the electrical circuit used in measurements. The 

discharge current is determined by measuring voltage drop on the resistor Rm, while R0 limit the 

current. 

 

3. Results 
In Figure 2, we present the breakdown voltage dependence on the product of pressure (p) and 
interelectrode distance (d), commonly known as Paschen curves for 1,1,1,2-tetrafluoroethane (R134a, 
C2H2F4), 2,3,3,3-tetrafluoropropene (HFO1234yf, C3H2F4), and trans-1,3,3,3-tetrafluoropropene 
(HFO1234ze(E), C3H2F4) in comparison with sulfur hexafluoride (SF6) [12, 13]. The Paschen curves for 
all presented gases have a minimum at ~ 0.25 Torr cm. R134a exhibits the lowest breakdown voltages 
compared to HFOs and SF6 under identical conditions. 
 

 

Fig. 2. Comparison of Paschen curves for 1,1,1,2-Tetrafluoroethane (R134a) (open circles), 2,3,3,3-
Tetrafluoropropene (HFO1234yf) (open stars), trans-1,3,3,3-Tetrafluoropropene (HFO1234ze(E)) (solid 
triangles), and sulfur hexafluoride (SF6) (open rhombs) [12, 13]. Curves have been obtained for an 
electrode distance of 1.1 cm. 
 
While the breakdown voltage values for HFO1234ze(E) around the Paschen minimum are significantly 
lower than those for HFO1234yf, a shift towards higher pressures reveals a steeper increase in voltage 
for HFO1234ze(E) compared to HFO1234yf. At lower pressures, the voltage increase in the left-hand 



branch of the Paschen curve, is comparable for both HFOs and aligns with the left-hand branch of SF6. 
Observing the Paschen curves of SF6 and HFO1234ze(E), it is evident that these gases align closely in 
breakdown voltages at both lower pressures (left-hand branch) and higher pressures (right-hand 
branch). One should keep in mind that surface processes dominantly influence the left-hand branch of 
the Paschen curve, while the right-hand branch is mainly shaped by the processes in gas [14]. 
 
Along with the breakdown measurements, we recorded the spatial distribution of discharge emission. 
We obtained the axial emission profiles (Fig. 3) for the range of reduced electric fields covered by the 
Paschen curve. The recordings of discharge spatial distribution are crucial because they can provide 
insights into the overall particle kinetics under various conditions [15-19]. In Steady State Townsend 
(SST) discharges, there are two distinguished regions, one an electron-dominated region observed near 
the anode, and another with significant emissions near the cathode that are generally due to the heavy 
particles excitation, such as fast neutrals, fast ions and metastables [16, 20, 21]. The recordings for all 
three studied freons reveal that the significant contribution to total emission originates from the 
heavy - particle excitation for all covered reduced electric fields (E/N) (examples shown in Fig. 3, 
integrated visual profiles). However, the Hα emission profile significantly changes its shape with the 
decrease of reduced electrical field (E/N). Around the Paschen minimum, for all showed freons, 
contribution to overall emission by electron excitation becomes significant, which is depicted with the 
maximum intensity in front of the anode (Fig. 3, Hα profiles at 0.3 and 0.25 Torr cm). 

 
R134a 

   

HFO1234yf 

   

HFO1234ze(E) 

   



Fig. 3. Examples of the total (integrated visual) axial emission profiles and Hα axial emission profiles of 
R134a, HFO1234yf, and HFO1234ze(E) discharges, recorded for various reduced electric fields (E/N). 
 
The effective ionization coefficients for the studied gases are determined from the axial emission 
profiles obtained in the spectrally resolved measurements by using band-pass optical filters [see ref. 
[10]]. Profiles are recorded for the low-current limit (no space charge) of the DC discharges in the 
Townsend/diffuse regime (breakdown conditions). In the case of HFO1234ze, we determined α/N 
coefficient from Hα axial emission profiles as they show only a small contribution of fast neutrals to 
excitation (an example shown in Fig. 4). The slope of exponential intensity growth (plotted in a 
semi - logarithmic scale) corresponds to the effective ionization coefficient αeff/N [12, 22]. 
 

 

Fig. 4. Hα axial emission profile of low-current Townsend discharge recorded in HFO1234ze(E) for 
pd = 0.4 Torr cm, Vb = 504 V and E/N = 3.8 kTd at electrode distance of d = 1.1 cm. The plot of the 
emission profile in the semi-log scale reflects electron multiplication between the electrodes, and the 
profile slope (red dotted line) corresponds to the effective ionization coefficient. 

 
In Figure 5, we present results for the reduced effective ionization coefficient for HFO1234ze(E) 
discharge and compare it with the results for R134a, HFO1234yf [10]. Results are obtained in the E/N 
range from 2.5 kTd to 23 kTd. For comparison, we also show effective ionization coefficients for SF6 
from the literature [23, 24]. The αeff/N values for SF6 in the E/N range of 2.5 kTd to 4 kTd are 
approximately twice as large as those for HFO1234ze(E) within the same range.  
 

 

Fig. 5. The dependence of reduced effective ionization coefficient (αeff/N) on the reduced electric field 
(E/N). Results obtained from our experiment for R134a (open circles), HFO1234yf (open stars), and 



HFO1234ze(E) (solid triangles) are compared with data for SF6 from Christophorou and Olthoff (open 
rhombs)[23] and de Urquijo et al (open rhombs with dots)[24]. 
 
HFO1234ze(E) and HFO1234yf gases show the high potential for insulation applications because of 
their high breakdown voltages and low effective ionization coefficients.. They cannot fully replace SF6 
in medium and high-voltage technologies. Still, they represent building blocks for understanding a new 
complex class of gases that is currently the most promising alternative to SF6.  
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I will discuss processes induced by impact of free electrons in systems with increasing degree of aggregation.  

 

1. Gas phase targets 
For gas-phase molecules, the motivation primarily comes from the fundamental aspects of quantum 
dynamics. In an electron-molecule collision system, resonances (states embedded in electronic 
continuum) can be formed and the nuclear dynamics on these states often leads to effects which are 
not commonly encountered in other types of vertical excitation (e.g., photoexcitaction), such as 
nuclear interference or non-locality. Experimentally, we use two-dimensional electron energy loss 
spectroscopy (2D EELS) to monitor the decay channels of resonances and to extract the dynamical 
information from these. I will describe the extremely non-Born-Oppenheimer dynamics in CO2 [1] and 
contrasting dynamics in isolectronic anions [2]. 
 

2. Liquid microjets 
I will also describe our current experiments on electron collisions with liquid microjets where the main 
goal is the implementation of EELS for liquid targets.  
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A global model of microwave discharge in pure ammonia at reduced pressure (from 40 to 200 mbar) and 
moderate power (between 430 and 450 W) is presented. Satisfactory results are obtained, reproducing correctly 
the evolution of the electron density of the discharge as a function of the pressure without strong assumptions. 
Beyond 100 mbar, new phenomena are likely at stake, which could explain the difference observed between 
experimental and theoretical results. 
 

1. Introduction 
To combat the current energy and climate change crisis, sustainable fuels for energy storage should 
be synthesized from surplus energy (‘power-to-X’). As technologies for producing hydrogen from 
seawater continue to advance [1, 2], the chemical storage of the hydrogen produced will be essential 
for many applications because of the extremely low density of hydrogen. The potential problems of 
safety and infrastructure costs associated with the storage of pure hydrogen are also an issue. 
Ammonia, identified as a promising energy vector, offers advantages in storage and transport over 
hydrogen. It capitalizes on existing global infrastructures, with approximately 20 million metric tons 
traded annually, contributing to a total production of 150 million tons annually. Microwave plasmas 
are recognized for their low cost and high throughput potential. The conversion of large quantities of 
ammonia—on the order of tons per day—is a realistic economic target, already being considered for 
CH4, another promising hydrogen carrier [3]. Microwave plasmas are also preferred to low-
temperature plasmas, like dielectric barrier discharges, because they possibly provide the heat 
required for catalyst activation without any external heating source. 
 
In this study, we provide a macroscopic model of a pure ammonia plasma submitted to microwave 
excitation. The lack of accurate chemical pathways for a molecule as complex as NH3 made us choose 
a simpler description of the plasma, reduced to the given of its permittivity. This quantity is related to 
the electron density, validation is provided through microwave interferometry measurements. 
 

2. Experimental setup 
The geometry of the reactor is depicted in Fig. 1. The plasma is generated within a custom-built 
resonant cavity, excited with microwaves operating at a frequency of 2.45 GHz, provided by a SAIREM 
power supply. The employed SAIREM GMP 12 KED C microwave generator has a capacity of delivering 
up to 1,200 W. The bent part of the WR-340 waveguide is used to connect the cavity with the water 
load, which prevents the source from damage caused by backstroke waves.  Pure ammonia (99.9% 
purity, Air Liquide) was used as a working gas. The pressure range spanned from 40 to 200 mbar and 
two series of measurements were selected, corresponding to gas flows of 5 and 10 standard liters per 
minute (slm) and absorbed powers around 430-450 W. For the measurement of the electron density, 
a Ka-band Microwave Interferometer (MWI) 2650-A by Miwitron was used. With a frequency of 26.5 
GHz, the critical electron density is 9×1012 cm−3. Only electron densities of less than 3×1012 cm−3 

typically could be measured. As the minimum measurable phase shift is 0.1°, for a plasma of a few 
centimetres, this places the minimum measurable density at a few 109 cm−3. 



Measuring the geometry of the plasma is done with a fast camera, which generally shows edges 
between the emissive and non-emissive zones that are relatively easy to define, but unfortunately 
depend on the camera's focus. As the focus is the same for all measurements, we had to assume that 
the plasmas were all in the same place, which is not strictly true and affects slightly the value of the 
established volume. The plasma fluctuates over time and its geometry was represented numerically 
by an ellipsoid. The assessed surface area of the cross-section is used to determine an equivalent radius 
leading to the same area for a disc. The radius is used in the calculation. The electron temperature was 
assessed by using 3 or 4 transitions of the Balmer series (H , H , H  and H  when available). They were 
recorded using a 550 mm monochromator (Jobin Yvon TRIAX 550) equipped with 3 diffraction gratings 
of 100, 1200 and 1800 lines/mm blazed at 450, 500 and 250 nm respectively. The gas temperature was 
determined from the average of the rotational temperatures of two molecular probes: N2 and NH. The 
N2 (C3

u-B3
g) second positive system and NH (A3 -X3 ) Ångström system overlap around 336-337 nm. 

Both contributions are disentangled by numerical modelling of the two spectra using homemade 
Python software. 

 
Fig. 1. a) Schematic of the microwave delivery system used for the microwave-discharge interaction 
model. Distances are in cm. Letters are used to locate the different parts of the system. The copper 
window enables the viewing of the plasma from the bottom and the top is perpendicular to the view 
plane and depicted in green. b) Picture of the experimental setup showing the WR-340 waveguide, the 
movable stub, the short-circuit piston, and the reactor tube. The height of the waveguide is 8.636 cm. 
 

3. Modelling 
To describe the model built, we give details about the geometry of the reactor, the equations solved 
for the propagation of the wave, the energy coupling with the plasma, the gas flow and heating, the 
boundary conditions, and the mesh used for the numerical resolution. 

3.1  Geometry 
The geometric characteristics and physical properties of the various domains making up the 
experimental setup are as follows: 

 



 
Waveguide 
A-D in Fig.1. We used a standard WR340 rectangular waveguide. The incident power imposed at the 
inlet port (one-port circuit [4]) represents the power delivered by the microwave generator operating 
at a fixed frequency of 2.45 GHz. It is different from the power delivered to the generator that converts 
the AC signal to a microwave signal with a yield of about 40%. The relative permittivity and relative 
permeability of the air in the waveguide are taken equal to 1. 
 

Movable stub 
C in Fig.1. There is only one movable stub. With the movable short-circuit piston at the end of the line, 
it gives 3 degrees of freedom, which is enough to match the microwaves with the load. It is modelled 
as a simple cylinder. It is made of an 11 cm long copper rod (3 cm smooth and 8 cm threaded) screwed 
on a copper cylinder of 4.3 cm long. Its length in the waveguide can vary from 0 to ~4 cm, depending 
on the simulated experimental conditions. The distance between the center of the discharge tube and 
the center of the stub can be adjusted but it is set at d2=4.50 cm. 
 
Fused silica (discharge) tube 
E-H in Fig.1. The outer and inner radii of the fused silica tube are 1.4 cm and 1.3 cm respectively. The 
length of the quartz tube is set at 8 cm. The electromagnetic properties taken into account for fused 
silica are assumed to be lossless: εfs = 3.8 and µfs = 1. At the inlet, the gas flowrate is set to its nominal 
value (5 or 10 standard liters per minute). The temperature is set at 300 K. The effect of the swirl was 
neglected in this model. The gas flow is laminar. The Reynold number reaches a maximum value of 450. 
At the outlet, the pressure is considered as weak enough to enable the exhaust of the gas. 
 
Short-circuit piston 
D in Fig.1. The movable piston at the end of the line is used with the short-circuit piston to set the 
matching conditions. It is modelled by a flat wall which is a perfect electrical conductor (see boundary 
conditions). The distance between the center of the tube and this piston can vary from 5 cm to 15 cm, 
depending on the experimental conditions simulated. 
 
Window 
Green square F in Fig.1. The window above the cavity is modelled by a rectangular parallelepiped 
4.318 cm wide, 4.318 cm high and 9.6 cm long. Although the window prevents any microwave leakage, 
we take it into account in our modelling because it influences the resonance conditions, in particular 
when the electronic concentration of the plasma is relatively low or in the absence of plasma. 
 
Gas 
The discharge tube is filled with ammonia. The change of the gas properties due to the cracking of the 
molecule is described hereinafter. Its electromagnetic characteristics are lossless and as follows: 𝜀𝑟 =
1 and 𝜇𝑟 = 1. 
 

Plasma 
The geometry of the plasma is modelled by an ellipsoid of equatorial radius Rq (x=0) and polar radius 
Rp whose dimensions are defined experimentally by image analysis of plasma photographs. The 
relative permeability of the plasma is taken to be equal to 1. The relative permittivity of the plasma 
depends on its electron concentration and the effective electron-neutral collision frequency, as 
presented before. For the simulations, the electron-neutral collision frequency is considered to be 
constant throughout the plasma volume. The electron concentration is assumed to have a volume 
distribution represented by: 

𝑛𝑒(𝑥,𝑦, 𝑧) = 𝑛𝑒
0 × {1 − (

𝑦2+𝑧2

𝑅𝑞
2 +

𝑥2

𝑅𝑝
2
)} (1) 



defined in the volume 
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𝑅𝑝
2 ≤ 1. Here, 𝑛𝑒
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4
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2𝑅𝑝. The average electron density is then: 

𝑛̃𝑒(𝑥, 𝑟) =
𝜋

6
𝑛𝑒

0  (2) 

which can be used to define the electron distribution from the average electron density instead of the 
maximum electron density. 

3.2 Wave propagation 
The wave propagation in the waveguide adopts a TE01 mode and obeys the equation: 

𝛻⃗ × (𝛻⃗ × 𝐸⃗ ) =
𝜔2

𝑐2
(1− 𝑗

𝜎

𝜔𝜀0

)𝐸⃗  (3) 

where 𝐸⃗  is the electric field,  the microwave angular frequency, c the speed of light,  is the electrical 
conductivity and 0 the permittivity of the free space. The plasma resistivity can be evaluated with the 

following expression: 
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p is the plasma angular frequency. 𝜈𝑚  is the effective electron-neutral collision frequency for 

momentum transfer. It is given by: 

𝜈𝑚 = ∫
𝜈𝑚𝜀3/2 
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This quantity is evaluated by assuming a Maxwellian shape of the electron energy distribution function 
at an electron temperature of 0.5 eV, determined experimentally (see hereafter).  The cross section 
needed for evaluating the electron-neutral collision frequency for momentum transfer 𝜈𝑚  is taken 
from [5]. 
𝜀𝑝 and 𝜎 are related by: 

𝜀𝑝 = 1+
𝐼𝑚(𝜎)

𝜀0𝜔
− 𝑗

𝑅𝑒(𝜎)

𝜀0𝜔
. (6) 

The input power in the discharge is related to the electric field in the whole plasma volume vol_p by: 

𝑊𝑝 =
1

2
𝑅𝑒 {∫ 𝐸̃ ∙ (𝜎𝐸̃)

∗

𝑣𝑜𝑙_𝑝
𝑑𝑉} (7) 

This relation gives the magnitude of the electric field. The dissipated power in the cavity is given by: 

𝑊𝑑 = 𝑊𝑝 + ∑ ∫
𝜔

𝑄
∙ 𝜀𝑤|𝐸̃|

2

𝑤𝑎𝑙𝑙
𝑑𝑉𝑎𝑙𝑙_𝑤𝑎𝑙𝑙𝑠 . (8) 

where the second term represents the energy stored in the electromagnetic fields and dissipated in 
the cavity walls. Q is the quality factor of the cavity. 

3.3 Gas flow and heating 
The following Navier-Stokes equations in stationary mode are solved using the power deposited by the 
microwaves in the plasma volume: 
∇ ∙ 𝜌𝑣 = 0 (9) 

∇ ∙ (𝜌𝑣 ⨂𝑣 − 𝜏̿) = −∇⃗⃗ 𝑃 + 𝜌𝑔  (10) 

∇ ∙ (𝜌𝐶𝑝𝑇𝑣 − 𝜆𝑇∇⃗⃗ T) = 𝑆µ𝑤 (11) 

ρ the density, 𝑣  the gas velocity, 𝜏̿ the stress tensor which is taken isotropic, P the pressure, g the 
gravitational acceleration, T the temperature, Cp the specific heat capacity, and 𝜆𝑇  the thermal 
conductivity. ⨂ is the dyadic product. Sµw is the heat deposited by the microwaves in the plasma. It is 
treated as a source term. These equations are closed by the ideal gas law. The gas properties are those 
of ammonia up to 700 K and those of a mixture of 25vol.%N2 / 75vol.%H2 beyond this value. 

3.4 Boundary conditions 
Electromagnetic BC 
When we assume that the walls of the experimental device are perfect electrical conductors, the 
following condition applies: 

𝑛⃗ × 𝐸⃗ = 0⃗  (12) 



where 𝑛⃗  is the unit vector normal to the surface. This condition ensures that the tangential component 
of the magnetic field is zero. For the section of the guide that connects the generator to the reactor, 
we impose a port-type condition, which is a matched boundary condition. This matched boundary 
condition applies to boundaries that have no physical representation, such as the waveguide section. 
This boundary condition simulates a non-reflective boundary. In the eigenvalue problem posed, it 
translates into the following relation: 

𝑛⃗ × (∇⃗⃗ × 𝐸⃗ ) − 𝑗𝛽𝑛⃗ × (𝐸⃗ × 𝑛⃗ ) = 0 (13) 

Here,  is the wavenumber:  =  / c. At the gas inlet and gas outlet of the quartz tube and each end 

of the window, we also impose a port condition. When the problem concerns the calculation of powers, 
the port condition on the cross-section of the waveguide allows us to impose the incident power Pi via 
E0. This results in the following relationship: 

𝑛⃗ × (∇⃗⃗ × 𝐸⃗ ) − 𝑗𝛽𝑛⃗ × (𝐸⃗ × 𝑛⃗ ) = −2𝑗𝛽𝑛⃗ × (𝐸⃗ 𝑖𝑛 × 𝑛⃗ ) (14) 

with ‖𝐸⃗ 𝑖𝑛‖ = 𝐸0 sin(
𝜋𝑥

𝑎
). 

The continuity of the tangential component is set at the wall of the fused silica tube. 
 
Flow BC 
The ammonia flow at the inlet of the fused silica tube is set by its standard flow rate, parallel to the 
boundary normal, and the tangential flow velocity is set to zero. The gas temperature is 300 K. 
At the outlet of the fused silica tube, the gas exit is defined by the normal stress, which is taken here 
as equal to the absolute pressure. The tangential stress component is set to zero. 
The fused silica tube is assumed to be non-catalytic, i.e. without any dissociation of NH3. The gas 
velocity is set to zero. The heat flux Φℎ  at the inner surface of the fused silica wall is defined by 
Fourier’s law and the given thermal conductivity 𝜆𝑇 of fused silica as a function of the temperature (It 
varies from 1.35 to 2.52 W m−1 K−1) from 300 to 1100 K [6]). The effect of radiation is neglected. 

Φℎ = −𝜆𝑇∇⃗⃗ 𝑇 ∙ 𝑛⃗  (15) 
The external temperature of the wall is set using an experimental profile measured with a pyrometer. 
Under severe conditions, the tube can melt, reaching about ~1950-1980 K. 
 

3.5 Mesh and Resolution 
To get reasonable calculation time, the geometry of the reactor was simplified. First, we chose to treat 
the AB section of the waveguide as linear, transforming the bent section into a straight section. 
We used the symmetry of the reactor to model only half of it (the symmetry plane is the XY plane at 
Z=0). The complete mesh consists of 28381 domain elements (Fig. 2). d1 and d3 lengths in Fig. 1 were 
parametrized in the code and modified on demand. 

 
Fig. 2. The model reactor used for simulation. a) General 3D view showing the waveguide in pink, the 
quartz tube and the plasma ellipsoid inside. The stub appears as a hole on the right side closer to the 
inlet port. The short-circuit piston is the XZ square at Y=-12 cm. b) Mesh used for the simulation. c) 
Magnification of the view showing the mesh around the quartz tube and the plasma. 

 

a) b) c)



Equation 3 is solved numerically on the physical domain using Comsol Multiphysics® finite element 
software, which allows us to iterate over the geometric parameters and the electron concentration. 
To achieve our objective, two stages are necessary. The first is to determine the eigenvalue solution of 
Equation 3, which gives access to the cavity resonance frequency. The eigenvalue we are looking for 
𝑓𝑟𝑒𝑠 is linked to the pulsation by 𝜔 = 2𝜋𝑓𝑟𝑒𝑠. The second is the resolution in E, giving access to the 
absorbed and reflected powers and the value of E. Eigenvalue resolution is used to determine the 
electron concentration at a specific frequency (2.45 GHz). The second step is applied once the 
concentration has been determined. It gives access to the value of the electric field in the plasma as 
well as the absorbed and reflected power. 
 

3.6 Coupling 
The propagation of the microwaves in the system defined by successive zones of distinct permittivity 
values leads to the development of a standing wave which deposits energy in absorbing media.  
This amount of energy is calculated and used as a heat source to define the flow conditions, leading to 
a temperature distribution in the volume of the reactor tube. The multiphysics problem is then 
relatively simple as it does not require to implement a feedback loop between the Navier-Stokes 
equations and the Maxwell equations. The COMSOL Multiphysics Software [7] was used to solve the 
numerical problem. 
 

4 Experimental results 
We found out that, regardless of the conditions (pressure between 50 and 200 mbar, flow rates from 
1.375 to 11.0 slm, and powers from 300 to 1000 W), the electron temperature consistently remains 
around 0.5 ± 0.1 eV. So, we set Te = 0.5 eV for all conditions. The positions of the stub and the short-
circuit piston were accurately measured and associated with the selected experimental conditions to 
define the reflected power and therefore the absorbed power for a given incident power, and with the 
geometry and volume of the plasma by image analysis for an average electron density measured by 
MWI. Results are presented in table 1. The data reported indicate that the effect of pressure on plasma 
parameters is not very significant overall. The volume decreases slightly (by around 40% at 5 slm) when 
the pressure is multiplied by 5. The rotational temperatures of the two probes vary by only 10% and 
the electron densities decrease by a factor of 3. It should also be noted that the positions of the 
impedance adjustment parameters are also virtually constant. To reproduce these results theoretically, 
we chose to vary only the electron density to reproduce the evolution of the temperature probe 
measurements. The consequences of this choice will be discussed later. To do this, we have to take 
into account the changes in 𝜈𝑚 with the various parameters on which the frequency depends. We can 
consider that the dependencies according to ne were weak. By fixing Te=0.5 eV over the whole pressure 
range, and considering a maximum gas temperature of the order of 2500 K, all that remains is to 
calculate the variation of 𝜈𝑚 with P. This is almost linear and is written as: 
𝜈𝑚[𝑠−1] = 1.84× 106𝑃[𝑃𝑎] + 9.33× 108 (16) 
This allows us to calculate the permittivity of the medium as: 
𝜀𝑝 = 1− 𝑎(𝑃)𝑛̃𝑒 − 𝑖𝑏(𝑃)𝑛̃𝑒 (17) 

where 𝑎(𝑃)and 𝑏(𝑃)  are two coefficients provided for each pressure. They can also be used to 
calculate the electrical conductivity values: 
𝜎𝑝 = 𝜀0𝜔𝑏(𝑃)𝑛̃𝑒 − 𝑖𝜀0𝜔𝑎(𝑃)𝑛̃𝑒 (18) 

The results of these calculations are shown in Fig. 3. First of all, it is important to note that without any 
strong assumptions, it is possible to reproduce the values of the electron densities with an accuracy 
generally less than a factor of 2, which is very satisfactory. The discharge temperatures are necessarily 
very close to the theoretical values obtained since this criterion is used to define the value of the 
electron density in the code. We have chosen to limit ourselves to two significant digits for the value 
of ne, which leads to small deviations in the gas temperature Tg. 
 



Tab. 1. Raw data needed for the modelling of NH3 plasmas. The plasma volume is treated as an ellipsoid 
(polar radius Rp and equatorial radius Rq). 

 Pressure 

(mbar) 

Injected 

power 

(W) 

d1 

(mm) 

d3 

(mm) 

Rp 

(cm) 

Rq 

(cm) 

Volume 

(cm3) 

NH 

Trot 

(K) 

N2 

Trot 

(K) 

ne
0 

(cm−3) 

ñe 

(cm−3) 

5 

slm 

40 430 15 135 3.45 0.824 9.81 2561 2645 2.79×1011 1.46×1011 

60 430 22 135 3.00 0.675 5.73 2835 2682 2.04×1011 1.07×1011 

80 430 22 135 2.55 0.720 5.53 2971 2814 1.90×1011 9.97×1010 

100 430 22 135 2.25 0.723 4.92 2996 2877 1.85×1011 9.67×1010 

200 430 21 130 1.65 0.802 4.44 2906 2891 8.90×1010 4.66×1010 

 

10 

slm 

40 450 12 135 3.90 0.689 7.75 2618 2716 3.65×1011 1.91×1011 

60 450 11 135 3.60 0.666 6.69 2777 2703 3.21×1011 1.68×1011 

80 440 12 135 3.15 0.627 5.18 2897 2813 2.58×1011 1.35×1011 

100 440 14 135 2.70 0.598 4.05 2998 2831 2.10×1011 1.10×1011 

200 440 20 130 1.95 0.542 2.40 2918 2856 6.89×1010 3.61×1010 

 

 

Fig. 3. Evolution of the electron density as a function of the pressure in the different conditions shown 
in Table 1. Left: 5 slm. Right: 10 slm. 

 
For one condition (60 mbar and 10 slm), we provide the spatial evolution of selected parameters in Fig. 
4. This shows the relevancy of the calculation in this case. The spatial distribution of the electric field 
strength is provided Figs. 4a and 4b. We observe the presence of a standing wave with a maximum 
absorption in the cavity. The gas temperature (Figs. 4c and 4d) varies from room temperature at the 
entrance of the tube, increases to its maximum value slightly farther than the plasma center due to 
the flow, and decreases next. We see in Figs. 4g and 4h that the gas temperature at the wall remains 
below the melting point of the fused silica tube. In Figs. 4e and 4f, we show the velocity field in the 
tube and the corresponding parabolic profile across the tube. In this condition, the maximum velocity 
reaches ~19 m s−1. The flow, represented by arrows in the center of the tube and at the wall in Fig. 4g, 
is clearly laminar. 
 



 

 
Fig. 4: Spatial evolution of some selected parameters. Left: 3D view. Right: line evolution along the AB 
segment shown in the 3D view. a) and b) Strength of the electric field. c) and d) Gas temperature. e) 



and f) Gas velocity. g) and h) Gas temperature at the wall of the fused silica tube. In g), the flow is 
represented by arrows in the center of the tube and at the wall.  
 
We note in Fig. 3 the presence of one condition (at 200 mbar, 10 slm), where the calculation result is 
far from the experimental data. For this particular condition, the value of ne is significantly lower than 
the values determined at lower pressures. To understand this case, it was necessary to estimate the 
influence of the main parameters on the calculation results. To do this, we modified the input data for 
each parameter in the calculation to estimate the resulting change in ne. Some parameters cannot be 

subject to a large error (such as d1 or d3), which leads to weak errors on 𝑛𝑒
0,𝑡ℎ. Small variations in the 

pressure, which is still a fairly accurate control experimentally, do not significantly affect the electron 
density. Similarly, if we stay within the temperature range defined by the rotational probes, there is 

little change in 𝑛𝑒
0,𝑡ℎ. The influence of volume is more important but still limited. With a 5% error on 

the 2 characteristic dimensions of the plasma, the volume only decreases by 0.95 cm3 (14%), while the 
error on the electron density hardly exceeds 10%. When the power increases by 4.4%, the electron 
density decreases by 11%, which is close to 10% as well. The reason why the electron density decreases 
is because we consider a higher power per volume unit, which requires fewer electrons to dissipate 
the same energy. Varying the electron temperature leads to a weak effect on the electron density. To 
sum up, we observe that the changes of ne due to variations of parameters within acceptable ranges 
of values never exceed 12%. This means that at 200 mbar, measurements made with the same 
accuracy as for other conditions are expected to be as reliable. So, there is probably a physical reason 
that explains the mismatch between the experimental and the theoretical data. Let’s notice that this 
trend seems to start appearing around 100 mbar already. More experiments are now needed to 
understand the origin of this mismatch. 
 

4. Conclusion 
The global model described in this work shows how the microwaves are absorbed by the plasma and 
how the gas is heated in the case of pure ammonia under reduced pressure. The accuracy at the highest 
tested pressure decreases, likely because one important effect is neglected in this case. Deeper 
investigations are now needed to understand the origin of this behaviour. 
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In the current contribution the focus is on the role of low energy secondary electrons in nanotechnology, 
specifically, dissociative electron attachment (DEA) in the fabrication of carbon nano-membranes (CNMs) from 
self-assembled monolayers (SAMs) and in focused electron beam induced deposition (FEBID). The nature, 
selectivity and efficiency of the DEA process is discussed in general and specifically the potential of this process 
to enhance the selectivity and efficiency in two nanofabrication processes is discussed for two examples. The 
first being the targeted modification of biphenyls to enhance the DEA induced cross-linking efficiency in SAMs 
for the production CNMs. The second being DEA of the high performance FEBID precursor HFe(Co)3(CO)12, which 
is found to attach an electron up to above 20 eV incident electron energy leading to a single electron induced 
dissociation of all 12 CO ligands.  

 

1. Secondary electrons in nano-scale fabrication 
Where high-energy radiation interacts with matter, ionization and thus production of free electrons is 
bound to be significant. The energy distribution of these electrons depends on the nature and the 
energy of the initial radiation as well as the composition and phase of the material in question. 
Moreover, the electrons initially produced through the respective ionizing events are subjects to 
scattering events within the media they are produced in. These scattering events further influence 
their energy and spatial distributions and may also constitute secondary ionization processes leading 
to further electron production. For high-energy electron beams impinging on a solid surface, as is the 
case in focused electron beam induced deposition (FEBID) (typically 1-10 keV) [1-3] and in the 
production of carbon nano-membranes (CNMs) from self-assembled monolayers (typically 500 eV) 
[4,5], the secondary electron energy distribution typically peaks well below 10 eV, has a significant 
contribution at threshold (close to 0 eV) and a tail to higher energies. This is also the case in extreme 
ultra-violet lithography (EUVL) [6-8], except that here the extent of the high-energy tale is confined 
below the respective photon energy (about 90 eV for 13.5 nm photons). Thus, in such nano-technology 
fabrication approaches, low energy electrons are abundant and play a significant, if not a determining, 
role in the chemistry underpinning methods. 

In turn, funded understanding of these processes may allow advantageous design of FEBID precursors, 
SAMs, and EUVL resist materials. This is especially true as the energy dependency, the efficiency and 
the nature of the initial electron induced reactions depends critically on the molecular composition of 
the respective matter and may thus be synthetically tailored to suit the intended application. 
 

2. DEA in FEBID and the Production of CNMs from SAMs 
In principle, electron induced bond rupture in the low energy range from about 0-100 eV may proceed 
through four distinctly different processes [9-14]: 

Dissociative Ionization (DI); 
AB + e −  ⟶  AB(‡)+ + 2e−  ⟶  A(‡) + + B(‡) + 2e−        (1) 

Dissociative Electron Attachment (DEA); 
AB + e−  ⟶  AB(‡) −  ⟶  A(‡)− + B(‡)          (2) 

Neutral Dissociation (ND); 
AB + e− (ɛ1)  ⟶  [AB]* + e− (ɛ2< ɛ1)  ⟶  A(‡) + B(‡)        (3) 

Dipolar Dissociation (DD); 
AB + e− (ɛ1) ⟶ [AB]* + e− (ɛ2< ɛ1)  ⟶  A(‡) + + B(‡) −       (4)  



Here; (‡) signifies possible vibrational and/or electronic excitation, *denotes electronic excitation, and 
ɛ1 and ɛ2 represent the electron’s initial and residual energy before and after the inelastic scattering 
process, respectively. 

These processes are distinctly different, and while DEA is a resonant process that is typically confined 
to narrow energy ranges below 10 eV and generally has the highest cross section close to 0 eV, DI is a 
none-resonant process with an onset slightly above the ionisation limit of the respective molecules. 
The energy dependence of ND and DI, on the other hand, is determined by the underlying electronic 
excitations. 

Not only the energy dependence of these processes, but also their extent and the nature of the 
fragments formed are distinctly different; while DEA predominantly leads to single bond cleavage and 
the formation of a closed shell anion and neutral radical, DI, leads to the formation of a closed shell 
cation and neutral radical(s), and results in a more extensive fragmentation as the incident electron 
energy increases. In ND, two or more neutral radical fragments are formed, but little experimental 
data is available on the extent of fragmentation in this process. Like DEA, however, single bond 
ruptures may be expected to be the most efficient ND processes. Finally, DD leads to the formation of 
an anionic and a cationic fragment. 

Furthermore, the cross sections for these processes and the branching ratios for different dissociation 
paths depend critically on the respective molecular composition, which in turn opens opportunities to 
direct these in a favourable way by tailoring the initial electron induced bond rupture in the respective 
processes. 

 

3. Dissociative Electron Attachment in FEBID and the Production of CNMs 
from SAMs 

In the current contribution the focus is on dissociative electron attachment and potential means to use 
the efficiency and selectivity of this process to enhance and direct targeted nano-fabrication processes. 
Generally, the nature of the DEA process and its efficiency and selectivity is discussed before the 
potential role, and use of this process in nanofabrication is discussed for two examples.  The first is the 
targeted chemical modification of biphenyls for the production CNMs from SAMs, where sensitization 
towards DEA through targeted halogenation was found to enhance the process significantly [15]. The 
second example describes DEA to an exceptionally high performance FEBID precursor HFe(Co)3(CO)12, 
which allows the deposition of high purity, magnetically well defined structures [16-18]. In DEA this 
precursor also shows extraordinary behaviour by electron attachment up to above 20 eV – about 12 
eV above its ionisation energy. And, single electron induced dissociation of all 12 CO-ligands from the 
metallic core [18, 19]. 
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The work presents, to the best of our knowledge, the first ns-scale time and sub-mm-scale space resolved E-FISH 
measurements in an RF-APPJ similar to the COST-jet. The jet is operated in He with 0.5% N2 admixture. The 
experimentally measured electric field is then used to estimate the time and space resolved absolute current 
density and electron density across the discharge assuming ions to be immobile. A comparison against an ab 
initio PIC/MCC simulation shows excellent agreement for the electric field and good agreement for the electron 
density.  
 

1. Introduction 
The electric field is one of the key parameters in a plasma. It is widely used as an input or output 
parameter in plasma simulations and thus its accurate experimental measurement is necessary to 
ensure the validity of simulation predictions. Although Radio Frequency Atmospheric Pressure Plasma 
Jets (RF-APPJ) are well known and thoroughly studied, accurate experimental measurements of their 
electric fields are lacking due to numerous experimental complications (e.g. helium-nitrogen discharge 
chemistry and miniature device sizes). Electric Field Induced Second Harmonic generation (E-FISH) is a 
laser-driven, non-invasive, non-resonant and spatio-temporally resolved technique that exploits the 
ability of a gaseous medium to convert two laser photons with wavelength λ to a single λ/2 photon in 
the presence of an external E-field [1]. In the present work, E-FISH is applied to measure the electric 
field across the inter-electrode gap of the RF-APPJ. This electric field is then used to obtain an estimate 
of the absolute current density and electron density from the homogeneity of the total current density. 
The experimental findings are confirmed by an ab initio PIC/MCC simulation.  
 

2. Experimental setup 
The discharge is driven between two flat stainless steel electrodes that are 1 mm thick and 20 mm long 
with an inter-electrode gap of 1.5 mm and covered from the sides by glass plates (similarly to [2]). A 
gas mixture of He:N2 = 995:5 at a total flow rate of 1000 sccm is supplied via a through-hole in the back 
glass plate in the center of the inter-electrode gap. A sinusoidal high voltage waveform with a 
frequency of 13.56 MHz and an amplitude of 400 V (800 V peak-to-peak) generated by an RF power 
supply is applied to one of the electrodes of the jet via a homemade matching network and via a 
50 Ohm coaxial cable, while the other electrode is grounded.  
The emission of a Nd-YAG laser at 1064 nm with a 10 Hz repetition rate and a 100 ps pulse duration is 
used as a fundamental for the second harmonic generation (details in [3]). The laser beam with a 90 μm 
waist is focused by a plano-convex lens with a focal distance of 500 mm to the middle of the discharge 
gap. The generated second harmonic 532 nm beam is separated from the fundamental and focused 
onto a 100 μm pinhole before being guided to a photomultiplier tube to reduce the stray 532 nm light 
contribution. A fast photodiode with a rise time of about 200 ps is used to record the time instant of 
the laser pulse relative to the discharge. A precise synchronization is realized by measuring a Laplacian 
field at conditions without ignition of the discharge. The PMT data are sorted in 2 ns wide time bins 
with around 5000 shots per bin. 
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3. PIC/MCC simulation 
The discharge is simulated using an electrostatic 1d3v (one dimensional in space and three dimensional 
in velocity space) PIC/MCC simulation which is based on the model from [4,5]. However, besides 
electrons, He+, He2

+, and N2
+ ions, the present model also includes N4

+ ions as in our more recent work 
[6,7].  

4. Results 
Figure 1 presents the electric field measured by E-FISH together with PIC/MCC simulation results at 
different distances from the grounded electrode (the powered electrode is located at 1500 µm). 
Excellent agreement is found between experiment and simulation across the entire inter-electrode 
gap, with respect to the overall waveform amplitude, shape and phase (measurements at distances 
below 840 µm are not shown here for clarity). Thereby, the ab initio PIC/MCC simulation is validated.   

 
Fig. 1. Temporally resolved electric field across the RF-APPJ experimentally measured by E-FISH and 
calculated by PIC/MCC simulation. The error bars of the E-FISH electric field measurements estimated 
to be ±0.15 kV/cm are not shown. 
 
The electron density and the current density are derived in the following way: The total current density 
is approximated by the sum of the displacement and conduction current density (neglecting the 
diffusion current). Since the current density is homogeneous across the discharge, the value in the 
center equals the value near the electrode. At the latter position, the conduction current can be 
neglected during times of maximum sheath potential, which leaves only the displacement current. 

Then the electron density in the center can be deduced by 𝑛𝑒 = (𝑗𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 − 𝜀0𝐸̇) (𝑒𝜇𝐸)⁄ . Here, the 
electron density in the center is approximated as constant in time. In the present work, the electron 
mobility is calculated by BOLSIG+ [8].  

 
Fig. 2. Temporally resolved (a) total current density and (b) electron density calculated by PIC/MCC 
simulation and inferred from E-FISH electric field measurements, see text.  

(a) (b) 



With the known electron density in the center, the total current density is also known at all times: 

𝑗𝑡𝑜𝑡𝑎𝑙 = 𝜀0𝐸̇ + 𝑒𝑛𝑒𝜇𝐸 . This allows to deduce now the temporally varying electron density at all 

locations in the discharge: 𝑛𝑒 = (𝑗𝑡𝑜𝑡𝑎𝑙 − 𝜀0𝐸̇) (𝑒𝜇𝐸)⁄ . Very good agreement with PIC/MCC simulation 
is found.  
 

5. Conclusions  
The time and space resolved electric field in the RF-APPJ in a helium-nitrogen mixture was measured 
by E-FISH. The electric field allows the determination of the total current density and the spatially and 
temporally resolved electron density. The fact that the displacement current density at all points is of 
the same order as the conduction current density reveals the non-neutral nature of the discharge [5]. 
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Within the invited lecture, atmospheric pressure plasma technologies for the surface treatment of materials 
based on Diffuse Coplanar Surface Barrier Discharge (DCSBD) will be presented. These have been developed since 
DCSBD’s first construction in an operational form almost 25 years ago. Several of them have also been industrially 
tested in real production conditions. The DCSBD discharge has undergone several technical modifications to 
optimize the parameters of the generated plasma so that it is suitable for the treatment of a wide range of 
materials and, in recent years, also for bio-applications. The DCSBD discharge has also enabled the development 
of other plasma sources, such as MSDBD or a brand new DCSBD linear atmospheric pressure plasma jet. Due to 
the advantageous properties of the generated plasma, these plasma sources occupy a significant position among 
state-off-the-art commercial atmospheric sources of non-equilibrium plasma and compete with them in many 
respects. 
 

1. Introduction 
Dielectric barrier discharges (DBDs) offer a relatively simple method of generating a non-equilibrium 
(or non-thermal) plasma at atmospheric pressure, which can be used for surface treatment of 
materials, among other applications. However, the disadvantage remains the filamentary nature of 
the generated plasma resulted in non-uniform treatment and, in the case of thermal-sensitive 
materials, even in their damage. Among DBDs, the Diffuse Coplanar Surface Barrier Discharge (DCSBD) 
has gained a significant position due to the advantageous properties of generated plasma for the low-
cost, uniform and possible large-area surface treatment of a wide range of materials. Over the almost 
25 years since the DCSBD was developed, designed, and first constructed in a functional form as 

a source of large-area surface plasma (up to  8 x 20 cm2) by the research group of Prof. Černák at the 
Faculty of Mathematics, Physics and Informatics, Comenius University (FMPI CU) in Bratislava, it has 
undergone several technical modifications and optimization. The DCSBD technology was later adopted 
and advanced at the R&D Centre CEPLANT, Masaryk University, Brno, and commercialized by spin-off 
Roplass Ltd. It is characterized by generating a non-equilibrium plasma in the ambient air in a thin layer 

( 0.3 mm) of high-power density with a high representation of diffuse plasma, due to which it appears 
macroscopically homogeneous (Fig. 1a) without any stabilization by the flowing gas or admixture of 
noble gases [1]. DCSBD is robust and easily scalable, capable of operating in dusty and humid 
environments, predisposing it to direct deployment in industrial production lines. Although DCSBD can 
be used effectively for surface treatment, activation, cleaning or functionalization of various materials, 
and, in recent years, also for bio-applications involving bio-decontamination or treatment of plant 
seeds, it is particularly suitable for flat and flexible materials, possibly for bulk materials that can be 

directly exposed to the plasma at an effective distance of  0.3 mm from the plasma unit. For more 
complex spatial objects, its use is limited or ineffective. This fact was the motivation at the CEPLANT 
centre for the development of similarly efficient plasma sources as DCSBD but with use for surface 
treatment of 3D and structured objects. This effort resulted in the development of two DCSBD-based 
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plasma sources, Multi-hollow Surface Dielectric Barrier Discharge (MSDBD) and a brand new DCSBD 
linear atmospheric pressure plasma jet (DCSBD linear APPJ) enabling effective remote treatment. 
 

2. Potential application of DCSBD, MSDBD and DCSBD linear APPJ  
As already pointed, the DCSBD was successfully used in research to optimise the surface treatment of 
various materials. It was tested for the high-speed activation (450 m/min) of the lightweight PP non-
woven fabrics directly on the production line before subsequent coating with surfactants. Similarly, 
DCSBD plasma treatment can be used for surface activation of PP non-woven, serving as a substrate 
for the electrospun nanofibre layer to enhance its adhesion but also for the treatment of the nanofibre 
layer itself to make it hydrophilic with the utilization in the production of nanofibre membranes to 
enhance their water and air filtering performance properties. In connection with nanofibres, other 
research activity at the CEPLANT centre is also optimizing electrospun nanofibres for enhanced tissue 
engineering performance assisted by atmospheric pressure plasma and plasma-assisted calcination of 
inorganic nanofibers in the collaboration with FMPI CU. DCSBD plasma was also used for enhancement 
of the dyeability and antibacterial properties of cotton fabrics. The simple scalability of DCSBD 
technology enabling the treatment of large-area materials was tested in industrial conditions for the 
surface activation of float glass and processing of PVB and Ionoplast interlayers for performance 
improvement of laminated glass used in civil engineering. At the CEPLANT centre, intensive research 
is currently underway focused on the applications of reduced graphene oxide (rGO) prepared by 
DCSBD plasma-triggered ultrafast and environmentally friendly reduction of graphene oxide [2], e.g. 
for rGO-based membranes for water filters to remove pesticides, antibiotics or analgesics.  
 

Half-DCSBD (HDCSBD) generating surface plasma (Fig. 1b) with half the area ( 8 x10 cm2) compared 
to standard DCSBD plasma unit is a unique approach to the DCSBD configuration manufactured by 
KYOCERA Inc. (Kyoto, Japan) but designed and protected by Masaryk University. This type of discharge 
can be easily implemented, e.g., in wide-format UV-digital printers to improve ink adhesion after short 
substrate plasma treatment [3] or in robotic arms to automate the surface treatment process as part 
of production lines.  
 
Among the several possibilities for using MSDBD, it seems to be promising as a source of plasma 
(Fig. 1c) and plasma-generated species for remote plasma curing of polysilazane coatings with anti-
soiling anti-corrosion properties. This plasma-based curing approach can replace the standard long-
time (up to 7 days) and high temperature (>150˚C) curing methods and significantly reduce the 
processing time to short curing times, typically less than five minutes, and thus enhance productivity 
and energy efficiency. MSDBD has proven further as an effective plasma system for activating water-
based medium for bacterial biofilm decontamination [4] as well as for soybean treatment aimed to 
enhance germination [5] or decrease the dustiness of coated seeds using plasma pre-treatment [6].  
 
DCSBD linear APPJ presents a brand-new plasma source developed at CEPLANT and protected by the 
submitted patent application. It possesses all the advantages of DCSBD design, like robustness and 
virtually unlimited lifetime of the electrode system. It generates low-temperature afterglow plasma 
plume (AfPP) suitable for plasma modification of complex 3D surfaces of even temperature-sensitive 
materials. It uses standard air or nitrogen as a working gas, and the current configuration of the 
electrode system enables it to generate a linear AfPP of 50 mm width (Fig. 1d). Effective treatment 
distance is 1-20 mm in open-air environment and at least 50 mm in closed N2-filled chamber. The 
efficiency of this unique linear jet was verified by comparison with the commercial plasma curtain 
system (ULD-60, AcXys Technologies) for the surface treatment of polycarbonate. The low-
temperature nature of the afterglow plasma was confirmed by the treatment of temperature-sensitive 
materials such as BOPP foil, ionoplast polymer, and thick PP nonwoven fabrics, but especially in the 
complex study of pea seeds treatment as a biological object to improve their germination in 
collaboration with FMPI CU. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. The photos illustrating plasma generated at atmospheric pressure by DCSBD in ambient air (a), 
HDCSBD during the heating up period in ambient air (b), MSDBD in flowing air (c), and DCSBD linear 
APPJ operating into N2 filled chamber (d). 
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Nanoimaging  technology  has  progressed  alongside  the  growing  integration  of  silicon‐based  circuits.  Short 
abstract of the contributed paper. However, the direction of progression on nanoimaging has not been well fitted 
with the life science heading to understand homeostasis and pathogenesis of cells and tissues.. Short abstract of 
the contributed paper. Short abstract of the contributed paper. (10pt font size). 
 

1. Main text. 
Nanoimaging technology has progressed alongside the growing integration of silicon‐based circuits. In 
the case of a scanning electron microscope (SEM), achieving nanoimaging with a resolution of less than 
1 nm has become possible with the invention of the in‐lens method. On the other hand, the resolution 
of the transmission electron microscope (TEM) is up to 40.5 picometers due to the advancements in 
aberration correction and scanning transmission electron microscopy technology. The advancement 
of  these nanoimaging  technologies has  responded  to  the growing demands on  integrating  silicon‐
based circuits in evaluating and verifying nano‐microfabrication results, such as lithography, thin film 
deposition, and etching. 

The direction of progression on nanoimaging has not been well  fitted with  the  life science 
heading to understand homeostasis and pathogenesis of cells and tissues. For example, in research on 
the SARS‐Cov2 virus (COVID‐19) 
infection,  it  is hard  to visualize 
the  infected  viruses by SEM  in 
Formalin‐Fixed  Paraffin‐
Embedded (FFPE) specimens on 
glass slides that are widely used 
for  diagnosis  on  surgical 
pathology.  Currently,  no 
suitable  methods  for  marking 
virus  particles  using  antibody 
staining exist, and the resolution 
is  insufficient  to  capture  both 
the  virus  particles  and  the 
antibody  reactions.  The  latter 
limitation  is  due  to  charging 
effects and the low‐level emission of secondary electrons from the organic molecules that comprise 
tissues. Additionally, as TEM can only observe ultra‐thin sections made from epoxy resin, it does not 
meet  the  needs  of  these  analyses  performed  on  glass  slides.  Therefore,  our  goal  in  advancing 
nanoimaging is to acquire morphological information for analysing pathological conditions interpreted 
within the context of physiological functions and tissue remodelling using glass slide specimens. 

Following the research investigating the characteristics and dynamics of the plasma generated 
by dielectric barrier discharge, we have established a method for observing thin sections of FFPE on 
glass slides using SEM 1‐5. Notably, because we discovered that proteins in solution could be transferred 

Fig.1 Analysis results of autopsy lung tissue from a case of SARS-
Cov2 virus infection. A is HE staining. B is immunostaining for SARS-
Cov2 spike protein on the wall of the bronchial artery. C and D are 
secondary electron images. E and F are elemental imaging results 
obtained by acquiring Lα-rays of Cobalt (Co) using EDX. G. Image 
of the antigen-antibody reaction performed to visualize the SARS-
Cov2 virus. Modified from [1] and [7] . 



from the liquid phase to the solid phase by receiving an electric charge from the plasma, we tried to 
use the plasma generated by dielectric barrier discharge to extend the nanoimaging in the Life Science 
area. Indeed, the discover of phenomena that ion‐induced phase transitions from plasma was a clue 
to  increase  the emission efficiency of  secondary electron  scattering  from FFPE  specimens on glass 

slides by carbon‐based plasma treatment4-6.  

At the symposium, we will introduce the phenomenon of the reaction of FFPE specimens 
on glass slides with a carbon‐based plasma produced by dielectric barrier discharge, which 
reduces charging and  improves secondary electron emission efficiency  in SEM observation. 
Moreover, we will also outline the establishment of a virus  labeling method using antibody 
staining, which the carbon‐based plasma treatment can do. In addition, we will introduce the 
results  of  identifying  SARS‐Cov2  virus  infection  by  observing  thin‐sectioned  FFPE  on  glass 
specimens using SEM7 and AFM, and we want to discuss the possibility that this developed 
technology will become a milestone on the path to medical and pathological research.  
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Abstract.

We discuss the theoretical expression of the drift velocity of charged particles (i.e.,

positive and negative ions as well as electrons) from the perspective of the distinct

statistical characteristics in position and velocity spaces. A qualitative di�erence

between the drift velocities, VdR in position space and VdV in velocity space emerges,

as commonly recognized, in the presence of non-conservative collisions that the number

of the charged particle is not conserved. This paper con�rms that VdR, incorporating

a corrected term in position space, is equivalent to the phase-space expression of the

charged particle with a small density gradient under a cold gas approximation using

the Boltzmann equation. Numerically predicted drift velocities in the literature for

charged particles in gases allow us to categorize their relative magnitudes with respect

to VdR ≷ VdV in the range of reduced electric �eld E/N previously studied. We

discuss the disparity between VdR and VdV based on the energy dependence of the

non-conservative collision. It is noteworthy that the present argument is irrespective

of the degree of anisotropy in the velocity distribution of the charged particle.

Key words: drift velocity, drift velocity in position and velocity spaces,

relationship between the bulk and the �ux drift velocities, Boltzmann equation, density

gradient expansion of the distribution.



Generalized expression of drift velocity 2

1. Introduction

An important yet limited number of theoretical studies concerning charged-particle

transport in gases have analyzed the impact of the production and loss processes in

collision with a neutral molecule. We have two types of statistical procedures to

study the particle transport. These are described in position and velocity spaces,

respectively. The phase space Boltzmann equation enables us to interrelate both

quantities consistently. One of the most well-known transport parameters is drift

velocity. The �ux drift velocity VdV has been studied in velocity space, while the bulk

drift velocity VdR has been explored in position space as a function of reduced �eld E/N

in gases. Here, E is the electric �eld and N the gas number density.

In the late 1970s, Tagashira et al initially highlighted the discrepancy between VdR

and VdV as a function of E/N in the presence of electron impact ionization and/or

attachment through electron swarm analysis using the Boltzmann equation [1]. In the

early 1990s, the physical origin of the correction to the �ux drift term VdV, aiming

to represent VdR, was elucidated by Robson [2]. In the past few decades, numerical

studies at the Institute of Physics, Belgrade [3], James Cook University [4], Hokkaido

University [5, 6] and elsewhere predicted the disparity in the magnitudes of VdR and VdV

as a function of E/N in gases for negative ions, positive ions, and electrons, respectively.

These discrepancies are induced by the presence of non-conservative collisions that the

number of the charged particle is not conserved.

Isolated charged particles traveling in gases under an external �eld exhibit a

Gaussian-like distribution in position space and a non-Maxwellian distribution in

velocity space under quasiequilibrium conditions. In thermal equilibrium, speci�cally,

Maxwell velocity distribution is established. Charged particle transport under an

in�uence of binary collisions with a neutral molecule in an external �eld is categorized

into classical statistics, the Boltzmann equation which interrelates transport in velocity

and position spaces [7]. A bulk plasma region with a relatively high e�ective

�eld (E(t)/N)eff is known to exist in a low-temperature radiofrequency plasma in

electronegative gases [8, 9]. Non-conservative collisions causing VdR ̸= VdV appear

mostly at high E/N . We have few arguments about the in�uence of the shape of

the non-conservative collision cross section on the relationship between VdR ≷ VdV as

a function of E/N . It will be important to discuss the general characteristics of the

drift velocity of the charged particle at high E/N in�uenced by the non-conservative

collision.

The purpose of this paper is to integrate the relationship between VdR and VdV of

the charged particles, namely electrons, negative ions, and positive ions in gases based on

the phase-space Boltzmann equation. At the same time, we will show that VdR with the

corrected term in position space by Tagashita et al [1] corresponds to the phase-space

expression by Shimura and Makabe [10], and Maeda et al [11].
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Figure 1. Example of the drift velocity of F− in F2 as a function of E/N , obtained

from Monte Carlo simulation. The discrepancy between VdR and VdV is clearly

demonstrated. Reproduced from [12]. c⃝IOP Publishing Ltd. All rights reserved.

2. Development of the theoretical drift velocity

The drift velocities of positive and negative ions, as well as electrons, in gases have been

studied numerically for the past 20 years in a system that includes a distinction between

VdR and VdV under the presence of non-conservative collisions with neutral molecules.

Figure 1 illustrates one of the numerical outcomes depicting the drift velocity of negative

ions F− in F2 obtained by Monte Carlo simulation [12].

Table 1 outlines the conventional de�nition and assessment methods of the drift

velocity of electrons in gases. That is, [a] and [b] in Table 1 provide the drift velocity in

position and velocity spaces, namely VdR and VdV, commonly referred to as bulk and �ux

drift velocities, respectively [2]. In particular, the theoretical VdR in [a] is the expression

with a correction term in position space [1]. The theoretical connection between VdR

and VdV in phase space is expressed in radio frequency (rf) �elds in [c] in Table 1 [11].

Subsequently, this relationship in [c] is validated in a direct current (dc) �eld [13, 14].

3. Nonconservative collision term of charged particles

3.1. Conservation and nonconservation of charged particles at collisions

The transport of charged particles in gases is described by the Boltzmann equation [16]

∂

∂t
g(v, r, t) + v · ∂

∂r
g +

eE(t)

m
· ∂

∂v
g = J(g, F ). (1)
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Table 1. De�nition of the drift velocity of electrons. Reff i is the e�ective ionization

rate. g0(v, t) is normalized to unity. Other symbols are described in the text.

Physical space De�nition Procedure Ref.

[a]

in position space VdR(t) =
d
dt
<r(t)> = d

dt

∫
r,v

rg(v, r, t)dvdr experiment [13, 15]

under ne(r, t) VdR(t) = VdV(t) +
1

n(t)

∫
r
(r − r0)Reff i(r, t)n(r, t)dr theory [1]

[b]

in velocity space VdV(t) = <v(t)> =
∫
v
vg0(v, t)dv theory [7]

under uniform ne simulation

[c]

in phase space VdR(t) = VdV(t) +N
∫
v
[Qi(v)−Qa(v)]vg

1(v, t)dv theory [10]

under small ∇ne [11]

Here, g(v, r, t) represents the density distribution, i.e., the velocity distribution of

charged particles as a function of velocity v, position r, and time t.
∫
g(v, r, t)dv

yields the local number density n(r, t). e and m denote the charge and mass of the

charged particle. J(g, F ) represents the binary collision term of a charged particle

with a molecule having a velocity distribution F (V ), and J(g, F ) depends linearly on

g(v). In the present paper, we consider the external uniform �eld E. The collision

term J(g, F ) comprises a particle-conserving component Jcon and a non-conserving

component Jnoncon, characterized by∫
v

Jcon(g, F ) dv = 0, (2)∫
v

Jnoncon(g, F ) dv ≷ 0. (3)

Jnoncon(g, F ) is determined by collisional birth and death processes represented through

the collision cross section, Qbirth(v) and Qdeath(v). Most of the collision cross sections

exhibit a threshold energy and escalate as energy increases within an interesting range

for the charged particle. When charged particles are ejected into a gas from the point

s0 at t = 0 in an external �eld E, a weakly skewed Gaussian-like distribution n(r, t)

forms at t > t0 (see �gure 2). Here t0 corresponds to a relaxation time. The forefront

of n(r, t) exposed to the di�usion heating has a local mean energy ⟨ϵ(r, t)⟩ greater than
the value at the peak position r0 of n(r, t) [17, 18]).

Next we summarize the production and loss processes of the charged particles,

namely electrons, negative ions, and positive ions in gases [19].

3.2. Electron birth and death processes

In the binary collision between an electron e and a neutral molecule AB, ionization and

electron attachment form Jnoncon(g, F ):

e + AB → AB+ + e + e (ionization), (4)
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Figure 2. An isolated traveling swarm of charged particles with number density

n(r, t0) at time t0 in gases in an external �eld. < ϵ(r, t0 > is the local mean energy.

e + AB → A− + B (dissociative electron attachment), (5)

e + AB → AB− (nondissociative electron attachment). (6)

3.3. Negative ion death processes

Negative ion A− is lost by

A− +AB → A+AB + e (collisional detachment), (7)

A− +AB → A+AB− (asymmetric charge transfer). (8)

3.4. Positive ion death process

Positive ion A+ is lost by

A+ +AB → A+AB+ (asymmetric charge transfer). (9)

3.5. Ion recombination and photo detachment

Moreover, in an activated low-temperature plasma, positive and negative ion

recombination can occur. For example, the reaction:

A− +AB+ → A+ AB (ion pair recombination), (10)

takes place in a high density bulk plasma in electronegative plasma. Of course, the

gas-phase recombination process is contingent on the number densities of both positive

and negative ions [19]. Additionally, negative ion loss can be induced by a photon hν

with frequency ν.

A− + hν → A+ e (photo detachment). (11)
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4. Theoretical relationship between VdR and VdV

We begin the discussion regarding the drift velocity of charged-particles in position

space following the methodology of Tagashira et al [1] and Sugawara et al [6], which

elucidated the relationship between VdR and VdV for electrons in gases. However, our

ultimate objective diverges from the approach taken by Tagashira et al [1]. We derive

the general formula connecting VdR and VdV for charged particles, applicable to negative

and positive ions, and electrons.

The drift velocity in position space VdR is de�ned as the center of mass velocity

of the swarm consisting of charged particles (j=1, ....,Ncp(t)) positioned at rj at time t

considering the birth and death collision interactions with neutral molecules.

VdR(t) ≡
d

dt

( 1

Ncp(t)

Ncp∑
j=1

rj(t)
)
, (12)

=
d

dt

( 1

n(t)

∫
r,v

rg(v, r, t)dvdr
)
,

=
1

n(t)

∂

∂t

∫
r,v

rg(v, r, t)dvdr

−
( 1

n(t)

∫
r,v

rg(v, r, t)dvdr
)
× 1

n(t)

∂

∂t

∫
r,v

g(v, r, t)dvdr,

=
1

n(t)

∫
r,v

(r − r0)
∂

∂t
g(v, r, t)dvdr, (13)

where r0 =
∫
rg(v, r, t)drdv/n(t) is the center of mass position of charged particles

with density n(r, t) at t. In equation (13), ∂
∂t
g(v, r, t) is represented by the Boltzmann

equation (1). Then, taking into account equations (2) and (3):

VdR(t) = − 1

n(t)

∫
r,v

(r − r0)
(
v · ∂

∂r
g +

eE(t)

m
· ∂

∂v
g − J(g, F )

)
dvdr,

=
1

n(t)

∫
r,v

(
vg(v, r, t)dr

)
dv +

1

n(t)

∫
r,v

(r − r0)Jnoncons(g, F )dvdr.

(14)

The nonconservative collision processes, namely birth and loss processes, are commonly

detailed in Sec. 3.2, 3.3, and 3.4. Here, we express g(v, r, t) in the form of a density

gradient expansion of n(r, t) [20, 21]

g(v, r, t) = g0(v, t)n(r, t) + g1 · (−∇r)n(r, t) +O((−∇r)
2n), (15)

where, ∫
gk(v, t)dv = 1 (k = 0), or 0 (k ≥ 1). (16)

In particular, the second term on the right-hand side of equation (15) shows the in�uence

of the di�usion heating and cooling on the local energy under Gaussian like n(r, t) as
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illustrated in �gure 2. Then, the �rst term on the right-hand side of equation (14)

speci�es the drift velocity in velocity space, called the �ux drift velocity,

VdV(t) ≡
1

n(t)

∫
r,v

(
vg(v, r, t)dr

)
dv =

∫
v

vg0(v, t)dv. (17)

When the charged particle having a small density gradient is transported in a cold

gas (Tg = 0) with the velocity distribution, approximated by F (V ) = Nδ(V ) with

number density N , the second term in equation (14) can be expressed as

1

n(t)

∫
r,v

(r − r0)Jnoncons(g, F )dvdr

=
N

n(t)

∫
r,v

(r − r0)
(
Qbirth(v)−Qdeath(v)

)
v

×
(
g0(v, t)n(r, t)− g1 · d

dr
n(r, t)

)
dvdr,

= − N

n(t)

∫
r,v

(r − r0)
(
Qbirth(v)−Qdeath(v)

)
vg1(v, t) · d

dr
n(r, t)drdv,

= − N

n(t)

∫
v

(
Qbirth(v)−Qdeath(v)

)
vg1(v, t) ·

{
∫
r

d

dr

(
(r − r0)n(r, t)

)
dr −

∫
r

d

dr
(r − r0)n(r, t)dr

}
dv,

= N

∫
v

(
Qbirth(v)−Qdeath(v)

)
vg1(v, t)dv. (18)

As a result, we describe the relationship between VdR(t) and VdV(t) as

VdR(t) = VdV(t) +N

∫
v

(
Qbirth(v)−Qdeath(v)

)
vg1(v, t)dv. (19)

Equation (19) is equal to the expression of the drift velocity of electrons in the presence

of a small density gradient [10, 11]. It is noted that the drift velocity in position space

VdR(t) is equal to the value in velocity space VdV(t) in the case of only number-conserving

collisions of the charged particle.

5. Validation

First, we discuss an isolated charged-particle swarm characterized by the number density

n(r, t) and the velocity distribution g(v, r, t) under an external �eld E and neutral

number desnity N as depicted in �gure 2. The local mean energy ⟨ϵ(r, t)⟩ as a function
of r and t under cold gas approximation is expressed from equation (15) as

⟨ϵ(r, t)⟩ =
∫
v

1

2
mv2g0(v, t)n(r, t)dv −

∫
v

1

2
mv2g1(v, t)dv · d

dr
n(r, t). (20)

⟨ϵ(r, t)⟩ at the forefront of the swarm with dn(r, t)/dr < 0 experiences heating through

the di�usion �ow in contrast to the value at the peak, ∇rn(r, t) = 0. That is, the

relation

−
(∫

v

1

2
mv2g1(v, t)dv

)
· dn(r, t)

dr
> 0, (21)
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Figure 3. A set of model cross sections for negative ions in a neutral molecule.

is satis�ed. Expression (21) leads the relation∫
v

(Qbirth(v)−Qdeath(v)) vg
1(v, t)dv > 0, (22)

in equation (19), as long as (Qbirth(v)−Qdeath(v)) increases in proportional to vh(h ≥ 1)

at the range of E/N previously investigated (see Table 2). As a result, the following

general relationship will be established in equation(19):

VdR > VdV, under Qbirth > Qdeath at an interesting range of E/N, (23)

VdR = VdV, under Qbirth = Qdeath at an interesting range of E/N, (24)

VdR < VdV, under Qbirth < Qdeath at an interesting range of E/N. (25)

A limited number of numerical results are available to validate the above relation. We

explore systems where either Qbirth(v) or Qdeath(v) exists along with elastic collisions, as

detailed in the literature (see Table 2). A set of model cross sections for negative ions in

a gas is shown in �gure 3. In this context, Qel, Q
as
ct , and Qd represent the cross sections

for elastic collision, asymmetric charge transfer, and electron detachment, respectively.

In particular, electron detachment, acting as the death process for negative ions, has a

threshold energy, which leads to the di�erence between VdR and VdV at high E/N as

predicted by the numerical simulation.

When both Qbirth(v) and Qdeath(v) exhibit distinct threshold energies, the situation

becomes rather complicated. In fact, in an electron swarm having ionization and electron

attachment cross sections, Qi(v) and Qa(v) with threshold energies, ϵi and ϵa, the

accumulated theoretical data indicate the relationship where VdV > VdR appears at

the lower range of E/N [23], whereas VdV < VdR is found at higher E/N . The e�ect

of the three-body electron attachment as a function of pressure [24] on VdR and VdV is

investigated in O2 by using a multi term solution of the Boltzmann equation [25]. As

expected, the drift velocity subject to the three-body electron attachment cross section
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Table 2. General characteristics of the drift velocity of charged particles.

System Examples Cross section Relation Ref.

e/M e/Ar Qi VdR > VdV [22]

e/CH4 Qi VdR > VdV [10]

e/CO Qa, Qi VdR > VdV [14]

e/H2O Qa, Qi VdR > VdV [4]

e/HBr Qa, Qi VdR < VdV (low E/N) [23]

e/HBr Qa, Qi VdR > VdV (high E/N) [23]

e/O2 Qa, Qa3, Qi VdR < VdV (low E/N) [25]

e/CF4 Qa, Qi VdR > VdV [26]

e/C4H8O Qa, Qi VdR > VdV [27]

A−/M O−/O2 Qd, Qas
ct VdR < VdV [5]

F−/Ar Qd VdR < VdV [28]

F−/F2 Qd VdR < VdV [12]

F−/CF4 Qd VdR < VdV [3]

CF−
3 /CF4 Qd VdR < VdV [3]

A+/M Ar+/Ar Qs
ct VdR = VdV [29]

Ar+/BF3 Qas
ct VdR < VdV [29]

CF+
3 /CF4 Qd VdR < VdV [30, 31]

Qa3(v) in O2 at very low E/N shows the relation, VdR ≪ VdV. In fact, the di�erence

between VdV and VdR increases with increasing pressure [24].

In particular, the reaction becomes very complex, as discussed in [30, 31], when

a polyatomic reactive ion has a collision with a polyatomic molecule. The distinction

between VdV and VdR in the electron swarm, as shown in Table 2, can be elucidated

in equation (19) by recognizing that electrons are lost through dissociative electron

attachment at low energies and generated through ionization at high energies. It should

be noted that the degree of anisotropy in g(v, t) of the charged particle in velocity space

[32, 33] has no in�uence on the above discussion regarding VdV and VdR.

6. Summary

We have deduced that VdR, incorporating the correction term in position space for

electrons by Tagashira et al [1] in the presence of the non-conservative collision, is

consistent with the phase-space formulation by Shimura and Makabe [10], and Maeda

et al [11] under the conditions of

(i) a small density gradient of electrons of order O((−∇r)
kne : k ≥ 2), and

(ii) cold gas approximation (Tg = 0).

In addition, we note that the general relationship (19) between VdR and VdV hold true

not only for electrons but also for negative ions and positive ions in gases. A qualitative
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di�erence between VdR and VdV becomes evident in the presence of nonconservative

collisions of charged particles. However, both quantities are equal in the conservative

collisions. Note that the cold gas approximation remains valid to investigate the

transport of the charged particle with a relatively high threshold energy at collision.

The relationship between VdR and VdV is independent of the anisotropy of the velocity

distribution of the charged particle as shown in the derivation [32, 33].

The present argument is valid in the hydrodynamic regime for rf-E(t)/N as well as

dc-E/N . The distribution g1(v, t) as a function of E/N in equation (19) necessitates

awaiting a study utilizing the Boltzmann equation of the charged-particle [34, 35]. The

ongoing compilation of data regarding VdR and VdV persists for charged particles in

variety of neutral gases. Such data are indispensable for numerical simulations of

transient gas discharges and non-equilibrium plasmas.

Finally, we reach the following physical understanding of the charged particle

transport theory on the basis of the density gradient expansion procedure of the

Boltzmann equation. The second term g1(v, t) in the density gradient expansion of

g(v, r, t) in equation (15) has two important meanings;

(i) Di�usion tensor with two di�erent components, perpendicular and transverse

coe�cients, is de�ned as a function of g1(v, t) as elucidated in the late 1960s [21].

(ii) Each of drift velocities, VdR and VdV, de�ned in position and velocity spaces is

connected through g1(v, t) as analyzed in the present study.
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A hybrid fluid-MC (fluid-kinetic) simulation method is applied to describe the COST reference microplasma jet 
operated in a He/O2 mixture (99.5/0.5) driven by a tailored voltage waveform consisting of four consecutive 
harmonics with a base frequency of fb=13.56 MHz. The  simulation method, which makes use of the disparate 
timescales in atmospheric pressure plasmas, is capable of describing electrons fully kinetically while offering a 
significant speedup compared to, e.g., PIC/MCC simulations. It is shown that the efficiency of generating certain 
neutral radicals in the plasma depends on the phase of the even harmonics, which is a direct consequence of the 

control of the Electron Energy Probability Function (EEPF), offered by voltage waveform tailoring. The simulation 
results are also verified by experimental data (using Two Photon Absorption Laser Induced Fluorescence 

Spectroscopy). 
 

1. Introduction 
Atmospheric pressure radio-frequency (RF)-driven microplasma jets have a wide range of industrial 
applications, most notably in plasma medicine, owing to their ability to generate reactive oxygen and 
nitrogen species (RONS) [1,2]. The efficient generation of such radicals, which is of high importance in 
optimizing these systems, can only be done if a firm scientific understanding of the underlying physical 
and chemical processes is available. It has been shown that using multi-frequency excitation 
waveforms (Voltage Waveform Tailoring) enables the control of the Electron Energy Probability 
Function, providing a way of controlling the plasma chemistry [3]. In this work we use a spatially 1D 
fluid-MC (fluid-kinetic) hybrid simulation method to demonstrate how Voltage Waveform Tailoring 
affects the EEPF in the COST reference microplasma jet [4] operated in a He/O2 mixture. Furthermore, 
we show how a judicious adjustment of the voltage waveform can enable control over which radical 
species is most efficiently generated. 
 

2. Computational method 
The computational method used in this work is a fluid-kinetic hybrid simulation that leverages the 
disparate timescales of the underlying physical processes in atmospheric pressure plasmas. This 
approach provides a fully kinetic description of the electrons while offering a significant speedup 
compared to other kinetic simulation methods, e.g., PIC/MCC [5]. The method is based on a fluid 
module, that solves the continuity equation assuming a drift-diffusion approximation for both charged 
particles (electrons and ions) as well as neutrals, and Poisson’s equation for the electrostatic potential. 
Owing to the timescale difference between reactions generating charged particles and neutrals, a time 
slicing approach is utilized. The kinetic description of the electrons comes from a separate Monte Carlo 
module, where the spatio-temporal rates of the electron impact processes are calculated based on the 
available cross sections and the spatio-temporal distribution of the electric field, which is taken from 
the fluid module. The resulting electron impact rates are then fed back to the fluid module where they 
act as source/loss terms for the respective continuity equations. The two modules are iterated - 
typically every 100 RF cycles simulated by the fluid module - until convergence is reached, which 
usually requires a few thousand RF cycles.  
 



The He/O2 discharge model consists of 7 charged species (electrons, He+, O2
+, O+, O-, O2

- and O3
- ions) 

and 8 neutral species (O, He*, O(1D), O2(v=1-4), O2(a1Δ), O2(b1 Σ), O3, O3(v)), where He* is an aggregate 
species of He(21S) and He(23S). The electron impact cross sections and the chemical reaction set can 
be found in [5]. The fluid module assumes a Local Field Approximation where the mobility and diffusion 
coefficients are precalculated using a Monte Carlo simulation. The surface model of the electrodes 
includes electron reflection and ion induced secondary electron emission [5].  
 
In the simulations a constant pressure of 105 Pa and a constant background gas temperature of  
Tg = 350 K was assumed. The gas mixture was set to 99.5/0.5 He/O2. The gap length of the jet is  
L=1 mm, with a total volume of V=30 mm3.  
 

3. Results 
The excitation waveform used in this work is synthesized from four consecutive harmonics with a base 
frequency of fb=13.56 MHz, including a free parameter, the phase φ: 

𝜙(𝑡) = ∑ 𝜙𝑘cos(2𝜋𝑘𝑓𝑏𝑡 + 𝜑𝑘),

4

𝑘=1

 

 (1) 
where the amplitudes φk are (160, 120, 80, 40) V and the phases φk are (0 φ+π,0, φ+π). The resulting 
voltage waveform for various phase values over two RF cycles is shown in Fig. 1.(a). As the phase varies 
between 0 and 2π, the waveform transitions continuously from a ``valleys’’ to a ``peaks’’ shape.  

 
Fig. 1. Excitation waveform, φ(t), for various phase values, φ, (a), measured and computed total power, 
P as a function of the phase (b), measured and computed energy efficiency of generation of atomic 
oxygen (c) of helium metastables, He* and of vibrationally excited oxygen, O2(v=1-4) as a function of 
the phase (d).  

 



Since the voltage amplitudes were kept constant, the total power deposited into the plasma exhibits 
a phase dependence, as shown in panel (b): both simulation (calculated as mean power times the 
plasma volume) and experiment (based on [6]) show a good agreement, with the minor discrepancy 
arising from the simulation being spatially one dimensional. In the following three different neutral 
radicals are investigated: helium metastables, He*, atomic oxygen, O, and vibrationally excited oxygen, 
O2(v=1-4). Each of these species is primarily generated by electron impact processes, but their 
threshold energies are significantly different: 20 eV for Helium metastables, 4.2 eV for atomic oxygen 
and 0.19 eV for vibrationally excited oxygen [7].  
Since the power has a phase dependence, the energy efficiency, defined as the mean density divided 
by the power, will also exhibit a phase dependence. Panel (c) presents both simulation results and 
experimental data for the energy efficiency of atomic oxygen generation (the latter derived from TALIF 
measurements [6]). As shown in the figure, the maximum energy efficiency for atomic oxygen 
generation occurs at 90 degrees. 
In contrast to this, the energy efficiency of generation of helium metastables (panel (d)) reaches its 
minimum at 90 degrees and achieves its maximum at 0 or 180 degrees, corresponding to the 
commonly applied ``valleys’’ and ``peaks’’ waveforms, respectively. For vibrationally excited oxygen, 
there is little variability in energy efficiency over the interval studied here.   
 

 
 
Fig. 2. Electron Energy Probability Function (EEPF) for φ=0 (a) and φ=4π/3 (b) calculated in different 
spatiotemporal regions of interest, and spatiotemporal distribution of the electric field for these phase 
values (c, d). The colored lines in panels (a, b) correspond to EEPFs calculated in the spatiotemporal 
regions denoted by the same colors in panels (c, d). The dashed black lines in panels (a, b) represent 
the average EEPF. The regions I-III. indicate the energy where the cross sections for electron impact 
processes that generate vibrationally excited oxygen, atomic oxygen, and helium metastables, 

respectively, are non-negligible. The dashed black lines in panels (c, d) show the excitation waveform. 



To uncover why this family of waveforms allows control over which radical is most efficiently generated, 
Fig. 2 shows the Electron Energy Probability Functions (EEPFs, first row) and the spatio-temporal 
distribution of the electric field (second row) for two phase values: φ=0, where helium metastables are 
generated most efficiently and φ=4π/3, where atomic oxygen generation is more prominent. The 
colored lines in panels (a, b) correspond to EEPFs calculated in the spatio-temporal regions of interest 
(ROIs) indicated by the same color in the second row. The dashed black lines in panel (a, b) represent 
the mean EEPF. The energy regions I-III., highlighted in color, indicate the electron energy ranges where 
the cross sections for electron impact processes that generate vibrationally excited oxygen, atomic 

oxygen, and helium metastables, respectively, are non-negligible. The black dashed lines in panels (c, 
d) denote the excitation waveform. 
As seen in panel (a), the EEPFs exhibit significant variations depending on the ROI. In regions of high 
electric field, especially near the ``peak’’ of the waveform, the EEPFs display a populated high energy 
tail, which facilitates the efficient generation of helium metastables that require a threshold energy of 
20 eV. In the case of φ=4π/3 (panel d), the excitation waveform contains multiple, smaller ``peaks’’, 
resulting in a decreased electric field. Consequently, the high energy tail of the EEPFs becomes 
depleted. Nevertheless, the electric field remains sufficient to ensure a substantial EEPF value in region 
II, which supports efficient atomic oxygen generation (which has a threshold energy of only 4.2 eV). 
Furthermore, the overall power decreases for φ=4π/3, creating the condition where atomic oxygen is 
generated more efficiently than helium metastables. Thus, for the investigated family of voltage 
waveforms, the ability to control the generation efficiency of specific radicals with distinct electron 
energy thresholds arises because waveforms with multiple ̀ `peaks’’ redistribute the power across the 
discharge region, favoring the generation of species with lower energy thresholds.  
It is important to note that, although the presented results were obtained for a specific gas mixture 
and focused on the generation of selected neutral species, the findings are generalizable. Similar 
results are expected under different discharge conditions and for other neutral species, provided that 
their electron energy thresholds differ and the EEPF is influenced by the applied voltage waveform. 
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Low-pressure plasma polymerization provides a versatile platform for functionalizing advanced 
materials. In this regard, plasma polymer films (PPFs) deposited via the polymerization of 
hexamethyldisiloxane (HMDSO) [1] exhibit versatile wettability and nanoporosity control. By 
varying plasma operating parameters (e.g., additional gases, applied power, reactor 
configuration, etc.) siloxane-based coatings ranging from hydrophobic to hydrophilic with 
different volumetric nanoporosity can be obtained [2]. Plasma polymerization, performed at 
room temperature, allows deposition onto sensitive substrates such as polymers, carbon-based 
nanofibers, and scaffolds, enabling functionalization for advanced applications in medicine and 
biology. Despite decades of study in the field of plasma-enhanced chemical vapor deposition 
(PECVD), further research is still needed to unravel the reaction mechanisms of plasma polymer 
formation, especially with 3D materials featuring complex geometries commonly used in the 
mentioned applications [3]. In this regard, nanoporous plasma polymer films hold promise for 
biomaterial functionalization. With rising bacterial and viral threats, new antimicrobial methods 
are needed. One approach involves surfaces that generate and release reactive oxygen species 
(ROS) without leaching substances. This talk will explore plasma technology’s role in developing 
functionalized metal oxide catalytic materials through deposition and oxidation processes. The 
reactive gas environment facilitates defect sites for ROS formation, while nanoporous plasma 
polymer SiOx films control ROS release. The permeation of H₂O and O₂ molecules through the 
functional polymeric cover layer allows ROS production at the interface between the metal oxide 
and the PPF and controls their delivery. ROS delivery—such as superoxide anion (O₂•–) and 
singlet oxygen (¹O₂)—can be fine-tuned by the plasma-deposited SiOx layer thickness [4]. This 
plasma-based approach yields antimicrobial surfaces effective against bacteria and murine 
hepatitis virus, without cytotoxicity, expanding plasma’s potential in plasma medicine.  
Additionally, hydrophobic HMDSO-derived PPFs can also functionalize similar ROS-releasing 
surfaces. While maintaining antimicrobial activity, the functional layer defines surface 
wettability, rendering it hydrophobic rather than hydrophilic and making it ideal for applications 
such as combating biofilm formation. This talk will discuss how the integration of catalytic 
surfaces with HMDSO-derived plasma polymer films facilitates the precise control of ROS 
delivery, paving the way for innovative functional materials for applications ranging from 
therapy to sustainability. 

 
Fig. 1. A nanoporous functional layer deposited on top of a catalytic surfaces producing reactive oxygen 
species (ROS) allows the precise controlled of ROS to the environment. 
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This work provides insights into plasma-surface interactions during atmospheric pressure plasma 
treatment of fluorinated ethylene propylene (FEP), enabling the observation of surface 
modifications over time. These results demonstrate the possibility to produce a highly stable 
surface modification with minimal hydrophobic recovery, a characteristic often absent in 
atmospheric pressure plasma treatments. While conventional modifications (reduced contact 
angle and increased hydrophilicity) were observed, notably higher fluorine content remained on 
the treated surfaces, suggesting that complete fluorocarbon removal is not essential for achieving 
hydrophilicity. Furthermore, the modified surfaces exhibited strong resistance to aging, 
maintaining high hydrophilicity even after rigorous scrub testing. Adhesion testing, comparing 
plasma-treated samples to conventionally chemically etched polymers, revealed similar or superior 
adhesion strengths. These findings pave the way for novel, tailored atmospheric pressure surface 
modifications of fluoropolymers, particularly for applications in medical devices. 

 

1. Introduction 
Fluoropolymers (FPs), valued for their non-stick, waterproof, and chemically resistant properties, often 
require surface modification to ensure adhesion in composite materials or medical devices [1]. While 
existing methods include wet-chemical treatments [2] (which use hazardous reagents and can damage 
material properties) and low-pressure plasma processes [3] (limited by batch processing and vacuum 
requirements), atmospheric pressure plasma offers a promising alternative. This approach eliminates 
the need for expensive vacuum equipment, reduces maintenance, and enables treatment of larger 
substrates, offering a cleaner, safer, and more cost-effective solution for industrial applications. This 
work investigates the modification of fluorinated ethylene propylene (FEP) films using an atmospheric 
pressure nitrogen dielectric barrier discharge (DBD) plasma. Modified samples were characterized 
using AFM, XPS, T-peel testing, wettability measurements, and scrub-washing (ASTM D-2486 – 17) to 
evaluate modification stability. 

2. Experimental conditions 
The discharge cell employed a plane-to-cylinder configuration with a metallic electrode (15 cm x 1 cm 
x 6 cm) separated by a few mm N₂ injection slot and a 15 cm cylindrical ground electrode. Surface 
chemistry of FEP films was analyzed using a PHI 5600-ci XPS (Physical Electronics, MN, USA) with a 45° 
take-off angle and a 0.5 mm² detection area. Survey spectra (1200-0 eV) were acquired using an Al X-
ray source (1486.6 eV, 300 W) with charge neutralization, while high-resolution C1s spectra were 
obtained using a Mg X-ray source (1253.6 eV, 300 W) without charge neutralization and a 5.85 eV pass 
energy. Curve fitting, using Gauss-Lorentz peak fitting and a Shirley baseline, was performed with 
Multipak software, referencing each spectrum to the CF2 signal at 292.0 eV. Surface topography was 
analyzed using a Dimension 3100 AFM (Digital Instruments, Santa Barbara, CA, USA) in tapping mode 
with an etched silicon tip (OTESPA, tip radius <10 nm). Topography was evaluated over 5 x 5 μm areas 
using Nanoscope software, and surface roughness was quantified using the root mean square 
roughness (Rrms) parameter. Modification stability was assessed via scrub-washing (ASTM D-2486 – 



17) using an Elcometer 1720 Abrasion & Washability Tester (USA) with nylon brush (KT001720P030) 
and sponge (KT001720P073) abrasives, a 100 g load, and varying cycles using water or acetone. 

3. Results 
Contact angle measurements revealed that plasma treatment of FEP reduced the water contact angle 
from 109.4° ± 1.3° (untreated) to 102.1° ± 1.3° and the diiodomethane contact angle from 83.6° ± 0.5° 
(untreated) to 79.2° ± 1.4°, resulting in an increased surface energy (from 16.5 ± 1.1 mN/m to 19.1 ± 
1.1 mN/m). XPS analysis showed an increase in the C/F ratio from 0.60 (untreated) to approximately 
0.7 after treatment, along with the introduction of nitrogen and oxygen, indicating defluorination and 
the creation of new functional groups. High-resolution C1s XPS spectra revealed the appearance of C-
O, C–C/C-N, and C-CFx/CO-CFx bonds after treatment, in addition to the CF3, CF2, and CF bonds 
present in untreated FEP. AFM analysis showed a decrease in surface roughness (RMS-Ra) from 7.1 ± 
0.6 nm (untreated) to 3.6 ± 0.3 nm after plasma treatment. T-peel tests demonstrated a significant 
increase in peel strength after plasma treatment. Importantly, this enhanced adhesion persisted after 
scrub-washing (ASTM D-2486 – 17) with various solvents (water and acetone, using both brush and 
sponge), even showing increased adhesion in some cases after scrubbing. This suggests that the plasma 
treatment creates a robust surface modification resistant to aging and removal by scrubbing. The 
adhesion of the plasma-treated FEP was comparable to or greater than that of conventionally 
chemically etched FEP. These results indicate that atmospheric pressure plasma treatment can create 
stable and effective surface modifications on fluoropolymers for applications such as medical devices. 
 

 

 
 
Fig. 1. (Left) XPS HR of C1s region of: a) FEP untreated; b) FEP plasma treated. (Right) peel strength 
obtained by peel test of samples (W: water; A: acetone; B: brush; S: sponge) 
 
Experiments investigated the surface modification and adhesion changes of samples treated with an 
atmospheric pressure N₂ discharge. The treatment resulted in increased surface roughness and the 
presence of new oxygen- and nitrogen-containing functional groups. These modifications proved 
resistant to scrub-washing. Varying the polymer's exposure to the discharge (e.g., scroll speed) 
resulted in different degrees of modification (results not shown). 
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We have studied ion irradiation-induced chemical changes in laboratory ice analogues mimicking the surfaces of 
icy moons in the outer Solar System. We have explored the possible creation mechanisms of sulphur-bearing 
compounds and simple organic molecules that are of contemporary interest in light of recent and future space 
missions. 
 

1. Introduction 
Jupiter's plasma environment is one of the most intriguing plasma laboratories in our Solar System. 

The whole system is fed by plasma sources predominantly from within the magnetosphere with some 
contributions from outside. The volcanic moon Io is the strongest internal source with smaller 
contributions from Europa and possibly from other moons, as well as the ionosphere of Jupiter [1]. 
ESA’s Jupiter Icy Moons Explorer (JUICE) mission is to explore Jupiter’s complex environment in depth. 
Embedded in Jupiter's inner magnetosphere, icy moons interact strongly with the surrounding plasma. 
Voyager and Galileo data have shown that these moons are constantly bombarded by electrons and 
energetic ions (H+, Cn+, On+ and Sn+).  Similarly, the surface of Enceladus is constantly irradiated by 
Saturn’s magnetospheric plasma, which consists of a variety of charged particles including water-group 
ions over a wide energy range.  

The intense irradiation of the surface ice is the main driver of the formation of thin lunar 
atmospheres and may be crucial in shaping the properties of the oceans beneath the icy crusts. 
However, details on the surface irradiation processes and their impact on the environment are poorly 
understood. These processes, which may be essential for the origin of life, are simulated in the 
laboratories at ATOMKI to understand their intricacies [2]. In particular, we have investigated the 
radiolytic sulphur chemistry on Europa arising as a result of the ion irradiation of the surface; for 
instance, we have investigated the irradiation of ices on top of a solid sulphur layer, as well as the 
implantation of reactive sulphur ions into various oxygen-bearing molecular ices [3]. A surface ice 
analogue of Enceladus, made by mixing different molecules, was also processed by ions to explore 
whether the molecules regarded as indicators for habitability, which were found in Enceladus plumes, 
could be created in this way [4]. 
 

2. Sulphur chemistry at surface of Europa 
Sulphur dioxide has been detected in the surface of Europa but its formation mechanisms have not 
been identified so far [5].  This motivated us to check whether sulphur ion implantation into ices made 
of molecules other than water could be the source of SO2.  Analogous investigations on water ice 



already gave negative results; instead the efficient formation sulphuric acid was observed [6]. Sulphur 
ion implantation in CO2 ice (which has been observed on Europa [7]) indeed resulted in the formation 
SO2, but only at 20 K, which is too cold with respect to ambient temperatures on the surface of Europa 
(Figure 1).  At 70 K, no sulphur-bearing molecules were formed, which therefore suggest that sulphur 
implantation into surface ice is not an efficient SO2 formation mechanism on Europa. 
 

 
 
Fig. 1. Fourier-transform mid-infrared (FTIR) spectra of condensed CO2 before (black trace) and after 
(red trace) the implantation of 290 keV S + ions at 20 K and 70K. Also shown are the FTIR spectra 
acquired during control experiments, including an unirradiated CO2:SO2 (6:1) ice mixture at 20 K (blue 
trace) and a CO2 ice after the implantation of 300 keV He + ions at 20 K (green trace). 
 
This has led us to investigate refractory sulphur layers, which may also exist in the surface of icy moons. 
We covered them with ice layers from the most common molecules present on the lunar surfaces and 
in their atmospheres.  As Fig. 2 shows, the most intensive SO2 formation was found in experiments in 
which O2 ice on top of sulphur was processed by He+ ions. This experiment was performed at 20 K, 



since at 70 K the oxygen layer sublimes very efficiently; but for a CO2 ice layer we could perform the 
experiment at 70 K and observed significant SO2 production at this Europa-relevant temperature.  
 

 
 

 
Fig. 2. Obtained G-values (number of produced molecules per 100 eV deposited energy) for the 
sulphur-bearing products observed as a result of irradiating different ices on top of allotropic sulphur 
using 1 MeV He+ ions. Note that circles represent data points acquired at 20 K, while diamonds 
represent those acquired at 70 K. 
 
 
 

Layer: 



3. Water-group ion irradiation studies on Enceladus ice analogues 
Surface ice analogues of Enceladus composed of  H2O:CO2:CH4:NH3 (approximate stoichiometry of 
7:1:1:1) were prepared and irradiated different water group ions, including O+, O3+, OH+, and H2O+ ions. 
We have observed the creation of simple compounds such as CO and OCN- due to irradiation, and most 
experiments also formed NH4

+; while post-irradiative heating produced carbamic acid, ammonium 
carbamate, and an alcohol (likely methanol or ethanol) in most experiments (Fig 3.) Our results have 
important implications for radiation-driven chemistry on Enceladus; although none of the radiolytic 
products observed in our laboratory experiments has been detected on the icy surface of Enceladus, 
some have been detected within its plumes. Our research shows that irradiative processes may play a 
role in that environment and, therefore, caution is advised when searching for evidence of 
biosignatures in Enceladus’ plumes. 
 

 
Figure 3: FTIR spectra for irradiation of an Enceladus surface ice analogue with 45-keV O3+, before and 
after irradiation, and during the TPD at 160 K. 
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The paper concerns a simple radioionization detector intended for analytical applications. The theoretical model 
of the detector is based on the ion balance equations for a variable electric field. The calculation results are 

compared with experimental data obtained from measurements performed using the constructed detector 
model. 
 

1. The influence of ionization chamber filling on the signal – an old idea for 
gas analysis 

A typical way of using ionization chambers is to measure the radiation field. In this case, the chamber 
filling is constant, and the signal measured continuously or pulsed contains information about the dose 
rate or energy left in the gas by the charged particle or ion [1]. However, over a hundred years ago it 
was noticed [2,3] that if the radiation field is constant, the electrical signal generated in the chamber 
depends on the composition of the gas filling it. This effect can be used in analytical applications. The 
basic way of such use was to measure the current at a constant supply voltage. Considerations on the 
theory of processes occurring in such detectors were based on the so-called system of ionization 
chamber equations including ion balance equations and Gauss's law [4,5]. In the 1950s and 1960s, a 
number of ionization detector designs were developed, mainly for chromatography [6,7]. Probably the 
most famous of them were the flame ionization detector (FID) and the electron capture detector (ECD). 
Soon after, ion mobility spectrometers (IMS detectors) appeared and dominated the on-site detection 
of hazardous materials [8]. Simple ionization detectors with an internal radioactive source found some 
applications in equipment for detecting chemical warfare agents (CWA). Unlike older designs, they 
used a variable electric field and the signal was an average current value. The theoretical description 
of such detectors can be found in few works [9,10]. 
Despite the significant advantages of IMS detectors, there is a need for sensors with simpler structures 
that function as indicators that generate alarm signals in the event of the appearance of chemical 
substances with specific properties (e.g. high proton affinity). In connection with this, attempts are 
being made to use detectors with a variable field in new devices for detecting contamination [11]. This 
paper is devoted to research on a simple detector in which detection is based on a signal generated by 
oscillating ion swarms. The aim of the paper is to develop elements of the theory of such a detector, 
as well as to perform tests of its usefulness in analytics. 
 

2. Modeling of ion concentration distributions and calculating the detector 
signal 

A simplified diagram of the detector construction, which was the object of the research, is shown in 
Fig. 1. The detector consists of two electrodes and a housing. The cylindrical outer electrode is used to 
supply the detector with an alternating voltage in the shape of a symmetrical square wave. The central 
electrode is used to measure the detector signal (current). On the surface of central electrode, a 63-Ni 
isotope source is placed for ionization of the gas. The effective ionization range for this source (approx. 
0.7 cm) is significantly smaller than the radius of the outer electrode (1.5 cm). Both electrodes are 
placed in a grounded housing. Fig. 1 also shows the method of powering and measuring signal of the 
model detector. 



 
Fig. 1.  Detector sketch, power supply and signal measurement method. 
 
The mathematical description of the phenomena occurring in the gas filling the detector is based on 
the ion balance equations. The balance equation for the i-th type of ions has the form: 

  (1) 
where: ni – concentration of i-th type of ions 

 v i – velocity of i-th type of ions, 𝒗𝑖 = 𝒖+𝐾𝑖𝑬 

 Di – diffusion coefficient of i-th type of ions  
 Pi – generation of i-th type of ions (ionization, ion-molecule reactions) 
 Li – losses of i-th type of ions (recombination, ion-molecule reactions.) 
 E – electric field intensity, 𝑑𝑖𝑣𝑬= (1 𝜀𝜀0⁄ )𝜌 

  – electric charge density 

 , 0 – dielectric constant (relative and for the vacuum) 
 u – gas velocity 

 Ki – mobility of i-th type of ions 
 
The simplicity of the above system of equations is very deceptive. There are as many equations as 
there are types of ions. The electric field is generated by the electrode system and the spatial 
distributions of charge carriers. The loss and production terms couple the equations. In real devices, 
the geometry of the electrode system is not ideal. It is therefore necessary to ignore selected processes 
occurring in reality. Solving simplified problems allows us to explain some phenomena observed in 
measurement results. The basic simplification that was adopted for modeling the phenomena in the 
detector under consideration was the occurrence of an external electric field of relatively high intensity 
in the detector. This allowed us to ignore the effects related to diffusion, recombination and the 
influence of the space charge on the electric field between the electrodes. In addition, it was assumed 
that considering one-dimensional cylindrical geometry is sufficient to describe the phenomena. With 
such assumptions, the balance equations for positive and negative ions take the form: 

  (2) 

  (3) 
where N(r) is the specific ionization, i.e. the number of ions pairs produced by radiation emitted from 
the source in a unit of volume in 1 s. 
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In the steady state for a constant voltage V0, stable distributions of concentrations of both types of 
ions are obtained. In the case of supplying the detector with an alternating voltage, of the shape as in 
Fig. 1, a solution of equations (2) and (3) for the time after switching the polarization should be found. 
Such a solution can be obtained numerically or through relatively simple calculations based on the 
principle of conservation of charge. Example solutions illustrating the movement of ions when the 
polarization of the supply voltage changes are shown in Fig. 2. 
 

 
Fig. 2.  Time dependent concentration distributions for positive ions (K = 1.6 (red) and 2.2 (blue) cm2V-

1s-1) 
 
The detector signal is a time-dependent current. Its magnitude results both from the collection of ions 
by the electrodes and from the induction of current by time-varying charge distributions between the 
electrodes. A simple method of calculating the current in an external circuit is to use the principle of 
conservation of energy, according to which the work done by the electric field in moving an ion must 
be equal to the energy taken from the external circuit: 

  (4) 
For positive and negative ions with mobilities K+ and K- moving in an electric field of cylindrical 
geometry, the formula for calculating the current is: 

  (5) 
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3. Measurement results 
Formula (5) allowed to calculate the time-dependent detector current when supplied with an 
alternating voltage of relatively low frequency, i.e. such that the distribution of ion concentrations in 
the space between the detector electrodes is completely established in a time equal to half the period. 
The correctness of the model assumptions can be confirmed by comparing theoretical predictions with 
measurement results (Fig. 3). 

 
Fig. 3.  Measured (a) and theoretically determined (b) dependence of the detector current on time. 
 
Comparison of experimentally determined dependencies of current on time with calculation results 
allows us to state that the theoretical description of ion transport in the detector is correct. Two 
characteristic ranges are visible in the time dependencies shown in Fig. 3. Immediately after changing 
the polarity of the supply voltage, an ion current pulse is observed. The duration of this pulse depends 
on the amplitude of the supply voltage. It can be proven that the pulse duration corresponds to the 
time of flight of ions between the detector electrodes. After the pulse ends, the absolute value of the 
ion current is the same for both polarities of the supply voltage and is about 0.5 nA. This value 
corresponds to the saturation current measured in static conditions. 
The measurement results shown in Fig. 3a indicate the potential use of the detector in analytical 
applications. The pulse duration (transient state after polarization change) depends on the voltage 
amplitude. It should be expected that this is the result of the dependence of ion velocity on the electric 
field intensity. However, the ion velocity also depends on mobility. Therefore, the duration of the 
transient state should be different for different ions. To verify this prediction, measurements of the 
time dependencies of the current were performed for methyl salcylate (MS) and dimethyl 
methylphosphonate (DMMP). These two compounds are known CWA symulants. MS is responsible for 
the change in mobility of positive and negative ions. DMMP is a phosphoorganic CWA imitator with 
high proton affinity and causes a decrease in the mobility of positive ions. The results of the studies 
carried out for MS and DMMP are shown in Fig. 4. 



 

 
 
Fig. 4.  Time dependence of the detector current measured for methyl salicylate (a) and dimethyl 
methylphosphonate (b). 
 

4. Conclusion 
The current waveforms shown in Fig. 4 indicate that the signal from a simple cylindrical detector 
contains information about the mobility of charge carriers occurring in the space between the 
electrodes. This effect can be used to determine the presence of compounds with high proton affinity 
or the ability to create stable, heavy negative ions in the air. Of course, the method does not provide 
the analytical possibilities provided by the IMS detector with a drift chamber. However, the method 
and design solution are very simple and can be used to build cheap detectors generating an alarm 
signal, which will be the basis for performing further, more detailed tests in a given location.  
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An example of simulation flow for a thin film deposition is described. The importance of consistent data and 
simulation technology through the atomic scale to chamber scale is shown. 
 

 
Recent semiconductor devices have not only undergone simple miniaturization but have also 
undergone significant changes in materials and structures. For example, 3D structures, including 
FinFET, this approach not only saves space but also enhances performance through reduced 
interconnect delays and improved power management. About the materials innovations, traditional 
silicon-based semiconductors are being supplemented or replaced with materials such as gallium 
nitride (GaN), silicon carbide (SiC), and other two-dimensional materials like graphene and transition 
metal dichalcogenides. These materials can improve performance in terms of speed, power efficiency, 
and thermal management. In this trend of semiconductor device evolution, manufacturing processes 
and equipment are also being required to evolve.  
 
This presentation will provide an overview of the simulations being carried out to develop the 
technology for depositing desired thin films on the latest complex device structures. The process 
involves analyzing the decomposition and polymerization reactions of the source gases, simulating 
their transport and distribution within the chamber, and finally simulating the film formation process 
within the fine pattern. From this series of simulations, we can predict the performance of our 
manufacturing equipment and processes.  
 
However, the speed of semiconductor device evolution has accelerated in recent years, and we need 
to work backwards from the desired device and process performance to select materials and develop 
equipment and processes that will achieve these. This is not an easy task, especially when it comes to 
inverse problems. We have accumulated a wide range of data and simulation results and are working 
to overcome this challenge with the aid of machine learning. In this presentation, I would like to 
present my concerns and hope to receive advice from academia. 

 

 
Fig. 1. Gapfill for a lateral trench 
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Indoor air contains many harmful compounds (chemical pollutants, pathogenic aerosols, tobacco smoke, 

etc.). We use non-thermal atmospheric plasma in a dielectric barrier discharge configuration and UV-induced 
photocatalysis for the treatment of polluted indoor air. The main advantage of using these two technologies is 
their capability to destroy and mineralize pollutants to inert gases, contrary to traditional filters that just trap 
them. We target to decompose chemical pollutants and pathogenic bio-aerosols, at high gas flow rates 
(>300 L/min) for a real scale use, which is the main challenge of this study. 
 

1. Introduction 
Indoor air contains many harmful components (chemical pollutants, bacteria, pathogenic aerosols, 
tobacco smoke, etc.) that can cause respiratory, cardiovascular, and oncological diseases under long-
term exposure. Hospital-acquired infections are also spread through air contaminants [1]. Finding an 
innovative technology that would efficiently remove all kinds of airborne pollutants without producing 
harmful by-products and with a low energy cost would be not only a major advance for public health 
but would also help prevent the spread of airborne pathogens such as in the case of the recent COVID-
19 pandemic. The goal of this work is to assess the efficacy of non-thermal plasma (NTP) dielectric 
barrier discharge combined with UV-A induced photocatalysis for the removal of volatile organic 
compounds (VOCs) and inactivation of aerosol-borne bacteria at a high gas flow rate. NTP and 
photocatalysis have proven their capabilities to decompose or inactivate a broad range of harmful 
compounds present in indoor air. Moreover, combining these two techniques may offer a very 
effective hybrid air decontamination device, as studies suggest a synergetic effect [2].  
 

2. Experiment 
We designed an indoor air decontamination device that combines a Dielectric Barrier Discharge 

(DBD) for the NTP generation (Fig. 1), and a TiO2 coating which is activated on-demand by UV-A LEDs. 
The device uses a very short residence time of the pollutant in the reactor: the gas flow rate was set 
above 300 L/min and uses a single-pass method to determine the pollutant reduction.  

 
Fig. 1. Photo of the DBD module and schematic of the air decontamination device combining DBD 

and UV-A induced photocatalysis. 



 
The chemical analysis of the VOC contaminants (formaldehyde) and the gaseous species produced by 
the DBD was performed by FTIR absorption spectroscopy (Shimadzu IRSpirit-X spectrometer) using a 
542 cm absorption path gas cell equipped with ZnSe windows. Single-pass of the bio-contaminated 
water aerosols through the reactor was set at a high gas flow rate (>300 L/min). The aerosol-borne 
bacteria E. coli and S. aureus were collected on Petri dishes for 30 seconds and evaluated by 
microbiological thermostatic cultivation. 
 

3. Results and discussion 
The removal efficiency of about 40% was reached for the formaldehyde concentration, as shown 

in Fig. 2, and it slightly decreased with the air flow rate. We also monitored the concentration of ozone 
generated by the DBD, which is not desired for human exposure, thus it must be decomposed by the 
photocatalytic process before exiting the reactor. 
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Fig. 2. Removal efficacy of formaldehyde (HCHO) in a single pass vs. gas flow rate, measured by infrared 
absorption spectra at three different wavenumbers typical for HCHO absorption. 
 

 
Fig. 3. DBD effects on water aerosol-borne E. coli (left) and S. aureus (right) bacteria at various duty 
cycles of the power supply. 
 
The obtained results of the decontamination of bio-aerosols are also very promising. We reached 
3,73 log (99.98%) and 3,32 log (99.95%) reduction for the inactivation of water aerosol-borne E. coli 
and S. aureus, respectively. 100% inactivation for both bacteria was achieved with a power supply duty 
cycle set at 87%, and high inactivation was achieved even at a low duty cycle with lower ozone 
production [3]. 
 



4. Conclusions 
We developed a new design for indoor air decontamination allowing for better efficacy of air 

chemical (formaldehyde) and biological (E. coli and S. aureus bacteria) contaminants. It employs 
combined effects of DBD plasma and UV-A activated TiO2 photocatalysis. The device is applicable for 
high gas flow rates (>300 L/min). It enables complete mineralization of organic pollutants to H2O and 
CO2. As the NTP technology, it produces a strong oxidant ozone, which helps to remove the pollutants 
and pathogens. On the other hand, ozone is an undesirable product to be emitted into the indoor air, 
thus has to be removed by the photocatalytic effect. High inactivation of both organic chemical 
pollutants (40%) and airborne bio-pathogens (up to 100%) was achieved at a low specific input energy 
and very high gas flow rates. This combined NTP-photocatalysis technology can be applied in all sorts 
of indoor settings, including hospitals and public spaces, as well as in potential manned space missions. 
 

5. Acknowledgments 
This work was funded by the EU NextGenerationEU through the Recovery and Resilience Plan for 
Slovakia under the project No. 09I03-03-V03-00033 and by the Slovak Research and Development 
Agency grants APVV-22-0247, APVV-17-0382, and APVV-20-0566. 
 

6. References 
[1] Sikora A, Zahra F. Nosocomial Infections. StatPearls Publishing; 2024 
[2] Zhang Y et al. 2022, Catalysis Communications 172, 106535 
[3] Vazquez T, Lavrikova A, Wiederman D, Babic J, Machala Z. 2025, J. Electrostat., under preparation 
 



ELECTRICAL DISCHARGES IN  
CAPILLARY TUBES AND HONEYCOMB MONOLITHS 

Karol Hensel, Gokul Selvaraj, Richard Cimerman, Mário Janda 

Division of Environmental Physics, 
Faculty of Mathematics, Physics and Informatics, Comenius University, Bratislava, Slovakia 

E-mail: hensel@fmph.uniba.sk 

Summary of our results on generation of discharges in glass capillary tube(s) and ceramic honeycomb monolith. 
Reactor and materials of various geometry, several power supplies of both polarities were tested. Electrical and 
optical diagnostic of the discharges was performed, and their chemical activity tested. 
 

1. Summary 
Atmospheric pressure plasmas generated by electrical discharges are often used for air pollution 
control. The common discharge types are corona and dielectric barrier discharges (DBD) generated in 
gases or on dielectric surfaces. They can be also generated inside cavities and pores of materials, 
such as foams, pellets, beads, or tubes [1]. It is very interesting from the point of view of plasma 
catalysis as the interaction of the plasma with (catalytic) materials can be utilized to enhance 
associated chemical processes.  
This contribution summarizes the results on generation of discharges in a single capillary tube, a 
bundle of capillary tubes as well as ceramic honeycomb monolith. Electrical and optical 
measurements were performed in various geometry (diameter, length, cpi), feed gases (air, N2, O2, 
H2O) and power supplies (AC, DC, pulsed) of both polarities. Electrical diagnostics included 
oscilloscopic measurements and power consumption evaluation. The optical diagnostics included 
optical emission spectroscopy and measurements of discharge propagation velocity. Chemical 
activity was monitored by FTIR spectroscopy.  
The discharge in a single capillary tube was investigated to understand a fundamental mechanism of 
its formation and propagation [2]. The propagation velocity increased with the decreasing tube 
diameter. It was found 4.3x107 and 9.9x107 cm/s for 1 and 0.2 mm diameter, respectively. Onset and 
breakdown voltages increased with the decreasing tube diameter, while stable discharge generation 
was improved by extending its length. Propagation velocity was higher for smaller tube diameters 
and higher O2 content. Tests with a bundle of capillary tubes were performed to assess the overall 
stability and spatial homogeneity of the discharge. The discharges were generated by a DC high 
voltage, eventually assisted by auxiliary AC driven discharges in a pellet bed [1] or in a multihollow 
DBD [3]. The homogeneity and the stability largely depended on the discharge polarity, ballasting 
resistor, and feed gas humidity. At last, the discharges generated directly in ceramic honeycombs of 
various geometry (length, cpi) were tested. They were also briefly subjected to the investigations of 
its plasma chemical activity (generation of O3 and NOx removal). Tentative results were quite 
promising and are expected to be further improved in systems with honeycombs supported by 
various catalysts.  
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Elemental analysis of water circulating in nature (e.g., water from springs, lakes, rivers, polluted 
groundwater near environmental contaminants, and wastewater released from factories) is highly 
important. Pure natural water primarily contains elements such as C, N, O, H, alkali metals, alkaline 
earth metals, and other trace elements essential for life. However, pollutants like heavy metals or 
other elements introduced through industrial environmental pollution may also be present (e.g., Cd, 
Pb). Monitoring these elements in groundwater is crucial for assessing water quality. 
Laser-Induced Breakdown Spectroscopy (LIBS) is a method offering rapid detection and quantification 
of all elements present in natural water samples, including heavy metal pollutants, which is critically 
important for environmental protection and public health. 
Elemental analysis of water samples using LIBS remains challenging due to issues such as splashing and 
plasma quenching by water products [1]. Several LIBS-based methods have been developed to address 
these challenges, such as surface-enhanced (SE) or surface-assisted (SA) LIBS, where liquid droplets 
are dried on a solid surface [2,3,4], or using absorption in zeolites to capture pollutants from water 
samples [5]. 
Acoustic levitation (AL) of isolated droplets, achieved by creating an ultrasonic standing wave in an 
acoustic resonator, is a sampling technique that enables LIBS analysis of liquids without contact with a 
solid substrate [6,7]. In this method, controlled evaporation using CW-IR laser radiation leads to the 
preconcentration of water samples around hundred times. Another method for enhancing the LIBS 
signal of water-based samples is nanoparticle (NP) enhancement (NE). This technique is often 
combined with SE or SA LIBS methods. Recently, our group used this approach to compare different 
beverages (drinking water, wine, beer) by employing varying concentrations of three different types 
of spherical metal nanoparticles (Au, Ag, Cu) [8]. Additionally, NE-LIBS combined with AL was utilized 
in our group to analyze heavy metals (Cd, Pb) in water using Ag nanoparticles. 
These two liquid LIBS analysis methods (SA LIBS and LIBS AL), both with and without NP enhancement, 
will be compared for the elemental analysis of various types of water- and alcohol-based liquids using 
time-resolved, broadband UV-NIR Echelle-based spectroscopy. Recent results regarding the limit of 
detection (LOD) for boron in water samples using the LIBS AL method will also be presented [9]. 
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The effect of nitrogen admixture to argon gas, on the densities of the Ar 1s5 and 1s3 metastable atoms and the 
intensities of Ar 2p→1s spectral lines (in Paschen notation) radiated by a capacitively coupled plasma is 
investigated experimentally and by a coupled particle simulation of the discharge and a fluid model for the 
excited Ar atoms that includes radiative transitions.   
 

1. Introduction 
Light emission is a basic property of electrical discharges that can be used to reveal information about 
the plasma characteristics, like the electron density and the electron temperature, provided that a 
connection between certain spectral line intensities or their ratios and these properties is established. 
In our previous studies, we have used a collisional-radiative model (CRM) to predict line intensities in 
an Ar capacitively coupled plasma (CCP) based on the computation of the electron density and the 
electron energy probability function (EEPF) using particle-in-cell / Monte Carlo collisions (PIC/MCC) 
simulation [1]. Subsequently, we have realized an iterative solution of (i) a PIC/MCC simulation 
extended by electron-impact processes between 30 excited Ar levels [2] to compute all electron-
impact reaction rates and (ii) a diffusion-reaction-radiation (DRR) model to derive the densities of the 
Ar atoms in the various excited levels based on the rates obtained in the PIC/MCC simulation [3]. The 
simulation model has been experimentally validated based on measurements of the spatial 
distributions of the Ar 1s5 metastable atoms at various conditions [2]. In the present study both the 
experiments and simulations are extended to gas mixtures containing small amounts of nitrogen. The 
effect of this admixture on the characteristics of a capacitively coupled plasma is investigated, including 
the densities of the Ar metastable atoms as well as the intensities of the spectral lines belonging to the 
2p→1s system of Ar. 
 

2. Experimental setup 
The discharge cell, situated inside a vacuum chamber, is composed of two flat disc stainless steel 
electrodes placed 4 cm apart. The plasma is created with a 13.56 MHz Tokyo HY- Power RF-150 
generator and using a Tokyo HY-Power MB- 300 matching network, see figure 1. The peak-to-peak 
value of the RF voltage is fixed at Vpp =300 V and the results are reported for a gas pressure range of 
2.5 – 40 Pa, for N2 contents between 0% and 5%.  The Ar 1s5 and 1s3 metastable atom densities and 
the gas temperature are determined using Tunable Diode Laser Absorption Spectroscopy. We measure 
the absorption on the Ar(1s5 → 2p6) transition at a wavelength of 772.376 nm and on the Ar(1s3 → 
2p2) transition at wavelength of 772.421 nm using a laser diode of type Toptica LD-0773-0075-DFB-1 
driven by a control unit Toptica DLC DFB PRO L. The laser light passes through the plasma along its 
diameter, at the middle of the electrode gap and is detected at the other side of the chamber by a 
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photodiode. To perform proper background subtraction, detector signals were recorded with and 
without discharge, both with laser on and off states. Assuming dominating Doppler broadening, the 
amplitude of the absorption provides information about the line-integrated metastable atom density, 
while the width of the line conveys information about the gas temperature.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. The scheme of the experimental system [2]. 

For the intensity measurements of the 2p→1s Ar transitions we use a Carl Zeiss Jena PGS-2 
spectrometer equipped with a Greateyes ELSEs 2k512 BI UV3 detector. Light emitted from the central, 
≈1 cm-diameter region of the plasma is captured with an optical fiber oriented perpendicularly to the 
principal axis of the discharge. Relative sensitivity calibration of the system is performed with an RS-
15 Total Flux Calibration Light Source having a certified calibration report (that specifies the radiant 
flux of the lamp as a function of the wavelength in the range between 300 nm and 1100 nm) provided 
by Gamma Scientific.  
 

3. Computational model 
The numerical studies are based on a hybrid computational framework [1,2] that was originally 
developed for pure Ar gas. It consists of (i) a Particle-in-Cell / Monte Carlo Collisions (PIC/MCC) code 
that includes Ar atoms in several excited levels in addition to the ground-state Ar atoms as targets for 
electron-impact collisions, thereby accounting for all direct and stepwise excitation and ionization, as 
well as de-excitation electron collisions, and (ii) a Diffusion-Reaction-Radiation (DRR) code that solves 
the diffusion equations of Ar atoms in the excited levels, considering their sources and losses, which 
includes the rates of the electron-impact processes (obtained in the PIC/MCC module) as well as the 
rates of the radiative transitions between the various levels. The two modules are executed iteratively. 

Here, this model is extended: the PIC/MCC simulation part of the computational framework contains 
as well electron-N2 molecule collisions, collisions of N2

+ ions with N2 and Ar, as well as of Ar+ ions with 
N2 molecules. In the DRR part of the model, quenching reactions of N2 with Ar 1s5 and 1s3 metastable 
atoms are incorporated with rate coefficients adopted from [4].  

 



 

 

 

 

 

 

 

 

 

Fig. 2. The scheme of the computational framework [3]. 
 

4. Results 
Figure 3 shows the results of the TDLAS measurements and the numerical calculations for the Ar 1s5 
and 1s3 densities at the center of the plasma, as a function of pressure and N2 content of the gas. In 
pure Ar discharges and at low pressure, the densities of both metastable species increase with 
pressure. With further increase of the pressure, their densities slightly decrease. This is due to the 
development of a dip of the density in the center as production of the excited species moves nearer 
to the electrodes with increasing pressure (see [2]). The Ar 1s5 atom density is approximately an order 
of magnitude higher as compared to the Ar 1s3 atom density. The effect of N2 content increases with 
increasing pressure, at 2.5 Pa, the metastable atom densities decrease only by about a factor of 2 when 
the N2 content reaches 5%, but at 40 Pa pressure, this decay amounts about two orders of magnitudes. 

 

 

 

 

 

 

 

 

 

Fig. 3. Experimental (“EXP”) and computational (“SIM”) results for the dependence of the densities of 
Ar metastable species on the N2 admixture concentration. 

The intensity distributions of a subset of Ar 2p→1s spectral lines, obtained in the experiments and 
derived from the modeling calculations are displayed in figure 3, for various pressures and nitrogen 
contents. The measured line intensities are normalized as I λ = I λ, meas / Σ I λ, meas , i.e., we ensure that the 
intensities add up to one. The same normalization is also applied to the calculated intensities.  

The increasing N2 content has different effect on individual lines, e.g. (i) the 750.4 nm line exhibits an 
increasing relative intensity, (ii) for the 811.5 nm line we observe the opposite effect: the intensity 



decreases, (iii) the 763.5 nm line shows an increasing intensity at low pressure and is nearly the same 
intensity at higher pressure, regardless of the N2 content in the gas. These changes are closely linked 
to the varying contributions of the direct / stepwise excitation processes: the 750.4 nm line is primarily 
excited by direct electron impact of the ground-state Ar atoms, while the 811.5 nm line is known to be 
preferentially excited by stepwise excitations under the conditions when an appreciable amount of 
metastable Ar atoms is present. As the density of metastable atoms is strongly decreased with 
increasing N2 concentration, the stepwise excitation processes become less important, leading to a 
decrease of the intensities of spectral lines that are preferentially excited via this channel. This explains 
the behavior of the 811.5 nm line observed. The increase of the intensity of the 750 nm line is a 
consequence of the decrease of the intensities of other lines since we use normalized intensities. The 
experimental and computational line intensities show quite good agreement over the whole range of 
pressures and nitrogen contents. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Measured (left) and computed (right) relative intensities of Ar 2p→1s spectral lines at the 
center of the discharge, for various pressures and nitrogen contents. 
 

5. Conclusion 
A capacitively coupled radio-frequency discharge in Ar and in Ar-N2 mixtures was investigated both 
experimentally and computationally. The densities of Ar metastable species and the intensities of Ar 
2p→1s spectral lines were compared, as a function of the N2 admixture concentration. A good 
agreement was found for both of these characteristics. N2 was found to lead to a decay of the densities 
of the Ar metastable species, due to the modification of the electron energy distribution function and 



due to the direct quenching reaction with these species. The intensities of the individual spectral lines 
were found to be influenced to different extents by the metastable atom densities, therefore the 
(relative) intensities of various lines follow specific trends as the N2 admixture concentration increases.  
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In agricultural research, the application of non-thermal plasma (NTP) to seeds leads to an improvement in 
germination and viability and has a decontaminating effect on undesirable microorganisms on the seed coat. In 
addition, plasma activation leads to higher wettability and thus better adhesion of dressings or pesticides to 
the naturally hydrophobic seed coat. We used this strategy to apply a special polysaccharide coating to the 

seed surface, which gradually supplies the seeds with water in the early germination stage. This contribution 
gives an insight into the experimental concept and describes our motivation and hypotheses. In addition, the 

first results of the application of plasma to seeds are presented.   

Seed coating is a common pre-sowing process in which the seed is covered with auxiliary 
materials to improve handling, protection and nutrient delivery1. Many different chemicals and 
additives must be used in this process to achieve the correct coating. Besides different fertilizers and 
pesticides, additives called "binders" with adhesive properties are used to ensure proper adhesion of 
these active ingredients to the seed surface and their retention. However, the negative impact of all 
employing synthetic substances on the environment is alarming and it is important to minimise their 
use. This can be achieved through the adoption of innovative green technologies such as plasma 
treatment2. Irradiating the seeds with non-thermal plasma (NTP) leads to an improvement in 
germination and viability and, in addition, the plasma has a decontaminating effect that minimises 
unwanted microorganisms on the seed coat. It was already demonstrated that the treatment of 
seeds with dielectric barrier discharge under optimal conditions can reduce the amount of fungicide 
used 50-90% without affecting the physiology of the seed3. 

In very similar way we aim to use plasma treatment of seeds to activate their waxy-like, 
hydrophobic surface to enable adhesion of the applied superabsorbent polymer (SAP) to eliminate 
the use of binders and fillers in seed coating. Plasma, as a very effective, non-invasive and 
environmentally friendly tool, can efficiently improve the adhesion of the applied SAP and create a 
porous layer capable of storing large amounts of water on the surface of the seed. The SAPs most 
used in agriculture are polyacrylates and polyacrylamides, which degrade very slowly in the soil and 
therefore pose a significant environmental risk4. To minimise the environmental impact, our partial 
goal is to develop polysaccharide-based SAPs that degrade naturally. 
 So far, we have analysed and compared two different plasma sources operating at 
atmospheric pressure in ambient air and their effects on model seeds - diffuse coplanar surface 
barrier discharge (DCSBD) and Piezobrush PZ3. DCSBD has been widely studied in agricultural 
research for treatment of various seed types5,6, while Piezobrush PZ3 was used for seed treatment 
for the first time. Our contribution summarizes the whole experimental concept, describes our 
motivation and hypotheses and presents the first results. 
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MD simulations for PE-ALD processes of SiN over a trench structure are performed when the gap is closing and 
the two facing sidewalls are approaching each other. The transport of gaseous species in a closing gap is typically 
described as Knudsen diffusion, but when the gap distance approaches the atomic scale, the transport becomes 
closer to diffusion in solids.  
 

1. Background 
Molecular dynamics (MD) simulations were performed to study the surface reaction mechanisms in 
plasma-enhanced atomic layer deposition (PE-ALD) of silicon nitride (SiN). In a typical SiN PE-ALD 
process, silicon (Si) and chlorine (Cl) containing precursors such as dichlorosilane (DCS) SiH2Cl2 are 
adsorbed on the surface in the first half-cycle, and then, in the second half-cycle, Cl atoms are removed 
and SiN is formed by the exposure to nitrogen (N2) / hydrogen(H2) or ammonia (NH3) plasmas.[1] In 
the first half-cycle, the precursor adsorption is self-limiting due to the surface termination by Cl atoms. 
In the subsequent half-cycle, the plasma-based process removes Cl atoms from the surface and 
terminates it with N and H atoms.  An earlier study [2] experimentally examined the Cl removal process 
in the second half cycle, focusing on Cl-passivated Si surfaces, rather than Cl-terminated SiN surfaces, 
with incident N2

+ ions using ion beam experiments. Accompanying molecular dynamics (MD) 
simulations also reproduced the experimental observations with high accuracy. Furthermore, the MD 
simulations also showed that H radicals played the dominant role in removing Cl atoms by forming HCl 
molecules.  
 

2. SiN ALD over a trench structure  
Extending the earlier study of SiN ALD over a flat Si surface, we performed MD simulations for PE-ALD 
processes of SiN over a trench structure when the gap is closing and the two facing sidewalls are 
approaching each other. Under such conditions, H radicals generated by the plasma in the second half-
cycle must be transported through the closing gap and reach the bottom of the trench to remove Cl 
atoms left over in the preceding half-cycle. The simulation results of the gas-phase transport in such a 
narrow gap show that the transport changes from Knudsen diffusion to diffusion in a solid material.  
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The stability of nine metal-organic frameworks (MOFs) in direct contact with non-thermal atmospheric plasma 
has been thoroughly tested at several temperatures and prolonged times. These MOFs have been carefully 
selected to test the effect of the MOF morphology and the selection of the metal centers and organic linkers on 
their stability. The set of stable MOFs have been identified as potential candidates for catalyst development.  
 

1. Introduction 
MOFs are a relatively new class of porous crystalline materials combining metal centers connected by 
organic linkers and offer large flexibility regarding their composition, porosity and large surface area 
and they are studied to be used for example in CO2 capture or conversion [1]. Several works utilizing 
MOFs in the plasma catalysis processes have been published recently [2,3] indicating that MOFs are 
compatible with reactive plasmas, profiting from their low operation temperature. However, the MOF 
stability in NAP has not yet been studied in a systematic way. 
 

2. MOF Stability study 
Therefore, a dielectric barrier discharge (DBD) reactor (Fig. 1) has been developed to enable the 
characterization of the MOF interaction with plasma in H2/N2 or H2/CO2 mixtures. The plasma has been 
operated at 10-17 kVpp/21 kHz with heating up to 200 °C. The used system is designed with a large 
contact area between plasma and MOF and without a necessity to use pellets. The gas exhaust is 
analyzed by mass spectrometry. A transparent electrode (indium tin oxide) enables to monitor the 
plasma operation during the treatment. Nine MOFs have been treated by plasma: ZIF 8 [Zn(C4H5N2)2], 
ZIF 67 ([Co(C4H5N2)2]), MAF 5 ([Zn(C5H7N2)2]), MAF 6 ([Zn(C5H7N2)2]), ZIF-7 ([Zn(C7H5N2)2]·1DMF),  
ZIF 71 ([Zn(C3HCl2N2)2]), CAU 10 ([Al(OH)(m-H2BDC)]·nH2O), CAU 24 ([M6O4(OH)8(H2O)4(TCPB)2], 
M=Ce/Zr), UiO 66 ([Zr6O4(OH)4(p-BDC)6]·nH2O). Their stability has been studied by performing powder 
X-ray diffraction (XRD), sorption measurements, IR absorption spectroscopy and elemental analysis 
before and after the treatment.  

 
Fig. 1. Sketch of the used DBD reactor. 
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We report different plasma modifications of polycaprolactone nanofibrous (NF) mats, treatment in oxygen 

plasma and deposition of amine or carboxyl plasma polymer films, with the aim to create a surface promoting 
the adhesion of lignin nano/microparticles. The plasma-processed mats and the mats soaked in solutions with 

differently sized lignin particles were investigated by X-ray photoelectron spectroscopy and electron scanning 
microscopy. Even untreated NF mats proved to have a capability to immobilize lignin particles. However, 
washing the mats with lignin particles proved that plasma polymer coatings have significant advantage of 
creating stable bonds with lignin. 

 

1. Introduction 
The advantage of polymer nanofibers forming nonwoven mats is their large surface area, high 
porosity, and good pore interconnectivity. It makes them highly suitable as base materials for 
delivery of active substances, filtration, or as breathable dressings. Processing of synthetic polymers 
overcomes the complexities associated with natural polymeric materials; however, synthetic 
materials exhibit low surface free energy and inertness. In the case of biomedical applications, a 
surface modification leading to improved wettability is needed [1,2]. If nanofibers are used as a 
matrix for delivering drugs or nano/micro-particles added after the nanofiber synthesis, the surface 
chemistry has to be tuned for a reactivity enabling immobilization of desired compounds or particles 
on the surface [3].  
 
Previously, we demonstrated a successful modification of nanofibrous mats by coating them with 
nitrogen or oxygen-containing plasma polymers [4,5]. Such coatings can be efficiently used for 
immobilization of biomolecules as demonstrated by the construction of biosensors [6,7] or covalent 
binding the platelet-rich blood plasma [8]. Here, we take the advantage of combining polymer 
nanofibrous mats with such reactive surfaces for immobilization of lignin nano/microparticles. It is 
motivated by a high abundance of lignin that is renewable phenolic biopolymer with versatile 
chemistry, exhibiting antibacterial, antioxidant, anti-inflammatory and UV-blocking properties. 
Moreover, technologies allowing synthesis of lignin micro or nanoparticles enhanced the potential 
lignin applications, providing advantages over the bulk material.  

 

2. Experimental Details 
The plasma modifications were carried out in the low-pressure capacitively coupled radio frequency 
discharges (13.56 MHz) ignited between two parallel plate electrodes inside the stainless steel 
chamber. The substrates, i.e. polymer nanofibrous mats and polished Si pieces, were placed on the 
bottom electrode connected to the radio frequency (RF) generator via a matching box containing a 
capacitor, blocking the DC current through the circuit.  
 
A large plasma reactor (R2) was used for plasma polymerization from cyclopropylamine (CPA) vapors 
(2 sccm) mixed with argon (28 sccm). In this case, the bottom RF electrode was 420 mm in diameter. 



The RF power was 100 W and the discharge was operated in the pulsed mode using the duty cycle of 
33 % and the repetition frequency of 500 Hz. The pressure was 50 Pa. Before the deposition, NFs 
were sputter-cleaned in Ar discharge of similar parameters for 5 min.  
 
The oxygen plasma treatment and plasma polymerization from CO2/C2H4 gas mixture were carried 
out in a smaller plasma reactor (R4) with parallel plate electrodes, 210 mm in diameter. To limit the 
etching, the pressure during the oxygen treatment was as high as 50 Pa. The discharge was ignited at 
20 W.  
 
The deposition from CO2/C2H4 in R4 was performed accordingly to previously proposed double layer 
by Hegemann et al. [9]. The highly cross-linked base layer was prepared at the RF power of 70 W and 
2:1 CO2:C2H4 ratio. Then, a less crosslinked layer with more functional groups was deposited on the 
top at 20 W and 6:1 CO2:C2H4 ratio. The pressure was kept at 10 Pa. Before the deposition, NFs were 
sputter-cleaned in an Ar discharge at 50 W for 5 min. 
 
Polycaprolactone (PCL) nanofibrous mats were electrospun from the PCL dissolved in a 2:1 mixture of 
acetic and formic acids (14 wt.%) with INOSPIN Mini device (Inocure, Praha, Czech Republic) based on 
needle spinning. The electrospinning conditions have been optimized previously by Kupka et al. [10] 
and adapted to INOSPIN Mini device.  The applied voltage was +40 kV on the needle and -10 kV on 
the collecting electrode. The electrode distance was 155 mm. The nanofibers (NFs) were collected on 
a polypropylene nonwoven textile placed on the collecting electrode - a cylinder rotating with the 
speed of 20 rpm. 
 
 

 

 
Fig. 1. Plasma-processed polymer nanofibers with immobilized lignin microparticles. 

 
The immobilization of lignin particles on pristine and plasma-modified PCL mats was performed by a 
wet process employing colloid of lignin particles dispersed in distilled water. NF mats were soaked in 



the colloid for a short time (about 5 s), pulled out, and let dry.  The materials were investigated with 
scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy before and after washing.  
 

3. Results and Conclusions 
Plasma treatment in oxygen discharge had to be carefully tuned not to melt and etch the NF mat 
structure. Treatment time of 2 min was evaluated as a trade-off condition between too high damage 
and induced surface changes by the formation of additional oxygen-containing groups on the PCL 
surface. Although the change of the elemental composition obtained by XPS was only minor, the 
pronounced change was detected by water contact angle. SEM revealed roughening of the NF 
surfaces due to plasma etching.  
 
The deposition time of amine PP from CPA/Ar was set to 47 min to achieve 250 nm thick film on the 
Si substrate. The deposition time for the bottom cross-linked layer from CO2/C2H4 was 5 min, 
followed by 1 min deposition of top functional layer. It led to 80 nm thick film in total on the Si 
substrate.  Untreated nanofibers had an average diameter of 240 ± 10 nm. In both deposition 
experiments, the thicknesses of nanofibers increased but the not as much as expected from the film 
thickness on the flat Si. The side film thicknesses on the fibers were roughly 5x lower.  Interestingly, 
particles of 460 ± 10 nm in diameter were created during CO2/C2H4 deposition and were recognizably 
attached to NFs. Moreover, carboxyl-PP coated NFs exhibited pronounced wrinkled morphology 
which was not seen for amine-PP coated or untreated NFs. XPS analyses proved in both the 
depositions that PCL fibers were coated by the corresponding film. 
 
Even untreated NF mats proved to have a capability to immobilize lignin particles. However, washing 
the mats with lignin particles proved that plasma polymer coatings have significant advantage of 
creating stable bonds with lignin. 
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To study the atmospheric pressure chemical ionization of selected sulphur-containing hydrocarbons Thiophene 
C4H4S, 2-Methyl thiophene C5H6S, and 2,5-Dimethyl thiophene C6H8S, in negative polarity the ion mobility 
spectrometry (IMS) and IMS combined with time-of-flight mass spectrometer (IMS-TOF MS) techniques were 

used in the dry air at 403 K drift gas temperature. The dominant reaction ions (RI) were CO3
-(H2O)0,1, CO4

-(H2O)0,1 
and O2

-(H2O)1,2. The ionization resulted in the appearance of CHS- ions for all substances. 
 

1. Introduction 
One of the affordable and reliable energy resources that are currently considered is petroleum oils 
from fossil-based materials [1]. The molecular mixture in petroleum comprises 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 mostly composed of nitrogen, oxygen, and sulphur-containing 
species. To reach better quality of petroleum all these compounds must be removed, or their 
quantities reduced [2-4]. In crude oil, one of the most abundant constituents is sulphur-containing 
compounds such as thiols and heterocyclic compounds, and their detailed structural characterization 
is of particular interest. In some cases, the sulphur content 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, sulphur-containing compounds have 
environmental and human health presenting high exposure risk factors [4].  The present work aims to 
detect and identify three selected sulphur-containing hydrocarbons by IMS-MS at negative polarity at 
sub-atmospheric pressure.  
 

2. Experimental part 
Ion mobility spectrometer 
In this work, the homemade ion mobility spectrometer (IMS) with an atmospheric pressure chemical 
ionisation (APCI) source based on point-to-ring corona discharge (CD) has been used. During measure-
ments, the IMS was operated in negative polarity mode at sub-atmospheric pressure (680 mbar) due 
to the capillary inlet´s simple sampling of volatile organic compounds. The operating parameters of IMS 
are summarized in Table 1.  
 
 
 
 
 



Gases and chemicals 
As a drift gas in IMS, we used 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). In the case of sample flow, non-
purified lab air was constantly sucked in with sample vapour (10 mL.min-1). The three organosulfur 
compounds were supplied from Sigma-Aldrich with the following purities: Thiophene (C4H4S) 99%, 2-
Methyl thiophene (C5H6S) 98% and 2,5-Dimethylthiophene (C6H8S) 98.5%. The vapours of the 
thiophenes 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 achieve an equilibrium between the gas and 
the liquid phase we waited at least 20 minutes. Afterwards, the syringe was connected via a capillary 
with the sample inlet. Using a syringe pump (Kent Scientific), the sample was introduced into the 
reaction region of the IMS with a pre-set flow rate.  
 
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-1 

IMS operating pressure 680 mbar 
IMS operating temperature 403 K 

Drift gas flow 800 mL.min-1 
Sample gas flow 10 mL.min-1 

CD current 10 µA 
Shutter grid pulse width 80 µs 
Shutter grid frequency 50 z 

 

3. Results 
The negative corona discharge in IMS produces three types of Reactant Ions (RI) in drift gas. In contrast 
with IMS spectra, where we observe only two ion mobility peaks (one strong and one weak), in MS we 
observe many of them, from which O2

-, CO3
- and CO4

- ions and their water clusters are the most 
important. We measured the IMS spectra of RI at drift gas temperature 403K and observed one lower 
peak at K0 = 2.54 cm2.V-1.s-1 corresponds to ion CO3

-.(H2O)n (n = 0, 1)and one higher peak at K0 = 2.43 
cm2.V-1.s-1 corresponds to ions CO4

-.(H2O)n (n = 0, 1) and O2
-.(H2O)n (n = 1, 2) (Figure 1a.). We confirmed 

the formation of O2
-.(H2O)n (50 and 68 m/z), CO3

-.(H2O)n (60 and 78 m/z) and CO4
-.(H2O)n (76 and 94 

m/z) by a mass spectrometer (MS) (Figure 1b.). In addition to RI in MS spectra, we saw other ions with 
lower intensities. We identified the ions with 46, 62, 64, 123 and 125 m/z which correspond to NO2

-, 
NO3

-, NO2
-.H2O, and CO3

-.HNO3 and NO3
-.HNO3 ions respectively. 

 
 



 
Fig. 1. The IMS (1a) and the MS (1b) spectra of RI at 403K. 
 
The IMS measurement of three investigated 
compounds is shown in Figure 2. For 
Thiophene, we observed an intensity increase 
of CO3

-.(H2O)n (K0 = 2.55 cm2.V-1.s-1). Besides 
that, a new clear peak has formed with 
reduced ion mobility value K0 = 2.30 cm2.V-1.s-

1. In the case of 2-Methyl thiophene, a very 
strong peak has formed with K0 = 2.74 cm2.V-

1.s-1, unfortunately, it corresponds to Cl-.(H2O)n 
(n = 1, 2). The chloride evaporates very 
intensively from the sample, and it causes their 
higher concentration in IMS and MS spectra. 
We identified only two sample peaks for 2,5-
Dinethyl thiophene with K0 = 2.16 and 2.26 
cm2.V-1.s-1.       Fig. 2. The IMS spectra of samples at 403K. 

 
 
The MS spectra for these three 
samples are shown in Figures 3, 4 and 
5. Figure 3 corresponds to Thiophene, 
and we identified five negative ions 
except RI. Three ions with m/z = 87, 99 
and 127 have a low intensity, while the 
intensity of ions with m/z = 96 and 112 
are much higher. We identified ions 
with m/z = 87 and m/z = 96 as C4H7S- 
and C2H4S-.(H2O)2 / CO3

-.(H2O)2 from 
previous measurement. The other ions 
are not clearly identified, but we 
assume them as CHS-.(H2O)3 (m/z = 99), 
CO4

-.(H2O)2  (m/z = 112).  

Fig. 3. The IMS spectra of Thiophene at 403K 
 



In the case of 2-Methyl thiophene, we 
confirmed our statement about IMS 
spectrum. The IMS peak with K0 = 2.74 
cm2.V-1.s-1 is corresponds to Cl-.(H2O)n 
(n = 1, 2), and we detect all six of them 
with mass 35, 37, 53, 55, 71 and 73 
(Figure 4). Besides these ions, we 
detect another five ions with masses 
45, 81, 87, 112 and 113. Ions with m/z 
= 45, 81 and 87 we assigned to CHS-, 
CHS-. (H2O)2 and C4H7S- respectively. 
While ion with m/z = 112 and 113 we 
identified as CO4

-.(H2O)2 and an 
unknown ion.  
 
 

Fig. 4. The IMS spectra of 2-Methyl thiophene at 403K 
 
The clearest MS spectrum with high-
intensity peaks has 2,5-Dimethyl 
thiophene (Figure 5). We identify ions 
with mass 45, 63 and 81 which are 
assigned to CHS-.(H2O)n (n = 0, 1, 2), ions 
with mass 62, 78 and 96 (C2H6S-, 
C2H4S-.(H2O)1,2) and with mass 85 and 87 
C4H5S- and C4H7S-. Very high intensity has 
two ions with m/z = 91 and 92, which we 
identified as CH2S.CHS- and CH2S.CH2S- 
(or C2H3S.O2

- and C2H4S.O2
-). The last two 

ions with lower intensity (m/z = 105 and 
112) were identified as C2H4S.CHS- and 
C6H8S-. 
 

            Fig. 5. The IMS spectra of 2,5-Dimethyl thiophene at 
403K 
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The application of mass spectrometry for asteroid exploration has recently become a hot topic. 
Mass spectrometry can be used both in orbit and on the asteroid’s surface for the analysis of space 
dust, micrometeorites, and particles from larger objects.  
The HANKA (Hmotnostný ANalyzér pre Kozmické Aplikácie) space instrument is a high-resolution mass 
spectrometer based on an electrostatic ion trap, which is a principal component of commercial 
instruments [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 high-mass resolution ion trap analyzer, with a 
velocity/charge detector and a hypervelocity impact ionization source. 

 
Fig. 1.  HANKA – laboratory prototype, the data: EI source [3] and plasma source -Martian meteorite  
 
Based on the results obtained on the laboratory prototype, a miniature version of the high-resolution 
space mass spectrometer - HANKA - will be constructed.  
 
The proposed parameters of the module HANKA are: 
 
 
Resolution: up to 50 000 at m/z 200 

Mass Range: 2 - 3000m/z 

Power:  10 W  

Dimension: 200x200x100 mm (4U) 

Weight: 6kg 
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Fig. 2.  HANKA – Cubesat version  
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This contribution presents the results of the plasma effect on glass using Diffuse Coplanar Surface Barrier 
Discharge (DCSBD) generated in ambient air at atmospheric pressure. Short DCSBD plasma treatment improved 
the glass adhesion and surface-free energy. Scanning electron and atomic force microscopy revealed negligible 

morphological changes on the glass surface. 
  

1. Introduction 
Glass load-bearing structural elements are currently used more often in civil engineering. However, 
due to the brittle fracture of glass, it is necessary to design these structures with sufficient reliability. 
Adhesive joints have several advantages over mechanical glass connectors commonly used in 
construction. Adhesives can eliminate thermal bridges and provide a more uniform stress distribution 
along the connection without weakening the bonded material.  
Various chemical methods have been developed for cleaning and activating glass surfaces before 
adhesive bonding. Recently, these methods have been substituted by glass surface cleaning and 
activation using ambient (humid) air plasma. Such an approach is considered much faster, technically 
simpler, and more environmentally friendly than the traditional chemical methods. For example, it 
eliminates the need for the so-called primer interlayer, where the primer is usually considered a heavy 
chemical with significant environmental impact. 
This work aims to improve adhesion by improving glass surface cleaning, activation, and 
functionalization by atmospheric pressure plasma generated by diffuse coplanar surface barrier 
discharge (DCSBD). Moreover, controlled adhesion improvement was tested by utilizing surface 
silanization after plasma pre-treatment of glass. 
 

2. Experimental Design 
We studied the DCSBD plasma treatment in ambient air for several seconds up to one minute. The 
plasma was generated with a frequency of 15 kHz and an input power of 400 W. The flat glass 
substrates were treated in a dynamic regime at an effective distance of 0.3 mm [1]. 
The DCSBD plasma effect was evaluated by contact angle and surface free energy measurements 
(Theta Lite,  BIOLIN SCIENTIFIC) and peel-test adhesion measurement (TA.XTplusC Texture Analyser, 
STABLE MICROSYSTEMS). Scanning electron microscope (Mira3, TESCAN) and atomic force microscope 
(Ntegra Prima, NT-MDT) investigated morphological changes on the glass surface.  
The glass-to-glass adhesion at elevated temperatures was tested with respect to the artificial ageing 
of adhesive bonding due to the environment. The project partners at CTU Prague carefully selected 
and provided tested substrates (different float-glass, heat-treated and tempered glass) and tested 
transparent adhesives [2].  



3. Result Description 
The DCSBD provided float glass surface activation and cleaning after 1 second of treatment. 
Homogeneous hydrophilization of the surface was achieved on the air side of the glass, and the water 
contact angle decreased on the tin side. However, fast aging of the treatment was shown as wettability 
recovery after 24 hours on the tin side. The contact angle on the air side increased to approx. 50-80% 
of the reference value after 24 hours. Both polar and dispersive components of surface-free energy 
increased after the treatment. The increase in the polar component indicated the creation of polar 
functional groups on the glass, whereas the increase in the dispersive component often indicates the 
formation of non-polar functional groups and surface roughness change. The adhesive force did not 
change significantly on the air side for all treatment times (1-60 seconds). However, the adhesive force 
on the tin side increased by approx. 3,5 times, and its value remained stable after 24 and 168 hours. 
The wetting, the surface free energy component and chemical changes after DCSBD plasma treatment 
are well described in [3] in the case of float glass. 
Other tested glass surfaces were low-iron glasses branded or so-called Clear Vision. Another, Clear Lite 
glass, was also provided as tempered and heat-strengthened types. The surface free energy of all glass 
samples increased on both sides of the glass after 1 second of DCSBD treatment. On the Clear Vision 
and Clear Lite glass types, the adhesive force increased after 10 seconds of treatment on the tin side 
(3,8-2,8 times) and 1 second on the air side (2,3-1,2 times). The adhesive force improvement was 
observed on both sides after 1 second of treatment of heat-strengthened Clear Vision glass, and it was 
more pronounced and stable after 10 seconds (increase 5 times). The tempered Clear Lite glass needed 
more than 5 seconds of treatment for adhesive force improvement (approx. 3 times).  
Furthermore,  tensile and shear tests were performed on bulk-cured adhesive samples and bonded 
glass-to-glass block shear specimens at room temperature, 40 °C, and 80 °C. The results showed that 
increasing temperatures decreased tensile and shear strength [4]. The same effect was observed for 
glass joints pre-treated by DCSBD plasma. We observed a negligible increase in the shear strength at 
room temperature after pre-treatment. Nowadays, we are testing the process of stable polar group 
incorporation by utilizing silanol groups on the joint surfaces before glueing. The silanization process 
uses (3-Aminopropyl)triethoxysilane on a DCSBD pre-treated surface, which is indicated by an 
increased surface contact angle. Moreover, the formation of C-N, C-NH3+ and C-NH2 groups confirmed 
the successful silanization of the tested glass surfaces. However, the further interaction of 
functionalized surfaces with adhesives and their influence on sheer strength must be tested thoroughly. 
   

4. Conclusion 
The DCSBD plasma is very effective for cleaning, activating, and functionalizing the glass surface. We 
observed different effects of DCSBD on the air and tin sides of the tested glass surfaces, whereas the 
contact angle and surface energy aged within the first 24 hours after the treatment. The adhesion force 
was improved and stable after ≥10 seconds of DCSBD treatment. However, to improve the sheer 
strength of glass-to-glass joints further, stable polar group incorporation is needed by utilizing a 
silanization process or controlled plasma processing atmosphere. 
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Cold atmospheric plasma with aerosol generated by electrospray process presents enormous potential for 
innovations in agriculture, environmental science, and medicine. However, further research is needed to 
address the challenges of in-situ diagnostics of electrospray aerosol particles exposed to plasma. Here we 
present a study of an electrospray characterized by in-situ Raman light sheet microspectroscopy, with a focus 
on the detection of NO3

-.  
 

1. Introduction 
Aerosols, comprising tiny solid particles or liquid droplets suspended in gas, play significant roles in 
various environmental, health, and technological contexts [1]. On the other hand, artificially 
generated aerosols are utilized in various industries, particularly in healthcare [2]. Still more 
sustainable aerosol technologies are needed to balance the efficiency with the environmental safety.  
Plasma-activated aerosol (PAA), often referred to as plasma-activated mist or fog [3], is the 
combination of cold plasma with micrometric aerosol particles. The extremely high surface/volume 
ratio of water aerosol microdroplets allows harvesting ultrashort-lived reactive species from plasma 
that have a relatively small impact in processes generating plasma activated water in batch mode, 
due to their short depth of penetration. Thus, PAA have been reported to achieve extremely high 
yields of reactive species production [4]. 
The number and variety of PAA system configurations are rapidly growing but three common aerosol 
generator systems are usually used, pneumatic, piezoelectric and electrospray (ES) systems [5]. The 
production of the aerosol mist usually takes place before its treatment by plasma, except for the case 
of the electrospray, in which the same needle at high voltage can produce at the same time and 
location both the droplets and the plasma (e.g. transient spark discharge [6]). When a sufficiently 
high voltage is applied on the capillary (or nozzle), with a liquid flowing through it, the effective 
surface tension of the liquid starts to decrease due to the presence of an electric field, causing charge 
separation inside the liquid. This implies the volume of the forming droplets to decrease. When a 
critical voltage is reached, the shape of the droplet changes to conical, referred to as a Taylor cone 
[7]. Finally, a jet emerges from the tip of the Taylor cone and breaks into smaller droplets due to 
various instabilities. [8, 9]. 
Combining cold atmospheric plasma with aerosol technology presents enormous potential for 
innovations in agriculture, environmental science, medicine, and industrial pollution control. 
However, to fully realize the potential of plasma-aerosol systems, further research is needed to 
address the challenges of diagnostics, stability, and scale-up. Here we present study of ES by in-situ 
monitoring of the Taylor cone, water filament and microdroplets using Raman light sheet 
microspectroscopy [10], with a focus on detection of NO3

-. 
 

2. Experimental setup 
Figure 1 shows a schematic of the experimental setup for the generation of the water microdroplets 
by ES process. The setup consists of a reactor, a water supply unit, a DC high voltage (HV) power 
supply, and electrical diagnostic tools. 
To generate an electrospray, a syringe pump (KD Scientific Legato 110) continuously delivers 
deionized water (100-500 µl/min) or standard NO3

- solutions (0.5-25 mM) to the reactor through 



a blunt hollow stainless steel needle (nozzle) with an inner diameter of 0.5 mm and an outer 
diameter of 0.7 mm. The needle, acting as the anode, is connected to an HV power supply (FUG 
Elektronik) via a 13 MΩ ballast resistor. The applied voltage (6-17 kV) is monitored using a DC HV 
probe (Agilent N2771A) and the signal is processed by a digital oscilloscope (Rohde & Schwarz 
RTO2024, 2 GHz bandwidth). 
The applied high voltage of positive polarity must exceed 5 kV to generate a sufficiently strong 
electric field between the tip of the needle (anode) and the grounded wire electrode (cathode) to 
form the electrospray of charged water microdroplets. The gap between the two electrodes is 
16 mm, and the diameter of the grounded stainless steel wire electrode is 2 mm.  
 

 
Fig. 1. Simplified schematic of the electrospray setup. 
 
The Raman spectrometer is nearly identical to the system described in Ref. [10]. As shown in Figure 2, 
a diode-pumped solid-state laser (Elforlight Spot) produced pulses at 532 nm of 2 ns duration at a 
repetition frequency of 30 kHz, with the average power measured to be 452 mW. The beam first 
passed through an expander, followed by a variable power attenuator consisting of a rotating half -
wave plate combined with a polarizing beamsplitter. The beam underwent vertical focusing upon 
passing through a cylindrical lens. Upon reflection off a dichroic mirror (Semrock RazorEdge), the 
beam focused horizontally via a 10X microscope objective (Mitutoyo M Plan Apo and working 
distance 34 mm). The focus point did not change during the experiments, but the ES reactor was 
placed on a 3D micrometric positioning system and it was thus possible to focus at different positions 
below the nozzle.  
During in situ measurements, the laser was stable in power to within 3% with a jitter of 1 ns, as 
measured by a power meter and photodiode placed behind the dichroic mirror. The backscattered 
light was filtered through the dichroic mirror and then a notch filter (Semrock StopLine). The parallel 
component of the Raman signal was focused onto the entrance slit of a monochromator (Acton 
SP2500i, f/6.5 and focal length 0.5 m) coupled with an intensified CCD camera (Princeton 
Instruments PIMAX 4) mounted at the exit plane of the monochromator.  
A delay generator (Stanford Research Systems DG645) synchronized the triggering of the camera 
gating and the laser. The camera gate duration was 30 ns. Number of accumulations per exposure, 



exposures per frame, and camera gain, were adjusted for each measurement to provide and 
acceptable trade-off between the signal-to-noise ratio and acquisition time. 
An additional Tungsten lamp or a LED lamp was used to visualize the target using a CMOS camera 
(Zelux 1.6 MP Color) during the alignment process. For the alignment we used a cw laser (Laser 
Quantum Gem). 
 

 
Fig. 2. Top-view schematic diagram of the in situ Raman microspectrometer. The abbreviations are as 
follows: half-wave plates (λ/2), beamsplitters (BS), dichroic mirror (DM). 
 

3. Results and Discussion 
A 3D micrometric positioning system enabled us to focus the laser beam at different positions below 
the nozzle. Thus we were able to test the possibility of getting Raman signal from all three stages of 
the electrospray: the Taylor cone, filament and microdroplets (depicted on Figure 1). As an example, 
Figure 3 shows a camera image of the ES water filament with the reflection from the cw laser used 
for alignment (green color). We used the objective with 10x magnification, and the area of the 
camera chip is 4.95 x 3.33 mm (1440x1080 pixels). Based on these numbers, the estimated width of 
the water filament, as indicated in Figure 3, is approximately 130 µm.  



At an applied voltage of 6.5 kV (6 kV at the needle), we obtained a relatively stable ES mode, and 
thus also relatively stable reflection and backscattering of the laser beam. We were able to record 
Raman spectra with good signal to noise ratio from both the Taylor cone and from the water filament 
formed below the Taylor cone. Further away, where the filament disintegrates into microdroples, the 
signal decreases significantly. Figure 4 shows the decrease of Raman signal intensity as a function of 
distance from the end of the Taylor cone.  
 

 
Fig. 3. A camera image of ES water filament with reflection of alignment cw laser (green color), water 
flow rate of 300 µl/min, applied voltage of 6.5 kV (6 kV at the needle, as measured by HV probe).  
 

 
Fig. 4. Integrated intensity of the Raman signal (scattering by H2O, wavenumbers 2600-4000 cm-1) as 
a function of the measurement position, two different water flow rates. 
 



The signal in Figure 4 is integrated over the wavenumbers 2600-4000 cm-1 corresponding to the 
Raman scattering by H2O molecules (-OH stretch). Note that the formation (dripping) of 
microdroplets from the filament is not synchronized with the laser pulses. Moreover, the formed 
microdroplets do not follow the same path and only some of them can interact with the laser beam. 
This can explain significant decrease of the signal further away from the Taylor cone, in the zone of 
microdroplets. 
Despite this fact, it was possible to obtain Raman spectra also from light scattered by the 
micdrodroplets, and it was even possible to see peak corresponding to the NO3

- symmetric stretch 
mode near 1050 cm-1. Figure 5 shows normalized background corrected Raman spectra of 5 mM NO3

- 
solution, measured at three different positions (Taylor cone, filament, droplets). With normalization, 
it is possible to see different S/N when measuring at three different positions. In the case of spectra 
measured at the Taylor cone or in the filament, the NO3

- peak is well visible and the detection limit is 
probably around concentration of 1 mM. In the case of the signal from droplets, the NO3

- peak is also 
visible, but it is comparable to the noise level. 
 

 
Fig.5. Normalized Raman spectra measured at three different positions, water flow rate of 
300 µl/min, 6 kV at the needle, 5 mM NO3

- solution. 
 

4. Conclusions 
We have shown that in-situ monitoring of the Taylor cone, water filament and microdroplets by using 
Raman light sheet microspectroscopy is possible. This technique can be also used to monitor NO3

- in 
ES microdroplets. However, the detection limit needs to be improved from about 1-5 mM to much 
lower values, so that this technique can be used for probing the gradual increase of the NO3

- in the 
microdroplets exposed to the plasma. This could be probably achieved by using the coherent anti-
Stokes Raman scattering technique.  
 
Acknowledgment: Funded by the EU NextGenerationEU through the Recovery and Resilience Plan for 
Slovakia under the project No. 09I03-03-V03-00033 EnvAdwice, and by APVV Agency bilateral grant 
SK-FR-22-0014. 
 



5. References 
[1] Anlimah, F, Gopaldasani V, MacPhail C and Davies B 2023 Environ Sci Pollut Res 30 54407–54428. 
[2] Rogliani P et al. 2017 Respiratory Medicine 124 6–14. 
[3] Aceto, D et al. 2024 Atmospheric Pressure, Low Temperature Plasma applications for 
decontamination of agrifood products, ESCAMPIG XXVI, Brno, Czech Republic, July 9–13. 
[4] Locke B R and Shih K-Y 2011 Plasma Sources Sci. Technol 20 034006. 
[5] Janda M, Stancampiano A, di Natale F and Machala Z 2024 Short Review on Plasma-Aerosol 
Interactions, Plasma Process. Polym., e2400275. https://doi.org/10.1002/ppap.202400275 

[6] Machala Z et al. 2013 Plasma Process. Polym. 10 649–659. 
[7] Taylor G 1964 Proc. R. Soc. Lond. A 280 383–97 

[8] Cloupeau M and Prunet-Foch B 1990 J. Electrostat. 25 165–84 

[9] Hartman R P A et al. 2000 J. Aerosol Sci. 31 65-95. 
[10] Pai D Z 2021 J. Phys. D: Appl. Phys. 54 355201. 
 
 



MEMORY EFFECT IN PULSED MICRODISCHARGES 

Matej Klas, Mária Maťašová, Peter Čermák, Štefan Matejčík 

Department of Experimental Physics, Faculty of Mathematics, Physics and Informatics, Comenius 
University, Mlynská dolina, 842 48 Bratislava, Slovakia  

E-mail: matej.klas@fmph.uniba.sk 

 This study investigates the correlation between successive breakdowns in vacuum microdischarges. 
Breakdown voltages were generated using a pulsed electric field with a rate of 1010 V/s under single-pulse and 
pulse-burst regimes. The correlation patterns of successive breakdowns were analyzed based on pulse duration 

and the minimum power required to maintain vacuum discharge. Measurements were performed with electrode 
distance of 10 μm using palladium, copper and tungsten electrode. 

 

1. Introduction 
Successive pulsed breakdowns observed in a vacuum are not random processes but are influenced by 
the value of the previous breakdown [1]. To graphically represent this memory effect, the dependency 
Ui vs. Ui+1−Ui is proposed. This plot reveals a unique pattern that illustrates the evolution of 
breakdowns, highlighting both the cyclic behavior and the transition region. The transition region 
separates the area where the breakdown voltage tends to increase from the area where subsequent 
breakdowns decrease. In this study, we focus on the discharge parameters responsible for the 
transition region. Specifically, we analyze pulse duration and the minimal power required to maintain 
the discharge from a statistical perspective, aiming to identify the cause of this memory effect.  
 

2. The experimental setup  
The schematic of the apparatus is shown in Figure 1. The electrodes were situated in a vacuum chamber 
(p ~1.10-4Pa) in sphere to plane geometry, ensuring quasi-uniform electric field. The sphere electrode 
represents the cathode with a diameter of approximately 5 mm.  
 

 
Fig. 1. Schematic of the electrical circuit  

The anode was connected via a series of resistors to a pulse signal, generated by switching (S1-Behlke 
HTS 181-01-C) the high voltage (HV) from power supplies (Spellman SL 150). The second switch (S2-
Behlke HTS 121-03) was inserted to enhanced turn of the system and was triggered with a delay after 
the breakdown was reached. The voltage was measured by an HV probe (Tektronix P6015A) while the 
current was measured across a 50-ohm resistor connected in series with the cathode. Waveforms were 
recorded using a digital oscilloscope (Teledyne LeCroy Wavesurfer 510). The 0μm separation was 
established by monitoring the electrical resistance (R3+R4+R5). Prior to the measurements, the 
electrodes were conditioned with pulse breakdowns [2-3]. 
 
 



3. Results and discussion 
The observed results, presented as scatter density plots, reveal distinct relationships between 
successive breakdowns for different electrode materials. In single-pulse (SP) mode, similar patterns 
were observed for palladium, copper (Fig. 2), and gold electrodes. However, in the burst mode, the 
patterns varied depending on the electrode material. In case of copper electrodes, the pattern strongly 
depended on the order of the successive breakdown pulses. In contrast, for palladium electrodes, the 
pattern remained stable regardless of the selected pulse regime. Further analysis of pulse duration and 
the minimal power required to sustain discharges indicates dynamic changes in the vacuum 
microdischarges process as the breakdown threshold is approached. 
 

  
Fig. 2. The observed pattern of the dependency Ui vs. Ui+1−Ui  for the copper electrode in single-pulse 
mode. 
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An atmospheric pressure surface dielectric barrier discharge in helium–nitrogen mixtures is investigated 

using phase-resolved optical emission spectroscopy and 2D fluid simulations. Good qualitative agreement 
is observed between experiments and simulations. The discharge structure varies between filamentary 
and homogeneous depending on the microsecond or nanosecond voltage pulse applied. The propagation 
of the homogeneous surface ionization wave is analysed for different nitrogen admixtures, pressures, and 
voltages. 

 

Non-thermal plasma discharges are an emerging technology with diverse applications, including 
plasma medicine [1], agriculture [2], and ozone generation [3]. Among these, dielectric barrier 
discharges (DBDs), a type of non-thermal atmospheric-pressure plasma, stand out due to their unique 
chemical and physical properties, making them ideal for biomedical and environmental applications 
[4]. DBDs operate at near-room temperature, as the dielectric barrier prevents the formation of high-
temperature arcs. A notable subclass of DBDs is surface dielectric barrier discharges (SDBDs), where 
two electrodes are separated by a dielectric barrier, restricting the discharge to the surface of the 
dielectric. Twin SDBD electrodes, featuring symmetric electrodes on both sides of a dielectric barrier, 
have demonstrated potential in catalysis and VOC conversion [5,6]. While previous studies have 
investigated streamer behaviour under microsecond and nanosecond voltage pulses [7], the dynamics 
of nanosecond surface discharges, particularly their impact on VOC conversion and catalytic processes, 
remain insufficiently explored. 

 
Fig. 1. Sketch of the SDBD electrode configuration. A metal grid functions as a powered electrode, with 
the counter grounded electrode situated on the opposite side. 

 
In this work a twin SDBD electrode (see Figure 1) driven by a micro- and ns-voltage-pulse operated in 
helium and nitrogen at various pressures, is analysed through experiments using Phase Resolved 
Optical Emission Spectroscopy (PROES) and two-dimensional fluid simulations using the nonPDPSIM 
code [8]. A good agreement is observed between the experimental findings and the simulations. With 



measurements taken on both the powered and grounded sides of the twin SDBD electrode, it is 
demonstrated that the discharge of the twin SDBD electrode transitions from a filamentary streamer 
mode under microsecond-driven operation to a diffusive mode when driven by nanosecond pulses, 
due to the significantly different rise times of the applied voltage (~3 kV/µs vs ~3 kV/ns), see Figure 2. 

. 
Fig. 2.  Experimental measurements performed with intensified CCD camera. Left panel: data obtained 
for µs-voltage pulses at 12 kVpp captured for an individual pulse using the gate width of 1000 ns. Right 
panel: data obtained for single pulse of ns-discharge, the gate width is set to 5 ns. The four red arrows 
pointing towards the center show the direction of the emission propagation. Gas mixture:  
He/N2 = 90/10 at 1 atm.  
 
From the temporal excitation plots of the ns-discharge, the velocities of positive and negative 
streamers are determined for various nitrogen admixtures. Since the streamer velocity directly impacts 
the distribution of reactive species, flow dynamics, and energy deposition, understanding the factors 
influencing this velocity is critical for optimizing VOC conversion using the twin SDBD electrode.  
Simulations reveal that the positive streamer on the powered side of the twin SDBD electrode does 
not directly interact with the dielectric. Instead, it hovers above it due to the significant role of 
photoionization in its propagation within this gas mixture. In contrast, the negative streamer primarily 
propagates through electron impact ionization, making it independent of photoionization. As a result, 
it can directly interact with the dielectric and form surface charges. 
This understanding is pivotal for enhancing VOC conversion efficiency using catalytic surfaces with twin 
SDBD electrodes. Additionally, the observed effects of varying the applied voltage pulse, pressure, and 
gas mixture on streamer discharge formation and propagation provide opportunities to control key 
factors such as reactive species distribution, flow dynamics, energy deposition, and streamer 
interaction with dielectric or catalytic materials. 
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Surface dielectric barrier discharge (SDBD) ignited directly from the liquid electrodes at the 3-phase 
gas/liquid/solid interface represents a novel approach in both water and polymer surface treatment methods. 
This study investigates the gaseous and liquid-phase reactive oxygen and nitrogen species (RONS) generated by 
this discharge. The impact of the discharge power and treatment duration on the concentration of these species 
in both gas and liquid is explored.  

 

1. Introduction 
Plasma-activated water (PAW) in general is a type of water that has been in contact/treated with a 
plasma discharge. PAW has shown potential uses in numerous emerging applications, such as e.g. 
enhancement of seed germination, plant growth, selective treatment of cancer cells, wound healing, 
food preservation, inactivation of bacteria, viruses, fungi, etc. [1–4]. The versatility of PAW lies in its 
remarkable chemical activity, resulting from its interaction with non-equilibrium plasma. Plasma 
discharges in liquids or over their surface generate reactive oxygen and nitrogen species (RONS), such 
as radicals, ions, and excited molecules (e.g., ·O, ·OH, O₃, N₂⁻, O₂⁻).  
Traditional surface dielectric barrier discharge (SDBD) systems generate plasma along a thin dielectric 
surface layer but do not directly reach the water. This limits the concentration of short-lived, highly 
reactive species like ·OH and ·O radicals. In this study, we address these limitations by employing a 
liquid electrode system that enables SDBD ignition directly from the liquid surface [5,6]. Although the 
plasma-water contact is confined to the dielectric tube’s perimeter, the system is scalable and 
adaptable for specific applications. Besides water activation, this configuration also supports cleaning 
and surface treatment of dielectric materials, with potential uses in material processing and medicine. 
This study investigates the reactive species formation (H₂O₂, O₃, NO₂⁻, NO₃⁻) in tap water measured by 
using UV-VIS absorption spectroscopy. Additionally, Fourier transform infrared (FTIR) absorption 
spectroscopy was employed to measure concentrations and production yields of plasma-generated 
gas-phase species. The spatial evolution of O₃ in the liquid phase was also analyzed through the UV-
VIS in-situ spectroscopy. 
 

2. Experimental setup 
To simulate the triple-phase interface (plasma-liquid-solid) under stable conditions, a thin glass test 
tube with a 10 mm diameter and a 0.5 mm wall thickness was used. The liquid inside the test tube 
served as the high-voltage electrode and was connected to a power supply generating a sinusoidal 
voltage waveform. The Petri dish bath, which grounded the system, completed the circuit, as depicted 
in figure 1. A more detailed explanation of the discharge could be found in [5] where a similar principle 
of the discharge was used. The high-voltage sine waveform had an amplitude range of 0 to 20 kV and 
could be adjusted to frequencies between 23 and 30 kHz depending on the reactor configuration and 
used liquids. Power was delivered to the liquid electrodes through a high-voltage resonance generator 
(Lifetech-300W) paired with a function generator (FY3200S-24M).  



 
Fig. 1. Schematic of the experimental assembly for the SDBD treatment of water around the glass tube 
with the in-situ UV-VIS absorption diagnostics. 
 

The chemical analysis of gaseous species produced by the SDBD was performed by FTIR absorption 
spectroscopy (Shimadzu IRSpirit-X spectrometer) using a 542 cm absorption path gas cell equipped 
with ZnSe windows. To determine spatial distributions of reactive species concentrations around the 

glass tube inserted in the treated water in the reactor, the in-situ measurements using the UV-VIS 

absorption spectroscopic technique were performed (figure 1). By using the UV–VIS absorption 
spectroscopy (Shimadzu UV-1800) the main aqueous species such as hydrogen peroxide H2O2, nitrite 
NO2

- and nitrate NO3
- were detected and their absolute concentrations were evaluated.  

 

3. Results and discussion 
The production of ozone (O₃) is often desirable due to its strong oxidizing properties, making it suitable 
for a range of applications. However, when plasma discharge interacts with a liquid, nitrogen oxides 
(NOₓ) can dissolve, forming nitrites NO₂⁻ and nitrates NO₃⁻, which are valuable for biomedical and 
agricultural purposes. The presence of water or humidity in the gas phase significantly influences the 
composition and concentrations of gaseous products, as well as the discharge properties and electrical 
characteristics. Therefore, understanding the production trends of gaseous species under various 
conditions is essential before employing the discharge in liquid-contact applications. 
Figure 2 presents the infrared absorption spectrum of gaseous species generated by the discharge. 
Under the studied conditions, only O₃, N₂O, and N₂O₅ were detected. Notably, other expected species, 
such as NO, NO₂, HNO₂, and HNO₃, were absent from the spectra. The absence of NO and NO₂ suggests 
that either their concentrations were below the detection limits of the setup (approximately 7 ppm for 
NO and 1.5 ppm for NO₂), or they underwent rapid oxidation into N₂O₅, facilitated by O₃ [7]. The results 
indicate that the discharge operated primarily in an O₃-dominated mode, with negligible formation of 
NO, NO₂, HNO₂, and HNO₃ in the gas phase across all tested conditions.  
 



 
Fig. 2. Infrared absorption spectrum of gaseous products of the discharge at discharge power of 10 W. 
The modeled spectra of O3, N2O, and N2O5 corresponding to respective species concentrations are also 
presented. 
 

Figure 3 illustrates the concentrations of RONS in tap water following the plasma treatment at varying 
applied powers and treatment durations. The results demonstrate that the reactor configuration 
highly influences RONS production. When compared to values reported in the literature, the proposed 
system exhibits comparable or even superior efficiency in RONS generation. 

 

 
Fig. 3. Concentrations of RONS generated in the PAW outside the dielectric tube for different discharge 
powers. 
 

4. Conclusions 
This study employed a novel plasma setup to generate PAW, and the resulting chemical changes in 
both the gas and liquid phases were analyzed using various spectroscopic measurement techniques. 
The results showed high efficiency in the generation of reactive oxygen and nitrogen species, with 
ozone being the dominant product in the gas phase. The dominance of O3 likely drives the conversion 
of reactive nitrogen species to N2O5. 
The high concentration of N2O5 in the gas phase could explain the prevalence of nitrate ions among 
the RONS observed in the PAW. However, it is also possible that the observed NO3- is primarily formed 
from nitric acid. Since HNO3 is readily soluble in water, it would explain its low concentrations 



measured in the gas phase. Further research is needed to definitively determine the primary source of 
NO3

- in the PAW.  
The implementation of the surface dielectric barrier discharge (SDBD) at the gas/liquid/solid interface 
introduces an innovative approach to dielectric surface modification, and water treatment marking a 
contribution to the scientific literature with multiple environmental and biomedical applications. 
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This work studies the interaction of cold atmospheric-pressure plasma (CAP), specifically the plasma gun [1], with 
the selected surface materials for decontamination purposes. Special attention is brought to an alternative 
treatment of otitis externa in dogs. Otitis externa or so-called swimmer´s ear, is a condition that causes an 
inflammation of the external ear canal. One of the factors causing this disease are microorganisms. An increasing 
resistance of microorganisms to antimicrobial drugs urges the researchers to find new alternative treatment 
methods. Thus, the antimicrobial effects of CAP on bacteria and yeasts and their combination were studied. 

 

1. Plasma decontamination 
As model microorganisms, gram-negative bacteria Escherichia coli and gram-positive Staphylococcus 
aureus, Staphylococcus epidermidis and the yeast Candida glabrata were chosen. Several experiments 
were carried out on the different surfaces for individual bacteria (E. coli, S. epidermidis), yeast 
(C. glabrata) and even their coculture (yeast with bacteria). The treatment of coculture and the use of 
different inoculation substrates moves us closer to real life situation, where the ear canal is 
contaminated by a mixture of different microbes interacting with each other. Metabolic activity and 
the viability of the microbial species after different treatments were evaluated. For the testing of the 
metabolic activity the MTT assay modified for bacterial cells was used. This modified protocol was 
inspired by several studies done on use of MTT assay for different microbial species [1, 2, 3]. For the 
evaluation of overall viability standard plate count and optical density measurement were used. 
Several experiments were also evaluated in cooperation with HexTech research s.r.o in the software 
Aurora using AI-powered image recognition (like examples on Fig. 1). The use of these different test 
helped to study the antimicrobial efficacy on different surface material (the agar, the pork skin and the 
polylactic acid polymers) and in liquid suspension.  
 
 
 

 
Figure 1: Example of the plasma decontamination tested on S. epidermidis, where:            
5 min spot = treatment on one spot for 5 minutes, 5 min (with lid) = treatment on one spot for 
5 minutes in enclosed area, where the lid of the Petri dish (with a small hole for the plasma capillary) 
was put on the Petri dish during the treatment, 5 min lid + 5 min scan = combination of enclosed area 
treatment for 5 minutes followed by 5 min scan of the whole surface of the Petri dish 
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Figure 2: Overview of the plasma treatment efficacy in the decontamination of microbial co-culture (E. 
coli, S. epidermidis, C. glabrata), were the inhibition efficacy is evaluated as the decontaminated area 
of a Petri dish (d = 90 mm) compared to the conrol samples, were the whole surface of the Petri dish 
was covered by the microbial cells. 

 

2. Plasma-target interaction 
The antimicrobial efficacy was studied also in context with the plasma characteristics. In addition to 
classic plasma diagnostics including the optical emission spectroscopy or looking at the plasma with 
the ICCD camera, different ozone measurements were done to support the estimations about the 
inhibition mechanisms. The combined action of short-lived species in cooperation with the long-lived 
species was studied and several treatment modes were established to achieve the most efficient 
decontamination. The composition of the plasma gas was also studied in relation to the antimicrobial 
efficacy, were the addition of oxygen and nitrogen to the plasma gas was tested. To study the fluid 
dynamics Schlieren imaging was performed, and the most optimal treatment conditions were 
established. The experiments were done on different surface materials (the agar, the pork skin and the 
polylactic acid polymers) to study the interactions of the plasma gun with the different targets (Fig. 3). 
 



 
Fig. 3. The visualization of RONS diffusion into the liquid using the chemical reaction of potassium iodide 
and starch to produce dark blue colour upon oxidation.  
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This study explores the role of solid pellet-shaped material in plasma-catalytic packed-bed DBD reactors for gas 
treatment applications. Different pellet-shaped materials, with varying catalytic properties, were tested, 
demonstrating their distinct influence on the efficiency of gas treatment. Additionally, the results indicated a 
significant influence of pellet-shaped materials' properties on the electrical characteristics of the reactors. The 
results emphasize the crucial role of material selection and its properties in optimizing plasma -catalytic gas 
treatment systems, especially for removing hydrocarbons and converting CO2 from gas mixtures. 

 

1. Introduction 
Packed-bed dielectric barrier discharge (DBD) reactors are widely recognized for their applications in 
nonthermal plasma (NTP) gas treatment [1]. These reactors typically have a cylindrical geometry and 
are filled with solid packing materials, often in the form of small spherical or cylindrical pellets. When 
these materials possess catalytic properties, packed-bed DBD reactors offer a simple but effective 
combination of NTP and catalysis, i.e., plasma catalysis. Optimizing their performance requires a 
detailed understanding of how the pellet-shaped material influences both the chemical processes and 
the electrical characteristics of the discharge. This study investigates the impact of various pellet-
shaped materials with distinct catalytic properties on the efficiency of packed-bed DBD reactors for 
gas treatment. Specifically, it examines the removal (conversion) of various model pollutants, where 
naphthalene (C10H8) and toluene (C7H8) represent organic gaseous pollutants (hydrocarbons), in 
contrast to carbon dioxide (CO2), a major inorganic pollutant contributing significantly to climate 
change. 
 

2. Methodology 
In this work, NTP was generated by cylindrical packed-bed DBD reactors that were powered by an AC 
high voltage with a fixed frequency of 1 kHz at various energy densities (up to 2400 J/l) using various 
carrier gases (ambient/synthetic air or dry/humid N2). The reactors were filled with various pellet-
shaped materials depending on the gas treatment application. For the removal of naphthalene and 
toluene, titanium dioxide TiO2, platinum or palladium coated on alumina Pt-, Pd/Al2O3, barium titanate 
BaTiO3, zirconium dioxide ZrO2, alumina Al2O3 and glass beads were used [2, 3], while titanium dioxide 
TiO2, barium titanate BaTiO3, zirconium dioxide ZrO2, silicon dioxide SiO2 and magnesium oxide MgO 
were tested for CO2 conversion. In addition to examining the eventual catalytic properties of the 
materials, the effects of their dielectric constant (5–4000), shape (cylindrical vs. spherical), size  
(Φ 3–5 mm), and specific surface area (SSA; 37–150 m2/g) were also investigated. Moreover, a 
combination of different packing materials in a single reactor was also studied. Both gaseous and solid 
products of toluene, naphthalene, and CO2 conversion were analyzed by the Fourier-transform 
infrared absorption (FTIR) spectrometry. The surface of the pellet-shaped materials before and after 
the use was analysed by scanning electron microscopy (SEM) equipped with energy-dispersive X-ray 
(EDX) spectroscopy. In addition to the chemical effects of the packed-bed DBD reactors, their electrical 
characteristics were also examined. Out of them, discharge power, amplitudes, and numbers of 
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current pulses, reactor capacitances and transferred charges were evaluated based on detailed 
oscilloscopic measurements and analysis of Lissajous figures.  
 

3. Results and discussion 
The study demonstrated that key material parameters (i.e., dielectric constant, shape, size, and SSA) 
significantly influence the dominant discharge mode (surface or filamentary) in the packed-bed DBD 
reactor, thereby determining its electrical characteristics. This discharge mode directly impacts reactor 
performance; however, materials that are efficient for one application may not perform equally well 
for another. For instance, Figure 1 compares the naphthalene removal efficiency (Fig. 1a), toluene 
removal efficiency (Fig. 1b) and CO2 conversion efficiency (Fig. 1c) for reactors filled with various  
pellet-shaped materials. In all experiments, the reactor without any material (DBD alone) exhibited the 
lowest efficiency. While all packed-bed DBD reactors outperformed the empty DBD configuration, their 
efficiency varied significantly depending on the material used. The reactor filled with BaTiO3 achieved 
the highest CO2 conversion efficiency but was the least effective for naphthalene removal. In contrast, 
TiO2 material showed the highest naphthalene removal efficiency, while its toluene removal and CO2 
conversion performance were among the lowest. 

 

 
Fig. 1. Naphthalene removal efficiency (a), toluene removal efficiency (b) and CO2 conversion efficiency 
(c) for different packed-bed DBD reactors filled with various materials. 

 
Finally, the electrical characteristics of the packed-bed DBD reactors were strongly influenced by the 
properties of the pellet-shaped materials. However, the removal/conversion efficiencies of the model 
pollutants showed no direct correlation with these characteristics, suggesting a significant role of 
surface catalytic processes. 
 

4. Conclusions 
This research highlights the pivotal role of material selection in plasma catalysis. The findings reveal 
that a material highly efficient for one application, such as CO2 conversion, may perform poorly in 
another, such as hydrocarbon removal. By examining the interplay between material properties, 
discharge characteristics, and pollutant removal efficiency, this work provides valuable insights for 
optimizing plasma-catalytic systems aimed at sustainable gas treatment solutions. 
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The fluorescence of carbon monoxide – CO was studied in a crossed electron and molecule beam experiment using 
optical emission spectroscopy. CO is one of the dominant carbon bearing molecules in the Universe. The emission 

spectrum following electron impact on CO was measured at 50 eV within the wavelengths of 300 - 1000 nm. The 
emission bands of CO dominate this spectral region at energies below 20 eV, while the signal from CO + is 

dominant above this energy. Excitation-emission functions of several emission bands were measured as well, and 
their threshold energies were estimated. 
 

1. Introduction 
Inelastic collisions of molecules with low energy electrons are of great importance and occur across 
the whole Universe [1]. They often result in excitation and subsequent emission of radiation as excited 
particles de-excite, referred to as electron induced fluorescence. Emission spectroscopy is one of the 
tools that can be used to acquire knowledge on electron induced fluorescence. The results can serve 
as a reference data for the analysis of astronomic spectra, discharge spectra, they act as an input for 
theoretical modelling of complex systems such as atmospheric processes, discharges and other 
research or industrial applications. 
This work is focused on electron induced fluorescence of carbon monoxide. Carbon monoxide is one 
of the dominant molecules in the Universe, especially on extra-terrestrial bodies such as comets or 
centaurs. The A2Π – X2Σ+ transition of CO+ is prominent in emission spectra of the cometary comae and 
is referred to as the Comet Tail system. The diagnostic of these cometary volatiles is a necessity for 
solar system formation models [2]. CO is also present in interstellar gas clouds which are the precursors 
of star formation. It is commonly used as a tracer of H2 in the interstellar medium, which is difficult to 
observe on its own as it lacks a permanent dipole moment [3]. It is also an important compound of 
planetary atmospheres, such as Mars or Venus. 

There are several papers on electron impact excitation of carbon monoxide. Many are focused 
solely on the Comet Tail system of CO+ such as [4] because of its dominance in higher energy spectra. 
In 2019, Ajello et al. [5] also measured the far ultraviolet (VUV) emission spectrum of CO and CO2 
induced by electrons with the kinetic energy of 30 and 100 eV. They have identified the Fourth Positive 
system of CO and the optically forbidden atomic transition of O (5S0 – 3P) and also measured their 
emission cross-sections. A comprehensive review of the literature on the band spectrum of CO was 
compiled by [6]. It consists of critically evaluated numerical data on band positions, molecular 
constants, energy levels and potential energy curves. A critical review of the process of dissociation of 
a wide range of oxygen containing molecules including CO following electron impact was concluded by 
[7]. The dissociation mechanisms include dissociative ionisation, attachment and excitation. 

The aim of this research is to extend this collection of data on the transitions and absolute 
emission cross sections and to obtain more information on the processes that occur in the experiment. 

  

2. Experimental apparatus 
The experimental apparatus utilized in this work is based on a crossed electron and molecular beams 
method and is further described in a previous publication [8]. A monochromatic electron beam is 
generated by a trochoidal electron monochromator placed in a vacuum chamber. This electron beam 
interacts with a molecular beam formed by an effusive capillary perpendicularly to the electron beam. 



The background pressure of the vacuum chamber is about 10-8 mbar and the pressure of the molecular 
beam is set to sustain binary collisions – one electron with one molecule. One of many products of 
electron-molecule interactions are particles that are excited, which subsequently emit radiation as 
they de-excite.  These are the subject of our research. An optical system is used to guide the emitted 
radiation out of the vacuum chamber and focus it into the entrance slit of a Czerny-Turner optical 
monochromator. Two detectors - a Hammamatsu photomultiplier (PMT) or a CCD (CCD) camera are 
used for the detection and quantification of the emission passing through the optical monochromator. 
The photomultiplier operates in the wavelength region of 185 – 700 nm. It collects the signal from one 
small wavelength interval defined by optical resolution of the monochromator at a time. The CCD 
camera is sensitive in 270 – 1100 nm wavelength range. It detects light from approximately 80 nm wide 
wavelength interval at once. The scheme of the experimental apparatus is shown in Fig. 1.   
  

 
Fig. 1. The scheme of the experimental apparatus for electron induced fluorescence. Blue - electron 
beam, red - fluorescence signal, violet - molecular beam. 
 

3. Experimental results 
The emission spectrum containing emission bands of neutral and ionized molecule of CO as well as its 
fragments was obtained as a result of electron impact on this molecule. The overview emission 
spectrum was measured in the wavelengths within 300 – 1000 nm at 50 eV electron energy and is 
depicted in Fig. 2. and Fig. 3. The spectrum is not calibrated for apparatus sensitivity. This spectral 
region is dominated by the Comet Tail system of CO+ (A2Π – X2Σ+) spreading over the wavelengths from 
300 to 750 nm. A few emission bands of the Baldet – Johnson system of CO+ (B2Σ – A2Π+) were identified 
as well. The emission lines of C I and O I were observed in the higher wavelength region and are 
identified in Fig. 3. Along with the emission bands of ionized CO+, the spectrum also contains several 
emission bands of neutral CO. These bands spread along the whole spectral region, but at 50 eV their 
intensity is much weaker than of the Comet Tail system, so they are hard to distinguish.  



 
Fig. 2. The emission spectrum of CO measured by CCD camera at 50 eV within 300 – 660 nm.  
 

 
Fig. 3. The emission spectrum of CO measured by CCD camera at 50 eV within 660 – 1000 nm.  
 
Additionally, the excitation-emission functions of selected transitions were measured in the electron 
energy range within 5 – 100 eV. Fig. 4.a) show the excitation-emission function of the First Negative 
system of CO+ (B2Σ – X2Σ) at 230.3 nm with its threshold energy at 20.0 eV. The signal from the Third 
Positive system of CO (b3Σ+ – a3Π) was measured at 297.2 nm and is depicted in Fig. 4.b). The threshold 
energy of this transition was determined at 10.6 eV. Fig.4.c) shows signal from two excitation-emission 
functions measured at 402.2 nm. It consists of the emission from the Asundi system of CO (a’3Σ+ – a3Π) 
and the Comet Tail system of CO+ (A2Π – X2Σ+) with their thresholds at 10.2 eV and 18.0 eV respectively. 
The excitation emission function of the Ångström system of CO (B1Σ+ – A1Π), depicted in Fig.4.d), was 
measured at 451.1 nm. Its threshold energy was determined at 9.5 eV.   
 



 
Fig. 4. Excitation-emission functions: a) CO+ (B2Σ – X2Σ) at 230.3 nm, b) CO (b3Σ+ – a3Π) at 297.2 nm, c) 
CO (a’3Σ+ – a3Π) combined with CO+ (A2Π – X2Σ+) at 402.2 nm, d) CO (B1Σ+ – A1Π) at 451.1 nm.  
 

4. Conclusion 
Electron induced fluorescence of carbon monoxide was studied in a crossed-beam experiment. The 
emission spectrum at 50 eV in the wavelength range of 300 – 1000 nm was measured and analysed. 
The spectrum shows a prominent emission of the Comet Tail system of CO+ (A2Π – X2Σ+) along with a 
few emission bands of the Baldet – Johnson system of CO+ (B2Σ – A2Π+) and the emission lines of C I 
and O I. The excitation-emission functions of chosen transitions of both CO and CO+ were measured as 
well and their threshold energies were estimated. Further research will be focused on a 3D spectral 
electron energy map which will consist of the emission spectra measured at energies ranging from 5 
to 100 eV with small energy steps. This data will give the information about the excitation-emission 
functions of all of the individual transitions in the spectra and their threshold energies. The data will 
be calibrated to absolute values of the emission cross sections, which will make it suitable as reference 
data for astrophysical research. 
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A microwave microplasma (MWMP) torch using Ar/H2/CH4 as the working gas was used to synthesize 
nanodiamonds (NDs) along with trace amount of amorphous carbon nanostructures. In this study, plasma 
parameters such as the microwave power, operating pressure, H2/CH4 ratio were fixed by varying Ar 
concentration. The plasma was characterized extensively using optical emission spectroscopy (OES) and pico-
second two absorption laser induced fluorescence (ps-TALIF) to obtain local plasma parameters such as ne, Tg 
and nH. It was found that injection of argon increases hydrogen atom density (nH) by one order of magnitude to 
1017cm-3 with gas temperature increasing up to 1700 K. The effect of Argon in a H2 rich plasma on the gas-phase 
nucleation of nanodiamond was studied by correlating the plasma characteristics with the synthesized 
nanomaterials characterized by Raman spectroscopy and scanning electron microscopy (SEM). In spite of the 
increase in gas temperatures, high H-atom densities ensured higher yield of sp3 fraction of the synthesized 
nanostructures. Moreover, this increase in sp3 fraction positively correlates with high C2 emission, indicating that 
the increased nucleation of nanodiamonds was due to higher concentration of carbon radicals in Argon plasmas. 
 

1. Introduction 
Nanodiamonds (NDs) are one of numerous types of carbon nanostructures, including nano-sized 
amorphous carbon, fullerenes, carbon nano tubes, onions, and rods, to mention few[1–4]. They are sp3 
- hybridized carbon structures at nanoscale dimension (1 to 100 nm). Diamonds at nanoscale can be 
of various forms such as  pure-phase diamond films, diamond nanoparticles, 1-D diamond nanorods 
and 2-D diamond nanoplatelets [5]. The most pure ND grains can have almost pristine crystalline 
structure with traces of non-diamond carbon. They have tremendous potential in biomedicals, 
tribology, optical sensors, electronics, quantum computing, tissue engineering, photovoltaics, and a 
variety of environmental applications such as waste water treatment [6–10]. 
NDs were first synthesized using detonation by researchers from USSR long back in July 1963 [11–13]. 
They have improved thermal stability and mechanical properties, henceforth the research has shifted 
its focus to their synthesis and modification [14]. Extensive research has been conducted to discover 
several ND synthesis methods, such as laser ablation, ion irradiation of graphite, ultrasound cavitation, 
high energy ball milling of high pressure high temperature diamond microcrystals, plasma enhanced 
chemical vapour deposition, and so on[15–19]. Each of these methods has its own limitations and 
requires a precursor version of diamond, at least in small amounts depending on whether it is top-
bottom or bottom-top mode of synthesis. In contrary, there are rising number of studies that have 
reported the gas-phase nucleation of ND and are technologically interesting[20–27]. 
Jia et al.,2023 [28] discussed the gas phase nucleation of NDs while using H2 and CH4 as the primary gas 
precursors in a microwave microplasma torch (MWMP). Later, Siby et al.,2024 [29] have  verified the gas 
phase nucleation of ND in a hydrogen rich atmosphere and discussed the importance of hydrogen 
atom in the molecular growth of diamond. The key findings of these papers were that ND nucleation 
enhances in high concentration of hydrogen atoms which was measured using ps-TALIF[30], and a high 
concentration of hydrocarbon species in the plasma could alter the molecular growth pathway from 
sp3 feasibility to sp2 species such as polyaromatic hydrocarbons(PAHs) and polyacetylenes. The gas 
temperature Tg should be moderate, as graphitic phase is more stable and diamond graphitization 
occurs at higher temperatures. [28,31]. 
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In order to support nucleation of nanodiamonds, it is important to develop a hydrocarbon plasma 
chemistry in the presence of substantial H-atom density under moderate temperatures. A very good 
supply of key carbon radicals such as CH3

. , and C2 dimer would be a key-factor[28,32,33] while minimizing 
alternative molecular pathways such as PAHs and polyacetylenes. Studies have also shown that noble 
gases increase the dissociation rate of methane, as well as hydrogen and other hydrocarbon molecules, 
thus increasing the concentration of key carbon radicals and therefore increasing the deposition rate 
[34]. Ar in addition to hydrogen is known to induce a supersaturation effect of H-atom and ions in the 
system [35]. This study thus attempts on making the plasma more reactive and richer by addition of Ar 
to the precursor gases and study its effects on the quality and yield of the nanodiamonds in the 
collected carbon nanostructures. 
 

2. Materials and methodology 
Experimental setup 

Details of the experimental setup are discussed elsewhere [28,29]. In this study, the working gas was a 
varied combination of Ar/H2/CH4. The operating pressure and microwave power were set to 100 mBar 
and 90 Watts, respectively. 
 
Material characterization 
The synthesized carbon nanostructures were collected on a Si substrate placed downstream the 
MWMP torch and were directly characterized using Raman spectroscopy and SEM. Raman 
spectroscopy was conducted using HR800 spectrometer equipped with a Peltier-cooled CCD detector 
(Horiba Jobin Yvon) with back- scattering configuration coupled to a 473 nm laser, whose spectral and 
spatial resolutions were 0.25 cm-1 and 5 µm, respectively. SEM analysis was conducted using a ZEISS 
SUPRA 40VP and a field emission ZEISS ULTRA plus microscopes, operating at 5 kV. 
 

Plasma characterization 

The plasma was extensively characterized using OES and ps-TALIF to obtain plasma parameters such 
as ne, Tg and nH. OES was carried out using a 1m Jobin-Yvon THR 1000 spectrometer with 1800 grooves 
per mm grating blazed at 250 nm. The spectrometer is associated with Horiba DPM-HVH 
photomultiplier tube. The signal acquisition was carried out using a 40 µm slit opening. The gas 
temperature was assumed equal to the rotational temperature of the (G1Σ+, v = 0) level and determined 
from the rotational structure of the G1Σ𝑔

+ → B1Σ𝑈
+(0, 0) transition [36]. Electron density was inferred from 

the stark broadening of the Hγ line (n = 5 to n = 2). The C2 Swann band (0, 0) transition (d3Πg → a3Πu) 
at 516 nm in varying conditions were also recorded.  H-atom density was measured using ps-TALIF, 
whose experimental methodology has been detailed elsewhere [30]. 
 

3. Results 
We observed a slight increase in ne in the range of 1 to 4× 1013 cm-3 when argon was introduced in the 
feed gas. However, the Tg measured (figure 1a) from the rotational structure of the G1Σ𝑔

+ → B1Σ𝑈
+(0, 0) 

transition, increases significantly from 1200 K in the absence of argon in the feed gas to 1700 K for 20 
sccm Ar in the feed gas. From figure 1b, it is clear that H-atom density, nH, increases by 1 order of 
magnitude when argon is injected in the plasma. The simultaneous increases of ne, Tg and nH indicate 
that the increase of argon concentration in the feed gas results in an enhanced plasma excitation and 
reactivity, which would therefore impact the hydrocarbon chemistry in the plasma.



 

 
 
Fig. 1. Plasma characterization for (a) Gas temperature measurement and (b) Hydrogen atom density 
with varying Ar concentration. 
 
As a consequence, the amount of carbon nanostructures increased significantly with addition of Ar. 
The SEM image of the as-synthesized carbon nanostructures with 20 sccm Ar is shown in figure 2b. It 
was found that the morphology of these deposits are quite different from nanostructures generated 
without argon in the feed gas. The particles produced in an Ar diluted plasma were much larger 
(possibly due to agglomeration), ~ 30-45 nm size as against ∼ 10 nm size in Ar less plasma. It is 
observed that the effective deposit density per area also (calculated from the SEM images) increases 
from 2.75 A˚−2 for Ar less plasma to 3.75 ˚A−2corresponding to 20 sccm flow rate of Ar. It appears 
therefore that argon improves both particle growth and particle nucleation, which is likely due to an 
enhanced production of key carbon radicals and molecular growth chemistry that govern nucleation 
kinetics, respectively. 

 
Fig. 2. Material Characterization via (a) Raman spectrsoscopy and, (b) SEM microscopy of as-
synthesized nanostructures. 
 
The significant Raman features (figure 2a) observed in the as-synthesized samples were well in 
accordance with the previous publications on Raman characterization of ND[29,37,38]. The key features 
observed were as follows: - 

• The sharp peak at 1332 cm-1 corresponds to diamond which is sp3 hybridized. 



 

• The band around 1350 cm-1 corresponds to D - band often related to disorder and amorphous 
carbon which is sp2. 

• The band near 1450 cm-1 corresponds to transpolyacetylene which is sp2 hybridized. 

• The band near 1550 cm-1 corresponds to G band which is indicative of graphitic impurity(sp2) 
present in the samples. 

Raman spectroscopy was also used to compute the sp3 of the synthesized carbon nanostructures, 
figure 3a shows the effect of Ar injection on the sp3 fraction of the material at various conditions. It 
was found out using the following formula [29,39]: 

  

%𝑠𝑝3 =  
60𝐼𝑑𝑖𝑎

60𝐼𝑑𝑖𝑎+𝛴𝐼𝑛𝑜𝑛−𝑑𝑖𝑎
∗ 100 (1) 

 
In spite of increase in Tg, the increase in H-atom densities might have stabilized diamond formation 
thus avoiding graphitization [28]. Figure 3b shows a very interesting result with regard to C2 swann band 
emissions, which are indicative of C2 densities. This emission (figure 3b) shows a direct relationship 
with the sp3 fraction depicted in figure 3a. The region of contour plot with maximum C2 intensity 
corresponds to the condition with the maximum sp3 fraction in our regime of investigation (c.f Figure 
3a). This suggests that C2 dimer can play a key role in the molecular growth of ND in MWMP torch, 
which is in agreement with Jia et al. [28]. 

 
Fig. 3. sp3 fraction and emission intensity of C2 swann band intensity as a function of Ar 
concentration. 
 

4. Discussion  
This paper examined the effect of Ar injection to H2/CH4 plasma on ND nucleation. In the investigated 
regime, the best NDs are nucleated at 100 mBar pressure with 90 Watt of injected microwave power 
with a total flowrate of 120 sccm, having the gas composition as 96 sccm of H2, 4 sccm of CH4 and 20 
sccm of Ar. 
This study is indicative that both H-atom and C2 dimer are important for ND nucleation. We have found 
a direct correlation between intensity of C2 Swann band emisson to sp3 fraction. This means that C2 
dimer has a strong role to play in ND nucleation. The importance of C2 in ND nucleation has been 
discussed by other researchers as well. Gruen et al.[33] observed almost a linear relationship between 
diamond growth rate and intensity of C2 swann band emissions in Ar, H2 and CH4 plasma. According 
to Gruen et al., the C2 is energetically favourable to form diamond as C2 insertion in CH as well as CC 
bonds have low activation energy. Dolmotov had also proposed a C2 led molecular growth mechanism 
involving cyclohexane as one of the key building blocks of ND nucleation in detonation conditions, but 



 

cyclohexane is also a precursor in sp2 carbons[40,41]. Even though we advocate the role of C2 dimer as a 
building block in ND nucleation phenomena, it is obvious that other sp3 nucleation routes through CH3 
and the sp2 growth pathways may also co-exist. 
The nH is observed to increase with concentration of Ar in the plasma. It is known that, H-atom 
concentration could have strong influence in improving the sp3 fraction because it is often associated 
with hydrogen abstraction reaction resulting in formation of CH3

. radicals. In addition to it, from our 
observations in the figure 1b and figure 3a, suggests that a very high concentration of H-atom does 
not necessarily increase the sp3 fraction, rather there is an optimum level of H-atom for sp3 growth. 
In particular, hydrogen abstraction reactions also initiates the hydrogen abstraction acetylene 
addition (HACA) processes, which are thought to be the primary pathway in soot creation, acetylene, 
a crucial chemical precursor in soot formation, is also a by-product of hydrogen abstraction 
reactions[42,43]. Shao et al., discussed about a different role of H-atom, the author claims that in a H-
atom rich atmosphere, the hydrogen abstraction reactions readily generate aryl radicals which can 
enhance soot formation[44,45]. A very high H-atom density could therefore result in increased sp2 
fraction and may be detrimental to the nucleation of diamond which is sp3 hybridized [46]. 
In conclusion, ND nucleation can occur through multiple pathways dictated by favorable kinetics due 
to optimum quantities of H-atoms along with key carbon radicals such as C2. 
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Understanding the radical flux of e.g. reactive oxygen and nitrogen species is essential for advancing 

the medical applications of plasma, as these species play a pivotal role in the effects of plasma-based 

treatments. Radical probes are an in-situ, low-cost method for radical flux or density measurements in 

plasma afterglows. They are based on a calorimetric principle. Radicals recombine exothermically on 

a catalytic surface on the tip of a temperature sensor, e.g. a thermocouple. The measured temperature 

is translated to a heat flux from catalytic recombination reactions through a heat flux analysis of the 

system. Knowing the heat flux from recombination, the radical density can be calculated[1]. The use 

of a dual thermocouple probe allows plasma heating to be distinguished from recombination heating; 

a second reference thermocouple without the catalytic surface is placed next to the active, catalytic 

thermocouple[2]. 

We performed an extensive heat flux analysis 

of the dual thermocouple setup combining 

thermal imaging with temperature 

measurements of the probe inside the reactor 

and found that adding a heat sink to the 

thermocouples with a third thermocouple 

measuring the sink temperature reduces 

ambiguity in the evaluation. Additionally to the 

thermocouple probe, we quantified Nitrogen 

density through optical emission spectroscopy, using the first positive system[3], where we observed 

an overpopulation of high vibrational states of N2(B,v=11) in the afterglow.  

Fig. 1 shows a schematic of the setup. The thermocouple probe is mounted on an adjustable 

feedthrough, and the OES fiber is on a rail parallel to the quartz tube, permitting a scan of the entire 

reactor.  Mapping the N density through the entire reactor enables us to analyze the reaction rates of 

recombination in the gas phase as well as give an estimate on the lifetimes of the radicals at the 

measured pressure and flow rates. 

Acknowledgments 
This project is part of the European project ORACLE, which has received funding from the European 

Union’s Horizon 2020 Research and Innovation Programme under grant agreement No 101022738. 

 

References 
[1] Mozetic, M., Vesel, A., Cvelbar, U. et al. Plasma Chem Plasma Process 26, 103–117 (2006). 

[2] Qerimi, D., Shchelkanov, I., et al. Journal of Vacuum Science & Technology A., 39. 023003 (2021). 

[3] F J J Peeters et al  Plasma Sources Sci. Technol. 24 045006 (2015). 

Fig. 1: Schematic of the setup 



ATMOSPHERIC PRESSURE PLASMA POLYMERIZATION 
FOR FUNCTIONAL COATING APPLICATIONS 

Sandra Ďurčányová1, Michal Stano1, Pedram Ghourchi Beigi2, Dušan Kováčik1,2 
1Comenius University in Bratislava, Faculty of Mathematics, Physics and Informatics, Department of 

Experimental Physics, Mlynská dolina, 842 48 Bratislava, Slovakia 
2Department of Plasma Physics and Technology, CEPLANT, Faculty of Science, Masaryk University, 

Kotlářská 2, 602 00 Brno, Czech Republic 
E-mail: sandra.durcanyova@fmph.uniba.sk 

This contribution deals with atmospheric pressure plasma polymerization of hexamethyldisiloxane as a method 
of preparing hydrophobic layers on glass. The plasma-polymerized layers were characterized using ATR-FTIR, 
SEM and WCA measurements. Long-term chemical stability of the layers was studied via ageing tests. 
 

1. Introduction 
Plasma polymerization (PP) is a technique for depositing thin, functional, polymer-like coatings by 
activating gaseous or liquid monomers in the presence of non-thermal plasma. The highly reactive 
plasma species, such as ions, electrons, radicals and excited molecules, interact with a gaseous or liquid 
monomer present in the working gas, initiating polymerization and facilitating layer deposition directly 
onto substrates without the need for solvents, catalysts, or additional curing steps [1]. Unlike 
conventional polymerization, which often requires complex chemical processes and produces toxic 
waste, PP is more environmentally friendly and allows fine-tuning of layer properties by adjusting 
different process parameters. This enables the formation of layers with unique chemical and physical 
properties. With the appropriate selection of working conditions, plasma-polymerized layers have the 
potential to be mechanically and chemically resistant, insoluble, thermally stable, homogeneous, with 
a high degree of monomer cross-linking, and adhere well to different types of surfaces [2]. PP can be 
carried out under various pressure regimes, with atmospheric pressure offering notable advantages in 
scalability, operational simplicity and cost-effectiveness compared to vacuum systems. 
Examples of plasma sources used for PP at atmospheric pressure include most notably dielectric barrier 
discharges (DBDs) and plasma jets. These systems vary in their ability to generate uniform plasma, 
manage gas flow dynamics, and produce different reactive species, which influences the quality and 
functionality of the deposited coatings. The properties of plasma-polymerized layers are determined 
by the interplay of parameters such as the working gas composition and flow rate, exposure time, 
substrate material, temperature, electrode configuration, input power and many more. This high 
degree of flexibility allows for the creation of layers tailored to specific applications, such as protective, 
hydrophobic, or anti-corrosive coatings. However, reproducibility remains a key challenge, as minor 
variations in these parameters can lead to significant inconsistencies in layer properties. This is why PP 
research focused on understanding the deposition mechanisms, as well as determining the parameters 
which play the key role in improving layer properties, remains a relevant topic. 
In recent years, there has been research mainly focused on PP implemented using plasma jets [3,4], 
with a lack of direction of research towards the use of other plasma sources.  However, a great 
disadvantage of plasma jets is their relatively small volume of plasma, resulting in long treatment times 
and the inability to treat larger areas at once. For many applications, other types of plasma sources 
would be more suitable, where it is not necessary to scan the sample with a thin plasma jet beam. 
There is also a lack of comprehensive research on PP, where the influence of several parameters 
simultaneously on various properties of the resulting layers would be compared and clarified.  
 
Using different types of plasma sources to carry out PP on different substrates along with varying 
working conditions can improve our understanding of the fundamental processes underlying PP and 
help identify optimal methods for specific practical applications. 



In previous research in the field of PP at atmospheric pressure, carried out at our department, a Diffuse 
Coplanar Surface Barrier Discharge (DCSBD) was used as a plasma source for PP. The anti-corrosion 
properties of plasma-polymerized layers prepared from the HMDSO monomer (pp-HMDSO layers) on 
the surface of aluminum were investigated in the work [5]. The protective effect of these layers has 
been demonstrated, however, their stability over time has not been investigated. The work [6] studied 
pp-HMDSO layers deposited on glass, and confirmed their hydrophobic stability, but only in the interval 
of 120 hours. 
 

2. Experiment 
Our work investigates atmospheric-pressure PP of hexamethyldisiloxane (HMDSO) using DCSBD to 
deposit hydrophobic layers on glass. We focused on how the exposure time, temperature and 
substrate affect the resulting layer properties. Post-treatment, i.e. plasma treatment of already 
deposited 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 functionality or durability [7]. The input power 
of the DCSBD plasma source was 300 W. The working gas was prepared in the following way: nitrogen 
flowed into a bubbler filled with liquid HMDSO, and the HMDSO-enriched nitrogen was then mixed 
with pure nitrogen in the desired ratio through two mass flow controllers. The relative flow was 15.8 
(8 slm of nitrogen + 1.5 slm of HMDSO-enriched nitrogen). Distance between the sample and the 
DCSBD surface was kept at 0.34 mm. 
The pp-HMDSO layers were analyzed using surface diagnostics such as water contact angle (WCA) 
measurements, attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) and 
scanning electron microscopy (SEM) to assess their hydrophobicity, chemical composition, and 
morphology. Additionally, ageing tests were performed to assess the long-term stability of the layers 
up to 7 weeks after deposition. To characterize the properties of the PP process, we determined the 
electrical efficiency of the DCSBD discharge (dependence of real power delivered into the discharge on 
input power) generated in the working gas and measured the liquid monomer consumption per minute 
and per deposited layer. Our findings describe the influence of some of the critical process parameters 
on layer properties and suggest new options to improve the deposition process to achieve 
reproducible, homogeneous functional coatings.  
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Plasma technology for treatment of water is a new and promising technology that started to be developed more 
than 10 years ago. There is a significant progress regarding the technology and construction of different plasma 
devices designed specifically for interaction of plasma with liquids. However, these technologies now have to be 
tested in regards of reactive oxygen and nitrogen species (RONS) production and the subsequent effect of RONS 
enriched water on plants.  
 

1. Introduction 
Plasma treatment of water and the product of plasma treatment called Plasma Activated Water (PAW) 
has gained a significant attention in the recent years. The PAW, produced by direct or indirect plasma 
treatment of water, contains reactive oxygen and nitrogen species (RONS) that are transported from 
gaseous plasma into the water through plasma-liquid interaction. These short-lived RONS interact with 
the water molecules and generate long-lived RONS, such as hydrogen peroxide, nitrates and nitrites. 
These molecules contribute to PAW’s fertilizing properties, as well as it’s antibacterial properties. 
Nitrogen serves as an important nutrient for plant growth and photosynthesis, while hydrogen 
peroxide can enhance seed germination [1]. 
 
In the past studies, PAW prepared from distilled and tap water was tested. However, plasma-treated 
wastewater could also present a promising application as an eco-friendly fertilizer. Wastewater often 
contains essential nutrients such as phosphorus, magnesium, and calcium, which are vital for plant 
growth but are not products of plasma treatment. Plasma can also help with water disinfection and 
decompose organic substances [2]. 
 
This study utilized three plasma systems specifically designed for plasma-liquid interaction: (i) 
dielectric barrier discharge with a liquid electrode, (ii) a microwave cold atmospheric plasma jet above 
the water surface and (iii) new microwave plasma source Beta device (Clean&Circle Centre of 
Competence, University of Sofia, Bulgaria). Concentrations of NO₂⁻ and NO₃⁻ in plasma treated 
wastewater were measured using UV-VIS spectroscopy, revealing variations in PAW composition 
between the systems. A toxicity test was conducted to evaluate the impact of treated wastewater on 
plants by measuring the germination rate and root length of melon seeds Cucumis melo after five days. 
Additionally, plants of salad Lactuca sativa were grown in hydroponic system with either plasma 
treated tap water and wastewater. The effect of plasma treated tap water and wastewater was 
observed in changes of growth, chlorophyll content and elemental uptake. The spatial distribution of 
nutrients was determined using Laser-Induced Breakdown Spectroscopy (LIBS), a technique that 
analyses optical emissions from laser-induced plasma. LIBS enables spatially resolved bioimaging of 



plant samples and has become a valuable tool for detecting the precise distribution of contaminants 
such as heavy metals, nanoparticles, and microplastics [3]. 
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Ion mobility spectrometry (IMS) was applied to monitor the thermal degradation of biodegradable polymers 
including polyhydroxybutyrate (PHB), polybutylene adipate terephthalate (PBAT), and polylactic acid (PLA). The 
IMS method enabled the identification of thermal degradation products as well as the determination of the 
threshold temperatures at which degradation became detectable: 40 °C for PHB, 25 °C for PBAT, and 80 °C for 
PLA 
 

1. Introduction 
Biodegradable polymers have attracted attention in recent years due to their potential to alleviate 
environmental issues caused by plastic waste. These materials are specifically designed to degrade 
through microbial activity, breaking down mainly to water, carbon dioxide, and biomass [1, 2]. 
Commonly studied biodegradable polymers include natural polymers like cellulose, rubber and starch, 
synthetic polymers such as polybutylene adipate terephthalate (PBAT) and polylactic acid (PLA), as well 
as microbial polymers like polyhydroxybutyrate (PHB) [2]. These polymers find extensive applications 
in packaging, agriculture, and biomedical fields [2-6]. 
 
Thermal degradation plays a crucial role in determining the performance and end-of-life behaviour of 
biodegradable polymers [2]. Understanding their thermal stability and degradation pathways is vital 
for optimizing functionality and ensuring environmental sustainability. Unlike conventional polymers, 
biodegradable polymers generally exhibit lower thermal resistance, making it essential to study their 
thermal properties. This knowledge is critical for facilitating the transition from traditional polymers to 
more environmentally friendly alternatives [1]. 
 
Standard methods for the quantitative analysis of polymer thermal degradation include 
thermogravimetric analysis (TGA) and thermal volatilization analysis (TVA) [1-3]. While highly accurate, 
these techniques are often time-demanding and require lengthy experimental procedures. For 
qualitative analysis, techniques such as Fourier-transform infrared (FTIR) spectroscopy and mass 
spectrometry (MS) are widely employed to identify degradation products and chemical changes in 
polymers. 
 
In this study, we utilized ion mobility spectrometry (IMS) in combination with MS for the rapid 
qualitative analysis of the thermal degradation of PHB, PBAT and PLA. 
 

2. Results and Discussion 
The IMS device (Advanced IMS, MaSa Tech s.r.o.) for monitoring the thermal degradation of 
biodegradable polymers was operated in positive polarity, with an electric field intensity of 
547.6 V.cm-1 in the drift tube. The drift gas flow rate was maintained at 700 mL/min, while the drift 
tube operating at a pressure of 700 mbar and a temperature of 373K. The sample flow rate was set at 
20 mL/min.  
 
For identification of products generated during the thermal degradation of polymers, a time-of-flight 
MS (TOF-MS) was used. Samples of biodegradable polymers, specifically PHB, PBAT and PLA were 
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provided by the Polymer Institute of the Slovak Academy of Science. Small amounts of each sample 
(100 mg) were placed into vials. Prior recording an IMS spectrum a sample of polymer was kept for 
30 min at a earlier set temperature, in order to establish equilibrium conditions. After this period 3 ml 
of the headspace of the vial was injected into the IMS for analysis and IMS spectrum was recorded. 
This procedure was carried out for temperatures 25, 40, 60, 80, 90, 100 °C for all studied polymers. 
 
The IMS spectra recorded for different temperatures of PHB are presented in Figure 1. Peaks with 
reduced ion mobilities of 2.39 and 2.21 cm2.V-1.s-1 (black line – RI) correspond to spectrum of reactant 
ions generated in purified carrier gas, specifically water cluster ions of NO+ and H3O+ , respectively. 
After polymer headspace injection, new peaks appeared in the IMS spectra. Ion peak with a reduced 
ion mobility of 2.52 cm2.V-1.s-1 represents ammonia ions NH4

+.  Additional peaks with ion mobilities of 
2.05, 1.98, 1.89, 1.8 and 1.72 cm2.V-1.s-1 were detected and their intensities were increasing with the 
headspace temperature of the sample. It was observed that the intensity of NO+ decreased rapidly, 
probably due to the formation of new ions via NO+ ionization pathways. According to the present 
experiment, the thermal degradation of the PHB started at temperature 40°C, when the peaks 
described above were detected first time (blue line). In the Figure 1, the IMS spectrum of PHB recorded 
at 25 ˚C is not depicted, as it was identical with the spectrum of RI. 

 
Fig. 1. IMS spectra of reactant ions (RI) and PHB at heating temperatures of 40, 60, 80 and 100 °C. 
 
The thermal degradation of PHB is well documented in the literature, where crotonic acid was 
identified as a key degradation product [2, 3]. The IMS spectrum of crotonic acid standard, recorded 
using the above-described method is depicted in Figure 2. The IMS spectrum of PHB recorded at 
headspace temperature of 100 °C is compared with the IMS spectrum of crotonic acid, recorded at 
headspace temperature of 25˚C. The spectrum of crotonic acids exhibits four peaks with reduced ion 
mobility of 2.05, 1.98, 1.8 and 1.72 cm2.V-1.s-1 , which are identical with the ion peaks  generated by 
thermal degradation of PHB. Additional minor peaks present in the IMS spectra of PHB could be 
attributed to polymer admixtures or impurities in the sample.  
 



 
Fig. 2. IMS spectra of PHB at a heating temperature of 100 °C and crotonic acid at room temperature. 
 
The IMS spectra of PBAT polymer recorded at different headspace temperatures are presented in 
Figure 3. Inspection of the Figure indicates that products of thermal degradation of the PBAT polymer 
are visible already at room temperature of 25 °C (Figure 3. blue line). Two dominant degradation peaks 
with reduced ion mobilities of 1.95 and 1.53 cm2.V-1.s-1 were detected,  accompanied by several less 
pronounced features. Mass spectrometric (MS) analysis revealed that these peaks have m/z  91, 109 
and 127, which can be attributed to protonated 1,4-butanediol ion (M.H+, m/z 91, ) and its water 
clusters  (M.H+.(H2O), m/z 109, ) and  (M.H+.(H2O)2, m/z 127, M.H+.(H2O)2). These ions are associated 
with the IMS peak with a reduced ion mobility of 1.95 cm2.V-1.s-1. The second peak with the ion mobility 
of 1.53 cm2.V-1.s-1 is according to the MS analysis  protonated dimer of 1,4-butanediol (M2.H+, m/z 181). 
Given the chemical structure of PBAT, detection of 1,4-butanediol was expected, as this molecule 
constitutes a significant part of PBAT composition. 

 
Fig. 3. IMS spectra of PBAT at a heating temperature of 25, 40, 60 and 100 °C. 
 
The polymer PLA showed the best thermal stability of the studied polymers. The first degradation 
products were detected at headspace temperature of 80˚C (Figure 4. red line). IMS spectra recorded 
at lower headspace temperatures did not show any degradation products. The degradation efficiency 
of PLA strongly increases between 90 and 100 °C. The IMS spectrum of PLA, shown in Figure 4, revealed 
one significant peak with a reduced ion mobility of 1.63 cm²·V⁻¹·s⁻¹. MS analysis identified the 
corresponding ion with m/z 145 and 163, attributed to protonated lactic acid with three and four 



attached water (M.H+.(H2O)3,4). Additionally, IMS spectrum indicates that in the ionization are involved 
the NO+ ions similar to PHB. 

 
Fig. 4. IMS spectra of PLA at a heating temperature of 80, 90 and 100 °C. 
 

3. Conclusions 
The IMS was used for real-time analysis of the processes of thermal degradation of biodegradable 
polymers. This technique has enabled fast and sensitive detection of degradation products, their 
identification and has potential also for quantitative evaluation of the degradation process. Compared 
to traditional techniques, it offers a significant advantage, especially in terms of measurement time. 
Moreover, IMS is not limited to detecting biodegradable polymers; it can also be applied to analyse 
conventional, commonly used plastics, thereby offering a valuable tool for monitoring, and assessing 
the environmental impact of these materials. 
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Temperatures of helium and air fed atmospheric pressure plasmas jets have been measured. Preliminary results 
show that under similar conditions the helium jets may have slightly higher temperatures, which was not 
expected.  
 

1. Introduction 
The temperatures of different atmospheric pressure plasma jets have been measured 

spectroscopically and with a thermocouple. The work is part of a project to develop air-fed plasma jets 
with antimicrobial activity. It is critical that the output temperature of the plasma/gas mixture is close 
to room temperature in applications where living tissue is treated. Helium is a wonderful gas to work 
with because it breaks down at relatively low applied voltage and the gas generally remains close to 
room temperature. The low breakdown voltage of helium and the low temperature are due to the 
excited states of atomic helium lying so high in energy that they are close to the ionisation energy. By 
contrast, the components of air have many excited states with a great range of energies; close to the 
ground state are excited rotational and vibrational states which can be excited by low energy electrons 
to heat the gas. Thus, it is a challenge to form a plasma jet with air feed gas and maintain a low gas 
temperature.  

Two different plasma jet systems have been investigated; a dielectric barrier discharge helium jet1 
and a new air-fed jet. Gas temperatures have been measured spectroscopically and with a 
thermocouple. At this very preliminary point in the analysis it appears that with similar conditions the 
helium jets may be slightly higher in temperature than the air jets, which is somewhat unexpected.  
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In this study, we investigate the ionization-attachment plasma instability in a symmetric capacitively coupled 
plasma (CCP) reactor operated in oxygen gas [1]. This instability is characterized by periodic fluctuations in 

plasma parameters, such as the emitted light intensity, electron density, etc. These dynamics are particularly 
relevant in industrial plasma applications, such as etching and semiconductor processing, where stability and 
precision are critical. 

We have combined experimental measurements and numerical simulations to explore how operating conditions 
– pressure, voltage amplitude, and the secondary electron emission coefficient (SEEC, γ) – influence the onset 

and characteristics of this plasma instability. 
 

1. Experiments 
We performed experiments using our Budapest Cell v.3 symmetric CCP reactor with flat stainless steel 
electrodes placed at 2.5 cm distance, housed in a quartz cylinder. The reactor was filled with high-
purity oxygen (4.5 grade) at pressures ranging from 50 Pa to 350 Pa, regulated using a flow controller 
and a needle valve. The powered electrode was driven by a 13.56 MHz radio-frequency (RF) generator, 
with voltage amplitudes varying from 250 V to 700 V. Optical emission from the plasma was monitored 
with a photodetector and a high-bandwidth oscilloscope. Additionally, spatial light intensity 
distributions were recorded using a CCD camera. The schematic of the experimental setup is shown in 
in Fig. 1. 

 

Fig. 1. Schematic of the experimental setup 



During the experiments, we observed periodic fluctuations in light intensity – indicative of plasma 
instability – at pressures above 50 Pa within specific voltage ranges. As shown in Fig. 2(a), these ranges 
shifted with pressure, broadening and decreasing in central value as the pressure increased. At 100 Pa, 
for instance, the instability occurred in a voltage amplitude range of 655±30 V, with a peak oscillation 
frequency of 0.25 kHz. Below 50 Pa, no instabilities were observed. 

The spatial distribution of light emission also showed distinct characteristics: a bulk region of emission 
and additional peaks near the electrodes, as shown in figure 2(b). We identified these near-electrode 
peaks as resulting from dissociative excitation of oxygen molecules due to collisions with energetic O2

+ 
ions [1]. With increasing voltage, the relative intensity of bulk emission decreased, while near-
electrode peaks became more pronounced. 

 
Fig. 2.  (a) Voltage region of instability as a function of the pressure in the center of the instability 

region; (b) normalized axial light intensity distributions at p = 100 Pa pressure and different voltages.  
 

2. PIC/MCC simulation 
To interpret our experimental findings, we performed numerical simulations using a spatially one-
dimensional, three-dimensional velocity space (1d3v) Particle-In-Cell with Monte Carlo Collisions 
(PIC/MCC) model. This approach allowed us to simulate the kinetics of electrons, positive molecular 
ions (O2

+), and negative atomic ions (O–) under similar conditions to our experiments. The SEEC (γ) was 
treated as a variable parameter to match the experimental results. 

 

Fig. 3. Time evolution of the density of plasma species: . 
Discharge conditions: 100 Pa pressure, 600 V Voltage amplitude at 13.56 MHz, γ = 0.0042. 
 
Figure 3 shows the computed time evolution of the active plasma particles (electrons, ions, and 
molecules in the delta metastable excited level). We successfully reproduced the experimentally 
observed oscillation frequency of 0.25 kHz by setting γ = 0.0042 and reducing the voltage amplitude to 



600 V, accounting for possible measurement uncertainties. The simulations revealed that the 
instability originates from a feedback loop: an increase in electron density (during natural fluctuations) 
lowers electron temperature, reducing ionization while altering attachment rates. If the attachment 
rate declines more rapidly than the ionization rate, the combined effect can result in an effective 
increase in electron density. This positive feedback leads to periodic oscillations in electron density, 
electron temperature, and reaction rates [2].  
 
Our simulations also uncovered a periodic shift in the plasma’s electron power absorption modes 
during the instability cycles. At certain times, the plasma operated in the Drift-Ambipolar (DA) mode, 
where the bulk electric field drives ionization. At other times, it transitioned to a Detachment-Induced 
(DI) mode, dominated by processes near the sheath edges [3]. These transitions correlated with shifts 
in reaction rates for ionization, dissociative attachment, and associative detachment, contributing to 
the observed oscillations. 

 
 

Fig. 4. Computed dependence of the instability frequency on the γ parameter at fixed voltage 
amplitude of 600 V. 
 
Further, as shown in figure 4, we found that increasing the SEEC decreased the frequency of the 
instability. This result highlights the sensitivity of plasma behavior to surface properties, such as γ, and 
the role of secondary electrons in driving instabilities. Our findings suggest that γ can be determined 
computationally by matching computed and experimentally observed oscillation frequencies, 
providing a new diagnostic method for surface-plasma interactions. 
 

3. Conclusions 
Through a combination of experiments and simulations, we have demonstrated that the ionization-
attachment instability in oxygen CCPs is highly dependent on operating conditions and surface 
properties. By varying the SEEC parameter γ, we matched experimental and computational results, 
revealing the underlying feedback mechanisms and the periodic transitions in electron power 
absorption modes. These findings advance our understanding of plasma instabilities and offer a 
pathway for optimizing CCP systems in industrial applications, such as semiconductor manufacturing 
and surface treatments.  
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Preliminary results of antimicrobial effect of a new air fed atmospheric pressure plasma jet are presented. 
 

1. Introduction 
Atmospheric pressure plasma jets (APPJs) have medical applications, particularly in dermatology and 
inactivation of bacteria [1] and further applications being investigated, for example, in destruction of 
cancer cells. The DIN specification 91315 for characterising a plasma jet used in medical application 
has established a foundation for the development of medical applications.  

Many atmospheric pressure jets use helium as the feeding gas due to easy ionisation and low 
temperatures, however, helium is expensive. The subject of this presentation is the development of 
an air fed atmospheric pressure plasma jet (APPJ) for bacterial inactivation. The project is at an early 
stage, but a new jet has been developed. 

 

2. Results 
Some preliminary bacterial inactivation measurements have been made with the new jet, which are 
shown in figure 1. Some inactivation of bacteria is visible in figure 1, but it is hoped that the 
effectiveness of the jet can be improved and optimised.  
 The results show that bacterial inactivation with an air jet is possible, but we do not see the desired 
4 log reduction in population with the current prototype. Other issues will also need to be addressed, 
such as ensuing the output of the gas from the jet is below 40°C to allow treatment of living tissue. 
Elevated temperatures could, however, be ok for killing bacteria on medical devices that can tolerate 
higher temperatures. 

 
Fig. 1. The amount of microbial cells left after different times bacteria was exposed to air APPJ. 
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This study examines a cyclic system of catalyst deactivation and regeneration used for toluene removal via plasma 
catalysis. The system, tested with various catalysts, shows that plasma-regenerated catalysts exhibit higher 
toluene removal efficiency compared to those non-regenerated. The findings highlight the potential of 
nonthermal plasma as an economical and efficient solution for VOC removal and catalyst regeneration.  

 

1. Introduction 
Volatile organic compounds (VOCs) are major contributors to one of the most pressing global 
environmental issues - air pollution. A promising approach to their removal from the air is through 
catalysis. However, catalysts are often subject to deactivation (i.e., losing their catalytic activity) by use. 
This deactivation of the catalysts is mainly caused by the adsorption of undesired reaction products on 
their surface resulting in their limited lifetime. As a result, the catalysts need to be regularly replaced 
or regenerated. Replacement of the catalysts produces waste and conventional regeneration requires 
high temperatures. Both high temperatures and waste production are associated with high costs. 
Although the regeneration of the deactivated catalysts (i.e., restoring their catalytic activity) is a more 
appropriate approach to extend their lifetime, conventional (thermal) methods of catalyst regeneration 
are often insufficient. Therefore, it is necessary to search for new or improve existing regeneration 
methods. An innovative way of removing VOCs from the gas [1, 2] as well as regeneration of catalysts 
deactivated by the undesired products, such as those from the VOC removal process [3], involves 
utilizing nonthermal plasma in these processes. 
 

2. Methodology 
In our research, we focused on testing a cyclic system that, in the first step, removes a model pollutant 
(toluene) from the air using plasma catalysis (a combination of nonthermal plasma with catalysis) 
followed by, in the second step, the catalyst regeneration using the nonthermal plasma in oxygen. The 
regenerated catalyst was then reused in the toluene removal process. A cycle of toluene removal with 
subsequent catalyst regeneration was repeated three times for two different catalysts (TiO2 and 
Pt/γAl2O3). Each toluene removal process lasted 180 min with a fixed discharge power of 6 W, while 
regeneration lasted 120 min with a fixed discharge power of 3 W. In order to evaluate the regeneration 
efficiency, three cycles of toluene removal without subsequent regeneration were also performed. The 
toluene removal efficiencies achieved with regenerated and non-regenerated catalysts were 
compared. Gaseous oxidation products of both the toluene removal process and catalyst regeneration 
were monitored using Fourier-transform infrared (FTIR) spectroscopy. In addition, the efficiency of 
plasma regeneration in one 120 min cycle was compared with other regeneration methods, including 
ozone and thermal regeneration of the same duration. Moreover, sequential plasma catalyst 
regeneration (i.e. regeneration for 40 min cycles + mixing of pellets, repeated 3 times) was tested, too. 
To evaluate the regeneration efficiency, time courses of concentrations of gaseous regeneration 
products (CO2, CO, HCOOH) were evaluated. The catalysts were analyzed by thermogravimetric analysis 
(TGA) and scanning electron microscopy (SEM). The chemical identification of solid undesired products 
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adsorbed on the surface of the catalysts was carried out by gas chromatography coupled with mass 
spectrometry (GC-MS). 
 

3. Results and discussion 
A Figure 1 shows a comparison of the toluene removal efficiency achieved by two different catalysts 
(TiO2 and Pt/γAl2O3) over three cycles, comparing regenerated and non-regenerated catalysts. The 
achieved toluene removal efficiency is higher for the Pt/γAl2O3 than for the TiO2 in each individual cycle. 
This result was expected due to the higher catalytic activity and high oxidation properties of Pt/γAl2O3. 
The results show that the toluene removal efficiency mostly decreases with an increasing number of 
cycles for both regenerated and non-regenerated catalysts due to gradual catalyst deactivation caused 
by the adsorption of solid undesired products. However, regenerated catalysts exhibit higher toluene 
removal efficiency across all cycles than those non-regenerated. Therefore, the catalyst regeneration 
partially restores their catalytic activity. 
 

  
Fig. 1. Comparison of toluene removal efficiency for cycles with and without regeneration 
for TiO2 (left) and Pt/γAl2O3 (right). 

 
Moreover, plasma catalyst regeneration in one cycle was compared to ozone, thermal and sequential 
plasma catalyst regeneration. The results show that both plasma and plasma sequential regenerations 
are more effective than ozone or thermal regeneration; with plasma sequential regeneration being the 
most effective. 

 

4. Conclusion 
Investigation of cyclic system of catalyst deactivation in a plasma catalytic toluene removal followed by 
its regeneration demonstrates that plasma-regenerated catalysts maintain higher toluene removal 
efficiency in each cycle, compared to those non-regenerated. This indicates that plasma regeneration 
restored catalytic activity, offering a cost-effective and efficient alternative. 
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It is shown, that the microwave generators used to power the discharges strongly influence the operation mode, 
the static and dynamic filamentation of the surfatron launched surface-wave microwave discharges. 
   

1. Discharge set-up 
The surface-wave microwave discharge investigated is ignited with the use of the surfatron surface-

wave launcher (Sairem, Surfatron 80). The surfatron is a coaxial waveguide terminated by a short-
circuit plunger at one end, and by a launching gap at the other end, as shown in Fig. 1. The discharge 
is generated in a quartz tube coaxially 
positioned into the surfatron body. The 
microwave field is coupled into the 
surfatron with a capacitive coupler. The 
electric field coupled into the coaxial body 
is normal to the cylindrical surfaces, which 
is changed by the circular gap into an 
azimuthally symmetric field distribution 
similar to that of an m = 0 mode wave. As 
a consequence, with the gas breakdown a 
surface-wave can be launched, which will 
sustain the discharge. Under steady-state 
conditions the surface-wave sustaining the 
discharge propagates on the boundary of 
the plasma column and the dielectric as 
long as the electron density in the plasma 
exceeds the critical electron density [1]. The two different type of discharges [2,3] have been powered 
with a CoberMuegge microwave generator (2450 MHz ±10 MHz, 300 W) based on magnetron and a 
Sairem solid-state generator, respectively. The variable elements of the surfatron: the coupling 
capacitance, the gap and body sizes allow the impedance matching and thus the minimization of the 
reflected power. Due to the structure of the gap, which shapes the electric field coupled into the 
surfatron and makes possible the launching of the surface-wave, the discharge is expected to operate 
in a (0,0) mode, with a central discharge filament. The present work investigates the operation mode 
and filamentation of the discharges powered with the two type of generators, respectively.  
 

2. Operation modes 
The work focuses on two discharge configurations, in what concerns the length of the quartz tube 
emerging from the surfatron body. The quartz tube, on whose boundary the surface-wave propagates, 
confines the plasma column. However, depending on the gas flow rate, input power and length of the 
quartz tub, the plasma column can emerge from the quartz tube. In this case the surface-wave can 
further propagate on the boundary of the plasma column and the ambient air, as long as the electron 
density in the plasma exceeds the critical electron density. Given the length of the quartz tubes, the 
effect of the gas flow rate and the input power on the discharge operation is discussed in the followings. 

 
Fig. 1. The structure of the surfatron. 
 



Fig. 2 shows the CCD images of the discharges confined in a 44 mm and 14 mm long quartz tubes 
at 24 W input power under different gas flow rates in the case of magnetron generator.  The images 
are recorded Allied Vision Prosilica GX1050 camera and by using a band pass filter with transmission 
in the 450-650~nm range. At the 24 W input power, which insures a quasi-stable operation of the 
discharge, in the case of the 44 mm tube the plasma column extends to the end of the tube even at 
the lowest 0.5 slm gas flow rate and it exceeds it with the increase of flow rate. With shortening the 
quartz tube and keeping the power constant we observe a strong decrease of the plasma column due 
to the influx of the air into the discharge. With the increase of the gas flow rate, and thus diminishing 
of the air diffusion into the plasma core the increase of the plasma column is achieved outside of the 
quartz tube. As mentioned before, here the discharge is sustained by the surface-wave propagating 
along the boundary of the plasma column and the surrounding air as dielectric.  

  

  
Fig. 2. The CCD images of the discharges confined in a 44 mm and 14 mm long quartz tube at 24 W 
input power under different gas flow rates in the case of the magnetron generator. Exposition time 
is 13 ms.  

 
Regarding the effect of the power, images are shown for the 2 slm gas flow rate in Fig. 3. in the case 

of the magnetron generator powered discharge. At the lowest 15 W an unstable discharge is obtained 
with dynamic filaments. With increasing power the stability of the discharge increases and a quasi-
stable discharge is achieved at 24 W. With the further power increase the filamentation of the 
discharge occurs. Two static filaments are developed, which tend to unite into a one single filament as 
distancing from the launching gap.  

In the case of the solid-state generator powered discharge significantly different behaviour is 
observed, as shown in Fig.4. In this case the discharge is attached to the tube wall under every 
condition, regardless of the number of filaments. On the other hand, the filaments are always static, 
no dynamic movement – the creation and collapse – of the filaments occurs. Furthermore, significantly 
shorter discharge filaments are obtained, and the discharge operates in significantly different power 
ranges. While in the case of the magnetron generator powered discharge the plasma column fills a 
50 cm tube at power as low as 20 W, in the case of the solid-state generator this occurs at about 50 W 
at the lowest 0.5 slm gas flow rate. In the case of the solid-state generator powered discharge the 
second filament develops at 38 W, and while at the lowest gas flow rate the two filaments tend to 
unite with the increase of the power, at the higher 2 slm gas flow rate the two filaments are stable. As 
the power is coupled into two different filaments, the overall plasma column becomes significantly 
shorter than in the case of the magnetron generator powered discharge.  

With decreasing the length of the quartz tube, as mentioned in previously, the plasma column 
extends the discharge tube and it is strongly influenced by the air diffused into the plasma core. In the 



case of the discharges confined in shorter tubes a very similar behaviour is observed as in the case of 
the longer tubes as a function of the power for both power generators, see Fig. 5. The main difference 
is the shorter plasma column due to the presence molecular gases. Furthermore, in the case of the 
magnetron generator powered discharge in the shorter tube no static double filaments occur, and 
while the developed two filaments always unite, in the case of the solid-state generator powered 
discharge the two stable static filaments do not unite.  

 
Fig. 3. The CCD images of the 2 slm Ar discharge confined in a 44 mm quartz tube at different input 
powers in the case of the magnetron generator. Exposition time is 13 ms. 
 



The difference between the discharges powered with the two microwave generators is believed to 
originate from the power delivery of the power supplies, which is yet to be proven. 

 
Fig. 4. The CCD images of the discharge confined in a 55 mm quartz tube at different input powers in 
the case of the solid-state microwave generator. Exposition time is 300 ms. 



 

 
Fig. 5 The CCD images of the 2 slm Ar discharge confined in a 14 mm and 15 mm quartz tubes, 
respectively, at different input powers in the case of the magnetron and the solid-state generator 
(lower panel). 
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We present a method for the determination of the effective ion-induced secondary electron emission coefficient 
(SEEC, γ) based on the DC self-bias voltage generation due to the Electrical Asymmetry Effect when a capacitively 
coupled radio frequency plasma is driven by two consecutive harmonics of a base radio frequency signal. By 

measuring the DC self-bias voltage experimentally and conducting Particle-in-Cell/Monte Carlo Collision 
(PIC/MCC) simulations combined with a diffusion-reaction-radiation (DRR) code for excited argon (Ar) dynamics, 
we determine γ by matching results of experiments and simulations for self-bias voltages. For an Ar plasma and 
stainless steel (St.St.) electrodes, we find γ ≈ 0.07, consistent with literature values. This method is adaptable to 
various gases, electrode materials, and discharge conditions, offering a robust approach to determine the 
effective SEEC. 

 

1. Introduction 
Capacitively Coupled Plasmas (CCPs) driven by radio frequency (RF) waveforms are widely used in 

surface modification, layer deposition, and etching, particularly in microelectronics [1,2]. Due to the 
use of RF excitation, the processing of non-conducting materials is also possible, expanding the range 
of applications. In such systems, the plasma and the surrounding surfaces interact dynamically: the 
plasma can modify the surface properties, while the surfaces, in turn, influence the plasma 
characteristics. These interactions are characterized by surface coefficients, such as the effective ion-
induced secondary electron emission coefficient 𝛾 and the elastic electron reflection coefficient, 𝑅, 
which play a critical role in determining the plasma behavior. 

Accurate knowledge of these coefficients is essential for reliable simulations and optimization of 
plasma processes [3,4]. While 𝛾 describes the emission of secondary electrons due to ion, metastable, 
or photon impacts, 𝑅 accounts for the elastic reflection of electrons. These coefficients depend on 
particle energies, electrode materials, and discharge conditions, yet data availability is often limited, 
or values are derived from high-vacuum based beam impact experiments [5], which significantly differ 
from practical CCP conditions. 

To address the lack of data for 𝛾  and  𝑅 , several methods have been developed to determine 
these surface coefficients in situ. These methods combine experimental measurements of plasma 
characteristics with numerical simulations, where some parameters accessible in experiments are 
calculated as a function of the surface coefficients. The best match between measured and 
computational data determines the coefficients. In [6], the spatio-temporal distribution of the 
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electron-impact excitation rate in argon CCPs was used, where changes in the excitation patterns were 
linked to the effective secondary electron yield, 𝛾 . In [7], electron density and the ion flux-energy 
distribution were also measured to determine both 𝛾  and R. In [8], energy-resolved ion mass 
spectrometry was applied to analyze the bimodal peak structure of the ion flux-energy distribution, 
enabling the determination of 𝛾 for stainless steel and aluminum oxide electrodes. In our paper [9], 
we have proposed an alternative method to determine 𝛾 via the measurement of the DC self-bias 
voltage, 𝜂, that develops in a geometrically symmetric CCP because of the Electrical Asymmetry Effect 
(EAE) [3] when a multi- frequency waveform  

 

𝜙0(𝑡) = ∑ 𝜙𝑘
𝑁H

𝑘=1 𝑐𝑜𝑠(𝑘2𝜋𝑓1𝑡 + 𝜃𝑘),                                                    (1) 

 
is supplied by the generator to the plasma. Due to the EAE, the voltage drop over the plasma becomes  
 

𝜙(𝑡) =  𝜙0(𝑡) + 𝜂 .                                                                  (2) 
 

Here, 𝑁H is the number of harmonics, 𝑓1  the 'base' radio frequency, 𝜙𝑘 and 𝜃𝑘 are the amplitude and 
the phase of the 𝑘-th harmonic, respectively. From the results of the dependence of 𝜂 on the SEEC, 𝛾, 
and the reflection coefficient, 𝑅, we concluded in [9] that the method is not easily applicable for the 
determination of 𝑅, but has a good prospect for the measurement of  𝛾 in situ. Here, we demonstrate 
the application of this method for the measurement of the SEEC in an Ar CCP operated with stainless 
steel electrodes [10]. 

 

2. Experimental and computational methods 
In our experiments, we aim to measure the DC self-bias voltage generated in a geometrically 

symmetric CCP source operated with dual frequency excitation, using a waveform defined by eq. (1). 
The experimental conditions have been carefully chosen to (i) enable precise measurements of the RF 
discharge voltage waveform and (ii) maximize the effect of secondary electron emission on the 
measured DC self-bias voltage. The conditions include the base frequency, 𝑓

1
, the number of 

harmonics, 𝑁H,  in the excitation waveform, the amplitudes of these harmonics, 𝜙1 , 𝜙2  , and the gas 
pressure, 𝑝. A detailed description of the experimental setup and the description of the parameter 
selection can be found in our published work [10]. Here, we provide a brief description. 

The experiments are conducted in a simplified CCP cell, referred to as the XS Cell, which consists 
of a glass cylinder with an inner diameter of 92 mm and two stainless steel electrode plates separated 
by a distance of L = 27.5 mm. To enhance the influence of secondary electron emission on the discharge 
characteristics, including the DC self-bias, we opted for a lower-frequency operation compared to the 
typical base frequency of 13.56 MHz. To further constrain the frequency range, we limited the number 
of harmonics to 𝑁H = 2. Accordingly, the excitation waveform is defined as: 𝜙0(𝑡) = 𝜙1𝑐𝑜𝑠(𝜔𝑡) +
𝜙2𝑐𝑜𝑠(2𝜔𝑡 + 𝜃), with voltage amplitudes 𝜙1= 150 V, 𝜙1  = 0.5𝑉1, and base frequency values of  𝑓

1
= 2 

MHz and 4 MHz were chosen. The phase angle 𝜃 serves as the control parameter for adjusting the DC 
self-bias. The argon gas pressures of 40 Pa and 80 Pa are chosen as we expect a larger effect of the 
secondary electron emission on DC self-bias at higher pressures. 
We use the computational approach developed in [11], which consists of a PIC/MCC module and a DRR 
(Diffusion-Reaction-Radiation) module. The PIC/MCC module traces the motion of electrons and 
Ar+ ions in the background gas, that consists of ground-state Ar atoms and Ar atoms in 30 excited levels. 
The DRR module computes the spatial density distributions of Ar atoms in these excited levels, based 
on the rates of the electron-impact collision processes obtained in the PIC/MCC module and the rates 
of the radiative transitions. The calculations also take into account pooling ionization between the 
excited atoms, electron-impact stepwise ionization from the excited levels, quenching of the excited 
levels by neutrals, as well as diffusion losses. The detailed description of the method can be found in 
[11]. 



The PIC/MCC simulation considers a one-dimensional spatial geometry: the plasma forms between 
two plane and parallel electrodes; one of these, situated at 𝑥 = 0 , is powered by a waveform taken 
from experimental recordings for enhanced precision. The other electrode, located at 𝑥 = 𝐿 , is 
grounded. The approach adopts an equidistant numerical grid with 𝑁g= 512 points for the calculation 

of the electric potential and the densities of the charged species. These quantities are computed at 
discrete values of the time, separated by 𝛥𝑡 = 𝑇/𝑁t  where 𝑁t is the number of time steps within a 
base RF period 𝑇 = 1/𝑓1. Depending on the pressure and the base frequency 𝑓1 , we use 𝑁t = 18 000 … 
72 000 time steps. 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, 
𝛾. (ii) Electrons reaching the electrodes undergo an elastic reflection event with a probability R, for 
which we adopt the value 0.7 based on [7]. The DC self-bias voltage resulting from the use of NH  = 2 
harmonics is determined in an iterative manner. At the initialization of the simulation, 𝜂 = 0 V 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 electron and ion currents, 
the DC self-bias voltage is changed by a small quantity. This procedure is continued until 𝜂 reaches a 
converged value and the time-averaged charged particle currents to each of the two electrodes 
balance. 

 

3. Results and discussion 
The measurements and the simulations are carried out for Ar gas at pressures of 𝑝 = 40 Pa and 80 

Pa, for base frequency values of 𝑓1  = 2 MHz and 4 MHz, voltage amplitudes 𝜙1  = 150 V and 𝜙2   = 75 V, 
and for an electrode gap of 𝐿 = 2.75 cm. In the computations, we use a range of effective secondary 
electron yield values, 0 ≤ 𝛾 ≤ 0.2, and the elastic reflection coefficient of the electrons R = 0.7. 

Four sets of experimental results for the dependence of the DC self-bias voltage, 𝜂, on the phase 
angle, 𝜃, are shown in figure 1 as solid lines. The shape of the 𝜂 curves matches well the previous 
results [12]. The extrema of the bias voltage are around of |𝜂|~ 42-47 V, depending on the discharge 
conditions. At 𝜃 = 0o and 180o, figure 1 also shows the DC self-bias voltage values obtained from the 
PIC/MCC simulations at 𝑝 = 80 Pa, 𝑓1  = 4 MHz, for  𝛾 values of 0, 0.1, and 0.2. These data points indicate 
that (i) the magnitude of the self-bias voltage decreases with increasing 𝛾  in agreement with the 
findings of [9] and that (ii) the effective secondary electron yield is in the 0 ≤ 𝛾 ≤ 0.1 domain for the 
𝑝 = 80 Pa and 𝑓1  = 4 MHz parameter combination.  

 

 
Fig. 1. Experimentally measured DC self-bias voltage as a function of the phase angle 𝜃 (solid lines) for 
𝑝 = 40 Pa and 80 Pa, 𝑓1  = 2 MHz and 4 MHz (and 𝐿 = 2.75 cm, 𝜙1  = 150 V, 𝜙2   = 75 V). The discrete data 
points show the computed DC self-bias voltages at 𝜃 = 0o and 180o for 𝑝 = 80 Pa and 𝑓1  = 4 MHz, for 𝛾 
values of 0, 0.1, and 0.2. 
 



Figure 2 illustrates the dependence of the computed DC self-bias voltage on γ for the two values of the 
base frequency, 𝑓1  = 2 MHz (a) and 𝑓1  = 4 MHz (b), at pressures of 40 Pa and 80 Pa. The experimental 
DC self-bias voltage values for the respective cases are represented by the dashed horizontal lines, 
while the numerical results are shown as symbols. The intersections of the latter and the horizontal 
lines identify the corresponding γ values, which are marked by thin gray vertical lines. For the 
conditions covered here, we find γ= 0.07± 0.012 which is in good agreement with the findings of 
previous studies, including the determination of the SEEC by matching simulation results with (i) 
experimentally measured ion energy distribution functions [8] and (ii) the spatio-temporal 
distributions of the electron-impact excitation rate, obtained experimentally by phase resolved optical 
emission spectroscopy (PROES) [7].  

 

 
Fig. 2. Computed DC self-bias voltage at 𝜃 = 0o as a function of 𝛾 (solid lines with symbols). Discharge 
conditions: Ar, 𝑝 = 40 and 80 Pa, 𝑓1  = 2 MHz (a) and 4 MHz (b), 𝜙1  = 150 V and 𝜙2   = 75 V, 𝐿 = 2.75 cm. 
The dashed horizontal lines correspond to the experimental data (red: 40 Pa, blue: 80Pa) for the DC 
self-bias. The solid lines are parabolic fits to the computed 𝜂 values. 
 

Figure 3 compares the measured DC self-bias voltage with the computed one over the whole domain 
of the phase angle 𝜃 for the 𝛾 =0.07 value at  𝑝  = 80 Pa and 𝑓1  = 4 MHz. The measured and computed 
curves exhibit a very good agreement, confirming the consistency of the model and the correctness of 
the effective secondary electron yield of approximately 0.07. 
 

 
Fig.3. Measured and computed 𝜂(𝜃) curves for 𝛾 = 0.07. Discharge conditions: Ar, 𝑝  = 80 Pa, 𝐿 = 2.75 
cm, 𝑓1  = 4 MHz, 𝜙1  = 150 V and 𝜙2   = 75 V, 𝑅 = 0.7. 
 
Overall, this method represents a robust approach for determining 𝛾 in capacitively coupled plasmas, 
exhibiting potential for precise in-situ measurement of this critical parameter. It should, however, be 
kept in mind that the accurate measurement of the RF voltage amplitudes is a strict requirement for 
this technique. If this is ensured, then our method provides an easier access to the effective SEEC as 



compared to some other approaches, like 𝛾-CAST, as implementation of the PROES diagnostics could 
be impossible in practical plasma processing equipment. Future studies and laboratory experiments 
will further validate and expand upon this method, exploring different electrode materials and gases 
across various physical settings and discharge operating conditions. 
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The main objective of this work is the statistical analysis of microgap vacuum breakdowns generated in a high 
pulsed electric field between palladium, gold and platinum electrodes set in the sphere-to-plane geometry. High-
voltage pulses with a ramp speed of 107 kV/s were applied to an electrode gap of 10 μm. The breakdown voltages 
were determined in the saturated state after conditioning the electrode surfaces. The observed memory effect, 
plotted as the dependency of VB(i+1) – VBi vs VBi, showed a different behaviour between consecutively generated 
breakdowns for the noble metals. 

 

1. Introduction 
The characterization of microdischarges generated at high pressures poses technical challenges due 

to the complex nature of field emission phenomena resulting from fast ionization processes within the 
discharge region. For this reason, low pressure can be more beneficial for investigation of microgap 
breakdown processes where the impact of the carrier gas can be neglected. The first attempts to 
investigate microgap breakdowns generated in vacuum were made in 1950s by Boyle, Germer and 
Kisliuk [1]. Over time, various materials (tungsten, copper, etc.) in different conditions (electrode 
separation, regime of electric signal, pressure, etc.) were investigated in numerous papers [2-4]. 
However, despite them, the breakdown initiation mechanisms are still unclear and under research. For 
this reason, we decided also to investigate them and in our previous work, the focus was on the 
vacuum microgap breakdowns generated in dc or pulsed regimes for stainless steel and corresponding 
field emission analysis [5,6]. Currently, the vacuum microgap breakdowns for palladium and other 
noble metals, which are characterized by good corrosion resistance, are under our investigation, 
mostly from the statistical point of view. The statistical characterization for palladium was successfully 
provided and recently published [7]. In this work we will focus on palladium, gold, and platinum. 

 

2. The experimental setup  
Scheme of our experimental setup is shown in Fig. 1. The vacuum ⁓ 10-4 Pa was secured by a system 

of turbomolecular pump with dry forepump for pre-vacuum. The electrodes were arranged in sphere-
to-plane configuration inside the vacuum chamber. The metal sphere, with a diameter of 
approximately 5 mm, served as the cathode, while the plane anode was connected through resistors 
to a high-voltage power supply. The system operated in a pulsed regime, controlled by a function 
generator. The voltage ramp speed of the generated pulse was 107 kV/s and electrode gap size for all 
measurements was set to 10 μm. The 0 separation was determined by measuring of R2+R3 Ω using an 
ohmmeter. The required gap size was set using micrometer head.  



 

   

3. Results and discussion 
Before conducting experiment, the conditioning of 

electrodes is necessary [1-7]. The conditioning process 
represents the cleaning of electrode surface from various 
impurities by successive breakdowns. In the following Fig. 2 
the evolution of breakdown voltages during conditioning for 
palladium, gold and platinum is shown with the gap size of 
10 μm.  

From Fig. 2 it can be observed that during conditioning 
the breakdown voltage increased up to the saturated state 
where their values were determined, respectively ⁓ 3.5 kV 
for palladium, ⁓ 4 kV for gold and ⁓ 4.4 kV for platinum. 
These measurements confirmed the need of conditioning 
before breakdown voltage VB determination as noticed in 
the works [1-5]. From Fig. 2 we can also deduced that for 
different materials, various numbers of breakdowns are 
required to reach the saturated state.  

The statistical analysis was performed in saturated state 
for a sample over 10 000 breakdown sequences. In each 
breakdown sequence (pulse burst) with the length of several 
μs, several breakdowns were generated, as shown in Fig. 3 
(illustration for palladium).  

The objective of the statistical analysis was the prove the relationship between two consecutive 
breakdowns. The correlation of VB(i+1) – VBi versus VBi where i = 0, 1, 2, 3 is the number of breakdown in 
the sequence was determined. At first, the breakdown pairs 1-0 (i = 0) for all materials were 
investigated. Corresponding dot density plots of correlation VB1 – VB0 versus VB0 are shown in Fig. 4. 
These plots demonstrate that the consecutive breakdowns are not accidentally generated, but follow 
the pattern shown in Fig. 4. They differ with material. In the case of palladium, the maximum dot 
density is concentrated in in the positive part of y-axis, as well as in the case of gold. It indicates that 
for these materials the increase in breakdown voltage for first breakdown pair (1-0) is dominant. In the 
case of platinum, the pattern seems to have the same shape as the palladium, but the maximum point 
concentration is located in the negative side of y-axis what represents the decrease in breakdown 
voltage after first breakdown occurring. When the analysis of other breakdown pairs (2-1, 3-2, 4-3) 
was made, the maximum dot density was observed still in the positive side of y-axis. In general, we can 
conclude that the „cascading rise“ of breakdown voltage, when multiple breakdowns are consecutively 
generated, is dominant. This suggests that, in the case of the microgap vacuum breakdown mechanism, 
the observed memory effect is related to surface conditions and modifications occurring during 
breakdown generation.  

              Fig. 2. Conditioning process. 

Fig. 1. The scheme of experimental setup for generation of vacuum microgap breakdowns in pulsed regime.  



 
Fig. 3. The breakdown sequence (pulse burst) with several breakdowns for palladium. 

 

 
Fig. 4. The dot density plots breakdown pair 1-0 (VB1 – VB0 versus VB0) for palladium, gold and 
platinum. 
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Formamide, the simplest amide, is an interesting system to study due to its C=O double bond and C-N peptide 
bond. Its diverse chemistry includes functional groups and chemical bonds found in key biomolecules, making it 
a candidate as a potential precursor to life, many biochemical studies propose it likely played a crucial role in the 
context of the origin of life on our planet. The emission spectrum following electron impact on formamide is 
studied in a crossed-beam experiment. The spectra were measured at three slit widths of 100 and 300 μm, all at 
50eV, within a wavelengths range of 280 to 1000 nm, to achieve optimal ratio of signal intensity and 

resolution.  In the emission spectra, several lines and bands could be successfully identified, where the most 
prominent excited species that found were the hydrogen Balmer series, the nitrogen triplet system NH, the 
excited CH radical in the A and B electronic states, and atomic oxygen. 
 

1. Introduction 
Electron-induced fluorescence (EIF) is a technique enabling studying the electronic, vibrational, and 
rotational states of molecules through the principle of optical emission spectroscopy due to the 
emission of products from electron-molecule collisions; significantly important in several fields, such 
as interstellar chemistry (nebulae, stars, comets) [1]. 
Emission spectroscopy is an analytical method allowing the study of electron-molecule collisions 
producing excited species, which is especially important for astrophysics, particularly in space 
exploration, as it enables remote analysis of planetary atmospheres, cometary comas, and nebulas 
irradiated mainly by nearby stars [2].  The secondary electrons generated in photoionization reactions 
further interact with gas molecules and emission generated through these reactions provide insights 
into the molecular composition and processes active in these interstellar bodies. 
In recent years, it has become evident that the chemistry of interstellar bodies is not confined to the 
gas phase. A significant portion of their mass resides in condensed matter, primarily in refractory dust 
grains or dust coated with volatile molecular ice mantles. Alternatively, ice-coated dust can accumulate 
on larger objects, growing in size up to that of comets. This process is of great interest to astrobiology, 
as comets are believed to play a role in delivering water and essential organic compounds to planetary 
surfaces. Such deliveries, including those to early Earth, could have occurred at a critical time, 
potentially contributing to prebiotic processes that led to the emergence of life [3].  
Formamide (NH₂CHO) has been identified as a potential precursor to a wide variety of organic 
compounds essential for life, and many biochemical studies propose that it likely played a crucial role 
in the origin of life on Earth. First, it has an amide functional group (-N−C(=O)-), which is necessary to 
form chains of aminoacids and build up proteins; and second, it has been identified as a key precursor 
of a large variety of prebiotic molecules. Its first detection in space was reported in 1971 in the 
Sagittarius B2 region (Sgr B2), the most massive star-forming region in our galaxy. Additionally, its 
detection in comets, that retained their chemical composition from the birth of the Solar System, raises 
the question of whether a significant amount of formamide may have been exogenously delivered to 
the young Earth around four billion years ago [4-5]. 
The data from previous research on electron-induced fluorescence of formamide are insufficient or 
practically non-existent for studying extraterrestrial bodies. This study aims to expand the database of 



absolute emission cross sections and provide detailed information on the processes occurring during 
the experiments. 
 

2. Experimental Apparatus 
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 [6]. 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 ~10-8 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, an Andor iDUS 420 CCD camera is used. The 
CCD camera is sensitive to 300 – 1100 nm wavelength range and can obtain signal from an 
approximately 85 nm interval of wavelengths. 
 

3. Experimental results and discussion 
In a first step of this experiment, the emission spectrum of formamide was measured using different 
slit widths (100 μm and 300 μm which correspond to spectral resolution 0.4 nm and 1 nm), at 50eV 
electron energy. Comparing the experimental results allows us to determine the optimal measurement 
parameters for analyzing formamide, aiming the best resolution to identify the peaks and bands 
corresponding to the emission excitation of all possible fragmentations of the compound. The first 
emission spectrum, obtained with a slit width of 100 μm, was measured in the wavelengths within 300 
– 950 nm. Meanwhile, the emission spectra with slit width of 300 μm was measured over a shorter 
wavelength range within 300 – 500 nm.  
Comparing the emission spectra obtained, several emission lines were identified. In the spectrum 100 
μm slit width, it is possible to observe the emission line corresponding to Hα as well as the oxygen 
emission line in the IR wavelength region, O I (3p3P-s3S0), as shown in figure 1. In both spectra, the 
most prominent emission line corresponds to the nitrogen triplet system NH (A3Π-X3Σ), and the rest of 
the hydrogen’s Balmer series from Hβ to Hη, were also identified along with the CH (B2Σ-X2Σ), CH (A2Δ-
X2Π) and CN (B2Σ-X2Σ) bands, as shown in figure 2 [7 – 8].   
Formamide is a liquid under typical temperature and pressure conditions at the Earth's surface. It is 
volatile and has a relatively low boiling point. However, conducting measurements of this compound 
proved to be more challenging than anticipated, as it condenses easily, leading to blockages in the 
system. Therefore, it is crucial to properly regulate the temperature of each individual component of 
the system to prevent condensation and subsequent blockages. At the same time, it is necessary to 
identify the ideal conditions to maintain a sufficiently high pressure that ensures a reasonable signal 
intensity. 
The results presented are preliminary and help to clarify the most suitable parameters for working 
with this type of sample, allowing us to achieve clear, well-defined, stable, and reproducible results. 
We will continue working by repeating the measurements until the optimal working conditions are 
determined. Subsequently, a more comprehensive study of this molecule will be conducted, obtaining 
the emission spectrum after electron beam collisions at different electron energies ranging from 5 to 
100 eV, covering the wavelength range from 280 to 1000 nm. 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Fig. 1. The emission spectrum of Formamide measured by CCD camera at 50 eV electron energy with 

slit width of 100 μm, from 500 to 950 nm. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. The emission spectrum of Formamide measured by CCD camera at 50 eV electron energy with 

slit widths of 100 μm and 300 μm, from 300 to 500 nm. 
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Thermal plasma gasification is a technology that utilizes high-temperature plasma to convert organic and 
inorganic materials into synthesis gas (syngas) and slag. There are several possibilities how produce thermal 
plasma. An argon-water arc plasma torch and a microwave plasma torch are utilized for these purposes at the 
Institute of Plasma Physics, and their characteristics have been compared. 
 

1. Introduction 
Microwave, arc discharges, and radio frequency sources can all produce thermal plasmas when they 
pass through a gas stream where gas molecules are ionized due to high temperatures. Thermal 
plasmas are relatively dense with rather lower electron energy in comparison with other plasmas [1]. 
Ionization for plasmas in thermal equilibrium is given by Saha equation [2]. Thermal equilibrium in 
the case of plasmas means that electrons, ions, and gas molecules and atoms are at the same 
temperature while cold plasmas usually feature hotter electrons than other elements. Thermal 
plasmas at atmospheric pressure possess high energy densities, making them well-suited for specific 
applications such as material processing (plasma spraying, nanoparticles synthesis), gasification-
pyrolysis, fuel conversion and environmental applications (air and water purification, carbon capture 
conversion). 
 

 
Fig. 1. Classification of Plasma by Electron Density and Energy [1]. 

 
Advantages of using thermal plasma originate from high temperatures leading to high reaction 
constants, reduction of reaction volumes and the options for proper reaction pathways in general, 
while disadvantages spring from high operating costs, limited scalability, and lifetime of electrodes in 
the case of arc plasma sources. 
 

2. Arc plasma torch 
An arc plasma torch (WSPH) used at Institute of Plasma Physics (IPP) for the purposes of gasification 
was patented on the same place and is characterized by several unique features. A cathode is 
protected against corrosion by an argon flow, but the main part of the arc is stabilized by a water 



vortex and an anode is presented by water-cooled copper disc. Produced plasma has very low mass 
rate of ionized argon/water mixture with extremely high temperature (up to 20 000 K), maximum 
input power is 150 kW [3]. 
 

3. Microwave plasma torch 
A microwave plasma torch (MW) utilised as the source of energy for gasification uses air as a working 
gas and was supplied by company Muegge (Germany). The torch consists of four major components 
which are: an AC power supply, a water-cooling system, a 950 MHz microwave generator and a 3-
stub tuner. Maximum input power is 100 kW. 
 

4. Experimental 
The inlet of treated material and the plasma torch are mounted at the top of a 220 L reactor with 
ceramic thermal insulation of 400 mm thickness. Produced gas is quenched, filtered, flows through 
a water ejector, where the underpressure in the reactor in controlled and subsequently is burnt in 
the flare with a propane butane stabilizing burner. Temperatures range 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 MG01 spectrometer 
Bruker Optik GmbH were used as gas analyzers. A freezing unit had to be placed into the sampling 
line to avoid water condensation. Polypropylene (PP) was treated by both torches and the results 
were compared. 
 

5. Comparison of arc and microwave plasma torches 
The WSPH torch produces 18 g/s of Ar/H2O plasma, whereas the MW torch uses air as its working gas, 
with a mass rate nearly 70 times higher (1250 g/s) than that of the WSPH torch. This leads to 
enormous dilution by N2 of produced syngas in the case of the MW torch, but the usage of different 
working gases (H2O vapour, O2, CO2 or their mixtures) would lead to the production of synthetic gas 
with more advantageous composition [4]. 
 
Tab. 1.  Comparison of arc plasma (WSPH) and microwave plasma (MW) torch, gasification of 

polypropylene (PP) 

 
 

High Ar concentration in the case of the WSPH torch is caused by externally adding of 50 slm of Ar for 
calibration purposes. The Ar concentration originated just from Ar presented in plasma would form 
approximately 1 %. 
Due to its lower power and higher plasma mass flow rate, the MW torch has a much lower plasma 
temperature, which was expected to result in increased concentrations of hydrocarbons such as CH4 
and C2H2. However, measurements did not support this hypothesis. 
Syngas composition and basic operational parameters are summarized in Tab. 1. 
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Mass spectroscopy (MS) was used for detection of oxygen and nitrogen species produced by negative polarity 
high pressure glow discharge (HPGD). Atomic O and N species as well as nitrogen oxides NO and NO 2 were 

detected. It was not possible to detect ions generated in the discharge directly. As shown by chemical kinetic 
model, concentration of negative ions is negligible in HPGD because of elevated temperature. Chemical kinetic 
model was also used to study formation pathways of species detected by MS.  
 

1. Introduction 
Electrical discharges can generate chemically active non-equilibrium plasmas, where electrons have 
significantly higher energy than ions and neutral particles. Among the many types of electrical 
discharges, low-pressure glow discharges are one of the most common and fundamental, often used 
for illumination [1]. While less common and well-known than their low-pressure counterparts, high 
pressure glow discharges (HPGD) offer the possibility of removing organic pollutants from exhaust 
gases [2]. Furthermore, their stability and efficiency in generating nitric oxide from air make them 
useful for nitrogen fixation [3].  
HPGD can be ignited between a high-voltage metal electrode and a water surface, with the second 
electrode submerged [4]. This configuration, in combination with the generation of nitrogen oxides in 
the gas phase, makes HPGD suitable for generating plasma-activated water [5]. 
Plasma-activated water (PAW) is water that has been exposed to plasma. This exposure infuses the 
water with reactive oxygen and nitrogen species (RONS), such as hydrogen peroxide, nitrates, and 
nitrites, which temporarily alter the water's chemical properties and make it useful in many 
applications in food, agriculture, and biomedicine [6, 7]. These possibilities have made PAW a hot topic 
in the low-temperature plasma community in recent years. 
Despite many studies and obtained results, further research is crucial for a better understanding of the 
formation mechanisms of reactive species, such as nitrogen oxides, and for assessing the role of 
different gas-phase species in the formation of aqueous RONS in PAW. From a practical point of view, 
this knowledge will allow for increased energy efficiency and selectivity with respect to the desired 
products when generating PAW. For this reason, the formation of RONS by HPGD is studied in this 
paper, using mass spectrometry (MS) and chemical kinetic modelling. For MS measurements we used 
molecular beam mass spectrometer (MBMS) that can sample from atmospheric pressure enabling to 
directly access chemical species created in the plasma. In principle the MBMS can detect both neutral 
and ionic species but in this study we focused to neutrals.  
 

2. Experimental setup 
A schematic diagram of the experimental apparatus is shown in Figure 1. The high pressure glow 
discharge was generated by a DC high voltage (HV) power supply (Glassmann PSIWH 20R25) with 
negative polarity output, capable of delivering up to 20 kV. The power supply was connected to the 
cathode via a 1 MΩ series resistor (R) to limit current. This power supply can also operate as a stabilized 
current source, providing up to 30 mA. 
The cathode consisted of a stainless steel needle with a flat tip and an outer diameter of 0.7 mm. The 
discharges were generated in dry air from the pressure cylinder (purity 5.0), flowing along the cathode 



towards the anode with the gas flow rate of 0.3-0.45 slm, controlled by mass controller (Bronkhorst 
F201-EV).  
For diagnostics of neutral species, a grounded steel ring with an inner diameter of about 4 mm and an 
outer diameter of about 8 mm served as the anode. This ring was positioned 5 mm in front of the 
entrance to the mass spectrometer, which had an orifice diameter of 100 µm. For the measurements 
the mass spectrometer front plate with the orifice was grounded. The cathode-anode gap distance 
was maintained at 3 mm. 
The electrical potential between the cathode and ground was measured using a high voltage probe 
(Tektronix P6015A) connected to a digital oscilloscope (Keysight MSOX 3024T).  
The MBMS used for measurements (Hiden Analytical HPR 60) was operating in two modes- RGA 
(Residual Gas Analyzer) mode, that provides data on the mass spectra of neutrals in the range 0–100 
amu; and MID scan, when the device is set to monitor the temporal changes of selected species. In 
both cases, for the detection of neutral species a ionization chamber was active with the electron 
energy set to 70 eV. The MBMS has an internal shutter – Swagelok that allows recording of the 
background signal coming from the gas phase inside the device.  
 

 
Fig. 1. A schematic diagram of the experimental apparatus. 
 

3. Chemical kinetic model 
The aim of the chemical kinetic model is to calculate density evolution of studied species interacting 
via defined set of chemical reactions. For this purpose we used ZDPlasKin module [8] that includes a 
Fortran 90 version of the VODE solver for numerical solution of system of ordinary differential 
equations [9]. Authors of ZDPlasKin also provide a ready-to-use list of plasma chemical processes in 
nitrogen-oxygen mixtures with all necessary rate coefficients [10]. This set of reactions (version 1.03) 
includes ~650 chemical reactions among 53 species.  
The rate constants of reactions between heavy species from this list are calculated from the 
thermodynamic gas temperature Tg. The rate constant for electron impact reactions must be 
calculated from electron energy distribution function (EEDF) obtained by solving the Boltzmann 
equation for free electrons. The ZDPlasKin package includes a Bolsig+ solver [11] for this purpose. A 
set of required electron scattering cross sections was taken from the LXCat project database [12].  
Finally, ZDPlasKin module requires use of additional subroutines written by user for comprehensive 
control of simulation conditions, e.g., changes in the gas temperature, pressure and reduced electric 
field. Our physical model has two parts, glow discharge and afterglow. The afterglow part has to be 
included because in some experiments, the gas from the discharge did not enter the mass 
spectrometer directly, but there was a 5 mm gap between the grounded ring electrode and orifice.  



For modeling of GD we used constant temperature Tg = 2000 K, constant pressure of 1 atmosphere 
and constant reduced electric field strength En = 60 Td. We also used constant electron density ne = 
1012 cm-3. These values were estimated based on previous experimental observations of HPGD [13]. In 
order to take into account diffusion of species our of the discharge plasma channel and mixing with 
the surrounding ambient air, we included a primitive diffusion model in our code. After each 
calculation step with duration Δt, concentration of each heavy particle ni is decreased by Δni calculated 
as 

 
Δni = -αdiff ni Δt,           (1) 
 
where αdiff is coefficient representing diffusion of particles out of the plasma channel. To keep constant 
pressure (total density of particles), the removed particles were replaced by N2 and O2 molecules (ratio 
4:1). This simulates mixing with the ambient air.  
In the second part of the model, an afterglow period of 0.2 s, the reduced electric field strength 
decreased exponentially to 3 Td with a time constant of 20 ns. Electrons concentration was calculated 
dynamically along with the densities of all other species, rather than being held constant. Mixing with 
the surrounding air continued during the afterglow phase, leading to a calculated decrease in gas 
temperature. Electron diffusion was also incorporated, with a diffusion coefficient ten times higher 
than that of the heavy particles. 
 

4. Results and Discussion 
HPGD was generated with discharge current of either 2.1 mA, or 3 mA. The applied voltage was -3 kV 
and -4 kV, respectively. The discharge voltage (across the gap) decreased from ~1.3 kV to ~1.15 kV 
when the HPGD current increased from 2.1 mA to 3 mA. Mass spectra of produced neutral species 
were measured for both discharge currents. The obtained spectra had the same species visible for both 
currents so in Figure 2 we present the data recorded for 3 mA.  
The data shows only species created in the plasma as the background signal, recorded in plasma off 
conditions, was subtracted. The most abundant species created in the discharge were atoms of H,N 
and O and reactive species OH, H3O, NO, H2O2 and N2O.   
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Fig. 2. Mass spectra of neutral species measured for current 3 mA.  
 



In the MID scan mode, we monitored temporal changes in the nitrogen species NO, N2O and NO2 
important for PAW generation. In Figure 3 we show recorded signals for these species with respect to 
different measurements conditions. Measurements were conducted with Swagelok open and with 
Swagelok closed. Swagelok open represents the sum of foreground and background species, while 
Swagelok closed corresponds to background species only. For the first 6 minutes of recording the 
discharge was off so variations in the signal is only due to processes inside the device. Once the 
discharge is ignited, increase in NO and NO2 signals was due to the species created in the discharge. 
Obviously, creation of N2O species was not large so the signal did not change after discharge inception.  
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Fig. 3. MID-scan of NO, NO2 and N2O species without and with the discharge operating in front of the 
MS orifice with addition of synthetic air. Discharge current was 3 mA. Measurements were perforemed 
with Swagelok closed (SL CL) and open (SW OP).  
 
In summary, the experimental data confirmed generation of N, O, NO and NO2 by HPGD. Chemical 
kinetic model using ZDPlasKin module was used to explain their formation. As for example, Figure 4 
shows time evolution of N, O, NO, NO2 and O3 species concentrations in the glow discharge. This 
calculation was performed with αdiff = 2 s-1.  
Our model incorporates diffusion, but the employed calculation approach is simplified, and the exact 
value of the diffusion coefficient remains unknown. Instead, we utilize a parameter, αdiff, to represent 
the diffusion rate. We performed several calculations with αdiff ranging from 0.1 to 10 s-1. Since αdiff 
influences the calculated steady-state concentrations of species in the plasma, we cannot definitively 
determine the actual concentrations of the studied species in the HPGD. However, we observed that 
αdiff  in studied range does not significantly affect the ratio of concentrations of various RONS or their 
production pathways. 
Figure 4 demonstrates that the concentrations of all studied RONS reach a steady state after 
approximately 0.2 ms, remaining constant thereafter. This steady state arises from a balance between 
production (through chemical reactions) and removal (via chemical reactions and diffusion). 
Consequently, we analyzed the reaction pathways separately for the initial phase of the simulation and 
for the subsequent steady state. 



 
Fig. 4. Time evolution of N, O, NO, NO2 and O3 species concentration; calculated with αdiff = 2 s-1. 
 
In the initial phase (Figure 5), O atoms are mainly produced by reactions of O2 with electronically 
excited molecular nitrogen species N2* (the most important being N2(B3Σ), and by electron impact 
dissociation of O2 molecules: 
 
N2* + O2 → N2 + O + O,  (2) 
e + O2 → e + O + O. (3) 
 
Contribution of other reactions, such as  
 
N + O2 → O + NO (4) 
 
on O atoms production is already quite small. 
In the later steady state phase, the production reactions (2-4) are compensated by O atoms 
recombination reactions 

 
O + O + M (M = O, O2, N2) → O2 + M. (5) 
 
In this simplified O production/removal mechanism we omitted reactions between O, O(1D) and O(1S) 
species. An equilibrium between these species is achieved quickly, with O representing more than 
99.9% of them. 
N atoms are produced mostly by these two reactions: 
 
O(1D) + NO → O2 + N, (6) 
N2(a`1) + NO → N2 + N + O. (7) 
 
There is also a third important reaction producing N atoms, electron impact dissociacion of N2, but it 
plays an important role at the very beginning of the simulation (t < 50 µs), when there is still not enough 
NO molecules for N generation by equations (6) and (7). 



 
Fig. 5. Production of O atoms during the initial phase of the simulation; calculated with αdiff = 2 s-1. 
 
In steady state, the removal of NO molecules by N (equations (6) and (7)) is compensated by NO 
production via reaction 

 
N + O2 → O + NO.          (8) 
 
Reactions (6-8) all involve NO, they are crucial not only for N production and losses, but they also 
influence the density of NO. Reaction (8) is actually the most important for NO production (Figure 6). 
The other two important reactions are 

 
N2(A3) + O → NO + N(2D),         (9) 
N(2D) + O2 → NO + N.          (10) 
 
In the steady state, the production of NO is compensated by its removal (Figure 7) via reactions (6), (7), 
(11) and (12) 
 
NO + N(2D) → N2 + O,          (11) 
NO + N → N2 + O.          (12) 
 
NO2 is produced almost eclusively by reaction (13) and removed by reaction (14) 
 
O + NO + M → NO2 + M (N2, O2),         (13) 
O + NO2 → NO + O2.           (14) 
 
Steady state NO2 concentration [NO2] can be therefore easily calculated as [NO2] = k13.[NO]/k14, 
assuming balance between NO2 production and destruction by reactions (13) and (14). In this formula, 
[NO] is steady state concentration of NO, k13 and k14 are rate coefficients of reactions (13) and (14), 
respectively. At 2000 K, the ratio of these two rate coefficients is 7.3×10-4 and it explains why the 
steady state concentration of NO2 is much lower than the concentration of NO (Figure 4).  
 



 
Fig. 6. Main reactions responsible for production of NO molecules; calculated with αdiff = 2 s-1. 
 

 
Fig. 7. Main reactions responsible for losses of NO molecules; calculated with αdiff = 2 s-1. 
 
Based o ex-situ measurements of the gas after treatment by glow discharge, the concentration of NO 
is higher than the concentration of NO2, but the difference is not so significant [3]. Final NO and NO2 
concentration is mainly determined by reactions in the gas after leaving the discharge zone (afterglow).  
Figure 8 shows time evolution of gas temperature and N, O, NO and NO2 species concentrations in the 
discharge afterglow, calculated with αdiff = 10 s-1. The concentration of atomic species (N and O) 
decreases rapidly. While the NO concentration decreases slowly, the NO2 concentration increases, 
despite mixing with the ambient air. Consequently, the difference between NO and NO2 concentrations 
decreases in the discharge afterglow. 



 
Fig. 8. Time evolution the gas temperature and N, O, NO and NO2 species concentrations; calculated 
with αdiff = 10 s-1. 
 
A stable signal from ions directly generated by the HPGD was not detected by mass spectrometry. This 
can be attributed to two main factors. Firstly, the HPGD migrated on the surface of the orifice plate 
that served as anode, making its position relative to the spectrometer's gas entrance (a 100 µm orifice) 
highly variable. A stable ion signal could only be observed if the HPGD was positioned directly above 
this orifice, which occurred only randomly and occasionally. Secondly, even with the discharge 
positioned stably above the orifice, ion detection remains challenging. Positive ions are repelled from 
the anode, and the concentration of negative ions within the HPGD is relatively low, according to the 
kinetic model. The dominant negative ion, O-, has a concentration of approximately 1010 cm-3, two 
orders of magnitude lower than the electron concentration. This low negative ion concentration may 
be due to the elevated gas temperature in the HPGD plasma channel. 
 

5. Conclusions 
Fixation of nitrogen from the air, converting it into reactive compounds, remains a significant challenge 
and a hot topic within the low-temperature plasma community. High-pressure glow discharges offer a 
stable and efficient means to generate nitrogen oxides, key precursors for nitrogen fixation. This study 
investigates the mechanisms of nitrogen oxide generation in an HPGD using a combined approach of 
mass spectrometry and chemical kinetic modeling.  
Mass spectrometry provided insights into the types of reactive oxygen and nitrogen species produced, 
while the kinetic model simulated the complex chemical reactions within the plasma. Our findings shed 
light on the dominant reaction pathways on nitrogen oxide formation. However, further research is 
crucial to refine our understanding. Future experimental work should focus on improving the detection 
and quantification of reactive species, particularly ions. Model enhancements are also necessary, 
including a more accurate representation of diffusion processes and the discharge afterglow phase. 
Furthermore, incorporating additional chemical reactions involving water molecules will enable us to 
explore the crucial role of humidity in the generation of nitrogen oxides, nitric acid, and nitrous acid. 
This comprehensive approach promises to advance our knowledge of nitrogen fixation using HPGD 



and pave the way for the development of efficient and sustainable plasma-based technologies for 
fertilizer production and other applications. 
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Various studies have explored different aspects of electron-molecule interactions, which are funda-
mental processes in plasma chemistry, atmospheric reactions, astrophysics, and cometary science. Ac-
etone occurs naturally in the human body, plants, and the atmosphere, and is also synthesized as a 
manufactured chemical used in cleaning products, paints, coatings, pharmaceuticals, and more [1]. 
Acetone is also an organic compound detected in extraterrestrial environments, including interstellar 
space, protoplanetary disks, and the surfaces of comets. For example, Douglas N. Friedel et al. (2005) 
reported the detection of interstellar acetone in the Orion-KL hot core, a high-mass star-forming region 
[2]. In 2017, a study on the evolution of cometary nuclei surfaces confirmed the presence of acetone 
and methanol through the sublimation of ice in the presence of organic volatiles [3]. The detection of 
significant abundances of acetone in various extra-terrestrial environments, such as comets, interstel-
lar space, and planetary atmospheres, has significant implications for chemical processes, prebiotic 
chemistry, and astrobiology. Therefore, understanding the elementary processes and kinetics of elec-
tron-impact reactions on acetone is essential. In astronomy, the accurate description of emission spec-
tra is particularly important, as most astronomical objects are primarily studied using emission spec-
troscopy. 

Several studies have examined the fluorescence of acetone induced by various sources. The shape of 
the emission spectrum can reveal whether the emission is induced by electrons, photons, or other 
sources and provides insights into the excitation reaction energy. For example, Damon and Daniels [4] 
were the first to report fluorescence in acetone vapor when exposed to ultraviolet light from a mercury 
arc. T. Tran et al. investigated the fluorescence of acetone induced by a laser at pressures ranging from 
1 to 15 atm [5]. However, only a few studies have explored the electron-impact spectrum of acetone. 
Our study focuses on the interaction of acetone molecules with low-energy electrons (10–100 eV) us-
ing emission spectroscopy in the UV-Vis spectral region. Electron-induced fluorescence (EIF) is a phe-
nomenon that occurs during inelastic collisions of low-energy electrons with molecules based on a 
crossed electron and molecular beams method. At the Laboratory of Electron-Induced Fluorescence 
(LEIF) at Comenius University in Bratislava, optical emission spectra of acetone species under electron 
impact are currently being reported. The most prominent spectral features in the emission spectrum 
of acetone ((CH₃)₂CO) were measured in the wavelength range of 280 – 950 nm at 50 eV electron 
energy, including the hydrogen Balmer series lines Hα at 656.3 nm and Hβ at 486 nm, the Swan system 
of C₂ (d³Πg–a³Πu) within 460–472 nm, and the CH (A²Δ–X²Π) emission band observed in the range of 
415–445 nm as shown in Fig. 1. These processes involve photon emission following electron-impact 
excitation and the subsequent de-excitation of excited particles. The emphasis is on spectral analysis 
and the determination of emission cross-sections. The primary objective of this work is to obtain data 
on the electron-induced fluorescence of acetone molecules in a crossed-beam experiment, which are 
key components in many extraterrestrial environments and may play a crucial role in astrophysics. 
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Fig. 1. The emission spectrum of (CH3)2CO measured by CCD camera at 50 eV electron energy. All tran-
sitions were assigned according to the LIFBASE spectroscopic tool [6]. 
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Electron induced excitation reactions of water were studied by means of optical  emission spectroscopy in the 
spectral range between 200 nm and 800 nm in crossed beams experiment. Excited water cation H 2O+, 
fragments OH, OH+ and H and O were identified in the spectrum. For most intensive transition the cross sections 

and threshold energies were determined.  
 

1. Introduction 
Electron induced processes are abundant in various environments from space, planetary atmospheres 
through industry to laboratory. In astrophysics using the optical emission spectroscopic methods they 
can act as remote probe of physical properties of environments since every molecule or atom has a 
unique spectrum.  
Analysis of the data from the Rosetta mission to comet 67P/Churyumov-Gerasimenko shown that the 
emission from the comet coma is induced mostly by electron impact outside the 2 AU pre-perihelion 
[1]. The emission fades if the comet is within 2 AU of the Sun. The effect can be caused by increased 
concentration of water in the coma leading to different energy distribution of electrons [2]. To assess 
such effect, it is necessary to thoroughly study the electron impact fluorescence of water including the 
cross sections in laboratory conditions as current data are incomplete or insufficient.  

 

2. Experiment 
 

 
Fig. 1. Experimental apparatus 
 
The apparatus used for the experiment was described in detail in previous publication [3] and is 
schematically depicted in figure 1. It utilized crossed beams configuration. The sources of electron 
(trochoidal electron monochromator) and molecular beams (effusive capillary) are in a vacuum 



chamber with background pressure of ~ 10-8 mbar. The experiments were carried out at ~ 1.5x10-4 
mbar. We have checked the linearity of the spectral line intensities on the pressure so that the single 
collision conditions were maintained [4]. The fluorescence radiation was collected by an optical system 
located perpendicularly to the crossing beams which focused the fluorescence signal onto the entrance 
slit of the Oriel Cornerstone 260 Czerny-Turner ¼ m optical monochromator. After passing through the 
optical monochromator, the signal was detected by a low-noise, Peltier-cooled photomultiplier 
working in the photon counting regime. The measurement was done in two modes: spectral 
measurement at constant electron energy or cross section measurement at specific wavelength 
corresponding to one deexcitation. The energy of the electron beam was absolutely calibrated by 
introducing a mixture of N2 and H2O into the apparatus and by measuring the intensity profile of the 
N2 (C3Πu–B3Πg)(0–0) band at 337 nm which exhibits relatively sharp maximum at 14.1 eV [5] and 
intensity profile of Hβ line. Subsequently the profile of Hβ line was aligned with the same measurement 
in pure water vapours to calibrate the electron energy.  
 

3. Results and discussion 
The spectral region between 200 nm and 900 nm has been studied. The spectrum shown in the figure 
2 is corrected for the spectral sensitivity of the experimental device. In the spectrum measured at 
electron energy 50eV the emission corresponding to deexcitation of atomic hydrogen (Balmer series), 
OH (A2Σ+-X2Π), OH+ (A3Π-X3Σ-) and H2O+ (Ã2A1-X2B1) have been detected. The spectral bands 
corresponding to OH, OH+ and H2O+ were identified according to the [6] and [7]. 
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Fig. 2. Emission spectrum of water induced by 50 eV electrons impact.  
 
In the spectral region above 800 nm no line nor band has been identified. One of the reasons can also 
be relatively low detector sensitivity. The O I (3s5S0 – 3p5P) at 777 nm line is very faint, almost hidden 
within the detector noise. The detail of the OH (A-X) transition is shown in the figure 3 including the 
region below 300 nm. All the detected water cation band correspond to the various vibrational 
transitions of H2O+ (A-X) and are present between 450 nm and 750 nm.  
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Fig. 3. Emission spectrum showing the detail of OH (A-X) transition measured at 50 eV electrons impact.  
 
Apart from the spectral measurement the cross sections for the most intensive transitions were 
determined as well. The curves for Balmer’s series were measured for transition H (3-2) to H (7-2). For 
each cross section the threshold energy was determined by simple fitting procedure. These values 
were compared to theoretical thresholds based on enthalpy of formation. The cross section curve for 
H (4-2) transition is shown in the figure 4.  
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Fig. 4. Cross section curves of OH (A-X), OH+ (A-X), H2O+ (A-X) and H (4-2) transitions.  
 



From the curve shape it is evident that there are three distinct thresholds. These correspond to 
different generation channels of excited hydrogen atoms in the electron-molecule reaction. Similar 
shape can be seen in case of other Balmer’s series lines as well.  
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The aim of this work is to capture excited energy curves of carbon monoxide molecule using highly precise ab-
initio method CASSCF. The main goal is providing set of data, consisting mainly of vertical transition energies, 
which can help interpreting absorption and fluorescence spectra of CO molecule, initiated with electron impact. 
 

1. Introduction and experimental motivation 
Precise knowledge of molecular potential energy surfaces (PES) is of crucial for any spectroscopic 
measurements as it enables identification of starting and final electronic state corresponding to 
excitation or deexcitation of studied molecule. Applications of spectroscopic measurements include, 
but are not limited to, determining presence, concentration, and reactions of carbon monoxide in 
astronomical objects as their distance from the Earth disqualifies most other diagnostic methods.  
Based on this motivation, electron-induced fluorescence (EIF) data were collected at Comenius 
University in Bratislava; however, these data lack a precise quantitative description of the excited 
states. Recent theoretical approaches dealing with dynamic and static correlations to HF can be 
employed to uncover the detailed information required for EIF. 
 

2. Methodology presented in this work  
Excited electronic states of CO were previously studied by Dora and Tennyson [1] using state averaged 
CASSCF(10,10). In this work we will examine alternative approach using SA-CASSCF(8,7) with starting 
orbitals obtained via natural bond orbital (NBO) analysis of MP2 [2] optimized wavefunction. 
Converged SA-CASSCF [3][4] wavefunctions are afterwards treated with NEVPT2 [5][6]. Final single 
point energies will be presented consisting of CASSCF energy extrapolated to complete basis set (CBS) 
and NEVPT2 correction at aug-cc-pV5Z level. All calculations are performed using ORCA 5.0.4 [7] 
quantum chemistry package and NBO7 [8] program. 
Although smaller active space of CASSCF implies meaningful description of limited number of excited 
states, this approach proved advantageous in several ways. Firstly, we were able to obtain PES for wide 
range of interatomic distances from 0.85 Å up to 3.00 Å, equally for the ground and first 11 excited 
states, giving the possibility to uncover the repulsive states from the stable PES. Additionally, due to 
the nature of state averaged calculation, crossings of electronic states with same irreducible 
representation and spin multiplicity lead to sharp steps in the potential energy curves. Since these 
crossing appear primarily at higher energies, we were able to avoid most of them, thus obtaining 
smooth energy curves. Finally, reduced computational cost made perturbation treatment possible 
allowing us to capture part of dynamical correlation energy as well.  
For extrapolation technique we considered CBS limit of to be given by expression [9]: 
                 𝐸∞

𝑡𝑜𝑡 = 𝐸∞
𝐶𝐴𝑆+𝐸∞

𝑑𝑐                                                                                                                        (1) 
This split of total extrapolated single point energy  𝐸∞

𝑡𝑜𝑡  into CAS component 𝐸∞
𝐶𝐴𝑆 which captures 

Hartree-Fock energy and non-dynamical correlation and 𝐸∞
𝑑𝑐 component which corresponds to 

dynamical correlation is necessary due to different rates at which these components converge with 
respect to the cardinal number of basis set  [9]. For 𝐸∞

𝐶𝐴𝑆 we chose 3-point extrapolation scheme [10] : 
𝐸𝑋
𝐶𝐴𝑆 = 𝐸∞

𝐶𝐴𝑆+𝐴𝑒𝑥𝑝(−𝛽𝑥)                                                                                                                  (2) 
Where X is hierarchical number approximately equal to the cardinality of basis set [11], A and β are 
parameters to be fitted. Correction scheme specifically proposed for dynamical correlation [11] exists, 



however it contains method specific parameters, which are not available for NEVPT2, thus dynamical 
part of correlation was not extrapolated.  
While our results are generally in good agreement with findings of Dora and Tennyson [1], we were 
unable to replicate some of qualitative properties of lower lying excited electronic states - most 
notably B 1Σ+ and avoided crossing of two 3Σ+ states. These differences are likely due to the choice of 
smaller active space in our work. 
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This contribution is dedicated to address the gap in knowledge regarding the determination of ozone 
production rates on silica surfaces, which are commonly encountered in both laboratory and industrial plasma 
systems. By investigating the interactions between plasma species and silica surfaces, this study aims to 
provide a better understanding of the mechanisms underlying ozone production, with a focus on surface-
bound reactions. This research not only helps to clarify the fundamental processes of plasma-surface 
interaction but also holds potential for improving the efficiency and control of ozone generation in practical 
applications. 

1. Introduction and theory 
Plasma-surface interactions play a crucial role in a wide range of discharge phenomena and are 
particularly significant in the processes of ozone formation and destruction. These interactions are 
especially important in the afterglow phase of a direct current (DC) low-pressure discharge in pure 
oxygen (O₂) [1], as well as in dielectric barrier discharges (DBDs) at atmospheric pressure [2]. Despite 
their importance, the rates or probabilities associated with these surface reactions remain largely 
unknown or poorly understood, which limits the ability to accurately model and control these 
processes. Understanding of these rates is critical for optimizing various applications, such as ozone 
generation and environmental plasma-based technologies. 
When a solid surface comes into contact with an oxygen discharge or ozone, the surface rapidly 
becomes coated with adsorbed atomic oxygen (O) species, as well as molecular oxygen (O₂) species. 
These adsorbed species play a key role in subsequent surface reactions, particularly in the formation 
of ozone (O₃). Ozone generation at the surface can occur through two primary reaction mechanisms: 
the Langmuir-Hinshelwood (LH) mechanism and the Eley-Rideal (ER) mechanism. The LH mechanism 
is described by reaction 
 

O2S + OS → O3 + 2S,                                                                      (1) 
 
where OS and O2S are adsorbed oxygen atoms and molecules, respectively, S is the vacant site. The ER 
mechanism is described by reaction  
 

O2 + OS → O3 + S,                                                                      (2) 
 
where O2 is molecule arriving at the surface from gas phase. 
In the LH mechanism, both reactants OS and O2S are adsorbed onto the solid surface before reacting 
to form ozone. The reaction proceeds via a two-step process: First, atomic oxygen interacts with 
molecular oxygen adsorbed on the surface, creating an unstable O₃* intermediate, which then 
desorbs as ozone from the surface. This mechanism relies on the surface’s ability to adsorb and 
activate the reactant species, allowing them to collide and react in close proximity to the surface. The 
efficiency of the LH mechanism is heavily influenced by the nature of the surface, the surface 
coverage of the reactants, and the temperature, as these factors affect the availability and reactivity 
of the adsorbed species. 
In contrast, the ER mechanism involves one of the reactants being adsorbed on the surface, while the 
other remains in the gas phase. Specifically, an adsorbed atomic oxygen species (OS) reacts with a 
gas-phase molecule of O₂, leading to the formation of ozone. This reaction mechanism does not 



require both reactants to be adsorbed simultaneously on the surface. The ER mechanism typically 
occurs when one of the reactants (such as O) is in a highly reactive state, allowing it to react with gas-
phase molecules that impinge on the surface. 
Both mechanisms are essential for understanding the formation of ozone on solid surfaces, 
particularly in low-pressure oxygen discharges or when ozone is present in the system. The relative 
importance of the LH and ER mechanisms depends on factors such as the surface properties, 
temperature, pressure, and the specific conditions of the discharge. By examining these surface 
reaction pathways, it is possible to gain deeper insights into the conditions that maximize ozone 
production and better control the outcomes of plasma-based processes. 

2. Experimental 
Surface processes were studied in the experimental set-up shown in Fig.1.  

  
 
Fig. 1. – argon bottle, 2 – oxygen bottle, 3 – zeolites, 4 – mass flow controllers, 5 – high voltage 
generator, 6 – transformer, 7 – high voltage probe, 8 – oscilloscope, 9 – ozonizer, 10 – light source, 
11 – measuring cuvette, 12 – gas outlet, 13 – spectrometer, 14 – PC. 
 
The inner surface of the cuvette was exposed to ozone for a period of 5 minutes, allowing for 
thorough interaction between the surface and the ozone species. Following this treatment, the 
ozone was evacuated from the cuvette, and the chamber was subsequently filled with a mixture of 
oxygen (O₂) and argon (Ar) in varying ratios. This controlled gas mixture created a specific 
environment for studying the subsequent surface reactions. To monitor the time-dependent 
formation of products resulting from these surface interactions, absorption spectroscopy was 
employed. This technique enabled precise measurement of the concentration of the species formed 
by surface reactions over time. By carefully analyzing the absorption spectra, the dynamics of the 
surface reactions, as well as the influence of the gas mixture composition and exposure conditions, 
could be investigated in detail. The data obtained from these measurements provide valuable 
insights into the kinetics of the surface processes and the factors that govern the formation of 
reactive oxygen species under varying conditions. 

3. Results and discussion 
The results are shown in Fig. 2. For short reaction time the ozone concentration increases linearly, 
when the ozone concentration increases above 2·1014 cm-3 also the destruction processes of ozone 
occur. When the cuvette is filled by argon only, the ozone originated by LH processes only. If the 
oxygen is added to the argon, the ozone is created also by ER mechanism and the increase of ozone 
concentration is faster and the final ozone concentration is also higher, see Fig. 2. The ozone 
concentration produced by LH mechanism is described by equation 
 

𝑛(O3) =  
2

𝑅
∙

𝑛0
2(OS)∙𝑘∙𝑡

1+𝑛0(OS)∙𝑘∙𝑡
   ,                           (3)

        



where R is the cuvette radius, n0(OS) is the initial surface concentration of adsorbed O atoms, k is the 
rate coefficient and t is the time. For short times this equation (3) reduces to 
 

𝑛(O3) =  
2

𝑅
∙ 𝑛0

2(OS) ∙ 𝑘 ∙ 𝑡 .               (4) 

 

So, the initial slope of time dependence of ozone concentration is 𝑎 =  
2

𝑅
∙ 𝑛0

2(OS) ∙ 𝑘. The slopes are 

shown in Fig. 3.  

 
Fig. 2. The dependence of ozone concentration on reaction time. 
 

 
 
Fig. 3. The dependence of the initial slope on argon content in the mixture. 
 
We assumed that the surface concentration of active sites is 1016 cm-2 and one half of these sites is 
occupied by atomic oxygen and second half is occupied by molecule oxygen. Under this assumption 
the rate coefficient derived from these slopes is 1.56 ·10-20 cm-2s-1 for LH mechanism and for ER 
mechanism is 1.0 ·10-28 cm-2s-1. 
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This study evaluates the impact of cold atmospheric pressure plasma disinfection methods on Teflon endoscopic 
test pieces. Plasma-based methods, including PAD, showed superior antibiofilm efficacy, achieving a 7.30 log 

reduction in biofilms within 5 minutes. Minimal changes to surface composition and morphology were observed, 
indicating that plasma methods are effective without compromising Teflon's structural integrity.  

 

1. Introduction 
The narrow lumens within flexible endoscopes provide an ideal environment for biofilm formation, 
leading to the potential for cross-contamination and infection transmission. Current disinfection 
methods, such as the use of peracetic acid, are often inadequate in removing biofilms and their long-
term use may cause damage to the delicate materials of endoscopic devices [1]. Cold atmospheric 
pressure plasma (CAP) and plasma activated liquids (PALs) have emerged as promising alternatives for 
high-level disinfection, showing significant antimicrobial potential [2], [3]. This study investigates the 
effects of CAP and PALs on the surface integrity of Teflon, a common material used in the inner 
channels of flexible endoscopes, and compares their efficacy against a commercially available 
peracetic acid-based disinfection method. 
 

2. Experimental Setup 
A flow system was developed to contaminate endoscopic test pieces with mixed-species biofilm using 
four clinically relevant bacterial species, through repeated cycles of cultivation and rinsing. A low-
temperature surface barrier discharge (SBD) device was designed to generate four plasma-based 
disinfection methods: gas plasma (GAS), plasma-activated water (PAW), a combination of GAS + PAW, 
and plasma-activated disinfectant (PAD). The contaminated test pieces were exposed to each 
disinfection method for 5 minutes, and antibiofilm activity was compared to a commercially available 
peracetic acid-based disinfectant. To assess potential surface damage from the disinfection process, 
surface composition and morphology were analysed using X-ray photoelectron spectroscopy (XPS), 
Fourier transform infrared spectroscopy (FTIR), and atomic force microscopy (AFM).   
 

3. Results  
All four plasma-based disinfection methods had minimal effects on the surface composition and 
roughness of the Teflon endoscopic test pieces, as evidenced by XPS and AFM analyses. XPS results 
showed minor changes in the surface chemistry, with slight increases in C-F2 peaks and minor 
decreases in C-F and C-F3 peaks across all plasma treatments, suggesting that the surface underwent 



only minor chemical modifications (Fig 1). Oxygen and fluorine peaks confirmed that plasma treatment 
did not lead to significant surface functionalization, with only minor increases in oxygen content 
observed in treated samples. AFM analysis revealed minimal changes in surface roughness, with no 
significant difference between the control and plasma-treated test pieces. Minor surface changes were 
found, but no greater than those seen for peracetic acid. These findings were supported by ATR-FTIR 
spectra, which showed no observable changes in the chemical structure after plasma treatments.  
 

 
Fig 1. XPS analysis of the chemical composition of the Teflon endoscopic test pieces. Data 
presented shows high-resolution XPS spectra for carbon 1s (a) and fluorine 1s (b) with 
corresponding peak fittings. 
 

4. Conclusion  
This study demonstrates that plasma-based methods are effective in disinfecting endoscopic test 
pieces without causing significant damage to the surface composition or roughness of Teflon materials. 
The minimal chemical and morphological changes observed with plasma treatments were comparable 
to those induced by peracetic acid, indicating that CAP and PALs can serve as viable alternatives for 
disinfection without compromising the integrity of sensitive medical devices. Further investigation into 
the long-term effects and potential for routine use of CAP and PALs in endoscope reprocessing is 
warranted.  
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In our comparative study, we evaluated the effect of cold atmospheric pressure plasma (CAPP), generated in 
ambient air at atmospheric pressure, on the germination and growth parameters of pea seeds. Pea seeds (Pisum 

sativum L. var. Saxon) with natural germination of 90% and reduced germination of 50% were used. The CAP 
plasma was generated using a DCSBD plasma source and, for comparison, a prototype reactor with two DCSBD -

plasma panels placed inside the chamber. To assess the effect of plasma at different treatment times (10, 20, 30 
seconds) with both plasma sources, we determined several physiological germination parameters: imbibition 

rate, percentage of germination, germination index, seed and seedling vitality index, and seedling length index. 
Additionally, the impact of plasma treatment on DNA damage in pea seedlings was evaluated. Plasma-induced 
surface modifications were studied using surface diagnostic techniques such as water contact angle 
measurement to determine wettability, ATR-FTIR spectroscopy and XPS to assess potential changes in chemical 

composition and surface bonding. 
 

1. Introduction 
Agriculture is currently facing new challenges due to increasing demand for staple food production in 
the context of worsening climate change, drought, and shrinking areas of quality land. Maintaining the 
production of basic agricultural crops requires new approaches, preferably with limited/without the 
use of harmful chemicals [1]. As confirmed by the results of extensive research, the use of cold 
atmospheric pressure plasma (CAPP) in seed surface treatment leads to several positive changes in 
seed germination, growth parameters and, in addition, leads to the reduction of unwanted pathogens 
on the surface of seeds [2,3]. CAPP treatment of seeds for practical applications in agriculture has 
recently become the subject of significant research efforts. The advantage of CAPP is its low-
temperature character, which enables the treatment of heat-sensitive biological material, minimizes 
the use of chemicals, and does not require vacuum equipment but uses ambient air as the working gas 
[4]. For the successful application of plasma technologies directly in companies involved in the 
production of seeds, it is necessary to develop equipment capable of treating larger amounts of seeds 
in a continuous production line. In our study, we compared the plasma treatment of seeds using the 
so-called diffuse coplanar surface barrier discharge (DCSBD) in standard laboratory configuration and 
a prototype with 2 DCSBD-plasma panels, which can treat larger quantities of seeds at once. 
 

2. Experiment 
The plasma treatment in our experiments was carried out using two plasma devices (Fig.1):  
a) the reactor, where the DCSBD [5] plasma panel was placed on a laboratory orbital shaker to achieve 

the homogeneous movement of the seeds (the rotating speed was 330 rpm). The electrodes were 
powered by high voltage (peak-to-peak 20 kV) with a frequency of ~15 kHz (HV generator VF 700, 
Lifetech s.r.o., CZ) and isolated and cooled by a dielectric oil flowing system, and 
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b) the prototype reactor with 2 DCSBD-plasma panels (PP) placed inside the chamber with a 
mechanical device for turning the seeds, cooling oil circuit and HV power supplies similarly with the 
same value of high voltage (peak-to-peak 20 kV), as well as of the frequency (~15 kHz). 

  

Fig. 1. Plasma sources used in plasma treatment of pea seeds, DCSBD plasma source (left), prototype 
reactor with 2 DCSBD-plasma panels (right). 
 

Dried pea seeds (Pisum sativum L.) var. Saxon obtained from the Central Control and Testing Institute 
in Agriculture in Bratislava, Slovakia with naturally good germination (90%) and reduced germination 
(50%) were used in this study as biological material for the plasma treatment. The plasma treatment 
of the seeds (untreated control and plasma-treated variants, 30 seeds for each variant in four 
repetitions) was performed at an input power of 400 W, and plasma treatment times were 5, 10, 20 
and 30 s (eventually also 60 s for hydrophilicity changes assessment of the seeds). 
 

3. Experimental Results  
Surface diagnostics – WCA 
Changes in water contact angle values (Fig.2) indicate changes in surface energy of seeds after plasma 
treatment. Increased hydrophilicity helps better water uptake, which is a prerequisite for starting the 
germination process. The comparison of the two different DCSBD configurations showed that the 
homogeneity of the treatment at the low plasma exposure times (5 s) was lower in the case of the 
prototype reactor due to insufficient mixing of the seeds.  

Fig. 2. Water Contact Angle changes for reference (REF =108.2° ± 5.8°) and plasma treated (using PP- 
prototype reactor and DCSBD plasma source) pea seeds with 90% germination for treatment times of 
5, 10, 20, 30, 60 s.  
 
 

 



Imbibition, Germination and Growth Parameters of pea seeds 
Dry pea seeds (30 seeds for each variant) were weighed on an analytical scale and soaked in sterile 
distilled water for 1 h at room temperature. The imbibed seeds were blotted dry, weighed again and 
wrapped in moist sterile filter paper. The rolls were cultivated in a dark room in an incubator at the 
temperature of 24 ± 2 °C for 5 days. The number of germinated seeds was counted during the 
cultivation. After 5 days, the length and weight of shoots and roots of young seedlings were measured. 
This data was used to calculate the imbibition rate and many growth parameters (Percentage of 
Germination (%), Germination Potential (%), Germination Index, Seeds Vitality Index, Seedlings Vitality 
Index and Seedlings Length Index). 
 
The imbibition rate is the amount of water uptake measured after 1 hour after plasma treatment. As 
illustrated (Fig. 3), plasma treatment increased the amount of water, the value of which also varies 
depending on the germination of seeds, poorly germinating seeds (50%) absorbed an increased 
amount of water. However, the differences between DCSBD and the PP-prototype in the water uptake 
were not observed. 
 

  

Fig. 3. Changes in water uptake (in mg on 1 seed) for reference (C) and plasma treated (using PP- 
prototype reactor and DCSBD plasma source) pea seeds with 90% and 50% germination for treatment 
times of 10, 20, 30 s.  
 

One of the monitored growth parameters was the Seed Vitality Index. As can be observed from these 
results (Fig. 4), even relatively low plasma exposure times significantly improve growth parameters. 
Even in the case of low germination (50%), plasma exposure can significantly improve growth values 
and, in this case, surprisingly, the best improvement occurs at the shortest plasma exposure time (10 s).  

  

Fig.4. Changes in Seeds Vitality index for reference (C) and plasma treated (using PP- prototype reactor 
and DCSBD plasma source) pea seeds with 90% and 50% germination for treatment times of 10, 20, 



30 s, (Seed Vitality index (%) = ((length of roots of 5-day-old seedlings + length of shoots of 5-day-old 
seedlings) x Percentage of germination)/100). 
 

DNA damage 
The alkaline comet assay tests (single cell alkaline gel electrophoresis) on pea seedlings after plasma 
treatment were performed to determine the level of DNA damage compared to reference samples [6]. 
The results varied with respect to the germination of the pea seeds. At 90% germination, the level of 
DNA damage was slightly higher than the reference sample in the case of DCSBD plasma treatment, 
but DNA damage was lower in the case of using the prototype reactor with 2 DCSBD-plasma panels. 
For samples with 50% germination, DNA damage varied approximately at the reference level.   
 

4. Conclusions 
We compared the effect of plasma generated by two plasma sources (DSCBD and a prototype reactor 
with 2 DCSBD-plasma panels) on several parameters of pea seeds with high (90%) and reduced (50%) 
germination rates. Based on the results, we conclude that the plasma reactor constructed using DCSBD 
technology is also suitable for in-line processing of plant seeds and grains under atmospheric pressure 
of ambient air. Due to the high surface and volume density of the plasma, extremely short treatment 
times in the order of seconds are sufficient. Both plasma configurations proved to be comparably 
effective in improving growth parameters. Furthermore, we observed that even when the natural 
germination of the seeds was high, plasma treatment led to an increase in the growth parameters of 
the seedlings (shoot length and weight, as well as root length). Monitoring the degree of DNA damage 
in plasma-treated seedlings revealed slight differences depending on the initial germination rate of the 
seeds. When peas with 90% germination were treated, the level of DNA damage was lower when using 
the prototype reactor. 
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Cold atmospheric plasma (CAP) is utilized in agriculture as a practical, cost-effective, and ecologically 

friendly way to improve seed production. In addition, cold plasma treatment significantly lowers pathogen 
infection on seed surfaces. Reactive oxygen and nitrogen species in the plasma play a vital role in pathogen  
disinfection as they can disrupt the cell membrane of microorganisms and  can increase the oxidative stress [1]. 
Radish seeds are known for their fast germination and growth of plants but also for sprouting, which are popular 
for the purpose of improvement of germination rate and growth parameters. We measured germination rate, 
the length of roots and shoots, Seedling vitality index I (mm), and Root: shoot ratio I from treated and untreated 

seeds. In addition, we observed the effect of plasma for inhibition of typical bacteria contaminating sprouts 
(Escherichia coli and Salmonella Enteritidis).   

 

1. Experimental 

• Plasma source and plasma treatment: 

Diffuse coplanar surface barrier discharge was used for plasma treatment of radish seeds. This 
plasma source is a unique type of coplanar dielectric barrier discharge. It generates low-temperature 
plasma with high ratio of diffuse part without the need of reduced pressure or special working gas (e.g. 
mixture of noble gases). The plasma with significantly high power density (80 W/cm3) is generated in 
thin layer (cca 0.5 mm of the active plasma) in discharge area of 8x20cm2, which allows treatment of 
high amount of material in short time [2, 3] . The radish seeds were treated for different exposure 
times in the range of 5s to 300 s according to the purpose and effect of plasma. 

• Description of germination and growth parameters experiments: 

Radish seeds (Raphanus sativus) in bio quality intended for sprouting (Sonnentor, Austria, origin 
of seeds - Italy) was ordered from Vitaland market. 

50 seeds from each group were soaked in distilled water for 30 minutes at room temperature. 
These seeds were then evenly distributed, without touching, in a  Petri dishes covered with wet thin 
paper (25 in each), and 4 mL of water was added to achieve the moisture conditions required for 
germination. After 24 hours, the number of germinated seeds was counted, and after 5 days, the length 
of shoots and roots of young seedlings were measured. The obtained data were used to determine 

germination parameters, germination (%), seedling vitality index I (mm), and root-shoot ratio I [4] . 

• Description of microbio experiments:  
The decontamination effect of plasma treatment was tested against bacterial strain E. coli CCM 

3988 and S. enterica subs. enterica serovar Enteritidis CCM 4420 (the Collection of Microorganisms, 
Masaryk University, Brno, Czech Republic). Survivor bacteria were determined by surface plating 
(250μl) of appropriate aliquots on a Mueller-Hinton agar. The plates were incubated for 24h at 37°C 
and then the colony forming units (CFU) were counted. The results were expressed as log10CFU/g and 
the detection limit of this method was 1.0 log10CFU/g. 
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2. Results 
The germination of treated and non-treated radish seeds was observed for 5 days.  Fig.1 shows the 

germinated seeds of plasma-treated and untreated after 24 hr. Statistical analysis showed that there 
were no significant differences in seed germination rate for a short treatment time (5,10, and 15 s) and 
non-treated seeds. However, Inhibition of germination was observed after treatment with plasma  for 
longer time (30s,60S, and 120 s). For seedling vitality index I  (mm ) and Root: shoot ratio that give 
induction about the quality of young seedlings, our result showed that no differences between treated 
seeds for short time and non-treated.  

On the other hand, obtained results indicated the sensitivity of tested microorganisms inoculated 
onto the surface of radish seeds to DSCBD treatment. The devitalization effect increased with exposure 
time. E. coli was more sensitive to the plasma treatment than S. Enteritidis (Fig. 2). The microbial 
reduction level of more than 4 log10 was achieved already in 90s of samples exposure in plasma. A 
significant increase in the reduction of S. Enteritidis was observed for 120s (4.1 log10) plasma exposure. 
Subsequently, a CFU reduction was mitigated. 

 

  
 
Fig. 1. Seeds germination of Twenty-five seeds in each petri dish for all groups after 24 hr. 



 
 
Fig. 2. Decontamination effect of DCSBD plasma against E. coli and S. Enteritidis inoculated on radish 

seeds 

 

3. Conclusion 
Our study examined the effects of plasma doses on germination of radish seeds and on E. coli and 

S. Enteritidis inactivation into seed surfaces. The findings revealed that E. coli was more sensitive to 
plasma treatment than S. Enteritidis, and the devitalization effect increased with exposure time. 
Furthermore, our findings showed that short plasma treatments have no negative impacts on seed 
germination. However, higher doses (30 S) had a negative impact and (60 S or more) entirely inhibited 
germination. 
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This study explores the use of Diffuse coplanar surface barrier discharge (DCSBD) as a low-temperature plasma 
source for the surface modification of polymers, specifically polyamide (PA), polypropylene (PP), and 
polycarbonate (PC). The water contact angle (WCA) measurement was employed to assess the changes in 
surface wettability following plasma treatment. Results revealed a notable decrease in the contact angle for all 
three polymers, indicating an increase in surface energy. The DCSBD treatment effectively enhanced surface 
properties, which could potentially improve the adhesion, coating, and printing capabilities of these polymers. 

This work highlights the efficacy of DCSBD as a non-thermal plasma treatment technique for polymer surface 
modification. 

Keywords: DCSBD, polymers, plasma-based treatment, water contact angle. 
 

1. Introduction 
Surface modification of polymers is essential for enhancing their properties, such as improving 
adhesion, wettability, and chemical reactivity, which are critical for various industrial applications. 
One effective approach for surface modification is the use of atmospheric pressure plasma, a non-
thermal and environmentally friendly technique that alters surface characteristics without affecting 
the bulk material [1]. Among the various plasma techniques, diffuse coplanar surface barrier 
discharge (DCSBD) has emerged as a highly efficient plasma source due to its high power density, 
uniform plasma distribution, and capability to treat polymers at low temperatures [2].  

The primary objective of this study is to assess the changes in the water contact angle (WCA) and 
chemical changes of polymer surfaces treated with DCSBD plasma at different exposure times. By 
exploring how treatment time influences surface energy, this research aims to provide valuable 
insights into optimizing plasma treatment parameters for enhancing polymer surface properties. 
Understanding these relationships is crucial for improving polymer performance in various 
applications such as coatings, printing, and adhesion [3]. 
 

2. Methodology 
Polyamide (PA6), polypropylene (PP) and polycarbonate (PC) materials were selected due to their 
different wetting properties. Polymer sheets, 1 mm thick, were obtained from TechPlasty, s.r.o. 
(Žilina, SR). Samples measuring 1.5 x 4 cm were cleaned in an ultrasonic cleaner using isopropyl 
alcohol, acetone, and distilled water (10 minutes per solvent). They were then dried with nitrogen 
flow to eliminate contaminants. DCSBD was employed under optimized settings (400 W, 15 kHz) in 
atmospheric air. It delivered uniform treatment with a surface power density of 1–3 W/cm². Samples 
were secured on a 5 x 5 cm holder with adhesive and positioned using Kapton tape to ensure a 
precise 0.3 mm gap. 
 

3. Results and Discussion 
3.1 WCA outcomes following plasma treatment with DCSBD 

This research examines the effects of DCSBD plasma treatment on the surface properties of 
polyamide (PA), polypropylene (PP), and polycarbonate (PC) polymers by measuring changes in water 
contact angle (WCA). The treatment times of 1, 3, 5, 10, 20, and 30 seconds were applied. Results 
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revealed a significant reduction in WCA for all three polymers, indicating improved surface 
wettability and increased surface energy. The most notable changes occurred after 10 seconds of 
plasma exposure, with further reductions in WCA observed up to 20 seconds. Beyond 20 seconds, 
there were no significant changes in surface properties (Fig. 1  and Tab. 1).  

 

Fig. 1. WCA of DCSBD treated polymers (PA, PP, PC) at different exposure times. 

The results of the water contact angle in different exposure times are shown in the table below. 

Tab. 1. The results of WCA in different exposure time. 

 Reference 1 s 3 s 5 s 10 s 20 s 30 s 

PA 67.8±1.64 42.5±0.85 38.2±1.46 36.1±1.21 31.4±1.69 21.2±1.05 22.3±1.03 

PP 95.5±2.69 54.6±5.68 51.0±2.87 48.6±2.76 45.8±3.74 39.8±1.45 39.0±0.92 

PC 83.0±1.58 63.0±0.60 57.7±1.14 57.0±0.91 49.0±0.51 42.4±0.77 40.3±0.64 

 

These findings highlight the effectiveness of DCSBD as a method to enhance the hydrophilicity of PA, 
PP, and PC surfaces, making it suitable for applications such as adhesion promotion, coating, and 
surface functionalization. 
 

3.2 Impact of Ageing on Polymer Surface Properties 
The effect of aging on the surface properties of polymers and the changes in wettability with time 
were investigated (Fig. 2 and Tab. 2). Polyamide (PA), polypropylene (PP) and polycarbonate (PC) 
were plasma treated for 3 s and the water contact angle (WCA) was measured immediately after 
treatment and then after 1, 3 days and 1, 2, 3 and 4 weeks of aging. The results show that there are 
significant changes in the surface properties over time. PA showed a gradual increase in WCA from 
42.9° immediately after treatment to 54.4° after 4 weeks slowly reaching the reference value 
(67.8±1.64). PP showed a more stable surface with small increases in WCA from 53.7° to 57.7° during 
the aging period. In contrast, PC showed the most significant change and WCA increased from 48.2° 
to 67.4° immediately after 4 weeks.  
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Fig. 2. Ageing results by WCA (DCSBD treated polymers - PA, PP, PC, exposure time – 3s). 
 
Tab. 2. Water Contact Angle (WCA) of plasma-treated polymers (PA, PP, PC) at various ageing times. 
 Immediately 1 day 3 days 1 week 2 weeks 3 weeks 4 weeks ref 
PA 42.9±1.47 46.2±1.25 50.0±0.98 50.5±0.98 49.5±0.96 52.7±1.29 54.4±1.14 67.8±1.64 

PP 53.7±3.40 53.9±1.26 57.8±2.38 57.2±1.62 59.5±1.21 59.7±1.80 57.7±2.87 95.5±2.69 
PC 48.2±0.59 54.1±1.33 59.0±0.95 62.3±0.71 67.1±1.15 68.0±0.91 67.4±1.06 83.0±1.58 
 
These results suggest that ageing rate is different for different polymeric substrate and depends on 
chemical and physical properties of the appropriate polymer substrate. Understanding these changes 
and correlations between the plasma treatment conditions, properties of the substrate and storing 
conditions is crucial for predicting the long-term performance of plasma-treated polymers in various 
applications. 
 

4. Conclusion 
This study highlights the effectiveness of DCSBD plasma treatment in enhancing the surface 
properties of polyamide (PA), polypropylene (PP), and polycarbonate (PC) polymers. The reduction in 
water contact angle (WCA) across all polymers indicates a significant improvement in surface 
wettability and energy, with optimal results achieved after 10–20 seconds of plasma exposure. Aging 
tests revealed that surface properties evolve over time, with PA losing improved wettability the 
fastest, PP maintaining relatively stable properties, and PC increasing in hydrophobicity. These results 
emphasize the potential of DCSBD for various applications, such as improving adhesion, coatings, and 
surface functionalization, while also highlighting the importance of considering aging effects in long-
term applications. 
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Nanocrystalline diamond (NCD) films are materials of immense potential in a variety of application, 
advancements and modification in synthesis methods of NCD have been always topic of interests to 

researchers throughout the globe. In this work silicon wafer was treated with a unique homemade microwave 
microplasma (MWMP) torch with Ar/H2 as the working gases. This resulted in formation of carbon 

nanostructures over the silicon wafer. Plasma parameters such as the microwave power, operating pressure, 
ratio and flowrate of 96/4/50 ratio of H2/CH4/Ar was used for seed synthesis. This was later used as seed to 
grow nanocrystalline diamond (NCD) film using microwave plasma assisted chemical vapour deposition - 
distributed antenna array (MWPACVD-DAA). Raman spectroscopy, and Scanning electron microscopy (SEM) 
were key for material characterization. The SEM micrographs of carbon deposits on silica substrate show visible 
growth of diamond films following the MWPACVD of the seed. The Raman spectra of the samples before and 

after growth show noticeable enhancement of the diamond peak around 1332 cm -1. The synthesised film 
thickness was measured to be in the range of 12 to 15 nm. A maximum purity of 98.47 % of sp3 carbon was 

achieved from the synthesized ND. 
 

1. Introduction 
           NDs are one of numerous types of carbon nanostructures, including nano-sized amorphous 
carbon, fullerenes, carbon nanotubes, onions, and rods, to mention a few [1]. They are sp3-
hybridized carbon structures at nanoscale dimensions (1 to 100 nm) and consist of pure-phase 
diamond films, diamond particles, 1-D diamond nanorods, and 2-D diamond nanoplatelets. The 
purest ND grains can have almost pristine crystalline structure with traces of non-diamond carbon. 
According to the literature, transmission electron microscopy (TEM) of NDs are polyhedra consisting 
of a diamond core comprising of sp3 carbon which may be wrapped with graphitic sp2 or amorphous 
carbon. They have tremendous potential in biomedicals, tribology, optical sensors, electronics, 
quantum computing, photovoltaics, and a variety of environmental applications. 
          NDs were first synthesized using detonation by researchers from USSR long back in July 1963. 
They have improved thermal stability and mechanical properties of NDs, research has shifted its 
focus to their synthesis and modification. Extensive research has been conducted to discover several 
ND synthesis methods, such as laser ablation, ion irradiation of graphite, ultrasound cavitation, high 
energy ball milling of high pressure high temperature diamond microcrystals, PACVD and so on. 
PACVD have lot of advantages compared to other synthesis methods. Compared to other methods, 
PACVD has a much lower temperature range. MWPACVD is the most effective of all the PACVD since 
it can provide high density plasma, which is necessary for NCD synthesis. The high density MW 
plasma boosts the concentration of active species in smaller volume which result in improved film 
growth than other methods. MWPACVD also offers the possibility of NCD growth in wide range of 
substrate materials. Eventhough MWPACVD has its own advantages compared to other 
methodologies it requires a precursor version of diamond, at least in small amounts as a seed to 
grow into NCD film. 
     Zixian et al., 2022 discussed a novel methodology of plasma synthesis with gas phase nucleation of 
ND without any diamond precursor using a MWMP torch [2]. H2 and CH4 were used as the primary 
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gas and carbon source respectively. The studies were carried out using an injected microwave power 
range between 30 W and 90 W. No significant Raman signals of ND were observed when the power 
was 30 W; it was only observed when the injected power was above 70 W. In (Arvind et al., 2024, 
Emergent Materials, submitted) the authors prepared a concentrated solution of ND in isopropanol,  
and then dropcasted it into a Si wafer  to grow NCD film from it using a MWPACVD-DAA. It validates 
the gas phase nucleation of nanodiamond in a MWMP torch and reassures that ND synthesis here is 
not due to any surface phenomena. This gave the motivation to explore a new approach to grow 
NCD film which no longer requires commercially bought ND seeds. In this study, efforts were made 
to synthesize ND on a Si wafer using the mentioned MWMP torch with less than half the power with 
greater yield. This makes the process more energy-efficient and opens a possibility of reducing the 
overall experimental duration for ND seed generation. It was possible due to the use of Ar gas which 
promotes nucleation. The preliminary experiments on this are successful that paves the way to the 
possible incorporation of a MWMP torch into a MWPACVD-DAA reactor which can result in in-situ 
ND seed synthesis followed by NCD film growth. 
 

2. Experimental Setup 
The experimental setup is described elsewhere, in this study a pressure of 100 mBar with 45 watt of 
microwave power having gas composition of 96/4 sccm of H2/CH4  respectively with 50 sccm of Ar[1]. 
 

3. Results and Conclusions 
The synthesied material where extensively characterised using Raman spectroscopy and scanning 
electron microscopy (refer figure 1).  

 

 
Fig. 1. SEM of (a) Nanodiamond particles (before growth) and (b) NCD film (after growth). Raman 

spectra of (c) Nanodiamond particles (before growth) and (d) NCD film (after growth). 



 
Nanodiamonds were synthesised at 45 W power which was less than half the power previously used 
to generate nanodiamond [2] with the help of argon injection. The size of Nanodiamond seeds along 
with other forms of carbon ranges from 30-40 nm. Homogenous NCD film of grain size 15-25 nm with 
15± 2 nm thickness and purity of 98.5% was developed [3,4]. This could be a possible cost-effective, 
in-situ alternative to the industrial diamond seeding for development of NCD film. This process 
should be further optimized to find the best operating condition to develop NCD film using the seeds 
from MWMP torch. 
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Plasma-activated water (PAW) has gained attention as a potent antimicrobial agent, demonstrating its 
capacity to regulate the growth of microorganisms. The production of PAW entails exposing water to cold 
atmospheric plasma (CAP) which introduces short and long-lived reactive oxygen and nitrogen species (RONS) 
such as H2O2, O3, NO2

− , NO3
− and OH radicals. The reactive species in PAW interfere with the structural integrity 

and functional capabilities of microbial cells. Phenolic compounds are secondary metabolites in plants known for 
their health-promoting and antimicrobial properties. The combination of PAW with natural compounds as an 

antiyeast strategy could potentially yield additive or synergistic effects. Such an approach may broaden the 
antimicrobial spectrum and delay the development of microbial resistance.  
This study involved the use of 1 kHz transient spark (TS) discharge PAW combined with cinnamic acid, vanillin, 
gallic acid and p-coumaric acid separately to create phenolics concentration of 2 or 1 mg/mL, and incubated with 
106 CFU/mL of yeast Debaryomyces hansenii SZMC 8045Mo for 24 hours at 30 oC. In addition, 106 CFU/mL of D. 
hansenii in sterile tap water was directly treated with TS for 10 min and incubated with each of the four natural 
compounds under similar conditions. The efficacy of the PAW-phenolics was evaluated through agar plated 
colony counts. The results of this study suggest that the integration of PAW with natural phenolics constitutes 

an effective approach for combating yeast.  
 

1. Introduction  
Non-Thermal Plasma (NTP) technology serves as a green alternative that may be instrumental 

in the progress of agricultural production, biomedical innovations, food industry, water purification, 
air decontamination, and soil remediation, along with a wide array of other uses [1, 2, 3, 4, 5].  

The control of fungi in agricultural, industrial and medical environments is fraught with 
challenges, stemming from their resilience and the multifaceted nature of these contexts [6]. Yeasts 
are exceptionally adaptable, able to endure extreme environmental conditions, such as low pH and 
high concentrations of sugar or salt, as well as surviving in cold storage [7]. Emerging technologies, 
including NTP and the incorporation of bioactive compounds such as phenolics, have shown substantial 
effectiveness in mitigating pathogenic and non-pathogenic microbes [8]. These contemporary 
approaches provide advantageous alternatives to traditional chemical interventions. 

 The utilization of plasma-activated water (PAW) in conjunction with bioactive compounds 
such as natural phenolics offers a promising avenue for microbial management [9]. PAW contains 
short-lived reactive species such as nitric oxide (NO), superoxide (O2

–), ozone (O3), hydroxyl 
radical (OH), peroxynitrate (OONO2

–) and peroxynitrite (ONOO−), and long-lived species such as 
nitrates (NO3

–), nitrites (NO2
–) and hydrogen peroxide (H2O2) [10]. These reactive species can disrupt 

the cellular integrity of yeasts, resulting in cell death [11]. The antifungal action of natural bioactive 
compounds, including phenolics, is primarily due to their ability to compromise cellular and membrane 
structures, denature proteins, and disrupt fungal metabolic processes [12, 13]. By integrating plasma 
with phenolics, it is possible to target yeasts through multiple pathways, thereby improving efficacy 
and reducing the potential for antifungal resistance. Furthermore, this combined approach can lead to 
a reduction in the concentrations of phenolics needed, which may help to minimize adverse effects on 
non-target organisms. 

 

mailto:kimani1@uniba.sk
https://www.sciencedirect.com/topics/chemical-engineering/nitric-oxide
https://www.sciencedirect.com/topics/materials-science/superoxide
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/hydroxyl-radical
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/hydroxyl-radical
https://www.sciencedirect.com/topics/chemistry/peroxynitrate
https://www.sciencedirect.com/topics/chemistry/peroxynitrite


 

 

2. Methods 
The transient spark (TS) discharge was generated through a power electrode connected to a 

high voltage DC power supply through a 10 MΩ resistor. A metal ring as a grounded electrode was 
submerged in the tap water/yeast-containing water. The treatment time for the transient spark was 
10 min/10 mL. The schematic diagram of the TS plasma setup is shown in Figure 1.  

 

 

Fig. 1. The experimental setup of the transient spark discharge generating system  

Two approaches to antiyeast treatment were investigated: (1) the direct application of TS 
discharge to 10 mL of D. hansenii suspension at a concentration of 106 CFU/mL, followed by incubation 
with either 2 or 1 mg of phenolic compounds; and (2) an indirect method in which transient spark PAW 
was used to dissolve 2 or 1 mg of phenolics, which were then incubated with 106 CFU/mL of yeast. The 
effectiveness of the plasma-phenolics treatment was evaluated by counting the number of yeast 
colonies on agar plates after a 24-hour incubation at 30°C.  

 

3. Results and discussion 
In the context of directly treating yeasts with TS discharge followed by the incubation with 

natural phenolics, it was observed that plasma-cinnamic acid displayed the highest level of antiyeast 
activity, followed by plasma-vanillin, plasma-gallic acid, and plasma-p-coumaric acid, respectively 
(Figure 2). Plasma-cinnamic acid showed a complete growth inhibition at both 2 and 1 mg/mL phenolic 
concentration (Figure 2). Plasma-vanillin resulted in growth inhibition values of 3.16 and 2.21 log at 2 
and 1 mg/mL, respectively (Figure 2). Additionally, plasma-gallic acid and plasma-p-coumaric acid 
produced growth inhibition of 1.46 and 1.35 log at a concentration of 2 mg/mL, respectively (Figure 
2).  

In an indirect treatment scenario where PAW was used to dissolve phenolic substances at 
concentrations of 2 or 1 mg, followed by incubation with 106 CFU/mL of yeast, PAW-cinnamic acid 
completely inhibited growth at a concentration of 2 mg/mL and achieved a growth inhibition of 3.2 log 
at 1 mg/mL (Figure 3). PAW-vanillin demonstrated growth inhibition of 2.1 log and 1.6 log at 2 mg/mL 
and 1 mg/mL, respectively (Figure 4). Additionally, PAW-gallic acid produced growth inhibition of 1.2 
log at 2 mg/mL and 1.1 log at 1 mg/mL, while PAW-p-coumaric acid resulted in growth inhibition of 1.4 
log at 2 mg/mL and 1.0 log at 1 mg/mL (results not shown). 

The combination of plasma and phenolics generally exhibited varying growth inhibitory effects 
on D. hansenii SZMC 8045Mo, with direct plasma treatment showing a higher antiyeast activity than 
the indirect treatment. Cinnamic acid, gallic acid, and p-coumaric acid, identified as hydroxybenzoic 
acids, exhibited varying levels of antiyeast activity when combined with PAW. These variations may be 
explained by the distinct chemical properties of each compound [12]. The dynamics between RONS 



 

 

and phenolic functional groups, together with the antiyeast efficacy of the individual compounds, 
could have been pivotal in determining the final results. The presence of RONS in PAW may have 
augmented the effectiveness of phenolics by altering their chemical structure, enhancing solubility, 
and promoting effective penetration into yeast cells. In cases where antiyeast activity was notably high, 
such as with plasma-cinnamic acid, the combined oxidative stress from RONS and phenolics may have 
effectively compromised the yeast's defense mechanisms. 

 The plasma-phenolics antiyeast strategy holds promise in applications such as agriculture and 
food safety, where fungal contamination is a significant challenge [14]. Research continues to explore 
the optimization of PAW treatment and phenolic compound concentrations for maximizing their 
antiyeast efficacy [15,16,17].  

 

 
Fig. 2. Growth inhibition of direct transient spark treatment on 10 mL of 106 CFU/mL D. hansenii SZMC 
8045Mo, followed by a 24-hour incubation in phenolics. 
 

 
Fig. 3. Growth inhibition of transient spark PAW combined with cinnamic acid (CA) on Debaryomyces 
hansenii SZMC 8045Mo.  



 

 

 
Fig. 4. Growth inhibition of transient spark PAW combined with Vanillin (VAN) on Debaryomyces 
hansenii SZMC 8045Mo. 
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This paper deals with the analysis of fragrances in onions treated with plasma before planting. The treatment 

was carried out to see if it would improve onion growth while maintaining or increasing the fragrance content. 
The experimental part was carried out over a period of three years at 22 sites. The procedures for treating bulbs 
before planting with corona discharge and plasma-activated water are described. In total, four treatment 
variants were carried out and bulbs from the fifth variant were left untreated. Saturated vapors of liquid samples 
were analyzed by proton transfer reaction time-of-flight mass spectrometry (PTR-TOF-MS). Thanks to this 
analysis, the concentrations of volatile substances were determined. Some samples were analyzed by gas 

chromatography with mass spectrometer as a detector to identify the compounds. From the results obtained, it 
is evident that plasma treatment can be useful for the treatment of onions in agriculture, because it provided 

harvest increase without decrease of fragrances concentrations. 
 

1. Introduction 
One of the major current problems in agriculture is soil and water contamination caused by the use 
of synthetic pesticides, herbicides, and fertilisers. Pesticides benefit agricultural production 
by protecting crops from diseases and pests, while at the same time having negative environmental 
impacts. Their application over large areas not only negatively affects the targeted organisms but also 
affects other species, including birds, aquatic organisms, and other animals. Contamination of food 
with pesticides and fertilisers can also have serious health consequences for humans. Therefore, more 
environmentally friendly methods are being sought.[1] 
One of the new research directions is the use of low-temperature plasma in the field of agriculture, 
a method known as "plasma agriculture". This approach focuses on using plasma to treat seeds, plants, 
or water to increase agricultural production while maintaining food quality and safety.[2]  
Plasma can be characterized as the fourth state of matter. It is a quasi-neutral ionized gas in which 
particles exhibit collective behavior. It is composed of three types of particles, neutral molecules, 
negatively charged particles (electrons and anions), and positively charged particles (cations). 
The reactive oxygen and nitrogen species (RONS) formed in the plasma have stimulatory 
and antibacterial properties for plants. When water is treated with plasma, RONS from the plasma 
penetrate the water surface, resulting in the formation of plasma-activated water (PAW). This water 
is enriched with nitrogen, which helps plants to grow, and hydrogen peroxide, which with a lower pH 
gives the water antibacterial properties. 
Over the last few decades, cold plasma generated under atmospheric pressure has become a subject 
of intense interest for the scientific community and industrial applications. For example, it can interact 
with foods, polymers, seeds, and living tissues. The application of direct (corona discharge) and indirect 
(PAW) plasma treatment of bulbs, in order to increase the yield (weight), was used in research. At the 
same time, it was important not to reduce the concentration of volatiles in the onion.[3] 
 

2. Experimental 
In the experimental part of the work, bulbs were treated with plasma (using corona discharge, 
and plasma-activated water) and then, planted at different locations. The cultivated bulbs (for 5 
months under field conditions) were transferred to the liquid sample, which was analyzed by reactive 



ionization mass spectroscopy (PTR-TOF-MS) and tandem gas chromatography-mass spectroscopy (GC-
MS) techniques. Onion planting was carried out in the years 2021, 2022 and 2023. During each year, 
soil samples were taken before and after the planting and characterized in the laboratory. Analyses 
included soil grain composition, soil exchange reaction, organic carbon content, and available nutrient 
analysis. 
 

2.1. Treatment of bulbs 
Four treatment variants were carried out before the planting as they are outlined in Table 1. The last 
variant was left untreated as a control sample. Each treatment was planted in four replicates, with ten 
bulbs each. 
 
                                         Tab. 1. Types of onion seeding bulbs treatments. 
 

Variant Type of treatment 
1 Corona discharge 2x 10 seconds 
2 Corona discharge 2x 40 seconds 

3 Distilled water 24 hours 
4 Plasma-activated water 24 hours 
5 References 

 
A multi-pronged system was used to treat the bulbs using corona discharge, as illustrated in Figure 1. 
The setup consisted of a bipolar pulsed voltage source, several spiked stainless steel electrodes 
charged positively, and a flat stainless steel electrode serving as the ground. After setting up the 
instrument, the bulbs were placed on the flat electrode, and corona discharge was initiated. The 
plasma treatment was performed in two repetitions. First from one side, and then from the other side, 
lasting either 10 or 40 seconds (corresponding to the treatment variants 2 and 3, as shown in Table 1). 
 

 
 
Fig. 1. Modification of bulbs by corona discharge. 
 
A dielectric barrier discharge (DBD) with the liquid electrode system was used to prepare plasma-
activated water (PAW), as shown in Figure 2. The system comprised a Petri dish with a graphite outer 
electrode at the bottom of the Petri dish and a second electrode placed on top of the Petri dish. This 
upper electrode is made of a ceramic plate on which a silver electrode has been deposited. The distilled 
water (75 mL) in the Petri dish was treated with the discharge, applied in 15-second intervals for eight 



repetitions. The PET bottle was filled with bulbs up to its neck and topped up with plasma-activated 
water. This treatment was carried out for 24 hours. The next day, the bulbs were removed and 
immediately planted in the designated locations. The distilled water treatment was similar to the 
plasma-activated water treatment described above. 
 

 
 
Fig. 2. Schema of PAW production: 1 – Petri dish, 2 – aluminium oxide plate, 3 – graphite electrode, 4 
– silver electrode, 5 – plasma-activated water, 6 – plasma zone.[4] 
 

2.2. Preparation and analysis of onions 
The weighed, numbered and labelled bulbs were transported to the laboratory and converted to a 
liquid sample. The cleaned onion was cut in the middle and the thin slice approximately 4 cm wide was 
prepared. The onion slice was placed in a non-woven bag, which acted as a filter for the solid fibres 
of the onion. The bag was then placed in a polyethylene bag. The onion slice, prepared in this manner, 
was crushed and pressed using a roller. The liquid obtained was pipetted into pre-prepared tubes. 
These were immediately sealed with parafilm to prevent volatile compounds from escaping into the 
surrounding area. Measurement of the prepared sample was carried out using two analytical methods. 
Gas chromatography-mass spectroscopy (GC-MS Pegasus IVD (LECO)) was used for the qualitative 
analysis of volatiles in onions. The parafilm on the sample tube was pierced with a metal needle fitted 
with quartz fiber. A polydimethylsiloxane and divinylbenzene (PDMS/DVB) sorbent was coated on the 
fiber. Adsorption of the gaseous sample was carried out for 15 minutes. Subsequently, thermal 
desorption of the analytes into the carrier gas was followed. The sample was separated in the Rxi-5Sil 
MS capillary column and detected by mass spectrometer. Chromatograms were processed using the 
ChromaTOF program (Leco), which plotted the peaks for each volatile component of the sample. Then, 
these chromatograms were compared with the spectral library NIST v2.2.[5] 
Mass spectroscopy with proton-transfer reaction ionization and a time-of-flight analyzer (Ionicon PTR-
TOF-MS mass spectrometer) was used for the quantitative analysis of volatiles in onion. Initially, 
a background measurement without the sample was taken for 30 seconds. Subsequently, the gaseous 
substances from the liquid sample tube were analyzed and after 90 seconds, the tube was removed. 
In the last step, the spectrometer was relaxed for 60 seconds. The spectrum recording was stopped. 
The individual measurement steps are illustrated in Figure 3. Each set contained a maximum 
of 20 prepared samples. All measured mass spectra were processed using the PTR-MS Viewer 
3 software. The data were calibrated, and the concentrations were exported for all masses to a text 
file for further work. 



 
 
Fig. 3. Example of time recording of a measured sample from location 27, treatment variant 1, 1st. 
repetition, molar mass 40. 

 

3. Results and discussion 
Each location has its own specific soil characteristics that have a major impact on the plant growth 
and development. Soil analyses were conducted each year. 
Thanks to the data obtained from qualitative analysis of the compounds (GC-MS), the fragrant 
compounds in the sample were identified. From these, three characteristic compounds (propanal, 2-
methyl-2-pentenal, 2,4-dimethyl-thiophene) were selected. The agreement of the measured spectra 
with the spectrum library always involved several different substances with some similarity. Individual 
substances were identified by comparing the spectra from the library with the measured spectra. 
An example can be seen in Figure 4, which shows the measured mass spectrum and the NIST library 
spectrum for 2-methyl-2-pentenal. 



 
Fig. 4. Measured mass spectrum (above) and NIST spectrum (below) for 2-methyl-2-pentenal. 
 
In all three years, the largest (heaviest) onion bulbs were grown across treatments at the site with 
moderately heavy soil. Onions prefer slightly acidic to neutral pH levels (specifically between 6.2 and 
7.5), which this location fulfilled, with pH values ranging between 7 and 7.2. Additionally, the site had 
a sufficient quantity of organic carbon and moderately humic soil. In terms of nutrient content, it 
exhibited very high levels of phosphorus, potassium, calcium, and magnesium, making it well-suited 
for cultivation. Repeatedly, the highest weight yields over three years were obtained from seedlings 
treated with distilled water and also from the PAW-treated bulbs (Table 2). Yields increased by 26% 
compared to untreated bulbs. Lower yields were seen in bulbs that were treated twice with corona 
discharge for 10 seconds.  
 
Tab. 2. Percentage yield variation compared to reference bulbs (Option 1) across years (average values). 

 

Year 

Bulbs treatment option 

References Corona 10 s Corona 40 s Distilled PAW 

Deviation from reference [%] 

2021 0 -11 7 15 11 

2022 0 8 0 -2 10 

2023 0 -18 9 13 5 

Total 0 -21 16 26 26 
 
Based on the mass spectrometry data, graphs were created to show the average sample 
concentrations for each treatment variant. The effect of plasma treatment on the fragrance content 
of onions was evaluated using these graphs. For example, the graph corresponding to the 
concentration of propanal in the 2023 samples is shown in Figure 5. The average concentrations were 
calculated mostly from 4 samples, as some onions were rotten or completely spoiled. The different 



treatment options are color-coded according to the legend in the upper left corner. Each graph shows 
the average concentration of the fragrance corresponding to the indicated molar mass, which is shown 
in the upper right corner alongside the year of planting. The numbered locations on the x-axis 
represent the sites where cultivation took place. 

 
Fig. 5. Average propanal concentrations in 2023 samples. 
 
The evaluation was performed using plots for all molar masses and locations discussed in this paper. 
Onions treated with 2x corona discharge for forty seconds repeatedly (18 times) had the highest 
concentration and were also the samples with the lowest concentration (10 times). The most frequent 
occurrence (18 times) of the lowest concentration was observed in the second treatment, where bulbs 
were treated with 2x corona discharge for 10 seconds. 
It is important to keep in mind that the results are interpreted for a small, selected number of bulb 
samples. For clearer conclusions, instead of using 4 bulbs for one treatment variant, it would be 
necessary to measure preferably with 1000 bulbs. From the results obtained, it is evident that the 
plasma treatment can be useful for the treatment of bulbs in agriculture. An improvement in yield, 
while maintaining the fragrance content was confirmed. Also, a positive effect of the plasma treatment 
on the fragrance content of onions was observed. 
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Our study explores the effects of plasma-activated water (PAW) used for seed priming, foliar application, and 
their combination on key physiological parameters of bean plants Phaseolus vulgaris (hybrid Petronilla) 

cultivated over three months under field conditions. The findings reveal that PAW treatments significantly 
enhanced the leaf area, the chlorophyll concentration, and the activity of selected antioxidant enzymes, 
demonstrating its potential to improve plant growth and stress resilience. These results highlight the 
effectiveness of PAW as a sustainable agricultural intervention to optimize crop performance in field conditions. 

 

1. Introduction 
The growing global population highlights the urgent need for sustainable food production.  Modern 
agriculture heavily relies on commercial fertilizers, with nitrogen being a critical nutrient for plant 
growth [1, 2]. However, emerging physical methods like static magnetic fields, pulsed electric fields, 
and cold atmospheric gas plasmas offer innovative and potentially sustainable solutions, though their 
effects on plants require further investigation [3, 4]. One promising development a source of nitrogen 
is plasma-activated water (PAW), generated by electrical discharges in contact with water. Its chemical 
composition, including reactive oxygen and nitrogen species (RONS) like hydrogen peroxide (H₂O₂), 
nitrites (NO₂⁻), and nitrates (NO₃⁻), varies based on the plasma discharge type, interaction method, 
and water buffering capacity [5]. Hydrogen peroxide enters plant cells via facilitated diffusion through 
aquaporins, playing a crucial role in plant cells and tissues signalling, while NO₂⁻ and NO₃⁻ act as 
essential nitrogen sources, transported through specific transporters [6–9]. These properties position 
PAW as a sustainable, eco-friendly alternative to traditional fertilizers. This study explores the effects 
of different PAW applications, such as seed priming and foliar treatments, on bean plants. We 
examined its impact on key morphological and physiological parameters, including leaf area, 
concentration of chlorophylls, soluble phenolics, and selected antioxidant enzymes activity in young 
leaves of adult plants. 
 

2. Methodology 
Bean plants were cultivated over a three-month period in 90-liter pots located in the open-air atrium 
of the Faculty of Natural Sciences at Comenius University Bratislava. Each pot contained nine plants, 
and the study included the following experimental treatments: the control, seeds primed with PAW, 
the foliar application of PAW, and the combination of seed priming and foliar application. For priming, 
seeds were immersed in PAW for 8 hours. Bean seeds were soaked in plasma-activated water under 
controlled conditions, then air-dried before sowing. After drying seeds were sown directly into the 
pots. This treatment aimed to enhance germination and early plant growth. Foliar treatments were 
applied weekly, with each seedling receiving 3 mL of PAW per application. PAW was sprayed on Bean 
plants, starting when plants had three true leaves and continuing until flowering. Applications were 
done in early morning using a hand pump pressurized bottle to ensure even coverage. 
PAW was prepared by batch treatment of regular tap water (pH=7.9) with multiple parallel transient 
spark (TS) discharges [10], typically 170 ml of tap water was treated by 17 discharges during 10 min. 
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Schematic diagram of TS plasma is shown in Fig 1. Each TS was set at approximately 1 kHz repetition 
frequency of the pulses and 1 cm distance of the power high voltage electrodes from the water surface. 
The PAW was applied to the plants fresh, within 10 min from the treatment. In such conditions its 
chemical characteristics were typically as follows: pH=7.5, concentrations of H₂O₂ = 452 µM , O3=10 
µM, NO₂- = 980 µM, NO3- = 1.7 mM. 
After three months, young leaves were sampled to evaluate the effects of plasma-activated water 
(PAW) on various physiological parameters. Leaf area was measured using the Image J software. 
Chlorophyll concentration was determined following the protocol described by Lichtenthaler [11]. 
Soluble phenolic content was quantified using the method outlined by Ainsworth and Gillespie [12]. In 
addition, the activity of the key antioxidant enzymes, including superoxide dismutase (SOD) [13], 
ascorbate peroxidase (APX) [14], guaiacol peroxidase (G-POX) [15] and catalase (CAT) [16] was 
monitored. Statistical analysis was conducted using Statgraphics Centurion XV version 15.2.05 
(StatPoint, Inc., Warrenton, VA, USA) and Microsoft Excel (Microsoft Office). Treatment effects were 
assessed via analysis of variance (ANOVA), with single-step multiple comparisons performed, and the 
least significant difference (LSD) test applied at a significance level of P < 0.05. 
 
 

 
 

Fig. 1. Schematic diagram of transient spark discharge. 
 

3. Results and Discussion 
The foliar application of PAW significantly enhanced the leaf area of young bean plants, with a notable 
increase compared to the control. The combination of seed priming and foliar application resulted in 
the most pronounced differences, producing the largest leaves. A positive effect of PAW was also 
observed in chlorophyll concentration, a key indicator of photosynthetic activity, with a significant 
increase observed across all treatments compared to the control (Fig. 2). However, in the priming & 
spraying treatment, chlorophyll a concentration was significantly lowered compared with other PAW 
treatments. PAW acts as a nitrogen source for plants. Nitrate, essential for photosynthesis, supports 
chlorophyll synthesis in leaves contributing to their growth and development. This highlights the 
potential of PAW to enhance both physiological and biochemical parameters critical for plant 
productivity. 
 



 
Fig. 2. Chlorophyll concentration in mg . g-1 fresh weight (FW) in young bean leaves. Different letters 
represent statistically significant differences among the treatments at P ≤ 0.05. 
 
Antioxidant enzymes are essential components of a plant's defence mechanism against environmental 
stresses. Superoxide dismutase is an essential enzyme in plant defence mechanisms against oxidative 
stress. Superoxide dismutase catalyses the dismutation of superoxide radicals into H₂O₂, which must 
subsequently be reduced to water to prevent oxidative damage. This critical step is facilitated by other 
enzymes in the antioxidant system, such as APX, G-POX and CAT, which exhibit high substrate affinity 
for H₂O₂. All three applications of PAW resulted in increased SOD activity compared to the control (Fig. 
3A). While H₂O₂ plays a signalling role in stress responses, its excessive concentrations result in 
oxidative damage, compromising cellular integrity. Peroxidases are critical enzymes in detoxifying ROS, 
catalysing the conversion of H₂O₂ into water through electron donation, thereby protecting cells from 
oxidative stress [17]. A notable increase in APX activity was observed in seeds primed with PAW, and 
in the treatments combining seed priming with foliar application (Fig. 3B). Conversely, the foliar 
application alone did not significantly affect APX activity. In this case, the G-POX enzyme demonstrated 
the highest activity, suggesting a compensatory mechanism to manage ROS levels under this treatment 
condition (Fig. 3C). The differing reactions of these two peroxidases can be attributed to their distinct 
roles and locations: G-POX is a secretory extracellular enzyme, whereas APX is intracellular. 
Consequently, they operate in different environments and participate in distinct pathophysiological 
processes. Similarly, CAT activity was elevated in every PAW treatment relative to the control (Fig. 3D), 
likely due to its role in scavenging the oxidative effects of H₂O₂ present in PAW.  Chen et al. [18] 
previously demonstrated that appropriate nitrogen application enhances the concentrations of SOD 
and CAT in sweet potato, findings consistent with the results of this study. The elevated levels of these 
antioxidant enzymes in this experiment suggest an improved tolerance to oxidative stress induced by 
ROS. During the vegetative stage, plants experience an increased demand for nitrogen to support their 
rapid growth. The application of PAW during this critical phase may effectively meet this nitrogen 
requirement, as PAW contains high concentrations of nitrite (NO₂⁻) and nitrate (NO₃⁻). This nitrogen 
supply likely contributes to the observed increase in chlorophyll content (Fig. 2) and the enhanced 
activity of antioxidant enzymes (Fig. 3), which can be attributed to the reactive nitrogen species (RNS) 
delivered through PAW treatments. 
 

 



Fig. 3. Activity of SOD (A), APX (B), G-POX (C) and CAT (D) antioxidant enzymes in young leaves of beans 
plants. Different letters represent statistically significant differences among the treatments at P ≤ 0.05. 
 

4. Conclusion 
Our study demonstrates that PAW significantly enhances adult bean plant growth and oxidative stress 
tolerance. Plasma activated-water treatments increased the leaf area and chlorophyll content in young 
bean plants, with the combination of seed priming and foliar application yielding the most significant 
effects. Furthermore, different application of PAW elevated the activity of almost all monitored key 
antioxidant enzymes, enhancing the plants’ ability to mitigate oxidative damage. By providing reactive 
nitrogen species (RNS) and nitrates, PAW effectively meets nitrogen demands during critical vegetative 
growth stages, thereby improving physiological performance and stress resilience. 
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The impact of plasma treatment duration on primary tooth enamel was investigated. A dielectric barrier 
discharge (DBD) plasma jet was used to generate plasma, and primary teeth were exposed for intervals of 5, 10, 
or 20 minutes. Enamel properties—such as colour, contact angles, surface roughness, surface topography, and 
elemental composition—were analysed before and after treatment. Results indicate that plasma exposure time 
is a critical factor in achieving desired effects like whitening and enhanced wettability. However, extended 
plasma treatment may lead to irreversible enamel damage. Plasma treatment for teeth presents promising 
potential as an alternative method for whitening or as a preparatory step before other dental procedures. 

 

1. Experimental set-up 
The research material consisted of primary teeth of six children. DBD plasma jet reactor [1,2] was 
powered by a high-voltage power supply with the following output parameters: VRMS = 3.25 kV,  
f = 28.5 kHz. The flow of the gas mixture of 0.013 dm3/min of oxygen with 1.667 dm3/min of helium 
was controlled by gas flow controllers. The plasma treatment time was 5, 10, and 20 minutes, 
respectively. The schema of the set up are presented in the Fig. 1A. 
Following exposure to the plasma for specified durations, parameters including colour, surface 
roughness and topography, water contact angles (WCA) and elemental composition were assessed. 
 

 
Fig. 1. Experimental set-up (A), micrographs of teeth surfaces before (B) and after 10 min CAP 
treatment (C). 
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2. Results and conclusions 
The examined primary teeth display variations in the brightness parameter (L*) based on tooth type 
and individual characteristics. Notably, samples treated with cold atmospheric plasma (CAP) exhibit a 
higher L* value, indicating a lighter colour compared to untreated teeth. The chromatic colour 
parameters for all tested samples show a negative a* value (indicating a greener hue than red) and a 
negative b* value (indicating a bluer hue than yellow). Untreated teeth show higher b* values, 
suggesting a greater presence of yellow. Additionally, plasma treatment has been shown to enhance 
the hydrophilicity of tooth surfaces (Fig. 2), making them considerably more heterogeneous and 
rougher, with larger height variations, which become more pronounced with longer treatment times. 
 

 
Fig. 2. WCA of individual samples before and after plasma treatment for different times. 
 
SEM micrographs (Fig. 1B,C) confirm that CAP treatment disrupts the homogeneity of the primary 
tooth surface. Elemental analysis reveals only minor changes post-treatment, implying that the 
morphological changes observed in the enamel surface are predominantly physical rather than due to 
chemical interactions with plasma components. Overall, a treatment duration of 5–10 minutes appears 
optimal for achieving tooth whitening, enhanced hydrophilicity, and increased surface roughness 
without compromising enamel integrity. 
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The use of various plasma sources in agriculture is a hot topic in the portfolio of plasma applications today. In 

this context, basic research on new plasma sources under laboratory conditions is crucial to consider their 
future application on an industrial scale. In this study, we investigate the potential of the commercial 

piezoelectric plasma discharge Piezobrush PZ3 for seed treatment. This portable plasma source generates a 
non-thermal plasma in ambient air. We monitored changes in surface wettability and chemical composition of 
pea seeds (Saxon var.) after treatment in the plasma exposure time range of 5-240 s. We also investigated the 
effects of this plasma source on the germination potential and possible DNA damage of model seeds. 
Preliminary results showed a positive effect on seed and seedling vigour. In addition, the Piezobrush PZ3 does 
not cause any DNA damage. Based on these positive results, our next step is to analyse and understand in 

detail the relationship between the nature of the plasma and the improvement of germination.  
 

1. Introduction 
In recent years, non-thermal plasma has attracted attention in agricultural research due to its 
positive effect on seed germination and viability and its decontaminating effect on undesirable 
microorganisms present on the seed coat 1,2. Many different plasma sources for seed treatment have 
been investigated so far, but they all have one thing in common: they generate non-thermal plasma 
(NTP), which is crucial for the treatment of sensitive biological material.  
The Piezobrush PZ3 is a commercially available portable device that generates NTP at atmospheric 
pressure in ambient air. It is a type of piezoelectric direct discharge (PDD) maintained by a 
high‐performance piezoelectric transformer 3. Due to its compactness, efficiency and versatility, this 
plasma source has been already studied for treatment of polymer substrates 4,5 or for biomedical 
applications 6.  
Since Piezobrush PZ3 is a quite new plasma source commercialized in 2020, our aim is to investigate 
its effect on seeds in order to further expand its application in agriculture. In the present study, the 
Piezobrush plasma source was applied to pea seeds (Saxon var.) and the effect of exposure time in a 
wide range of values on the physicochemical properties of the seed coat and the physiological 
characteristics of seeds and seedlings was investigated. 
 

2. Methods 
Plasma treatment was performed by the Piezobrush PZ3 (Relyon plasma GmbH, TDK Group 
Company, Germany), which was fixed in the special holder in the vertical stable position. In order to 
treat the seeds evenly, a specially designed rectangular container with dimensions of 3 × 2 cm, which 
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can comfortably hold 10 pea seeds, was fabricated by 3D printer. By manually shaking the container 
during the treatment process, the PDD ensured thorough exposure of all sides of the peas. Based on 
the preliminary results, the distance of the seeds from the piezoelectric tip was adjusted to 3 and 
5 mm. The seeds were treated with a maximum input power of 8 W operating at a resonant 
frequency (second harmonic) of 50 kHz. We investigated plasma exposure times in the range of 
5-240 s. Surface wettability and chemical composition were analysed by measuring the water contact 
angle (WCA), X-ray photoelectron spectroscopy (XPS) and attenuated total reflection Fourier 
transform infrared spectroscopy (FTIR–ATR). In addition, the germination potential, the vitality 
indices of seeds and seedlings as well as DNA damage were analysed. 
 

3. Results 
The changes in wettability on the surface of the pea seeds monitored by WCA measurements 
showed that the WCA values decreased from the reference value of 103.2° to the lowest value of 33° 
at a 60-s treatment at a distance of 3 mm (see Fig. 1a). Extending the exposure time (90 and 120 s) 
did not lead to a further reduction in the WCA values. The very high standard deviation and the very 
uneven treatment at 5 s indicate low homogeneity at the lower exposure times, as the movement of 
the seeds was imperfect and therefore the treatment was not accurate. Considering the chemical 
changes on the pea surface using XPS measurements, the exposure times of 30 s and 60 s resulted in 
only negligible changes in the atomic content. The C content decreased from the reference value of 
82 % to 78 and 76 % and the O content increased from 15 % to 17 and 20 % at 30 s and 60 s, 
respectively. At a treatment time of 90 s, the changes were more pronounced, as the carbon content 
decreased to 60 % and the oxygen content even increased to 35 %. The deconvoluted C1 spectra also 
confirmed the highest oxidation after 90 seconds of plasma treatment (see Fig. 1b). Plasma 
application leads to an increase in wettability, which is driven by the oxidation of the non-polar 
molecules that form the seed coat (lipidic and aromatic molecules). This leads to a higher 
hydrophilicity of the coat and a higher proportion of polar functional groups, as demonstrated by XPS 
measurements.

 
Fig. 1. a) Dependence of WCA on plasma exposure time for 3 mm and 5 mm distance of seeds from 
the piezoelectric tip; b) Concentration of chemical bonds observed from deconvolution of C1s peaks 
of reference sample and plasma treated seeds. 
 
The application of the Piezobrush PZ3 plasma source on pea seeds has also affected the growth 
parameters of seeds and seedlings, and at the moment we have some preliminary results. Since we 
used pea as a model seed with an initial excellent germination of about 100 %, germination could not 
be further improved. However, we were able to achieve faster germination and an increase in the 
vigour of seeds and seedlings after the plasma treatment. The threshold for a positive effect of 



plasma treatment was 240 s, when germination dropped to 80 %. In addition, the Comet assay 
showed no DNA damage even after 240 seconds and at all lower exposure times. 
 
Based on these positive results, our next step is to analyse and understand in detail the relationship 
between the nature of the plasma and the improvement of germination. These promising results 
along with the already published industrial upscaling opportunity7 open the new possibilities for 
utilization of Piezobrush PZ3 also in agriculture.   
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In this work, we investigated the effect of plasma activated water (PAW) prepared by pin hole electrode 

generating plasma directly in liquids with synthetic air flowing into the discharge on plant vitality and 
growth [1,2,3]. Distilled as well as tap water was treated by plasma discharge. Content of reactive oxygen and 

nitrogen species in PAW was determined colorimetrically by using UV-Vis spectrophotometer. We used pot 
experiment with radish (Raphanus sativa L.) plants to investigate the effect of long-term treatment with PAW on 

vitality and growth. The effect on the growth was observed through determination of fresh weight and dry matter 
content, the effect on vitality was assessed through chlorophyll fluorescence and the NDVI index. The results 
show positive effects of plasma activated water on the plant growth. The results further show that PAW does 
not adversely affect plant vitality. 

 

1. Introduction 
Nitrogen is the main element of plant nutrition. Major source of the inorganic nitrogen taken up by 
the roots of plants is nitrate. Sources of nitrate are generally derived from inorganic minerals by a high 
energy-consuming and not verry environmentally friendly chemical process [4]. Current research in 
this field is focusing on finding new alternative ways of preparing fertilizers. Promising opportunity 
brings to the table treating water with plasma. Nitrogen available in the air is fixed into the water using 
plasma. The treatment of water with plasma produces a mixture of nitrate, nitrite, and hydrogen 
peroxide as its major constituents. This way it was prepared so called plasma activated water (PAW).  
 

2. Experimental setup 
Plasma activated water was prepared by pin hole electrode generating plasma directly in liquids with 
synthetic air flowing into the discharge (nitrogen and oxygen in a 4:1 ratio, total air flow rate of 
0.5 l/min) (fig. 1.). 500 ml of water was treated for 8 minutes with discharge [1,2,3]. After treatment 
physicochemical properties of PAW were analysed by measuring pH, conductivity and concentration 
of H2O2, NO2

– and NO3
– was determined colorimetrically and by UV-Vis spectrophotometry [5]. Optical 

emission spectroscopy was used for diagnostics of generated plasma.  

 
Fig. 1. System for plasma activated water preparation [1,2,3]. 



Soil was placed in pots (approximately 1400 g of soil into each pot), in total 120 pots were prepared. 
The pots were placed in grow boxes with artificial lighting (ViparSpectra PRO 600/100W, 16/8 h 
light/dark). The pots were divided into four variants based on the application of PAW, with 30 pots in 
each variant: 

• Pots irrigated with PAW prepared from distilled water (PAW DW) 

• Pots irrigated with PAW prepared from tap water (PAW TW) 

• Pots irrigated with untreated tap water with application of PAW as a foliar spray (TW/PAW 
DW)  

• Control variant irrigated with tap water (TW) 

The whole experiment lasted for 30 days from the day of sowing. Pots were irrigated every 2 days, 
with PAW prepared on the day of irrigation. The experiment was carried out three times over the 
period of 12 months to ensure the reproducibility. Fluorescence parameters were measured on the 
29th day (the day before the end of the experiment) using FluorPen FP 110 instrument. At the end of 
the experiment, radishes were carefully taken out of pots, without damaging the roots. They were 
washed with water and separated into two parts (leaves and roots). Both parts were weighed on scales. 
To determine the dry matter, the samples were placed in a vacuum drying oven, and they were dried 
at 60 ̊ C for 24 h. After drying was completed, the samples were cooled and then weighed in on scales.  
Subsequently, the dry matter (DM) mass was calculated in percentage as shown in the formula 1, 
where mD is weight of dried matter, mE is weight of empty Petri dish and mF is weight of fresh matter. 
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3. Results 
Optical emission spectroscopy results showed us that initially intensity of emission of ∙OH radicals and 
molecular nitrogen are decreasing, in contrast intensities of atomic hydrogen, oxygen and nitrogen 
lines are increasing. After some time, these processes stabilize. In the case of tap water, it stays 
constant throughout the whole treatment.  
Results obtained from optical emission spectroscopy showed us initiated production of reactive 
species in discharge. This was verified by measuring its concentration in plasma activated water. 
Composition of PAW (table 1) prepared with system generating discharge directly in water showed us 
that in relatively short time the water is enriched with large amount of nitrates and nitrites. This is 
quite useful in agricultural applications of plasma activated water. Tap water already contains ions that 
are causing higher conductivity, which is important for easier ignition of the discharge, which leads to 
higher production of RONS. The presence of RONS in PAW further increases conductivity. pH of PAW 
DW was adjusted to 5.5 with PBS as 3.3 could be harmful to plants. 
 

Tab. 1. Physicochemical properties of PAW used in experiment 

Type of water  
H2O2 

[mg/L] 
NO2

− 
[mg/L] 

NO3
− 

[mg/L] 
pH  
[-] 

Conductivity 
[μS/cm] 

Tap water <LOD* <LOD* 31.8±1.4 7.5±0.2 485±6.8 

Distilled <LOD* <LOD* <LOD* 6.7±0.4 1.6±0.2 

Plasma activated distilled water 
(PAW DW) 

3.0±0.6 20.2±0.4 65.3±3.7 3.3±0.1 260±6.0 

Plasma activated tap water (PAW 
TW) 

4.8±0.5 26.9±0.5 110.5±6.3 7.4±0.2 650±3.5 

*LOD = limit of detection 



The effect of irrigation and foliar application of PAW on the fresh matter of radish plants was observed. 
According to results presented in table 2 both irrigation and foliar application had significant positive 
effect on fresh matter of roots. In the case of leaves the effect of PAW was significant in second and 
third repetition. In conclusion there was an overall increase in the weight of the plant and no 
preference of certain part growth was observed. 
 
Tab. 2. Fresh matter of radishes 

Variant (Root) 1st repetition (g) 2nd repetition (g) 3rd repetition (g) 

PAW DW  46.8±17.1 16.9±7.1 27.2±10.7 

PAW TW  44.6±11.7 17.6±6.9 21.1±8.2 

TW/PAW DW  42.3±17.3 22.6±11.2 24.8±8.6 

TW  32.2±13.2 12.3±7.3 19.6±9.4 

Variant (Leaves) 1st repetition (g) 2nd repetition (g) 3rd repetition (g) 

PAW DW  21.8±5.2 14.4±3.6 18.1±3.6 

PAW TW  22.1±4.9 14.4±3.4 13.1±2.9 

TW/PAW DW  24.7±6.7 15.8±2.5 11.2±2.3 

TW  21.8±6.0 11.6±2.5 10.4±1.9 

 
The effect of irrigation and foliar application of PAW on the dry matter of radish plants was also 
observed. According to results presented in table 3 both irrigation and foliar application did not have 
significant effect on dry matter of roots. In the case of leaves the effect of PAW was also not significant. 
In conclusion there was not observed significant lowering of dry matter content in comparison with 
control group, so we can say PAW did not affected negatively dry matter.  
 
Tab. 3. Dry matter of radishes 

Variant (Root) 1st repetition (%) 2nd repetition (%) 3rd repetition (%) 

PAW DW  4.38±0.40 5.40±1.24 5.46±0.97 

PAW TW  5.14±1.48 4.57±0.63 7.17±0.90 

TW/PAW DW  4.28±1.31 4.70±0.76 8.32±1.28 

TW  4.66±1.37 4.98±0.61 6.57±0.90 

Variant (Leaves) 1st repetition (%) 2nd repetition (%) 3rd repetition (%) 

PAW DW  5.19±0.49 6.92±0.84 6.24±0.60 

PAW TW  5.43±0.79 6.64±0.39 8.26±0.86 

TW/PAW DW  4.78±0.86 6.72±1.01 8.69±1.18 

TW  4.61±0.87 6.50±0.63 7.74±0.78 

 
Fluorescence measurement results showed no significant effect on maximum quantum yield on plants 
treated with PAW in comparation with control group. That means plants treatment with PAW did not 
affect the overall vitality of plants. Also, NDVI index measurements showed that plants health was not 
affected by PAW, as index was not lowered by PAW treatment compared to control group. As is widely 
known most of the fertilizers used in agriculture contain nitrogen. As we expected higher content of 
nitrates and nitrites in PAW positively affected growth of radish. That’s why we can say promising PAW 
is alternative source of nitrogen for agriculture that is prepared by a more environmentally friendly 
way than inorganic fertilizers. 
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The steadily growing consumer interest in consuming minimally processed food rich in bioactive components has 
created a need to investigate the impact of a novel low-temperature preservation method on the quality 
characteristics of freshly pressed carrot juice (Nerac variety). The conducted research analyzed the effects of 
plasma gas (air) generated in a Glide-arc reactor operating under atmospheric pressure on the microbiological, 
physicochemical, and structural changes of product samples. 
 

1. Material and research methods 
The study material consisted of juice obtained from Nerac variety carrots, extracted using a slow-juicer 
by Hurom (Model HZ, Owadów, Sławno). Part of the juice was treated with cold plasma for 10, 20, or 
30 minutes, while the untreated juice served as the control. The samples were stored in a refrigerator 
at 6°C for 3 days. 
For the treatment with non-equilibrium plasma, a single-phase gliding arc discharge reactor operating 
under atmospheric pressure was used. It consisted of a system with two profiled copper electrodes, 
each 78 mm in length, with a divergence angle of 12°. To minimize gas leakage from the system, the 
electrodes were enclosed in a glass shield with a diameter of 60 mm. The power supply system 
provided high-voltage pulses with a maximum value of 3.5 kV and an apparent power of 60 VA. 
A glass container with an internal diameter of 63 mm was filled with 25 ml of freshly pressed carrot 
juice and positioned so that the liquid surface was 10 mm away from the electrode surface. 
Compressed air was used as the working gas at a flow rate of 440 l/h, regulated using a table-mounted 
glass rotameter (Zakłady Automatyki "ROTAMETR," Poland). Due to the forced gas flow, the generated 
electric arc moved along the electrodes toward the liquid, where it extinguished and then re-ignited in 
the ignition zone. To ensure uniform exposure to active factors, the juice was stirred during treatment 
using a magnetic stirrer and Teflon-coated stirring bars (Figure 1). A DT-847U temperature meter (Yu 
Ching Technology) with a K-type thermocouple was used to monitor the liquid's temperature after 
treatment. The maximum observed temperature for the longest treatment time did not exceed 39°C. 
 



 
Fig. 1. Schematic diagram of the plasma treatment system: 1–Working gas source; 2–Power supply;  
3–Power supply cables; 4–Electrode holder; 5–Forced flow of working gas; 6–Glass tube; 7–Copper 
electrodes; 8–Electric arc; 9–Vessel with juice; 10–Magnetic stir bar; 11–Magnetic stirrer. 
 

2. Conclusions 
1. The application of cold plasma treatment to carrot juice improved its microbiological quality 
compared to the control sample. Treating the juice with plasma for 20 and 30 minutes resulted in a 
product that met the requirements outlined in the Codex Standards regarding the total count of 
aerobic mesophilic microorganisms in edible juice.  
2. Cold plasma treatment of the juice for 30 minutes produced a product with better colloidal stability 
and higher carotenoid and polyphenol content than the control sample.  
3. The results indicate that a 30-minute cold plasma treatment using the Glide-arc reactor can extend 
the shelf life of carrot juice. Additionally, the treated juice exhibits enhanced colloidal stability and 
nutritional value, suggesting its potential for practical application in the industrial production of juices 
and other beverages. 
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This contribution presents results from the numerical simulation of the gas-phase chemical kinetics 

in C2H2+Ar low pressure inductively coupled plasma. These plasmas are used in the formation of 
graphene film or single-wall carbon nanotubes. CVD graphene film deposited using high density plasma 
has several applications in next generation LSI technology. Graphene films need to sustain the property 
through integration processes and be inert against the interactions or impact of the chemicals, radicals, 
ions, etc. The chemistry in plasma simulation requires a sensitive assessment of the dominant reactions 
and species [1] that are contributing to graphene growth. Simulation of complex reaction mechanisms 
helps to test hypothesis in silico and enable further innovation. 

 
In plasma, it is anticipated that a vertical growth of carbon structure occurs when an extensive 

supply of carbon, chemisorption, grain boundary, high pressure, high fluxes, and imperfect surface are 
imposed. Deposition over >30 layers will form graphite. On the other side, a horizontal growth 
(graphene monolayer) is controlled by factors such as lower temperature (physisorption only to 
eliminate chemisorption), low reactant feed, lower pressure, low fluxes, and perfect surface. 
Fragmentation of acetylene C2H2 in plasma and neutral-neutral collisions are produced by primary 
electron collisions and process temperature.  

 
We demonstrated by numerical simulation using a 2D fluid model with axial symmetry, the 

production and transport of reactive species can be affected under the changes in the spatio-temporal 
situation. As a consequence, the operation modes have the potential to control the reaction chemistry. 
Here, the gas pressure has an impact on time evolution and sustaining C2H2 chemistry. The time 
evolution pattern is revealing that C2H2 decomposition is developing through three phases, see Fig. 1. 
First phase consists of the ionization wave producing ions from parent molecules C2H2 by primary 

electron collisions (electron formation of plasma up to several tens s). Subsequently, the production 
of new neutrals, radicals, e.g. heavy-species reactions phase starts during phase two, lasting up to 
hundreds of ms. The third phase is exhibiting a pattern of multiscale interaction, i.e. quenching or 
depletion of the charged species due to either electron energy loss, and plausibly other factors such 
as dimensional scale of reactor configuration, the RF power level, or other factors. This pulsed mode 
pattern is observed within the seconds range. A good example of a similar pattern in the time evolution 
of plasma chemistry could be the dielectric barrier discharge in molecular gases where plasma is 
formed within a fibral structure at atmospheric pressure [2]. 

 
From the point of view of technological applications, for example, surface cleaning in oxygen 

plasma, etching in fluorine chemistry, and deposition of silicon dioxide or titanium dioxide in chloride 
plasmas, the electronegative plasmas are playing an important role. In C2H2 plasma, we observed a 
substantial impact of the hydrogen created as a by-product or due to the inflow into the reactor during 
the third phase. Specifically, adopting the formation of the negative ion H- by a two-steps process 
[3,4,5] initiated by vibrational excitation of parent H2 molecules and followed by dissociative electron 
attachment (DEA) led to the pattern observed in the 3rd phase. Further investigation of the H- formation 
by the multistep mechanism of DEA and destruction of the H- ions plasma exposed high sensitivity of 
competing reactions. We believe the mechanism of lateral graphene layer vs. vertical nanotube walls 
is triggered by pressure with a transition around 6-7 Pa. Extension of the simulation by controlling 



 

 

other parameters exposed the posibility to modulate process chemistry. RF power modulation was 
investigated to control plasma chemistry. Simulation results exhibited highly decomposed C2H2 
molecules and the formation of dominant high-CnHm chains, C2 dimer, and release of a significant 
amount of hydrogen. Separation of charged species and neutrals due to transition in the third phase 
offers an opportunity for reaction chemistry to control and assist to graphene growth mechanism. 
Exploring this approach enabled us to determine dominant charged and neutral species in C2H2 dense 
plasma and to suggest the graphene growth mechanism on the surface.  

 

 
 

Fig. 1. Time evolution of the C2H2+Ar decomposition in an inductively coupled plasma reactor 
with total pressure 9.3 Pa and dual ICP coils at 13.56 MHz and 100/600 W, respectively.  

 
Keywords: inductively coupled molecular plasma; acetylen decomposition; chemical kinetics; plasma 
time evolution. 
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In the current contribution, preliminary experimental data on dissociative ionisation of pentafluorophenyl triflate 
is presented and compared to photoinisation of this compound at the EUVL wavelength of 13.5 nm. The DI 

processes are analysed with respect to the respective thermochemistry and discussed in context to the potential 
functionality of this compound as photoacid generator in chemically amplified resist materials for extreme 

ultraviolet lithography.  
 

1. Electron driven chemistry in extreme ultraviolet lithography 
Currently extreme ultraviolet lithography (EUVL), operating at the very short wavelength of 13.5 nm, 
is being established at the side of the conventional deep ultraviolet lithography (DUVL, typically 248 or 
193 nm) in the high-volume manufacturing of computer chips.[1] Though the technical aspects of 
printing with this short wavelength are very challenging, it is considered worth the while as the 
resolution gain is directly proportional to the wavelength, enabling significantly higher transistor 
density with this approach. The chemical aspect of the transition to such short wavelengths is, however, 
also challenging. While the conventional DUVL is based on conversion of the resist materials through 
photochemistry, 13.5 nm light constitutes ionizing radiation with a photon energy of 92 eV, and the 
chemistry within the exposed photoresist materials is thus expected to be at large electron-, rather 
than photon-driven [2,3].  

At this high photon energy, photoelectrons are produced within the exposed resist materials, leading 
to secondary ionisation processes alongside other inelastic scattering processes. This results in a 
dynamic secondary electron energy distribution that is nonnegligible at the 0 eV threshold, peaks at 
few eV and tails of towards the initial photoelectron energy [2,3]. Thus, the initial processes, triggering 
the respective resist chemistry, may be dissociative electron attachment (DEA), dissociative ionization 
(DI), dipolar dissociation (DD), and/or neutral dissociation (ND). These are different processes that are 
bound to initiate different chemistry (see ref [4] and refs therein). Thus, funded understanding of their 
nature and extent within the respective resist materials is a key element in the design of new high-
performance platforms.  

In general resist materials may be based on very different approaches to the chemical path of the 
transformation to be achieved, including chemically amplified resists (CARs), polymeric non-CARs, 
hybrid resists materials, metallic oxo-clusters among other (see e.g., ref [5-8] and refs therein). In the 
commonly used chemically amplified resists, a strong acid is generated in the light exposure of an 
added photo acid generator (PAG), which in turn drives the respective chemistry. Among such PAGs 
are aryl and allyl triflates that are used for generation of the strong triflic acid, and in the gas phase it 
was shown that DEA at low incident electrons energies leads to formation of the triflic anion [9].  



In the current effort of better understanding the electron induced chemistry within potential EUVL 
resist materials, and possibly identify potential pathways to performance enhancement, we have 
extended this work and conducted comprehensive studies on pentafluorophenyl triflate as a potential 
candidate for triflic acid generation upon exposure. Specifically, pentafluorophenyl triflate is chosen 
for the current studies as the perfluorination may be expected to significantly enhance the DEA cross 
section and direct the fragmentation channels. However, despite the expected increased DEA cross 
section, EUV exposures of an epoxy-based cross-linking photoresist with perflorinated phenyl triflate 
as a PAG showed no enhancement of the degree of polymerization [9].  
To better understand the fundamental chemical processes initiated in pentafluorophenyl triflate up 
on EUVL exposure and to further explore its potential as PAG in CARs intended for EUVL, we have 
conducted a comprehensive, comparative study on this compound, exploring its fragmentation in the 
electron induced processes of dissociative electron attachment (DEA) and dissociative ionization (DI) 
as well as direct photon induced fragmentation under EUV exposure.  
In the current contribution, prelaminar experimental data on dissociative ionization of this compound 
is presented, compared to photofragmentation mass spectra recorded at 13.5 nm and discussed in 
context to the thermochemistry of the respective dissociation processes within the framework to the 
potential functionality of pentafluorophenyl triflate as a PAG in EUVL CARs.  
 

2. References 
[1] Kazazis, D., Santaclara, J.G., van Schoot, J., Mochi, I. and Ekinci, Y. 2024 Nat Rev Methods Primers 4, 
84. 
[2] Kostko, O., McAfee, T.R., Han Son Ma, J., Blackwell, J.M., and Naulleau, P.P., 2024 J. 
Micro/Nanopatterning Mater. Metrol. 23(1), 014602 
[3] Torok, J., Del Re, R., Herbol, H., Das, S., Bocharova, I., Paolucci, A., Ocola, L.E., Ventrice Jr., C., Lifshin, 
E., Denbeauxa G. and Brainarda, R.L., 2013 J. Photopolym. Sci. Technol. 26 (5) 625-634 
[4] Ingólfsson, O. (Ed) 2019 Low-Energy Electrons Fundamentals and Applications; Pan Stanford 
Publishing Pte. Ltd.:, The Republic of Singapore 
[5] Cen, J., Deng, Z.Y., and Liu, S.Y. 2024 Polym. Chem. 15 (45) 4599-4614 
[6] Yeo Kyung Kang, Y.K., Lee, S. J., Eom, S., Kim, B. G., Hwang C.-C.,  and  Kim, M.-G. 2024 J. Mater. 
Chem. C 12 15855-15887 
[7] Takahiro Kozawa 2024 Jpn. J. Appl. Phys. 63 050101 
[8] Wang, X., Tao, P.,  Wang, Q., Zhao, R., Liu, T., Hu, Y., Hu, Z., Wang, Y., Wang, J., Tang, Y., Xu, H., He, 
X., 2023 Materials Today 67 299-319, 
[9] Ptasińska, S.,  Gschliesser, D.,  Bartl, P.,  Janik, I.,  Scheier, P.,  Denifl, S., 2011 J. Chem. Phys. 135 
214309 
[10] Torti, E., Dr. Protti, S., Bollanti, S., Flora, F., Torre, A., Brusatin, G., Gerardino, A., Businaro, L., 
Fagnoni, M., 2018 ChemPhotoChem 2(5) 425-432 
 
 
 



DISSOCIATIVE ELECTRON ATTACHMENT TO PENTAFLUOROPHENYL 
TRIFLATE, A POTENDIAL PHOTO ACID GENERATOR FOR CHEMICALLY 

AMPLIFIED EXTREME ULTRAVIOLET LITHOGRAPHY RESISTS  

Mónica Mendes1, Pedro Guerra1, Reza Tafrishi2 Filipe Ferreira da Silva1, Fabian 
Holzmeier3 and Oddur Ingólfsson2 

1 CEFITEC, Department of Physics, NOVA School of Science and Technology, NOVA University Lisbon, 
2829-516 Caparica Portugal 

3Science Institute of the University of Iceland, Department of Chemistry, Dunhagi 3, 107 Reykjavík, 
Iceland 

2IMEC, Kapeldreef 75, 3001 Leuven, Belgium 

E-mail: odduring@hi.is 

In the current contribution, preliminary experimental and theoretical data on dissociative electron attachment 
to pentafluorophenyl triflate are presented and discussed in context to the underlying resonances and the 
thermochemistry of the respective processes as well as its potential functionality as a photoacid generator in 
chemically amplified resist material for extreme ultraviolet lithography.  
 

1. Electron driven chemistry in extreme ultraviolet lithography 
Currently extreme ultraviolet lithography (EUVL), operating at the very short wavelength of 13.5 nm, 
is being established at the side of the conventional deep ultraviolet lithography (DUVL, typically 248 or 
193 nm) in the high-volume manufacturing of computer chips.[1] Though the technical aspects of 
printing with this short wavelength are very challenging, it is considered worth the while as the 
resolution gain is directly proportional to the wavelength, enabling significantly higher transistor 
density with this approach. The chemical aspect of the transition to such short wavelengths is, however, 
also challenging. While the conventional DUVL is based on conversion of the resist materials through 
photochemistry, 13.5 nm light constitutes ionizing radiation with a photon energy of 92 eV, and the 
chemistry within the exposed photoresist materials is thus expected to be at large electron-, rather 
than photon-driven [2,3].  

At this high photon energy, photoelectrons are produced within the exposed resist materials, leading 
to secondary ionisation processes alongside other inelastic scattering processes. This results in a 
dynamic secondary electron energy distribution that is nonnegligible at the 0 eV threshold, peaks at 
few eV and tails of towards the initial photoelectron energy [2,3]. Thus, the initial processes, triggering 
the respective resist chemistry, may be dissociative electron attachment (DEA), dissociative ionization 
(DI), dipolar dissociation (DD), and/or neutral dissociation (ND). These are different processes that are 
bound to initiate different chemistry (see ref [4] and refs therein). Thus, funded understanding of their 
nature and extent within the respective resist materials is a key element in the design of new high-
performance platforms.  

In general resist materials may be based on very different approaches to the chemical path of the 
transformation to be achieved, including chemically amplified resists (CARs), polymeric non-CARs, 
hybrid resists materials, metallic oxo-clusters (see e.g., ref [5-8] and refs therein). In the commonly 
used chemically amplified resists, a strong acid is generated in the light exposure of an added photo 
acid generator (PAG), which in turn drives the respective chemistry. Among such PAGs are aryl and 
allyl triflates that are used for generation of the strong triflic acid, and in the gas phase it was shown 
that DEA at low incident electrons energies leads to formation of the triflic anion [9].  

In the current effort of better understanding the electron induced chemistry within potential EUVL 
resist materials, and possibly identify potential pathways to performance enhancement, we have 
extended this work and conducted comprehensive studies on pentafluorophenyl triflate as a potential 



candidate for triflic acid generation upon exposure. Specifically, pentafluorophenyl triflate is chosen 
for the current studies as the perfluorination may be expected to significantly enhance the DEA cross 
section and direct the fragmentation channels. However, despite the expected increased DEA cross 
section, EUV exposures of an epoxy-based cross-linking photoresist with perflorinated phenyl triflate 
as a PAG showed no enhancement of the degree of polymerization [9].  
To better understand the fundamental chemical processes initiated in pentafluorophenyl triflate up 
on EUVL exposure and to further explore its potential as PAG in CARs intended for EUVL, we have 
conducted a comprehensive, comparative study on this compound, exploring its fragmentation in the 
electron induced processes of dissociative electron attachment (DEA) and dissociative ionization (DI) 
as well as direct photon induced fragmentation under EUV exposure.  
In the current contribution, prelaminar experimental and theoretical data on dissociative electron 
attachment to this compound are presented and discussed in context to the underlying resonances 
and the thermochemistry of the respective dissociation processes within the framework of the 
potential functionality of pentafluorophenyl triflate as a PAG in EUVL CARs.  
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The present contribution provides an overview of our recent progress in completing a precise experimental line 

list for the ammonia molecule in the infrared range from 3900 to 6350 cm−1. This knowledge is an important 
prerequisite for accurate NH3 retrievals, like the plasma reactors studying the production of green ammonia. 

 

1. Introduction 
The shift from fossil fuels to renewable energy sources is one of the primary objectives in addressing 
climate change. Ammonia (NH3) is an important candidate for such an environmentally friendly 
synthetic fuel [1]. It has a high energy content and can be easily liquefied for efficient transport. 
Unfortunately, practical technologies for efficient and environmentally clean ammonia production are 
currently lacking. One promising approach for this purpose is using non-thermal plasma to dissociate 
N2 molecules into reactive atomic nitrogen, which can produce ammonia via subsequent reactions with 
hydrogen-containing species. The efficiency and specificity of the process must be significantly 
enhanced to be practical from both the technological and economic points of view to enable its viability. 
 
Real-time and in-situ monitoring of the chemical processes involved in ammonia production using non-
thermal plasma is one of the key capabilities needed both in laboratory and industrial environments 
for process optimization. Such diagnostics should also be remote to ensure they do not interfere with 
the plasma chemical environment. Sensing through optical spectroscopy provides an ideal tool for such 
a purpose. It is a highly specific and remote sensing technique, capable of distinguishing individual 
species, including short-lived reactive intermediates directly in the plasma environment and 
determining other important characteristics, such as the level of their internal excitation and local 
temperature. 
 
The aim of our work is the development of high-resolution spectroscopy techniques for the monitoring 
of ammonia in the gas phase or plasma. Our goal is to provide a better understanding of the structure 
of the visible spectra through a detailed analysis of the infrared absorption spectra of the primary 
ammonia isotopologues. To that end, a comprehensive and accurate line list for 14NH3 and 15NH3 was 
prepared in the range from 3900 to 6350 cm-1 [2]. Overall, 99.2 % of the total measured room 
temperature absorption was assigned to corresponding ro-vibrational transitions [3, 4], resulting in the 
most comprehensive experimental ammonia list within this region. 
 

2. The line list. 
Multiple Fourier transform absorption spectra at room temperature were accurately fitted and 
assigned by comparison with an ab initio line lists [2]. The assignments were systematically validated 
by lower state combination difference relations (LSCD) and compared with intensities deduced from 
the theoretical dipole-moment surfaces [3,4].  In total (Fig. 1), over 30000 ammonia transitions were 
identified (~21000 for 14NH3 and ~9000 15NH3), out of which approximately 20000 transitions were 
given ro-vibrational assignments. Compared to our original publication [2], the current work focuses 
on the validation of these results (further verification by LSCD from different sources) and making the 
115NH3 assignments compliant with the C2018 dipole moment list [4], so they are ready for the 
upcoming HITRAN database [5] update. 



 
Fig. 1. Overview of the 14NH3 and 15NH3 line lists included in our recommended line list for natural 
ammonia between 5650 and 6350 cm-1. Different colours are used for the assigned and unassigned 
transitions. The 15NH3 line list has intensity scaled according to the 15NH3 natural abundance. 
 

3. Conclusion 
In summary, we believe that the ammonia line list elaborated in this study represents a significant 
improvement over the HITRAN2020 list. These improvements include greater completeness, enhanced 
accuracy of the line parameters, and an expanded set of rovibrational assignments. The latter is crucial 
for capturing the temperature dependence of line intensities and improving the theoretical models for 
visible range ammonia spectra. 
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This work investigates ion current at different distances from a multi-hollow surface dielectric barrier discharge. 
Single- and double-grid configurations were utilized to measure ion currents in air and oxygen under various 

conditions. In the single-grid configuration, the ion current was found to increase with the applied grid voltage 

until saturation was reached. The saturation current decreased with increasing distance from the plasma source. 
In the double-grid configuration, all ions were captured by the first grid in oxygen, while a residual current was 

observed on the second grid in air. To further explore this residual current, a modified double-grid configuration 
was employed. Measurements revealed that some of the current originated from photoemission of electrons 
induced by UV radiation from the plasma. 
 

1. Introduction 
The multi-hollow surface dielectric barrier discharge (MSDBD) is an innovative DBD geometry that 
combines the benefits of both volume and surface DBDs. In this design, all the working gas is fed 
through holes where surface micro-discharges are generated. The arrangement of the holes ensures 
that the plasma spreads across the surface of the holes, while the flow of the working gas carries the 
active particles away from the active plasma zone [1]. In recent years, various applications of MSDBD 
have been studied in fields such as material surface modification, biodecontamination, and agriculture.  
In material surface modifications, MSDBD has been shown to be effective for fast cleaning and 
activation of silicon wafers, significantly enhancing their surface characteristics and enabling improved 
adhesion for subsequent processes in microelectronics [2]. MSDBD has also been successfully used to 
modify the surface properties of glass, where plasma treatment has resulted in improved surface 
energy and enhanced adhesion for coating applications [3]. In biodecontamination, MSDBD has been 
proven effective in inactivating microorganisms, including bacterial biofilms, offering potential for 
sterilization in healthcare and food safety by inactivating pathogens and improving sterilization 
procedures [4,5]. In agriculture, plasma treatment has been shown to improve seed germination and 
growth, reducing the need for chemical treatments. In studies [6–8], MSDBD plasma treatment has led 
to boosted seed vitality and early plant development, making it a promising tool for increasing crop 
yields and promoting sustainable farming practices.  
In various applications, plasma induces a wide range of reactions that are triggered by different plasma 
constituents, including charged particles. For experimental purposes, it would be interesting to assess 
the effect of ions that are produced by plasma and interacting with the sample. The aim of this study 
is to investigate the ion current generated by MSDBD at various distances from the plasma source. To 
achieve this, an electrical grid was designed and constructed, capable of capturing ions of both 
polarities. 
 

2. Experiment 
For our experiments, we selected the commercial RPS30 multi-hollow device (ROPLASS, Czech 
Republic) as the MSDBD plasma source, with an input power of 30 W. The electrode system consists 
of two plane-parallel electrodes separated by a gap of 0.5 mm, fully embedded in alumina ceramic and 
perforated with 105 holes (Kyocera, Japan). The total active area of the generated plasma is 18 × 19 
mm. A photograph of the MSDBD plasma source is shown in Fig. 1 (left), while a more detailed 
description of the MSDBD system is available in other studies [1,2]. Ambient air and oxygen (purity 
>99.995%) were used as working gases, both supplied at a flow rate of 6 l/min. 



The electrical grid was powered by a DC power supply (Heinzinger electronic, Germany) operated 
within a voltage range of 0 – 200 V, as illustrated in Fig. 1 (right). To attract ions of both polarities, a 
voltage divider was employed to symmetrically split the voltage between the negative and positive 
wires of the grid. The electrical current, generated by the recombination of ions attracted to the grid, 
was measured using an ammeter. 
 

             
Fig. 1. MSDBD plasma source (left) and diagram of electrical grid (right). 
 
The grid has a total area of 25 × 25 mm and consists of 32 parallel tungsten wires coated with graphite. 
Each wire has a diameter of 50 µm, with a uniform spacing of 0.8 mm between adjacent wires. The 
grid was mounted onto a custom MSDBD holder, which also included a distance frame. By using 
distance frames of different heights, the grid could be positioned at different distances d from the 
MSDBD plasma source. A schematic of the described experimental setup is shown in Fig. 2 a). In the 
second experimental setup, illustrated in Fig. 2 b), the first grid was positioned at a distance of 6 mm 
from the MSDBD. Below the first grid, a second identical grid was mounted at a distance of 10 mm 
from the MSDBD. This setup was designed to determine whether the first grid captures all ions 
generated by the plasma. If any ions pass through the first grid, they would be detected as an ion 
current on the second grid, providing insight into the efficiency of ion capture by the first grid. In the 
third experimental setup, shown in Fig. 2 c), the grids were positioned at the same distances as in the 
previous setup. However, the second grid in this configuration was modified so that every second wire 
(corresponding to one polarity of the wires) was covered. This design was implemented to investigate 
the occurrence of photoemission of electrons from the wires of negative polarity under exposure to 
UV radiation emitted by the plasma. If photoemission occurs, the current detected when only the 
negative wires are exposed to UV light would be greater than the current detected when only the 
positive wires are exposed. This configuration thus enables the assessment of whether photoemission 
is a contributing factor to the measured ion currents under the influence of UV radiation from the 
plasma. 
 

 
Fig. 2. Schematics of experimental setups: a) single-grid configuration with adjustable distance d from 
the MSDBD plasma source, b) double-grid configuration, c) modified double-grid configuration, where 
every second wire of Grid 2 is covered. 



3. Results and discussion 
The ion current as a function of the applied grid voltage for the single-grid configuration at distances d 
ranging from 4 to 10 mm is shown in Fig. 3. The graph for air is presented on the left, while the graph 
for oxygen is on the right. In all cases, the ion current increases with the applied voltage, but this 
increase gradually slows down until it reaches a saturated ion current. This behaviour can be explained 
by the increasing strength of the electric field as the voltage rises, which enhances the attraction of 
ions to the grid. As the electric field becomes stronger, more ions are captured by the grid. However, 
beyond a certain voltage, the grid captures all the ions generated by the MSDBD reaching the given 
location, leading to the observed saturation of the ion current. Additionally, it is evident that as the 
distance d increases, the value of the saturated ion current decreases. Similarly, the voltage at which 
the ion current reaches saturation also decreases with increasing distance. This trend is attributed to 
the fact that the density of ions decreases with distance from the MSDBD, leading to a reduced number 
of ions available for capture by the grid. 
 

 
Fig. 3. Ion current as a function of the applied grid voltage for air (left) and oxygen (right). 
 
The saturated ion current as a function of d for both gases is shown in Fig. 4. For both gases, the 
saturated ion current decreases exponentially with increasing distance from the MSDBD. Furthermore, 
the ion current values for air are higher than those for oxygen, and this difference becomes more 
pronounced as the grid is placed closer to the MSDBD. For comparison, at d = 10 mm, the saturated 
ion current is 0.09 µA for air and 0.06 µA for oxygen, while at d = 4 mm, the saturated ion current is 
1.37 µA for air and 0.54 µA for oxygen.  
Assuming that the ions produced by the plasma are predominantly singly ionized, the ion pair density 
n can be determined from the measured saturated ion current as 

𝑛 =
𝐼

𝑒 𝑄
(1) 

where I is the saturated ion current, e is the elementary charge, and Q is the gas flow rate. 
 



 
Fig. 4. Saturated ion current and ion pair density as a function of distance d from the MSDBD plasma 
source. 
 
The results for the double-grid configuration are shown in Fig. 5, with air on the left and oxygen on the 
right. In both cases, the voltage on Grid 2 was 100 V. For both gases, it can be observed that as the ion 
current on Grid 1 increases, the current on Grid 2 decreases. In the case of oxygen, the ion current on 
Grid 2 decreases to zero, indicating that all ions produced by the MSDBD are captured by Grid 1. 
However, for air, the ion current on Grid 2 decreases to approximately 0.5 nA at a voltage of 100 V on 
Grid 1, and it does not decrease further with increasing voltage on Grid 1. 
 

 
Fig. 5. Ion currents on both grids as a function of the voltage on Grid 1 for air (left) and oxygen (right). 
 
Based on the results for air in the double-grid configuration, additional measurements were performed 
in the modified double-grid configuration with voltages of 100 V and 200 V applied to Grid 1. When 
the polarity of the illuminated wires was switched from negative to positive, a decrease in the ion 
current on Grid 2 by 0.3 nA was observed in both cases. This current can be attributed to 
photoemission of electrons induced by UV radiation from the plasma. The results are summarized in 
Table 1. The remaining ion current of 0.25 nA could not be attributed to a specific phenomenon. 
However, it could potentially be caused by insufficient coverage of the wires or by a small fraction of 
ions that were not captured by Grid 1. 
 
Tab. 1. Results for air in the modified double-grid configuration. 

Voltage on Grid 1 (V) Polarity of illuminated wires Ion current on Grid 2 (nA) 

100, 200 
negative 0.55 
positive 0.25 

 



4. Conclusions 
The ion current was measured in different experimental configurations using an MSDBD plasma source 
in air and oxygen. In the single-grid configuration, the ion current increased with the applied voltage 
and reached saturation. The saturated ion current decreased with increasing distance from the plasma 
source. In the double-grid configuration, all ions were captured by the first grid in oxygen, while a 
residual current of approximately 0.5 nA was observed on the second grid in air. Measurements in the 
modified double-grid configuration revealed that 0.3 nA of this residual current was caused by 
photoemission of electrons from the illuminated wires due to UV radiation from the plasma. These 
findings provide valuable insights into the behaviour of ions from MSDBD, which could aid in optimizing 
plasma experiments where ions play a significant role. 
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Radicals are an important component of many chemical reactions, specifically NOx, which play a significant role 
in atmospheric chemistry and significantly affects the formation of reactive nitrogen. In the present work, we 
focused on the detection of short-lived NO3, which is challenging to detect using common spectroscopy 
techniques such as Fourier transform absorption spectroscopy. For this purpose, we build a robust optical system 
for the rapid detection of nitrogen dioxide (NO₂) over a wide dynamic range. The system integrates two 
absorption spectroscopy techniques: direct absorption for the detection of higher concentrations (10-100 ppm) 
and incoherent broadband absorption spectroscopy with optical resonator (IBB-CEAS) for the detection of lower 
concentrations.  
 

1. NO2, NO3 and plasma 
NO3 and NO2, play a role in a chemistry of atmospheric plasma discharges. There are many 
applications of atmospheric plasma discharges. The possibilities offered by non-thermal plasma are 
currently in practice and continue to be explored. The temperature of heavy particles (neutrals and 
ions) is low. Only electrons get thermalized and these electrons with high energies are responsible for 
the chemical activity. This facilitates the formation of highly reactive particles such as radicals. In last 
decades, several plasma-based technologies were successfully developed such as flue gas cleaning, 
water purification, plasma assisted combustion, or hazardous liquid waste processing. Or the rapidly 
growing field of plasma applications in biomedicine in recent years [1].  
Nitrogen dioxide and Nitrate radical are involved in the formation of reactive nitrogen. Reactive 
nitrogen is an essential component for all living organisms. Atmospheric nitrogen N2 is predominantly 
global nitrogen, making up 78 % of the atmosphere. To make N2 reactive and available to living 
organisms, the non-reactive nitrogen must be transformed or modified in compounds such as 
ammonia NH3 or nitrogen oxides NOx by reaction with molecules such as H2 or O2 in a process called 
N2 fixation [1]. However, the Haber-Bosch process for N2 fixation is energy and environmentally 
demanding. Therefore, various types of non-thermal plasma are currently being investigated for 
nitrogen fixation. For example, Patil et al. [2] use a compact dielectric barrier discharge (DBD) reactor 
for NOx production. 
 
Detection of highly reactive species, especially NO3, using common techniques such as FTIR, is 
challenging. Like in the [Trunec et al., 2022] paper, where the NO3 concentration was included the 
model, but NO3 was not actually measured. For this purpose, we used the IBB-CEAS technique, which 
is based on absorption spectroscopy and employs a detector developed by our research team. 
 

2. Dual-channel absorption spectroscopy 
Absorption spectroscopy is a technique used to measure the absorption of electromagnetic radiation 
by a sample as a function of wavelength or frequency. When a beam of light passes through a sample, 
the molecules of the sample absorb certain wavelengths, causing transitions between energy levels. 
This absorption results in an attenuation of light intensity at specific wavelengths that can be measured 
to produce an absorption spectrum. This spectrum provides valuable information about the molecular 
composition and structure of the sample, making absorption spectroscopy an important tool in fields 
such as analytical chemistry, molecular physics, and astronomy. 
Incoherent broad band absorption spectroscopy belongs to a family of techniques using an optical 
cavity to extend the effective path of light with a sample, similar to CRDS. The primary advantage of 
IBB-CEAS over other techniques is the use of an incoherent source, which transmit a large number of 



resonator modes at once versus only one as in traditional CRDS, for example. Thus, with an acceptable 
decrease in sensitivity, we obtain an optical scheme much more immune to mechanical inaccuracies 
or particles directly inside the resonator, a critical feature for the success of future research where we 
will test the calibrated dual-channel detector for resistance to plasma and liquid in the form of 
microdroplets present directly in the optical resonator. 
 
The combination of direct absorption and IBB-CEAS results in a detector with a high dynamic range. 
The IBB-CEAS channel is used to measure low concentrations, which will give us an effective path in 
the order of hundreds of meters, even with a small reactor (on the order of tens of centimeters). On 
the contrary, for large concentrations, the signal drop in the IBB-CEAS channel is too high, leading to 
low signal to noise ratio. In this case, the direct absorption channel is used. Concentrations at which it 
is possible to use both channels simultaneously were used for system calibration. 
At present we have a detector for low NO₂ concentrations using the IBB-CEAS technique. This detector 
uses as light source a red LED with a maximum emitted intensity at 660 nm, two mirrors from LAYERTEC 
with high reflectivity (R>99%). In this system, we have implemented, using optical and optomechanical 
components, a second channel operating on the principle of direct absorption, which uses as a light 
source a so-called Blue LED emitting over a wide spectral range. In particular, the local maximum at 
450 nm will be used in the experiment. 
 

 
 

Fig. 1. Comparison of measured spectra with fit for a) direct absorption, b) IBB-CEAS system. 
 

3. Conclusion 
We were able to perform calibration measurements with dual-channel system where we used 100ppm 
of NO2 as reference sample. The effective length of our optical cavity was found around 120 m with 
for a cavity length of 0,18 m. The calibrated detector will be used in future projects to analyse reactive 
particles in plasma, particularly NO₃.  
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Transient spark (TS) discharge, generate low-temperature plasma rich in ions and electrons, initiating 
a chain of reactions that produce gaseous molecules like NO, NO₂, and HNO₂. When these gases 
dissolve in water, they form reactive species, including NO₂⁻, NO₃⁻, H₂O₂, and ONOO⁻/ONOOH, which 
have potential applications in environmental processes. The solvation of these gases is enhanced by 
converting bulk water into electrospray (ES) microdroplets directly within the TS discharge zone. 
Moreover, the simultaneous production of TS and ES increases the concentration of iron ions due to 
electrode sputtering. This study investigates the precursor ions and atoms involved in reactive species 
generation using emission spectroscopy. 
 

1. Introduction  
The transient spark (TS) is a DC driven self-pulsing discharge characterized by a short-duration, high 
current pulses [1–4]. TS generates high-energy electrons, which collide with air molecules and atoms, 
causing ionization and excitation. The resulting ionized and excited species interact to form new 
molecules collectively referred to as reactive oxygen and nitrogen species (RONS). These gaseous RONS 
can dissolve upon contact with water, rendering the water "activated."  
 
TS is able to operate in contact with water in a form of microdroplets. These microdroplets are 
generated by pumping the water through the electrode, on which simultaneously the transient spark 
is generated. Strong electric fields leads to the formation of water micro-droplets. This method of 
contacting the water with plasma ensures an efficient transfer of RONS into the water. [8, 9] 
 
The primary objective of the presented study is to investigate the short lived precursors of stable RONS 
(such as NO, NO₂, and HNO₂) and to better understand the processes involved in their formation. To 
analyse the evolution and lifetimes of the relevant ions, atoms, and excited molecules, we employed 
both time integrated and time-resolved optical emission spectroscopy. 
 
Although TS without ES was already studied [1-4], recent findings suggests, that the TS operated with 
ES might enhance the electrode erosion, introducing Fe+/Fe species into the treated water [5]. For this 
reason we focused here Fe+/Fe emission lines. Besides, we also studied the Hα line at 656nm, 
influenced by the Stark-broadening. This line can be used to determine the electron density of plasma. 
[3], [6] For this purpose, the FWHA of the Hα line was used according to Gigosos et al [6]. The electron 
density of the plasma is a key parameter for the assessment of the plasma reactivity. [3] 
 

2. Experimental methods  
Figure 1 presents a simplified schematic of the experimental setup. A stainless steel dispensing needle, 
serving as the anode, was connected to a high-voltage (HV) power supply delivering 12–15 kV. The 
grounded electrode consisted of an M5 stainless steel screw, with the electrode gap set at 9 mm. 
Electrospray (ES) was produced by continuously injecting deionized water through the HV needle at a 
flow rate of 500 μL/min using a syringe pump. A synthetic air flow rate of 1 L/min was maintained 
throughout the experiment. The anode voltage and discharge current were monitored using an HV 
probe and a current probe, respectively, with electrical signals recorded by a digital oscilloscope 
(Tektronix MDO34 500 MHz). Time-integrated optical emission spectra were collected using a compact 



two-channel spectrometer (Ocean Optics SD2000), while time-resolved spectra with high spectral 
resolution were captured using a 2 m spectrometer (Carl Zeiss) coupled to an iCCD camera (Andor 
iStar). 

  
Fig. 1. A simplified schematic of the experimental setup 
 

3.  Results and Discussion 
Figures 2 and 3 show the normalized emission spectra of TS with and without ES, recorded with the 
two-channel spectrometer. The prevalence of N⁺ and O⁺ lines in the spectra indicates a high degree of 
ionization during the high-current pulse of the TS. Alongside the N/N⁺ and O/O⁺ lines, the spectra also 
feature the Hα line and emission bands from the second positive system (SPS) of molecular nitrogen.  
The differences in the relative intensities of the oxygen and nitrogen lines in these figures between the 
TS with and without ES can be explained by the effect of frequency change. The generation of TS 
current pulses with ES is influenced by random droplet accumulation on the electrodes, causing more 
chaotic discharge behaviour, with lower frequency at the same mean discharge current (1.5mA). As it 
was shown by Janda et al. [4], the frequency of TS can have an impact on the emission spectra. 
However to correlate the influence of the ES on these emission spectra, further research is needed.  
 
Figure 2. demonstrates a notable increase in the intensities of Fe⁺/Fe emission lines in the TS with ES 
compared to TS without ES, supporting the hypothesis that electrospray enhances electrode erosion. 
[5] The presence of iron in the water can initiate Fenton-like reactions, leading to the gradual depletion 
of dissolved H₂O₂. While this reduction in H₂O₂ concentration may impact PAW composition, it could 
offer advantages for biomedical applications. [7] However, to fully understand the reactions, or the 
presence of these iron ions (or its oxides), further investigations of the PAW content is necessary, while 
also investigating the relevance and/or potential benefits on antibacterial properties.  
 
We also examined the evolution of Hα line in time. Figure 4 shows example time-resolved spectra 
synchronized with the rising slope of the TS current pulses, measured by the Carl Zeiss spectrometer 
with the iCCD camera. From multiple samples, using python fitting program to fit the Voigth profile 
function, we obtained the FWHA and electron density from the following equation [6]: 
 

𝛥𝜆𝐹𝑊𝐻𝐴
𝐻𝛼 = 0.549 𝑛𝑚 (

𝑛𝑒

1023𝑚−3)0.67965,    (1) 

where 𝛥𝜆𝐹𝑊𝐻𝐴
𝐻𝛼  is the FWHA (in nm) of the  Hα line and ne is the electron density. 

 
As can be seen on Figure 5., the calculated electron density decreases over time. The first measured 
spectrum is approximately 20ns delayed compared to the start of the current rise, due to delay of the 
triggering signal sending to the iCCD camera. That means, the electron density of the first few ns can 
be higher. Nonetheless, these obtained results of high electron density (≈1018 cm-3) prove a high degree 



of ionization and high reactivity of the plasma generated by the TS discharge, showing that there is no 
significant difference between with and without ES, from this point of view. 
 

Fig. 2. Normalized time-integrated UV-VIS emission spectra of TS w/wo ES at mean current of 1.5 mA. 

Fig. 3. Normalized time-integrated UV-VIS emission spectra of TS w/wo ES at mean current of 1 mA. 

 
 
 
 
 
  



Fig. 4. Time-resolved emission spectra of TS with ES, showing Hα line evolution 
 
 
 
 

 
Fig. 5. Evolution of electron density in time for TS with ES, derived from the Stark broadening of the 
Hα emission line. 
 

4. Conclusions 
The emission spectra of TS discharge w/wo ES were dominated by N⁺ and O⁺ lines,  as well as N, O 
atoms, and N₂ SPS emissions. These findings confirm the high degree of ionization and dissociation in 
the plasma, however the specific influence of ES on the emission spectra warrants further detailed 
investigation. Time-resolved spectra of the Hα line, were used to calculate the electron density,  again 
confirming the plasma's high ionization level and reactivity. In the presence of ES, a marked increase 
in iron ion emission line intensities was detected, attributed to enhanced electrode sputtering. 
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In further research, we plan to investigate the time resolved spectra of the nitrogen, oxygen and iron 
ions observed in the integrated emission spectra. These studies aim to elucidate the processes and 
reaction pathways of plasma chemistry. Additionally, we plan to examine the influence of various 
parameters and conditions, such as electrical parameters or air- and water flowrate, on the emission 
spectra. Further research is also needed to identify the types of iron species from electrode erosion, 
as well as to evaluate the relevance in bio-chemistry of the PAW, and possibly examine other metallic 
materials as electrode. 
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This paper presents the results of an investigation into the generation of reactive species in two setups of a 

dielectric barrier discharge (DBD) plasma source, using a water target with different vessels. By analyzing both 
neutral mass spectra and MID-scan spectra, we explore the concentrations of reactive oxygen and nitrogen 
species (NO, NO2 and O3) under varying plasma conditions and mass spectrometer configurations.  
 

1. Introduction 
In the past decade, a lot of interest has been drawn to atmospheric pressure plasmas (APPs) because 
of their unique properties and wide range of applications in fields such as material processing, 
agriculture, food industry and biomedicine [1, 2, 3, 4]. Since they do not require costly vacuum systems 
and operate at atmospheric pressure, APPs have the advantage of being accessible and versatile. Lately, 
atmospheric pressure plasma in contact with water has attracted significant interest due to its 
potential to generate reactive species and drive advanced chemical processes for various applications. 
 
The behaviour and chemistry of APPs are greatly affected when they come into contact with water, 
either as an electrode or as a target. Reactive oxygen, nitrogen and hydrogen species are found in 
water and are essential for a variety of processes, such as biomedical treatments, sterilization, and 
water purification. Water forms a dynamic interface where plasma-induced reactions take place, 
producing reactive species like ozone (O3), hydrogen peroxide (H2O2), hydroxyl radicals (OH), nitrates 
(NO3

-), nitrites (NO2
-) etc. These species play an essential role in enhancing the efficacy of plasma-based 

processes [5]. 
 
Also, higher humidity introduced in feeding gas of APPs has been demonstrated to increase the 
generation of reactive species, such as OH radicals, which are necessary for surface modification and 
decontamination [6]. The interaction, however, is complex and depends upon a number of variables, 
including ambient circumstances, water composition, and plasma characteristics. To optimize plasma 
processes and customize them for particular applications, it is essential to comprehend these 
interactions. 
 
Dielectric barrier discharges (DBDs) are widely used for surface activation in atmospheric-pressure 
plasma applications. However, treating sensitive materials like polymers can be challenging because 
high-density plasma may cause damage, such as pin-holing. This issue often occurs in volume barrier 
discharges or coronas, where the plasma moves perpendicular to the treated surface.  A practical 
solution is to generate plasma that travels parallel to the surface. This approach minimizes the risk of 
damage while maintaining effective treatment. One promising method is the surface dielectric barrier 
discharge (SDBD), where the plasma spreads along the surface of a dielectric plate. This setup not only 
protects the material but also improves the efficiency of the process. 
In our earlier work [7, 8, 9] we introduced a novel plasma discharge reactor for efficiently activating 
polymers at the gas/liquid interface. This design uses liquid electrodes to ignite the SDBD directly from 
the liquid surface. Although the plasma-water interaction is limited to the edge of the dielectric tube, 
the system is both scalable and flexible, making it suitable for a wide range of applications.  



 
Mass spectrometry is an analytical technique that measures the mass-to-charge ratio of ions to identify 
and quantify molecules in a sample. Primary advantage of atmospheric pressure mass spectrometry 
lies in its ability to rapidly and accurately analyse a wide range of chemical species [10]. These 
instruments are equipped with specialized pumping systems that create a pressure gradient, enabling 
the effective intake of gases from atmospheric plasmas. For neutral species, the mass spectrometer 
incorporates an ionization chamber that converts neutrals into ions, enabling their detection and 
analysis. The mass analyser which filters and detects neutral species or positive and negative ions, 
generating detailed mass spectra for all components. The technique provides real-time measurements 
of reactive species, ions, and neutral molecules, which are essential for understanding plasma 
processes and optimizing plasma-based applications. 
 
When it comes to plasma in contact with water, due to technical challenges, mass spectrometric 
analysis of the plasma has so far been conducted by introducing water vapour into the working gas 
[11]. In this paper, we tackled the technical challenge and developed a setup where the mass 
spectrometer inlet was positioned in close proximity to the plasma-water interface, allowing us to 
successfully record mass spectra.  
 
In this paper, we will present the results of our investigation into the reactive species generated by the 
dielectric barrier discharge (DBD) setup, but with two different water vessel configurations.  The 
analysis includes both neutral mass spectra and MID-scan spectra, offering insights into the 
concentrations of key reactive oxygen and nitrogen species, such as NO, NO2, CO2 and O3, as well as 
the detailed composition of the plasma obtained under these conditions. 
 

2. Experimental set up 
The schematic of the DBD at atmospheric pressure and HIDEN HPR60 mass-energy spectrometer is 
given in Figure 1. The DBD device is in the triple-phase interface (plasma-liquid-solid) plasma system 
consisting of a thin glass test tube with a 10 mm diameter and a 0.5 mm wall thickness was used. The 
liquid inside the test tube served as the high-voltage electrode and was connected to a power supply 
generating a sinusoidal voltage waveform. The Petri dish bath, which grounded the system, completed 
the circuit. Tap water with an electrical conductivity of approximately 0.3 mS/cm was used as the liquid 
electrode. The water was electrically insulated both inside and outside the test tube to ensure stability. 
The discharge operated in ambient air at atmospheric pressure. The high-voltage sine waveform had 
an amplitude range of 0 to 20 kV and could be adjusted to frequencies between 23 and 30 kHz. Power 
was delivered to the liquid electrodes through a high-voltage resonance generator (Lifetech-300W) 
paired with a function generator (FY3200S-24M). 
 



 
 

Fig. 1. DBD device in two configurations (DBD1 and DBD2) with a schematic representation of mass 
spectrometry measurements. In DBD1 setting, the device was immersed in 10ml of tap water placed 
in a Petri dish (φ55mm). In DBD2 setting, the device was placed in a glass test tube filled with 25ml of 
tap water, equipped with a side arm for gas sampling and a hole for synthetic air intake (q = 19 sccm). 
 
Mass spectrometry measurements were performed by using MBMS (Molecular Beam Mass 
Spectrometer) HIDEN HPR60. To ensure the formation of a molecular beam, the geometry of the 
MBMS HPR60 system consists of a centralized combination of the orifice, cone1, and cone2 (P1 vacuum 
section is formed between the orifice and cone1, P2 vacuum section is formed between cone1 and 
cone2, and P3 vacuum section is formed after cone2 in the region of the mass analyzer). The orifice 
had an opening diameter of ⌀0.1 mm, cone1 ⌀0.4 mm, and cone2 ⌀1 mm, accompanied by the 
following voltages for DBD setups (the orifice was grounded, Vcone1 = 0 Vand Vcone2 =0 V). 
 
During all experiments for DBD setups, the regions within the vacuum section of the mass 
spectrometer responsible for generating the pressure gradient had the following pressure values: 
P1 = 3.3·10-1 Torr, P2 = 7.5·10-6 Torr, and P3 = 2.4·10-7 Torr. To identify the species of interest, we first 
recorded the mass spectra of neutrals (0–100 amu) using the RGA (Residual Gas Analyzer) mode, 
during which the ionization chamber was active. Within the ionization chamber, the electron emission 
current from the filament was for DBD1 = 5 μA and for DBD2 =10 μA. In both cases, the electron energy 
was 70 eV. 
 
After that, we used MID-scan to monitor the temporal changes of selected species for different 
formation conditions: without plasma, with plasma at specific applied powers for DBD1 (5W and 15W) 
and DBD2 (15W), with Swagelok open, and with swagelok closed. Swagelok open represents the sum 
of foreground and background species, while swagelok closed corresponds to background species only. 
 

3. Results and discussion 
In this study, we have measured the neutrals mass spectra by using a mass spectrometer for two 
different configurations of Dielectric Barrier Discharge (DBD) system. In both configurations, titled 
DBD1 and DBD2, discharge was in contact with water during mass spectrometry measurements. The 
analysis of neutral species was performed in two different measurement modes of HPR60: RGA mode 
for neutral mass spectra and MID-scan mode for track in time changes of specific neutral species. These 
modes provide a comprehensive overview of the ionization processes and chemical compositions 



present in the plasma generated by each DBD system. The neutral mass spectra revealed the types 
and relative concentrations of neutral species, the MID-scan measurement provided insight into the 
temporal evolution of these species. 
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Fig. 2. Neutral mass spectra for a) DBD1 setting and b) DBD2 setting at an operating frequency of 
33.6kHz. In the case of the DBD2, an airflow of 19sccm was added. The graphs were obtained by 
passing the raw results through a MatLab script to integrate the obtained lines for specific mass 
number. 
 
Figure 2(a) and (b) present Neutral mass spectra for configurations DBD1 and DBD2, respectively. The 
presented spectra show the difference of Plasma ON mass spectra and Plasma OFF mass spectra. 
Plasma ON/OFF mass spectra represent the foreground signal i.e. the difference of total signal 
(swagelok open) and background signal (swagelok closed). The spectra in Figure 2 clearly show that 
the dominant species in the discharge are nitrogen and oxygen compounds (N, O2, H2O2, N2O, H, H2O) 
which is to be expected because it is a discharge at atmospheric pressure where the target is water. 
Atomic nitrogen and atomic oxygen are present as a result of plasma reactions, along with the NO 
radical. The OH radical is also present, resulting from both plasma reactions and water dissociation in 
the MBMS. In Figure 2(b), water clusters can also be observed at mass numbers 53, 73 and 91, which 
appear in neutral mass spectra due to water vapor from the bottle containing the discharge. The high 
humidity in the DBD2 configuration and the plasma conditions promote cluster formation unlike in the 
case of DBD1 configuration where we did not detect any water clusters of mass above 50 amu. 
 
While the mass spectra results provided an overall view of the main species present in the discharge 
chamber, nitrogen oxides and ozone can impact the industrial environment even at much lower 
concentrations (below the detection limit of the mass spectra used). Therefore, more sensitive 
measurements were conducted specifically for the important species NO, NO2, N2O, and O3, as 
represented here. It was recorded for different conditions, Plasma ON and OFF with background only 
(BG), as well as Plasma ON and OFF with foreground and background (FG+BG). Unlike the case of BG, 
where only the inner part of the MS is considered in the measurement, in the case of FG+BG, the mass 
spectrometer is open so outside ambient air is also evaluated.  
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Fig. 3. The mid-scan provides constant tracking of selected species, with different stages of the 
experiment marked by labels: plasma on and off, foreground (FG) and background (BG); (a) DBD1 Setup, 
ionization filament current set to 5 µA at 70 eV, and (b) DBD2 Setup, ionization filament current set to 
50 µA at 70 eV. 
 
The MID-scan for DBD1 setup (Figure 3(a) starts with Plasma OFF and swagelock open (1st minute), 
both the foreground (outside the spectrometer) and background are measured. The discharge is 
ignited in minute 1 and swagelok is open. Here we can see that NO continues to decrease slightly, NO2 
remains constant, and O3 increases, indicating plasma-driven production of O3. After the 3rd minute, 
with the plasma still on but swagelock closed, all species (NO, NO2, and O3) decrease as expected (only 
background inside device is measured). 
 
The Figure 3(b) shows MID-scan spectra for DBD2 configuration. In the first three minutes, with the 
plasma off and the swagelock closed, only the background signal is measured. After opening of the 
swagelok (3-6 minutes), the increase in NO and NO2 suggests the influence of ambient air, while O3 
remains unchanged. Between 6 and 11 minutes, with the plasma on and the swagelok open, NO and 
NO2 rise slightly, but O3 increases significantly, indicating plasma-driven O3 production. Finally, from 
11th minute, with the plasma on and the swagelok closed, all species decrease due to limited external 
interaction (only background is measured). 
 

4. Conclusion 
Mass spectrometry analysis of two setups of a DBD source with a water electrode, generated at 
atmospheric pressure was performed. Despite the difference in the water vessel used in each setup, 
in both setups similar trends in the behavior of reactive species were shown, indicating strong 
influence of plasma on water target. In both cases, plasma activation leads to the generation of 
reactive oxygen and nitrogen species, such as NO, NO2, CO2, and O3, with notable increases in O3 
concentration when the plasma is on. Differences in the water vessel may affect the plasma’s efficiency 
in producing reactive species, but both setups demonstrate that the plasma’s interaction with the 
water is crucial for modulating the levels of reactive species. These findings highlight the importance 
of the plasma-water system in applications such as water treatment and agriculture, where reactive 
species generated in plasma-activated water could have significant biological and chemical effects.  
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This study presents a novel rapid analytical method for the detection of volatile organic compounds (VOCs) 
emitted from blueberry leaves using Tenax adsorbent followed by separation using a multicapillary column (MCC) 
and Ion Mobility Spectrometry (IMS) detection.  The emitted VOCs including caryophyllene, benzene acetonitrile, 
linalool, ocimene, and methyl salicylate initiated by different stress factors including mechanical damage 
(punching), herbivore attack (aphids) and methyl jasmonate (MeJA) spraying were detected and quantified. This 
new cost-efficient method provided a simple and direct detection of the emitted VOCs form plants without any 
sample pretreatment.           

                                                                                                                                                                    

1. Introduction  
Plants produce a wide range of volatile organic compounds (VOCs) in different tissues and release them 
into air, environment, and their surroundings [1]. Some of the VOCs are produced at different 
developmental stages such as flowering, ripening, or maturation [2], while many of the plant VOCs are 
emitted as a defence mechanism [3]. The VOCs are released from plants upon exposure to mechanical, 
biotic (herbivores, pathogens, viruses) and abiotic (temperature, humidity, radiation) stresses and act 
as airborne signals to induce defence in the neighbouring plants [4]. To understand the defence 
mechanism and the biological information transmitted by the plant VOCs, the types of VOCs and their 
amount must be determined. 
In this work, we employed ion mobility spectrometry for detection of the emitted VOCs from blueberry 
leaves upon exposure to different stress factors including mechanical damage (punching), herbivore 
attack (aphids) and methyl jasmonate (MeJA) spraying. A glass chamber was designed and constructed 
to collect the emitted VOCs using a Tenax®TA adsorbent. The collected VOCs were desorbed thermally 
and separated by a MCC column before detection by IMS. 
 

2. Methods 
The glass chamber for collecting VOCs from plants was designed and constructed in-house (Fig. 1). It 
includes a Teflon base with a hole in its center to put the plant into it and a glass cylinder (2L) which 
was sealed around the blueberry plant to avoid leakage of the emitted chemicals. A stream of zero air 
with flow rate of 100 ml/min was used to sweep up the emitted volatiles and were released through 
the outlet at the top of the glass cylinder. To the outlet of the glass cylinder a Tenax® trap was 
connected and was used to collect the exhaled VOCs. A small membrane pump (Piezoelectric Disc 
Pump, Lee Co.) was maintained the stream of the air through Tenax trap at flow rate of 100 ml/min. 
The sampling and collecting time were set to 30 min in all measurements. The VOCs emitted from the 
blueberry plants were collected 48 h after three different treatments of the plants: (i) mechanical 
punching of the blueberry leaves; (ii) spraying MeJA on the leaves; and (iii) herbivore attack. The 
desorption of adsorbed compounds from the Tenax trap was achieved using a thermal desorption 
system at 230 °C. The desorbed compounds were transferred to the MCC (as a pre-separation 
technique) by a carrier gas (zero air) with a flow rate of 70 mL min-1.The measurements were replicated 
four times for each treatment. 



 

Fig. 1. Experimental setup for collecting the emitted VOCs from blueberry leaves including (a) a Teflon 
guillotine-like base, (b) Tenax trap as an adsorbent, (c), a small pump and (d) the final assembled setup 
including a glass cylinder and a blueberry branch in it. 
 

3. Results 
The blueberry plants were exposed to the different stress factors including mechanical (punching), 
aphids, and methyl jasmonate (MeJA) spraying. Figures 2a, 2b, and 2c present the retention time 
integrated ion mobility spectra and 2D plots of the VOCs emitted from blueberry leaves, recorded 48h 
after exposure to aphids, application of MeJA, and punching. Different stress factors resulted in the 
release of different VOCs with different intensities. In the case of aphids (Figure 2a), higher levels of 
MeSA and BeCN and lower intensities of linalool and caryophyllene were detected. The treatment by 
MeJA, and mechanical damage (punching) resulted in low level of MeSA (in accordance with previous 
studies [5]). Application of MeJA produced high amount of linalool, and also induced considerable 
amount of caryophyllene and BeCN (Figure 2b). In mechanical damage (punching) higher concentration 
of ocimene, linalool and caryophyllene were detected compared to other stress factors (Figure 2c). 
MeJA was observed only for samples treated by this compound (Figure 2b). 
In addition to studied VOCs substances, additional unidentified substances are present in the 2D plots 
which are indicated by X1 and X2 in the corresponding ion mobility spectra (Figure 2a-2c). These peaks 
may be due to other VOCs emitted from blueberry leaves with high concentrations like cadinene, 
myrcenone, or eucalyptol [5]. 
The amounts of emitted VOCs measured by the Tenax-MCC-IMS are summarized in Table 1 in ng per g 
of dry leaves per hour. These amounts are comparable with those obtained by Super-Q adsorbent-GC-
MS [5]. For example, the emitted linalool and MeSA measured by Super-Q adsorbent-GC-MS after 
mechanical damage are 434 and 67 ng/g per hour [5] which are in accordance with those measured in 
this work (494 and 58 ng/g per hour) by the Tenax-MCC-IMS method.  
 



   
Fig. 2. Typical ion mobility spectra and the 2D plots (retention time vs drift time) for the VOCs emitted 
from blueberry leaves 48 h after (a) exposure to aphids, (b) MeJA spraying, and (c) punching.  
 
Tab. 1. The amount emitted VOCs (ng per g of dry leaves) measured by the Tenax-MCC-IMS method 
48 h after different treatments (4 replicates).  

 treatment 

VOC Aphids MeJA (1.0 mM) Mechanical (punch) 

Linalool 245±74 430±165 494±112 

Ocimene 65±29 44±15 82±23 

MeSA 104±36 81±24 58±21 

Caryophyllene 125±57 186±26 287±65 

Benzene acetonitrile 456±44 398±42 340±79 

 

4. Conclusions 
A novel Tenax-MCC-IMS method was developed, optimized, and applied for the detection of the VOCs 
emitted from blueberry leaves. Using this method, in-vivo detection of linalool, MeSA, caryophyllene, 
BeCN, and ocimene was carried out in response to different stress factors applied to blueberry plant. 
It was found that the mechanical damage and MeJA caused emission of high amount of linalool while 
in case of aphids, emission of MeSA was preferred. Generally, the substances, as well as the measured 
quantities detected using the Tenax-MCC-IMS method are in reasonable agreement with those 
reported in literature using GC-MS, indicating the acceptable reliability of the present method. In 
addition, MCC-IMS has affordable price and provides a fast analysis (1-2 minutes) compared to GC-MS 
(> 10 min). Because of the use of the head-space extraction by a Tenax trap of the VOCs emitted from 
blueberry, there was no need of sample pre-treatment or using of the solvents. We applied the Tenax-
MCC-IMS method for the analysis of the emitted VOCs from blueberry leaves, however, this method 
can be used for other plants as well, provided they can be housed in the integrated device. As there 
are different (commercial) portable IMS instruments, we hope that this method can be modified 
further for in-site measurements in green-houses and farms.    
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The plasma-chemical processes of an alkane (pentane) initiated by Corona Discharge (CD) with and without NH3 
dopant at atmospheric pressure were studied using ion mobility spectrometry (IMS) and mass spectrometry (MS). 
A Corona Discharge Reactor (CDR) was designed to study the reaction mechanism of pentane in the presence of 
NH3, and effects of the operational parameters such as discharge current, composition atmosphere in the reactor, 

pentane concentration, humidity, and discharge polarity were investigated. The IMS and MS spectra were 
recorded in the absence and presence of NH3 dopant to analyze CDR's neutral products. The standard reactant 
ion (RI) in atmospheric pressure chemical ionization (APCI) is H+(H2O)n and the product ions of [M+O-3H]+, [M+O-
H]+, [M+O-H]+H2O, and [(M+O-H)2-CO]H+ were identified indicating formation of pentanone and hydroxy-

pentanone in CDR. In the presence of NH3, NH4
+(H2O)n is the main RI in APCI-IMS, and the adduct ions [M+O-

3H]+NH3, and [M+O-H]+NH3 were produced. It was found that humidity changes the distribution of the products 

in CDR so that at low humidity (0.1%), hydroxy-ketones are the main products, while with increase in the humidity 
to 32%, more ketones are produced. In addition, NH3 enhances the ionization efficiency via ammonia attachment 
and consequently increases sensitivity of IMS for quantitative analysis of pentane.  

                                                                               

1. Introduction 
Ion mobility spectrometry (IMS) and mass spectrometry (MS) are effective tools for analyzing gas-
phase samples, including volatile and non-volatile substances. IMS operates at ambient pressure, while 
MS requires a vacuum, with ionization achieved using sources like corona discharge (CD) or 
electrospray [1]. Alkanes, key components of fuels and natural gas [2], are challenging to analyze due 
to their high ionization energy and low proton affinity [3], rendering conventional methods like APCI 
and ESI ineffective [4]. Non-thermal plasma (NTP) facilitates alkane transformations, producing 
oxidation products with sufficient proton affinity for APCI detection [5]. Studies using plasma-based 
ionization have identified regioselective oxidation and carbenium ion formation in alkanes, enabling 
improved analysis [6,7]. 
In this work, an external corona discharge reactor (CDR) was designed and constructed to functionalize 
pentane. The pentane products were then monitored using ion mobility-mass spectrometry. The effect 
of NH3 on the ionization of the pentane product is also investigated. 
                                                        

2. Experimental setup 
2.1 Instrumentation 
The IMS and IMS combined with the time-of-flight mass spectrometer (IMS-TOFMS) used in this work 
are equipped with a point-to-plane CD-APCI ionization source. They are a homemade instrument 
constructed at the Department of Experimental Physics of Comenius University. A detailed description 
of the instruments can be found elsewhere [8,9]. The IMS drift tube operates at sub-ambient pressure 
(600 mbar) and a temperature of 110 ± 2 °C (temperature of the drift gas at exit), with a Faraday cup 
as the IMS detector at the end of the drift tube. The flow rate of the drift gas (purified ambient a ir) 
was 600 ml.min-1. A voltage of 8.5 kV was applied across the IMS cell (12.5 cm) to provide a drift field 
of 680 V.cm-1. The CD ion source was supplied by a potential difference of 3 kV between the needle 
and the planar electrode. 
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2.2 Corona discharge reactor (CDR) 
The external corona discharge reactor (CDR) was designed and connected to IMS and IMS-MS. It was 
in point-to-plane geometry (Fig. 1-a) in a T-junction stainless steel element.  The point electrode was 
made of tungsten wire (diameter 50 µm) mounted in a ceramic tube located in the axis of the discharge 
chamber. T- connector was connected to the ground of high voltage power supply to create a strong 
electric field around the point electrode. The distance between the tip of the wire (point electrode) 
and the ground electrode was around 5 mm and can be adjusted by moving the ceramic tube along 
the axis of the discharge chamber. A limiting resistor of 5 MΩ was used to prevent sparks. The alkanes 
and NH3 dopant fed in the CDR (Fig. 1-b) with air carrier gas and the ionized products were introduced 
to IMS and IMS-MS. The experiments were performed in the positive polarity of CDR and positive 
polarity of IMS and IMS-MS. The polarities of CDR and IMS, and IMS-MS can be set independently. 
 

 
 

Fig. 1. a) Schematic view of external corona discharge reactor, b) experimental setup for ionization of 
alkanes with NH3 dopant. 
 

3. Result and discussion 
The products of the chemical transformation of pentane in CDR and their ionization in APCI are studied 
using IMS technique. No signal was observed for pentane when it was directly injected into the ion 
source of IMS without pre-treatment by CDR. This is due to the low proton affinity of pentane 
(PA(M)=721±20 kJ/mol [10]; it cannot be ionised by RI (H+(H2O)n ) in reaction region of IMS. After 
pentane pre-treatment in CDR, several peaks appeared in the IMS spectrum (pink spectrum in Fig. 2-
a), due to ionization of the neutral products generated in CDR. In IMS spectrum, the peaks appear at 
drift times 4.3 ms, 4.6, 4.8 ms, 5.45 ms, and 5.98 ms with corresponding mobilities 2.08 cm²V⁻¹s⁻¹, 1.91, 
1.90 cm²V⁻¹s⁻¹, 1.65 cm²V⁻¹s⁻¹ and 1.49 cm²V⁻¹s⁻¹. The recorded mass spectrum in Figure 2b shows that 
the IMS peaks are due to ions with m/z of 85, m/z 87, m/z 105, m/z 145, and m/z 173. Hence, the ions 
were assigned to [C₅H₁2+O-3H]⁺ or [M+O-3H]⁺ (m/z=85), [M+O-H]⁺  (m/z=87), [M+O-H]⁺H₂O (m/z=105), 
and [(M+O-H)2-CO]H+ (m/z=145). The ion [M+O-H]⁺ is a protonated ketone, 2-pentanone, or/and 3-
pentanone and [M+O-3H]⁺ can be attributed to protonation of hydroxy-pentanone followed by a water 
elimination. The effect of humidity on the formation of the products in the CDR was also investigated 
and it was found that at low humidity (0.1%) more 5-hydroxy-2-pentanone is produced, whereas, at 
higher humidity levels (32%), ketones (2-pentanone and 3-pentanone) are the predominant products 
(the results are not shown). 
In the presence of ammonia, where NH4

+(H2O)n is the main reactant ion [11], the pentane products 
(pentanones and hydroxy-pentanone) are ionized via NH4

+ attachment. The ion mobility spectrum of 
pentane in presence of NH₃ dopant shows a single peak (blue spectrum in Fig. 2a). In other words, 
using the ammonia dopant simplifies the IMS spectrum of pentane which is of importance practically 
from an analytical chemistry point of view. The mass spectrum in Fig. 2b confirms that this single broad 



IMS peak is due to NH4
+ attachment to pentanone and hydroxy-pentanone produced in CDR, and 

formation of [M+O-4H]NH4
+ (m/z=102) and [M+O-2H]NH4

+ (m/z=104) ions.  
     

  
Fig. 2. a) Ion mobility spectra of pentane with and without NH3 dopant chamber b) Mass spectra of 
pentane with and without NH3 dopant 
 

4. Conclusion 
In this study, we successfully demonstrated the application of a custom-designed Corona Discharge 
Reactor (CDR) for the transformation and ionization of pentane in an air-pentane mixture at 
atmospheric pressure. The experiments were performed using Ion Mobility Spectrometry (IMS) and 
IMS combined with mass spectrometry (IMS-MS), which allowed the identification and quantification 
of the chemical products generated from pentane in the CDR. It was found that the main products 
were 5-hydroxy-2-pentanone, 3-pentanone, and 2-pentanone in the CDR. To increase sensitivity of IMS 
for detection of pentane, ammonia dopant was used.  The results show that without NH₃, the primary 
reactant ion was H₃O⁺(H₂O)ₙ, producing oxidized product ions such as [M+O-3H]⁺ and [M+O-H]⁺. In the 
presence of NH₃, NH₄⁺(H₂O)ₙ was the reactant ion, forming ammonia-adduct ions like [M+O-H]+NH₃. 
The study highlights the role of humidity in influencing product distribution, with hydroxy-ketones 
formed under low humidity and ketones predominating at higher humidity levels. This work advances 
understanding of plasma-chemical processes, providing insights into the regioselective oxidation and 
ionization of alkanes, with potential applications in energy production, pollution monitoring, and 
analytical chemistry. 
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Space focusing in linear time-of-flight mass spectrometry has been investigated. This work presents an 
updated condition for achieving second-order space focusing with two accelerating fields, along with 
simulations of recommended geometries. The relationship between first-order space focusing using a 
single accelerating region and second-order space focusing with two accelerating regions is also explored. 

 

1. Introduction  
Time-of-flight mass spectrometers (TOFMSs) are well-established and commercially available tools. 

A key paper in the development of these instruments was published by Wiley and McLaren in 1955 [1] 
describes a linear TOFMS with two electric fields and first-order space focusing.  The goal of space 
focusing is to make the arrival time of ions at the detector independent of their initial displacement, x, 
from the centre of the ion source. In first order space focusing the time of flight is independent of x, 
but second-order (x2) and higher-order (x3, x4 etc.) effects still contributed to peak broadening in the 
mass spectra, along with the initial velocity of the ion. 

The resolution of TOFMSs was further advanced by Mamyrin et al. [2], who introduced the 
reflectron design, which incorporates an electrostatic mirror to compensate for the kinetic energy 
spread of ions originating from the source of TOFMSs. The reflectron redirects ions along the same 
flight path before detection, resulting in significantly improved resolution. Reflectron mas resolutions 
generally exceed 1000 whereas resolutions of 100 to 200 are more typical for Wiley McLaren linear 
TOFMSs [1] . Linear TOFMS systems are less complex and generally smaller than reflectron TOFMSs. 

Re-examinations of linear TOFMSs by Eland [3] and Piseri et al. [4] described second-order space 
focusing, where ion times-of-flight are independent of first- and second-order spatial dispersion effects. 
This approach, and similar approaches [5-6], provide a more precise correction for variations in ion 
position, resulting in improved resolution compared to first-order systems. 

We present simple geometrical relationships for construction of second-order TOF systems, 
supported by simulations. This study also provides new insight into the relationship between second-
order space focusing with two accelerating regions and first-order space focusing with a single 
accelerating region. 
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Ion mobility spectrometry (IMS) is an analytical technique characterized by high sensitivity and rapid analysis of 

gaseous ions at atmospheric pressure. This technique measures the mobility of ions generated from the sample 
in a gaseous medium with an electric field. Ionization and introduction of liquid samples into the spectrometer 

are made possible by using electrospray ionization (ESI). ESI allows the formation of ions directly from liquid 
samples using high voltage, minimizing the thermal degradation of molecules. This work shows the design and 
construction of an ion mobility spectrometer based on electrospray ionization (ESI-IMS). An important part of 
the work is the measurement and analysis of electric current carried by electrospray depending on the voltage 
at the capillary tip under different conditions. 
 

1. Introduction 
A large part of the samples under investigation can be introduced into the IMS apparatus by direct 
aspiration with subsequent ionization of gaseous particles, naturally evaporating from the substance 
under investigation, or dusted from the surface of a solid. Also, most substances that can be dissolved 
in non-polar solvents have sufficient vapor pressure to allow their presence to be examined in this way 
[1-2]. However, these methods still do not allow the investigation of many biological, as well as 
environmentally and industrially important non-volatile compounds commonly dissolved in polar 
solvents such as water. All organisms, many biological processes, and various human activities operate 
based on substances soluble in water. Therefore, the development of electrospray ionization (ESI) as 
a method of introducing a liquid sample into a spectrometer has significantly expanded the scope of 
IMS as an analytical method. The possibilities of ESI-IMS include the detection of non-volatile pesticides 
and other hazardous substances [3], the monitoring and investigation of polymers, peptides, and 
proteins [4-6], as well as many other complex compounds for analytical, medical, and bioanalytical 

purposes [7]. 
 

2. Experimental part 
This work aimed to create a proposal for an ESI-IMS spectrometer, based on the design of the 
apparatuses operating at our faculty. The constructed apparatus will be used to analyze substances 
dissolved in liquids, which cannot be normally analyzed due to their insufficient saturated vapor 
pressure. The ESI process depends on many parameters, often specific to the apparatus, and capillary 
type. Therefore, it is necessary to investigate electrospray operation by measuring the current carried 
by the sprayed liquid as a function of external parameters. The parameters (Table 1) investigated by 
this method include capillary nature, the magnitude of the electric voltage between the capillary and 
the counter electrode, distance d between the capillary and the counter electrode, solvent flow rate, 
organic component content in the solvent, and acetic acid content in the solvent. 

  



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

Operating Parameters Unit 

Capillary nature Glass and Metal 
Electric voltage 0-6.5 kV 

Distance 6-20 mm 

Solvent flow rate 0.3 – 3 µL.min-1 
Organic component 90/10 and 80/20 methanol/water 

Acetic acid content 0-0.5% 
 
By measuring the dependence of the electric current on individual parameters, we subsequently tried 
to identify the optimal values of the electric voltage for the electrospray operation in cone-jet mode. 
All the used chemicals including HPLC-grade water and HPLC-grade methanol, along with glacial (≥ 
99%) acetic acid, were supplied by Sigma-Aldrich. During the development of the spectrometer itself, 
we used the apparatus schematically shown in Figure 1. 

 
Fig. 1. Schematic view of the experimental apparatus. 

 
The sprayed liquid was introduced into the capillary through a flexible tube with an internal diameter 
of 0.030", connected to the spray capillary using a stainless-steel coupling supplied with the capillary. 
Electrical voltage was applied to the conductive coupling, which served as a holder for the spray 
capillary. The entire capillary holder was placed on a movable base and the distance d between the 
counter electrode and the capillary could be varied by turning the threaded screw.  The counter 
electrode, mounted on a non-conductive pad, was then connected to a picoamp meter from Ionicon 
Analytik. For visual inspection of the electrospray, we used a portable USB microscope 1600x from 
Sunnyside connected to a PC, along with illumination of the capillary tip with a red LED laser against a 
dark background (Figure 2).  

 
 
Fig. 2. Comparison of the visual flow regime a) 3 µL min-1 and b) µL min-1 at electric voltage 1.6kV 



At flow rates greater than 1 µL/min, we could observe changes in the flow character for the 
development of electrospray. The dripping of visible droplets at voltages below 1.3 kV gradually 
accelerated with increasing electrical voltage, until electrospray initiation occurred. This regime was 
maintained even with further increasing electrical voltage. Only with further increasing voltage above 
the threshold of 2.1 kV on average did the optical division of the streamer into multiple sprays 
subsequently occur. A significant change was observed for the breakdown voltage value with varying 
distances (Figure 3). At a distance d = 6 mm, the breakdown voltage value was around 2.3 kV for the 
90/10 solvent composition and 2.1 kV for the 80/20 methanol to water solvent composition. The 
change in the breakdown voltage value proved less significant with increasing distance above 20 mm 
for the 90/10 composition, and above 10 mm for the 80/20 composition.  The attached graphs also 
show the dependence after adding 0.1% acetic acid, further reducing the breakdown voltage value. 
This fact limits the distance when using this type of stainless-steel capillary to a distance greater than 
6 mm, since achieving a stable electrospray is crucial for the correct ionization of the sample present 
later. 
 

 
Fig. 3. Dependence of the current transmitted by the electrospray on the voltage on the capillary at 
different distances of the capillary from the electrode. 
 
Under the same conditions, reducing the concentration of methanol from 90 to 80% reduces the 
voltage by an average of 0.1 kV without the addition of acetic acid and by almost 0.2 kV with acetic 
acid. 
After replacing the metal capillary with a glass capillary, we continued with the measurements, 
however, the dependence of the electric current on the electric voltage on the capillary was more 
linear. We changed the electric voltage from the onset of stable electrospray to the limit of 6.5 kV. 
Based on the smaller inner diameter, we examined the solvent flow rate from 0.3 to 0.7 µl/min, where 
0.3 was determined as the flow rate where the stepper pump still had a sufficiently continuous flow 
(Figure 4). 
 



 
 
Fig. 4. Dependence of the current transmitted by the electrospray on the voltage on the Micromics 
capillary at different distances. 
 
We observed much more linear dependences with the glass capillary than the stainless-steel capillary 
when the el. current increases linearly with increasing voltage, and no sharp increase in current was 
observable. The change compared to previous measurements occurred in the need for a longer flow 
of solvent through the capillary (10-15 minutes) before the actual increase in the el. voltage, to observe 
a stable electrospray after increasing the voltage on the capillary. Otherwise, even after increasing the 
voltage above 6 kV, the electrospray was neither visually observable nor detectable by current. This 
fact was probably also related to the lower degree of conductive contact with the solvent than with 
the stainless needle, which itself was an electrical conductor. 

The stainless-steel capillary demonstrated higher stability at higher flow rates and easier 
electrospray start-up without the need for acetic acid, while the glass capillary showed more linear 
current-voltage dependencies, but required the addition of higher concentrations of acetic acid. With 
the stainless-steel capillary, it was important to optimize the solvent composition and the distance of 
the capillary from the electrode to achieve stable and efficient electrospray without achieving 
microdischarges. For this reason, we decided to apply the Micromics glass capillary to the design of 
the ESI-IMS spectrometer. 
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This study aims to evaluate the degradation of Chlorpyrifos in the gas phase using Corona Discharge (CD) and 
Chlormequat in water solution using Plasma Activated Water (PAW) prepared by air Plasma Jet (PJ). The 
degradation efficiency was quantified, and the degradation products were identified using Ion Mobility 
Spectrometry (IMS) and its combination with Mass Spectrometry. For Chlorpyrifos, 3,5,6-trichloro-2-pyridinol 
ions were the dominant ions used to monitor the degradation of Chlorpyrifos vapours by CD in air. In the case 
of Chlormequat, 2-dimethylaminoethyl ions were identified as the key ions for monitoring.  The degradation of 
Chlorpyrifos of 50% was achieved at discharge power of 27 mW and 90% at 125 mW. In the case of 
Chlormequat, 90% degradation was achieved with PAW prepared by exposing water to a DC plasma jet.  
 

1. Introduction 
According to World Health Organization estimates, the global population is expected to increase by 
around 20 percent by 2050 [1], requiring an increase in crop productivity to meet food demand, 
therefore, the use of pesticides cannot be reduced despite their health risks, and they will continue 
to play a critical role in preventing crop losses due to pests and diseases. 

After applying pesticides to crops, some may be found in food at a residue level due to their low 
solubility in water and stability under environmental conditions, which makes them resistant to 
degradation. Currently, one of the challenges is to develop technologies that effectively eliminate 
pesticide residues without causing damage to the nutritional content of the food. Cold plasma 
technology is a promising tool for pesticide removal because of its ability to degrade organic 
molecules through reactive oxygen and nitrogen species, radicals, and UV radiation that constitute 
the plasma. Several configurations of cold plasma, including dielectric barrier discharges, plasma jets 
(PJ), and corona discharges (CD), have been successfully applied to degrade air, water, and food 
matrix contaminants [2–8]. Plasma-activated water (PAW) has shown particular promise for 
degrading pesticides due to its high concentrations of reactive species, such as hydroxyl radicals, 
ozone, nitrate, nitrite, nitric acid, and peroxynitrite, which interact with the chemical structures of 
pesticides, leading to oxidative cleavage [6]. For example, research has highlighted the degradation 
of organophosphates, carbamates, and neonicotinoids using plasma-based methods [9]. 

Chlorpyrifos and Chlormequat, whose structures are shown in Figure 1, are widely used 
agrochemicals. Chlorpyrifos is an organophosphate pesticide banned in the EU since 2020, whereas 
Chlormequat, a quaternary ammonium salt still authorized as an herbicide, has recently been 
associated with fertility issues [10].In this study, the selection of these pesticides was based on their 
frequent detection in recent results from the Multiannual National Control Program for pesticide 
residue monitoring, conducted by the European Food Safety Authority [11]. Chlorpyrifos was 
selected due to its frequent detection in monitoring data and known risks to human health, including 
developmental neurotoxicity and genotoxicity [12]. 
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Figure 1. Structure of (a) Chlorpyrifos and (b) Chlormequat 
 

2.  Methods 
The vapour phase of Chlorpyrifos was degraded using a positive DC corona discharge (CD) in dry air 
as working gas at room temperature and at 100 mL/min. The vapour phase of Chlorpyrifos was taken 
off from the headspace of analytical standards (Sigma-Aldrich, >99,0%) using a 20 mL syringe. The 
vapours were introduced into an external CD source coupled to the ion mobility spectrometer (IMS) 
using a syringe pump at a flow rate of 20 mL/min as shown in Figure 2 (a). The corona discharge 
configuration consists of a tungsten wire coated with Teflon, measuring 56 mm in length and 75 μm 
in thickness. The wire is connected to a resistor, which is then connected to a high-voltage source 
(FuG HCP 35-200000). A 5 mm section of the tungsten wire is positioned inside the stainless steel T-
shape, which serves as the ground electrode and is the active region of the plasma where the corona 
discharge occurs. Through the T-shaped structure flows a mixture of Chlorpyrifos vapour and air, 
enabling interaction with the corona discharge. The external CD was operated using different electric 
power (2, 27 and 125 mW). The degradation was qualitatively evaluated using the IMS. Due to the 
challenge of accurately determining the mass introduced into the IMS, degradation estimates were 
calculated by comparing the percentage of the peak area before and after plasma treatment. 

  

Figure 2. (a) Corona discharge degradation configuration. (b) Injection of liquid into IMS  

The degradation of Chlormequat (Sigma-Aldrich, >99,0%) was performed by preparing a stock 
solution of 1000 ppm in distilled water, which was subsequently diluted in plasma-activated water 
(PAW) to final concentrations of 100 ppm and 10 ppm. The PAW was prepared by exposing 200 mL 
water to the bubbling of PJ exhaust gases for 10 minutes. The plasma was produced using a PJ 
system operated with filtrated air as the working gas at a flow of 300 mL/min. The air arc PJ was 
generated between two electrodes, with a copper-neutral electrode placed between them. The 
copper cathode, which contains a hafnium insert, is connected to the negative terminal of the high-
voltage DC power supply, which includes current feedback. The discharge was sustained with an 
average power consumption of 400 W as described in [13].  



Chlormequat degradation was quantified using a calibration curve (1, 10, 20, 100 ppm) prepared in 
water. The samples were injected into a gas chromatography injector port heated to 220°C, using dry 
air as the carrying gas at a flow of 100 mL/min for analysis with the IMS, as shown in Figure 2 (b). 

Identification of the ions responsible for the detected signal in the IMS was carried out using an IMS 
connected to an orthogonal time-of-flight mass spectrometer (o-TOFMS). The operational 
parameters of the IMS are detailed in Table 1. Ammonium generated from ammonium carbonate 
(Sigma-Aldrich, >99,0%) was used as a dopant to improve the detection of Chlorpyrifos.  

Table 1. IMS operating parameters 

IMS drift tube length: 11.9 cm 

IMS operating pressure: 600 mbar 

Drift gas flow: 600 mL/min 

Sample gas flow: 100 mL/min 

CD current: 10 µA 

Shutter grid pulse width: 10 µs 

Shutter grid frequency: 120 Hz 

 

3. Results 
The presence of Chlorpyrifos in the air is visible in the IMS spectrum by the appearance of the ion 
with reduced ion mobility of 1.55 cm2/Vꞏs (6.5 ms) as it is shown in Figure 3, which corresponds with 
the protonated form of 3,5,6-trichloro-2-pyridinol ion (m/z of 199). This ion is a product of 
Chlorpyrifos ionization in the IMS. The intensity of this ion decreases as the power of CD discharge 
increases. Degradation of Chlorpyrifos vapours of approximately 50% was achieved using a DC CD 
power of 27 mW, and degradation of more than 90% was reached for a power of 125 mW.   

Figure 3. Ion mobility spectrum of Chlorpyrifos after CD degradation at different electric power. The 
green spectrum represents the untreated Chlorpyrifos spectrum. 

In the Chlormetaqaut experiment, 100 ppm Chlormequat solution was diluted with PAW. This 
dilution resulted in changes in the IMS spectrum, compared to the dilution using a distilled water 
sample (Figure 4). The initial peak of Chlormequat disappeared and four new peaks corresponding to 
degradation products (2.14, 1.78, 1.66, and 1.57 cm²/V·s) were observed. Using IMS-oTOFMS, it was 

3,5,6-trichloro-2-pyridinol ion 
Cl

Cl

N
+

Cl

OHH



possible to identify some of the degradation products, such as tetramethylammonium. The 
identification of other products is still subject to studies. 

The degradation of Chlormequat using PAW exceeded 90%. After mixing the Chlormequat solution of 
10 ppm with diluted PAW, the signal area of the 2-dimethylaminoethyl ion associated with 
Chlormequat (1.90 cm²/V·s) was found to be lower than the detection limit (1 ppm).  

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Ion mobility spectrum for Chlormequat before (blue) and after PAW treatment (red). 
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