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Abstract

The habilitation thesis presents nearly 20 years of the author’s research focused on the
development, diagnostics, and applications of non-equilibrium discharges at
the Department of Plasma Physics and Technology at Masaryk University (DPPT). The
thesis is designed as a commentary on annotated scientific papers. The thesis addresses
two technologically significant plasma sources developed for fast and efficient treatment
of materials. It is divided into two major parts: the first part commenting on the Diffuse
Coplanar Surface Barrier Discharge (DCSBD) used for surface modification of tempera-
ture-sensitive materials, and the second part addressing the novel CaviPlasma® technol-
ogy for large-volume plasma treatment of liquids. The commentary to the selected scien-
tific papers presents the author’s contribution to the research and development of
DCSBD (and generally coplanar dielectric barrier discharges) and CaviPlasma. The pre-
sented discharge diagnostics are based primarily on optical emission diagnostics utilis-
ing CCD, intensified gated CCD cameras, and correlated current-voltage measurements.
In the commentary, the diagnostic articles are also complemented by the applications of
DCSBD and CaviPlasma that the author investigated.
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1 Introduction

The habilitation thesis deals with the development, diagnostics and application of
non-equilibrium discharges, specifically the so-called Diffuse Coplanar Surface Barrier
Discharge (DCSBD), including its model development unit, and the CaviPlasma® technol-
ogy?, in which the author was involved during his career at the Department of Plasma
Physics and Technology (DPPT), formerly the Department of Physical Electronics, at Ma-
saryk University. These plasma sources were invented for the fast treatment of solid sur-
faces (DCSBD) and liquids (CaviPlasma). In this thesis, the fundamental diagnostics of
these discharges, as well as selected examples of their applications, will be presented.

The author spent about 2/3 of his scientific career at Masaryk University researching
the coplanar barrier discharges and the Diffuse Coplanar Surface Barrier Discharge, re-
spectively. This unique low-temperature, high-density and macroscopically uniform at-
mospheric pressure discharge was invented by Prof. Mirko Cernak and his team at Co-
menius University (Slovakia) and developed into an industrially mature technology un-
der his supervision at DPPT. Since 2018, the author’s primary research interest has fo-
cused on plasma treatment of liquids, particularly the development, diagnostics and ap-
plication of the multiple-awarded CaviPlasma technology. The CaviPlasma technology
was invented by the researchers at Brno University of Technology (BUT), Masaryk Uni-
versity (MUNI) and the Institute of Botany of the Czech Academy of Sciences (IBOT).
CaviPlasma has been patent-protected since 2019 and internationally patent-protected
since 2023. The author has been a co-inventor of CaviPlasma technology and a member
of the core team exploiting its application and commercial potential.

This thesis is therefore divided into two principal parts. The first part covers the re-
search on the coplanar dielectric barrier discharges (CDBDs). The second part is focused
on the CaviPlasma.

This thesis is a collection of previously published scholarly works with commentary.
The full texts of the annotated articles are attached in the Appendix.

2 The label CaviPlasma is an internationally registered trademark of patent holders, BUT, MUNI and IBOT.



2 Motivation and Objectives of the Work

Both commented plasma sources have a lot in common. The DCSBD, as well as Cavi-
Plasma, represented technologies with clear application potential. However, none of
them had been studied in detail when the author became familiar with them, and the
mechanisms governing the properties of these discharges had not been investigated to a
large extent. The level of technological readiness was low at these early stages of devel-
opment, which allowed for the broad tests of substantial modifications to their physical
implementation. This situation hindered the development and adaptation of these plas-
ma technologies for intended applications. However, the same situation fostered the
discharge diagnostics and set the direction for application-oriented fundamental re-
search on these sources. The commentary on the set of annotated papers evidences the
author's involvement in this process and progress.

The studied plasma sources, the DCSBD or generally coplanar barrier discharges
(CDBD), and the CaviPlasma, are both highly transient phenomena. Moreover, their be-
haviour is sensitive to the presence of extrinsic electrodes, which prevents the use of
probe measurements common in low-pressure plasma diagnostics. Therefore, the study
of discharge development and related phenomena requires non-invasive diagnostic
techniques enabling temporal resolution on the ps timescale or better. Moreover, the
spatial distribution of discharge properties or their constituents further restrains the
diagnostic techniques. These requirements were met by adopting optical diagnostics
techniques, such as discharge pattern imaging and optical emission spectroscopy, sup-
plemented with electrical measurements.

The author specialised in optical diagnostics with spatial, temporal, and/or spectral
resolution. He utilised the newly acquired diagnostics equipment, namely the intensified
gated CCD camera3 (ICCD) for the space and phase-resolved imaging and the optical
emission spectroscopy, respectively. This type of diagnostics also brings several chal-
lenges that the author had to overcome. The precise image registration was necessary
for dual-wavelength imaging. The temporal resolution resulted in low signal intensity
and the necessity of an accumulated, time-averaged acquisition. The sensitivity of in-
struments, or detectors, and the repeatability and jitter of studied phenomena (dis-
charge stabilisation) become important parameters for such studies. For these meas-
urements, the semi-autonomous and correlated electric-optical measurements were
established. The author then developed processing codes for (large) datasets import and
subsequent analysis, such as image registration or electric measurements analysis. In
some cases, physical (numerical) models were also developed to support interpreting
the results. The author was also actively involved in the design of the plasma sources,
e.g., the model CDBD configuration simplifies the complex DCSBD structure and enables
broad parametric studies.

3 The author was responsible for the ICCD camera selection process at DPPT and subsequent experiments

using this camera.



MOTIVATION AND OBJECTIVES OF THE WORK

The author’s contribution to the investigated phenomena can be briefly summarised
in the following list:

i) DCSBD-related contribution

The parametric study on electrode geometry (Cech et al. 2009), temperature
and overvoltage (Cech et al. 2008) using model CDBD configuration revealed
their substantial influence on the magnitude and spatial distribution of rota-
tional temperature in the CDBD. These results served as the input data for tai-
lored DCSBD electrode geometry optimisation, optimising the treatment of
temperature-sensitive materials.

The author designed and performed the correlated electric and optical meas-
urements to study, e.g. the statistical behaviour of microdischarges in CDBD.
The study revealed the influence of electrode geometry and overvoltage on
the probability of reusing the single, common discharge path by subsequent
microdischarges (Cech et al. 2015). When combined with the temperature
influence experiment on CDBD with annular electrodes (Rahel et al. 2016)
and the related numerical model by the author, the new mechanism of
memory effect in barrier discharges was proposed - the role of residual heat
build-up on microdischarges stabilisation (Rahel et al. 2016).

The study of the homogeneous regime of CDBD in helium resulted in the au-
thor’s discovery of an ultra-low emission event preceding the Townsend ava-
lanching phase (Moravek et al. 2016). The follow-up study (Navratil
etal. 2017) disclosed its origin as a bremsstrahlung of released surface
charges, giving this phenomenon the designation ‘charge relaxation event'.
Even the single-photon sensitivity and registration become essential for suc-
cessfully resolving the studied phenomena.

The homogeneous regime of helium CDBD also enabled the study of the dy-
namics of ionising waves and the 2D-resolved development of the electric
field in these waves, studied using an intensified CCD camera imaging, with
spectral resolution (dual-wavelength imaging) (Cech et al. 2018).

The potential of DCSBD for niche applications was investigated under special
discharge conditions. The reduction of surface metal-oxide layers in a hydro-
gen atmosphere was studied (Prysiazhnyi et al. 2014). The author per-
formed a characterisation of H2-DCSBD behaviour in this paper. The experi-
ence with H2-DCSBD was also utilised for the functionalisation of nanoparti-
cles (nanodiamonds) in (Kromka et al. 2016). The author was responsible
for the plasma treatment experiment and the treatment process characterisa-
tion in this research. The author also studied also the behaviour of coplanar
discharge in wide pressure range conditions (Cech et al. 2017) using a com-
pact laminated electrode setup developed at DPPT. This study was performed
within the research on the CDBD-based plasma decontaminator.



MOTIVATION AND OBJECTIVES OF THE WORK

ii) CaviPlasma related contribution

e The novel plasma-liquid treatment technology was developed, and the intel-
lectual property rights of MUNI, VUT and IBOT were protected by the (inter-
national) patents. In the first public disclosure of the technology, we have pre-
sented the direct cyanobacteria decontamination in fast-flowing liquid
(Marsalek et al. 2020). The follow-up paper presented the indirect decon-
tamination potential utilising the CaviPlasma-treated water (Cech et al.
2020).

e The author then performed the discharge diagnostics of CaviPlasma. The cor-
related electric and ICCD measurements were performed to characterise the
electric discharge development in the hydrodynamic cavitation cloud. We
have revealed two distinct operation regimes of the CaviPlasma, the
spark/glow discharges depending on the electrode configuration. The thor-
ough parametric study revealed the influence of, e.g., the cavitation cloud pa-
rameters, electrode geometry, electrode composition, input power, or water
conductivity on the energy efficiency and production rate of reactive oxygen
species and the results of this complex CaviPlasma characterisation were pub-
lished in (Cech et al. 2024, Cech et al. 2025, Hornak et al. 2025). The re-
sults achieved in this fundamental research enabled the optimisation of Cavi-
Plasma for large-volume water treatment applications.

The application-oriented research is the unifying line of the author’s effort at Masaryk
University, presented in this thesis. Understanding the influence of discharge configura-
tion and physical conditions on the properties of the discharge, or the phenomena that
govern the development of the discharge, provided a tool for tailored development of
industrially oriented plasma sources. Nevertheless, not only were the diagnostics per-
formed. The application potential of DCSBD and CaviPlasma discharges was also investi-
gated, and the author was also involved in these processes.



PART |: RESEARCH AND DEVELOPMENT OF THE DCSBD

3 Part I: Research and Development of the DCSBD

Plasma technologies* offer unique possibilities in material science as the sources of
reactive species that promote non-equilibrium chemistry processes (Bogaerts et al.
2002, Eliasson and Kogelschatz 1991). The broad classes of products for everyday life
are manufactured from materials that offer intended bulk properties, but lack the sur-
face properties or compatibility for further industrial processing. Plasma technologies
have high application potential in the processing of these materials, e.g., natural or syn-
thetic fibres, nonwovens, polymers, paper, or glass, where surface cleaning, functionali-
sation or coating is often required to improve wettability, printability, adhesion of lay-
ered materials, or barrier properties, i.e., the modification of physical, and/or chemical
surface properties (Weltmann et al. 2019, Cvelbar et al. 2019). However, meeting the
industrial demands on scale-up, high-speed and low cost represents a challenging task
(Weltmann et al. 2019, Cvelbar et al. 2019). This task has been under investigation at
DPPT MUNI for over two decades.

The potential of plasma technologies has been recognised for a broad spectrum of
applications, including those benefiting from the atmospheric pressure conditions
(Adamovich et al. 2022, Weltmann et al. 2019, Cvelbar et al. 2019, Samukawa et al.
2012). However, the potential for high processing speed and engineering simplicity of
atmospheric pressure plasma technologies comes along with the high rate of collisional
processes. While being beneficial for the desired plasma chemistry, the collisions result
in a positive-feedback mechanism of energy transfer to neutral processing gas (thermal-
isation) and enhanced tendency to instability development (constriction) (Bruggeman et
al. 2017). These effects negatively affect atmospheric pressure plasma treatment of
thermally sensitive materials.

Several strategies for sustaining discharges out of the thermal equilibrium were de-
veloped (Bruggeman et al. 2017), e.g. the generation in noble gases, the limitation of
transferred charge, and/or limitation of temporal evolution of the discharge. In common
processing gases, as ambient air, nitrogen, or oxygen, the non-equilibrium, or non-
thermal discharges can be secured through the pulsed operation (Fridman et al. 2005,
Janda et al. 2011, Dvonc and Janda 2015), e.g., using nanosecond high-voltage switching,
or the self-induced pulsing of the discharge resulting from the design of high voltage
power supply, as for the spark or transient-spark discharge.

4 This thesis will cover the research on electric discharges with a highly transient nature. In these cases,
the strict conditions imposed in the definition of plasma are not always fulfilled. However, for better
text readability, the term ‘plasma’ will be consciously adopted according to the general usage of this

term in the literature, despite the known interference with the scientific rigor in particular cases.
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Dielectric Barrier Discharges - Design and Application Challenges

The first group of the annotated papers focus on the class of non-equilibrium dis-
charges, where the transported charge and discharge duration are limited using a dielec-
tric barrier between the electrodes. These are the dielectric barrier discharges> (DBD)
(Kogelschatz et al. 1997, Kogelschatz 2003, Brandenburg 2017). The inherently non-
thermal nature of DBDs resolves the thermalisation issue of atmospheric pressure pro-
cessing of materials. The constriction problem, however, persists.

Dielectric barrier discharges typically consist of individual microdischarges, each rep-
resenting a microplasma reactor (Kogelschatz 2003, Eliasson and Kogelschatz 1991).
This resulted in utilisation of DBD induced plasma-chemical reactions in a broad range
of applications from the ozone production (Eliasson et al. 1987), surface engineering
(Hegemann and Gaiser 2022), bio-medical applications (Graves 2012, Weltmann et al.
2010), growing field of plasma treatment of liquids (Montalbetti et al. 2025), or plasma-
induced airflow control (Moreau 2007), For the details on the properties of individual
microdischarges and the characterisation of DBDs, please consult, e.g., the review of
Brandenburg (2017) and the references there in.

The discharge breakdown in DBDs generally starts as the Townsend (avalanching)
phase, followed by the spatially constricted fast ionising waves bridging the gas gap be-
tween electrodes in the so-called streamer mechanism (Kogelschatz 2003, Brandenburg
2017, Gibalov and Pietsch 2012). Finally, the filament, a thin luminous channel, is
formed with a width of tens of pm in the air at atmospheric pressure (Simek et al. 2011).
A structured overview of the highly spatially and temporally resolved optical diagnostics
of the microdischarges can be found, e.g., in the habilitation thesis of Hoder (2017).

The temporal occurrence of individual microdischarges has a stochastic nature
(Akishev et al. 2011). However, the spatial occurrence of microdischarges is strongly
influenced by the mutual interaction of preceding and concurrent microdischarges.
These collective effects were attributed to UV photons and remnant, memory, surface
charges (Tschiersch et al. 2017, Kogelschatz 2010), and result in spatial recurrence of
microdischarges and therefore non-random localisation of filaments (Chirokov et al.
2006), even the formation of regular patterns (Kogelschatz 2010). This ,memory effect’
places technological burdens on the uniformity of plasma treatment using DBDs and the
propensity of the (localised) thermal damage of treated materials.

However, the truly diffuse and unconstricted DBDs can be achieved only in narrow
discharge conditions (Massines et al. 2009, Brandenburg et al. 2009, Kozlov et al. 2005,
Rahel and Sherman 2005). Two homogeneous regimes can be sustained, when the tran-
sition to the streamer breakdown is suppressed, the ionisation is slow and the discharge

5> The temporal evolution of DBDs is, in fact, limited by the transferred charge that is deposited on the sur-

face of the dielectric barrier in DBDs.
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mechanism is the Townsend breakdown (Massines et al. 2009): (i) the Atmospheric
Pressure Townsend Discharge (APTD) in, e.g, nitrogen gas, where the discharge devel-
opment stops before the cathode fall formation; or (ii) the Atmospheric Pressure Glow
Discharge (APGD) in, e.g., helium, where the cathode fall and positive column develops.
However, the reported conditions for APTD in air gaps are quite limiting (Ran et al.
2018), which probably prevents the utilisation of APTD in industrial conditions of ambi-
ent air inline treatment.

The level of the homogeneity of material treatment in filamentary discharges then
depends on the implementation of a particular DBD geometry. The author’s closing re-
marks to this section will therefore be devoted to the influence of DBD configuration on
practical aspects of plasma (surface) treatment. Designs of DBD electrode and barrier
arrangements can be divided into three main groups: volume, surface, and coplanar die-
lectric barrier discharges (Brandenburg 2017), each with specific implications for plas-
ma processing applications.

In the volume DBD configuration (VDBD), the discharge is generated in the free space
(volume) between the electrodes. At least a single dielectric barrier separates the elec-
trodes. The treatment is affected by the density of filaments bridging the electrode gap
and their spatio-temporal localisation. Filaments strike the surface of the treated mate-
rial nearly perpendicularly, and the microdischarges tend to recur at the same spot on
the treated surface due to the mentioned memory effect (Kogelschatz 2010). This im-
poses a high risk of localised thermal load on the material, causing its localised damage.
The small gas gaps and high voltage amplitude help in ‘homogenization’ of the discharge
(Wagner et al. 2003). There is also a principal technological limitation of material treat-
ment in VDBD - the treated specimen thickness is limited by the gas gap width between
electrodes, which ranges from 0.1 mm to 10 mm for moderate high voltage amplitude
(Brandenburg 2017).

The VDBD technical limitations can be overcome through surface and coplanar ar-
rangements. The electrodes are positioned along the surface(s) of a single thin dielectric
barrier, forming a strongly tangential electric field along the dielectric, and the generat-
ed microdischarges are ‘sliding’ along the dielectric surface (Gibalov and Pietsch 2012).
The microdischarges' principal orientation enhances the contact area of the treated ma-
terial and also lowers the risk of perforation or pinhole in the treated material. There is
also no limitation on the gas gap, and the only condition placed on the treated material is
that the surface curvature follows the surface geometry of the electrode arrangement
(dielectric plate). The typical configuration of surface DBD (SDBD) consists of a system
of surface electrodes deposited on the dielectric plate with the counter-electrode(s) sit-
uated at the opposite surface of the barrier (Gibalov and Pietsch 2012). The so-called
plasma actuator studied for plasma aerodynamics applications could be achieved using
an asymmetric electrode configuration (Boeuf and Pitchford 2005). However, the ad-
vantage of the SDBD electrode configuration is redeemed by the risk of the surface elec-
trode's erosion. The exposed surface electrode could suffer from mechanical abrasion
caused by the movement of the treated material or by the action of microdischarges
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alone, imposing thermal and oxidative® stress on the electrode in direct contact with the
discharge. Therefore, the SDBD electrode lifetime should be expected to be limited.

This disadvantage is not present in a coplanar electrode arrangement called the co-
planar DBD (CDBD), where no bare electrode is exposed to the discharge, discharge at-
mosphere or treated material; the dielectric barrier covers both electrodes, or systems
of electrodes (Gibalov and Pietsch 2004a, Gibalov and Pietsch 2004b; Simor et al. 2002).
However, this comes at the cost of the complexity of the design and assembly of the co-
planar discharge units. In a typical configuration, the electrodes are positioned along a
common plane, buried into the dielectrics, or deposited at the barrier's common surface
and electrically isolated, typically using oil (Brandenburg 2017, Hoder et al. 2017). This
imposes high demands on the quality of the insulation, which has to have low dielectric
losses, withstand the thermal load during high-power discharge operation, and ideally,
have a high mechanical strength and abrasion resistance.

The invention of a specific CDBD arrangement called Diffuse Coplanar Surface Barrier
Discharge (DCSBD) (Simor et al. 2002) enabled the development of a non-thermal, low-
temperature plasma source operating at atmospheric pressure and offering a high de-
gree of spatial uniformity at high power density. On the way towards an industrially ro-
bust plasma unit, the discharge physics and engineering challenges of CDBD have to be
resolved at DPPT to achieve the possibility of continuous generation of approx. 0.3 mm
thin surface layer of dense plasma (exceeding 100 W/cm3), making DCSBD highly bene-
ficial for fast surface modifications (Cernak et al. 2009).

This first section of this thesis is therefore focused on the DCSBD research. It consists of
annotated original scientific papers co-authored by the author of this thesis, who was
privy to the DCSBD story in the research team led by Prof. Mirko Cernak at DPPT.

Figure 1: DCSBD in ambient air, side view with partial coverage by a treated glass plate. The
DCSBD electrode design has narrow stripes and grooved ceramic. The nominal input power was
derated to make the individual microdischarges and their bow-like protrusion above the ceramic
plate distinguishable. Source: Author

6 In ambient air or oxygen containing gas mixtures.
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3.1 Commentary on the Annotated Scientific Papers: CDBD/DCSBD

Due to the complexity of the manufacturing process of the DCSBD discharge unit, the
model coplanar DBD units were developed to discover CDBD properties and implement
them in the design of DCSBD. Two width parameters are involved in the DCSBD geome-
try: the width of strip electrodes and the width of interelectrode gaps. Both have sub-
stantial effects on the discharge parameters of DCSBD. The discharge structure of CDBD
consists of (a) thin discharge channels (filaments) in between electrodes that protrude
to the half-space above the dielectric barrier, forming a bow-like structure and (b) sur-
face discharges evolving above the electrodes after contact of the microdischarge with
the dielectrics. The ongoing research on CDBD brings knowledge on the influence of dis-
charge configuration and discharge conditions on microdischarges properties. The
knowledge of the spatially resolved properties of microdischarges, in terms of their ap-
pearance, intensity, temperature, or statistics, supported the tailored DCSBD develop-
ment by the team of researchers at DPPT.

3.1.1 The Study of the Fundamental Parameters of DCBD for DCSBD
Development

For the study of the fundamental parameters of DCBD and the influence of different
physical and geometrical conditions, the unique design called ‘The Box’ was developed
by the author, his mentor associate Prof. Pavel Stahel and technician Petr Saul. This
unique device was successfully used for over 12 years of DCBD research at DPPT. It ena-
bled the fast exchange of dielectric barrier plates, changes in electrodes’ distance, inten-
tional heating/cooling of the grounded electrode, and exchangeable electrode geometry
(pattern). The electrode setup, forming a rectangular gap of 30 mm length, was studied
as the reference model for DCSBD development. This multi-microdischarge configura-
tion enabled the studies of discharge parameters under the influence of interacting adja-
cent microdischarges. In addition, the controlled discharge atmosphere was easily
achievable, allowing the survey of CDBD in rare gases, electronegative and electroposi-
tive gases and their mixtures.

ARMARR

The first results on extended electrode configuration achieved on the ‘The Box’ reac-
tor, see Fig. 2, were published in (Cech et al. 2008). The study was performed in pure
nitrogen (99.996% purity) for a fixed interelectrode gap width of 0.7 mm. The influence
of discharge overvoltage and the temperature of the grounded electrode were studied,
see Fig. 2. At high overvoltage, the intense discharge channels could be identified, which
probably results from the repetitive breakdown at close paths within the single half-
period of the input voltage (see also (Cech et al. 2015) for the extended CDBD geometry
and (Hoder et al. 2017) for the single-filament CDBD electrode geometry).
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Figure 2: Cross-section of The Box reactor (left) and the influence of overvoltage and ground
electrode temperature on CDBD appearance (right). Source: Author (Cech et al. 2008)

Spatial profiles of discharge intensities as well as rotational and vibrational tempera-
tures from the second positive system of nitrogen (SPS N2) were gained, see Fig. 3, using
a space-resolved optical emission spectroscopy on the high-resolution spectrometer
Horiba Jobin-Yvon FHR 1000 equipped with 1200 gr/mm and 3600 gr/mm gratings and
a pair of CCD and ICCD detectors. The spatiotemporal development of emission of first
negative (FNS) and second positive (SPS) systems of nitrogen was also investigated us-
ing highly time-demanding spatially and phase-resolved emission spectroscopy. We
have obtained the first results on time-averaged SPS/FNS development in an extended,
multi-filamentary CDBD configuration, see Fig. 5 and the comments to the next annotat-
ed paper (Cech et al. 2009).
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Figure 3: Dependence of SPS N2 rotational temperature (left) and vibrational temperature
(right) on voltage amplitude in CDBD; ‘d’ denotes the distance from the centre of the interelectrode
gap. Source: Author
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The next logical step was to systematically investigate the influence of the interelec-
trode gap width. The first paper on this topic was published in (Cech et al. 2009). The
electrode gap width was changed in the range of 0.6 to 2.2 mm, given by the dielectric
strength of the insulating oil on the narrow side of the interval and the range of high
voltage (HV) amplitude of the power supply on the broad side. It was found that the
electrode gap width is a crucial geometrical parameter influencing the discharge pattern
in terms of filamentary and diffusive parts of the discharge. The electrode gap width also
determines the operating parameters of the HV generator (range of amplitude). The
channels of microdischarges develop in a highly non-homogeneous electric field above
the dielectric barrier and form a bow-like structure above the electrode gap following
the electric field geometry. The length of the microdischarge channel is not restricted by
the electrode gap width in coplanar DBD, as it is in the volume DBD (by the width of the
gas gap). The observed CDBD microdischarge channels were not completely squeezed
by the narrow electrode gap and bridged a longer distance than the gap width, see also
the results in the annotated paper (Cech et al. 2017). The linear increase of ignition
voltage with the gap width was observed in the studied gap width range. The voltage
increases by nearly 30 % with a 4-fold increase in the gap width, see Fig. 4.
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Figure 4: Influence of interelectrode gap width on CDBD pattern (left) and ignition and extinc-
tion voltage for two frequencies (right); ‘id’ denotes the interelectrode gap width. Source: Author,
(Cech et al. 2009)

The ignition voltage was only slightly reduced with the increase in the frequency of
the HV (within the studied acoustic frequency range). However, the voltage needed to
sustain the discharge is considerably lower, because of the electric field distortion
caused by the surface charges deposited on the dielectric barrier, see, e.g., (Abolmasov et
al. 2006, Brandenburg 2017) and our study of charge relaxation event (Navratil et al.
2017).

11
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While the HV frequency did not influence the ignition voltages, the sustained dis-
charge voltage decreased by 20-30 % when the HV frequency was tripled, and a higher
amount of residual surface charges on the dielectrics and excited/ionised species in the
gas were preserved from the previous half-cycle of the discharge.

From the point of view of the applications, the significant results provided the spatial-
ly resolved spectroscopy. The rotational and vibrational temperatures of SPS N2 analysis
revealed that the hottest part of the discharge is the filamentary part above the elec-
trode gap, with rotational temperature ranging from 450 K for the 0.6 mm gap width to
650 K for the 2.2 mm gap width at the same HV amplitude. The above electrode rota-
tional temperature was slightly above the room temperature, i.e., around 300-330 K, see
Fig. 5. The vibrational temperature also shows a significant difference between filamen-
tary and above electrode parts (over 3,000 K vs 2,200 K), with a clear trend of tempera-
ture increase with increasing gap width. The measured accumulated spatiotemporal
development of SPS N2 in extended CDBD geometry could be qualitatively compared to
the cross-correlation spectroscopy measurements performed in the single-filament con-
figuration (Hoder et al. 2009), see the map in Fig. 5. Although the individual ionisation
waves could not be identified due to highly averaged multi-microdischarge measure-
ment, the collective dynamics of microdischarges propagating from the interelectrode
area across the dielectrics could be identified.
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Figure 5: Dependence of SPS N2 rotational temperature (left) and phase-resolved emission of
SPS Nz in logscale (right) on interelectrode distance of CDBD; ‘d’ denotes the distance from the cen-
tre of the interelectrode gap. Source: Author (Cech et al. 2009)

These results supported the optimisation of DCSBD geometry concerning the inte-
relectrode gap width and electrode strip thickness, as the development of DCSBD tech-
nology was explicitly focused on treating temperature-sensitive materials like nonwo-
ven textiles. This results in adopting a narrow gap width configuration of the DCSBD
electrode design. This way, the filamentary part of the discharge can be suppressed, and
the rotational temperature can be lowered substantially. The results of optical diagnos-

12
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tics also prove that the visually diffuse and luminous regions above electrodes generate
a highly non-equilibrium plasma with low rotational temperature.

A% RRR

The following annotated paper was focused on the spatially and phase-resolved time-
correlated diagnostics of DCBD. The results of a statistical study on DCBD microdis-
charges were published in (Cech et al. 2015). In this paper, the correlated signal acqui-
sition was used to reveal the statistical behaviour of CDBD microdischarges in extended,
multi-filamentary geometry. The ICCD camera was capturing a phase-resolved discharge
pattern, see Fig. 6, and a fast multi-channel digital storage oscilloscope was recording
the respective voltage and current waveforms and also the ICCD camera gate monitor
signal. The unique feature of the Princeton Instruments PI-MAX3 ICCD camera at DPPT
enabled the sequential acquisition of the discharge pattern from two consecutive half-
periods. The custom scripts for numerical image and waveform analysis were then de-
veloped to discriminate the number and position of individual filaments crossing the
discharge (electrode) gap in respective half-periods of the excitation HV, together with
the correlated current peaks of respective half-periods.
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Figure 6: CDBD discharge pattern resolved for positive (left), negative (middle) half-periods
(non-accumulated), and a single period (right). Polarity concerning the left of a pair of electrodes,
depicted as semicircles. Source: Author (Cech et al. 2015)

The extended discharge geometry enabled the study of microdischarges that were
geometrically unconstricted in selecting their discharge paths. The analysis of the
steady-state discharge conditions revealed the influence of the so-called memory effect
using the relation matrices of incidence. Matrix of incidence relates the number of ob-
served unique discharge paths to the derived number of current pulses representing
individual microdischarge events, see Fig. 7. Reusing pre-existing discharge paths by the
following microdischarges manifests this memory effect. This phenomenon was statisti-
cally more pronounced when the discharge gap was widened.

13
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For the short discharge gap, there was a significantly higher number of individual dis-
charge paths (identified filaments) compared to the wide discharge gap (approx. by a
factor of 2 for the 0.6 mm gap compared to the 2.2 mm gap).

Moreover, this study revealed that the discharge path could be reused by following
microdischarges even within a single, identical discharge half-period, a behaviour previ-
ously not considered in CDBD dynamics interpretations. This behaviour was infrequent
for slight overvoltage, where microdischarges preferred the unique paths within single
half-periods. However, this effect was highly significant for high overvoltage, when most
microdischarges reuse the same discharge path or prolong the existing path within the
same half-period of the excitation HV. This effect cannot be satisfactorily explained by
the charge deposition at the dielectric surface or reduced electric field distortion by re-
sidual charged species in the gas along the discharge path, i.e. the commonly accepted
memory effect mechanisms at the time of the study.
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Figure 7: Relation matrix of incidence of current pulses and number of filaments in the positive
half-period of CDBD operated at artificial air at interelectrode gap distance 2.0 mm and voltage
amplitude 16 KV (left) and 18 kV (right). The number of unique discharge paths (filaments) is
comparable for both conditions. However, the number of microdischarges is considerably higher
for high overvoltage. Source: Author (Cech et al. 2015)
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3.1.2 New Findings on CDBD Phenomena

Based on (Cech et al. 2015) results, the author, together with Assoc. Prof. Jozef Rahel
proposed a hypothesis on a new mechanism involved in the current interpretation of the
memory effect, i.e., that the thermal effects will be responsible for the observed behav-
iour of microdischarges. To verify this hypothesis, Dr. Zsolt Szalay, the PhD student of
Assoc. Prof. Rahel, at the time of the research, conducted a series of experiments on
CDBD in a temperature range of 20 to 180 °C. The corresponding numerical model on
the microdischarge channel temperature build-up was assembled by the author, and the

14
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common investigations resulted in the publication (Rahel et al. 2016). The annular
discharge gap was used with ring-shaped electrodes to minimise the influence of the
finite-length discharge gap. The phase-resolved discharge imaging using an ICCD camera
revealed the temporal stabilisation of the discharge pattern on the time scale of 40-
60 periods. The simple thermodynamic estimation suggests that the single microdis-
charge event could result in the rise of a microdischarge channel temperature by ap-
proximately 100 K, and the previous spectroscopic measurements indicate that restrik-
ing microdischarges will reach the quasi-stationary channel temperature around 600 K
for given conditions.
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Figure 8: Simulation of average temperature inside the microfilament’s column volume, built by
the train of recurring localised breakdowns (left). Radial temperature profile resulting from the
train of recurring microfilaments, immediately before the (n+1)t breakdown (right). Source: Au-
thor and Jozef Rahel (Rahel et al. 2016)

To investigate this behaviour, the simulation in COMSOL Multiphysics® SW was as-
sessed. The temperature influence on breakdown voltage and system capacitance was
experimentally investigated to determine the energy per pulse dependence in the stud-
ied temperature range. These estimations serve as the input parameters in the numeri-
cal model that follows the residual heat build-up in the discharge channel by the train of
restriking microdischarges. The quasi-stationary steady-state conditions were achieved
after 20 microdischarge events, and the simulated channel temperature around 550 K
showed very good agreement with the previous results of the DCBD diagnostics de-
scribed in annotated papers, see Fig. 8. Paradoxically, this phenomenon is also responsi-
ble for the observed lateral drift of microdischarges on the temporal scale longer than
40-60 consecutive discharge half-periods. There is a radial expansion of the elevated-
temperature volume of gas during the quasi-stationary state build-up. The spreading of
the ‘high-temperature channel’ creates favourable conditions for microdischarge devel-
opment besides the quasi-stationary position, according to the stochastic nature of
streamer breakdown. The results of our investigation pointed clearly to the link be-
tween residual heat build-up and the spatial stabilisation of the microdischarges on a
sub-ms time scale. The residual heat phenomenon was proposed to be included in the
memory effect, explaining the spatiotemporal reoccurrence of individual microdischarg-
es.

15
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The common knowledge on CDBD dynamics was broadened by the author’s discovery
of the very faint luminous event in the so-far considered dark phase of the discharge at
electrode polarity reversal. During our spectroscopic studies of surface charge recombi-
nation in dielectric barrier discharges, we have realised that in helium and/or neon
working gas, the highly repeatable diffuse discharge regime can be stabilised even for a
coplanar barrier discharge configuration. This enabled highly accumulated optical diag-
nostics of the discharge. As we followed the Townsend avalanching initiation of the dis-
charge, a very faint light was observed prior to this phase. This transient luminous event
was approximately three orders of magnitude less luminous than the main discharge
phase, and the discovery opens numerous questions on the mechanisms governing this
phenomenon, which have been solved within the underlying fundamental research pro-
ject aimed at studying the surface charges induced ‘memory effects’ in barrier discharg-
es.

The basic description of the discovery was published in (Moravek et al. 2016). This
annotated paper was the first in which we reported on a newly discovered CDBD phe-
nomenon. The helium diffuse mode of CDBD was stabilised in a single-pair semi-circular
electrode configuration (the Box reactor). The temporal repeatability of this regime was
around 50 ns, which perfectly matches the requirements of a highly accumulated phase-
resolved ICCD study used to investigate the pre-breakdown phase of the discharge de-
velopment. The highly accumulated acquisition of the Townsend breakdown was sur-
prisingly accompanied by the unexpected transient luminous event heading in the oppo-
site direction from the expected Townsend avalanches.
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Figure 9: Pre-breakdown phase of DCBD in helium, alumina with high-permittivity coating;
(left) Current-voltage waveforms, with labelled temporal window of pre-Townsend luminous
event (label ‘I') and ionising waves (label ‘II'); (right) phase-resolved pre-Townsend luminous

event, the Townsend avalanching phase visible from 65 ps. Source: Author
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Further investigations were carried out to shed light on the nature of this event. The
studied luminous event started at the edge of the cathode approximately 20 ps before
the electrode polarity reversal point (discharge period was 106 ps). A weak luminous
wave was formed, propagating from the cathode edge above the surface of the dielectric
and moving towards the area of the ‘cathode’ electrode (away from the interelectrode
gap). As this luminous event decays, the Townsend avalanche phase starts at the edge of
the (so far) cathode, see Fig. 9. We suspect the charges deposited during the preceding
discharge on the surface of the dielectrics and the corresponding induced electric field
will be responsible for the pre-Townsend luminous event. Therefore, we have modified
the dielectrics by the high-permittivity coating deposited on the alumina surface to en-
hance the observed phenomenon. The coating has more than one order of magnitude
higher permittivity than the bare alumina, and the change in the permittivity substan-
tially affected the observed phenomena, delaying the pre-Townsend luminous event by
several ps. The emission from this event increased by approximately an order of magni-
tude using a high permittivity coating. The well-defined bow-shaped luminous wave was
found to be propagating along the dielectric covering the instantaneous cathode. The
emission was observed first above the edge of the cathode adjacent to the interelectrode
gap. The luminous event was then travelling away from the interelectrode gap. Approx.
7 us after the first emission was observed, the Townsend avalanching started at the edge
of the former cathode (instantaneous anode), and both phenomena - Townsend phase
and pre-Townsend luminous event - coexisted for about 10 ps. Then the studied lumi-
nous event decays and the discharge evolution continues as the Townsend avalanches
and the (accelerating) ionising wave heading towards the instantaneous cathode, i.e. in
the opposite direction from the pre-Townsend luminous event. During the spatiotem-
poral evolution the discharge lightens considerably at the halfway point from the anode
edge to the cathode edge, and the discharge development continues as the cathode-
directed and anode-directed ionising waves (CDIW/ADIW). The velocities of the Town-
send avalanching phase and ionising waves above dielectrics were relatively low for the
streamer mechanism (7 km/s for CDIW, 4 km/s for ADIW), and our further analysis in-
dicated that the drifting electrons should be fully capable of mediating the CDIW propa-
gation.

Our conclusion on the pre-Townsend event origin was that the weakly adsorbed elec-
trons were released from the surface of dielectrics above the anode and were accelerat-
ed towards the oppositely charged dielectrics above the cathode at the temporal win-
dow, when the electric field from applied voltage decays. However, due to the very faint
photon flux, we lack the spectral information from the pre-Townsend event.

The follow-up experiments revealed that with the increase of the HV frequency, the
onset of the discovered pre-Townsend phase is shifted from the edge of the instantane-
ous cathode towards the instantaneous anode, and its emission was stronger. We took
advantage of these findings for further investigations of the origin of the discovered low-
light phenomenon.
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The author conducted a thorough and experimentally challenging spectral investiga-
tion of pre-Townsend emission in collaboration with Assoc. Profs. Rahel, Navratil, and
Dr. Tomas Moravek. Following the disclosure of the nature of the discovered phenome-
non, the name CRE - charge relaxation event was given to it. Several attempts were
made to resolve the CRE emission spectrally. The best-performing spectrometer with
ICCD camera at DPPT (Andor Shamrock 750 + iStar ICCD detector) and the ICCD camera
imaging using optical interference filters gave only clues for further investigation due to
the insufficient signal-to-noise ratio of the obtained signals’. Only after the adoption of
the single photon counting detection (SPC) using a photomultiplier tube mounted on a
low-dispersion monochromator, the signal-to-noise ratio and spectral resolution were
sufficient to disclose the mechanisms of this phenomenon, with the details published in
(Navratil et al. 2017).

The discharge setup developed for the first systematic CDBD tests at DPPT (‘the Box’)
again proved to be a valuable tool, this time for the phase-resolved and spectrally re-
solved analysis of CDBD with a focus on the CRE event. The complex experiment was
performed to investigate the spatiotemporal behaviour of CRE and its spectral signature
in a helium discharge atmosphere. The observed CRE occurs at the same temporal win-
dow as the Townsend avalanching phase of the consequent cathode-directed ionising
wave. As the two phenomena overlap in time and space depending on the driving HV
frequency, the favourable experimental conditions were found when CRE could be tem-
porally discriminated from the Townsend phase. Under these conditions, adopting spa-
tially unresolved spectroscopy was possible.

The highly customised phase-resolved SPC technique was developed by Assoc. Prof.
Navratil, which definitively resolved the CRE temporal and spectral development at the
required single-photon sensitivity. The CRE signal was as low as units of photons per
secondxnm, considering the spectral resolution of 4 nm and a 0.2 ps long temporal win-
dow. To better understand how faint the CRE is, we can point out that it took
100 seconds of accumulation at a single wavelength to detect about 100 photons of CRE
emission. The acquisition of a single spectrum of the discharge period took around
4 hours after thorough optimisation and automation of the experiment.

7 This motivated the author to further exploration of ICCD spectroscopy, supervising the bachelor's thesis
of Vozarova (2020). In the thesis, the single photon counting technique that the Andor ICCD camera
SW offers was adopted, and more than 6x SNR increase was achieved using such a technique.
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Figure 10: Charge relaxation event (CRE) in helium CDBD, formerly called pre-Townsend lumi-
nous event; (left) Streak-camera representation of ICCD phase-resolved imaging (integrated per-
pendicularly to electrode gap, polarity valid after -8 ps), (right) emission spectrum of CRE - dark-

phase spectrum with/without CRE and CRE net contribution. Source: Author, Zdenék Navratil
(Navratil et al. 2017)

The CRE event was studied at two CDBD configurations differing in dielectric plate
composition - alumina, see Fig. 10, and AIN. The careful discrimination of the spectral
signal of the CRE phase revealed that the spectra from the CRE phase for both dielectrics
consist of a very broad and weak continuum above 400 nm. However, significant spec-
tral differences occurred in the 300-400 nm window. Both dielectrics' photolumines-
cence and cathodoluminescence spectra were measured to disclose the material-
dependent and material-independent spectral components. The spectra comparison
revealed that the radiation during the CRE phase consists of material-dependent lumi-
nescence of the dielectrics and material-independent broad continuous radiation to be
identified. Several hypotheses were proposed, including molecular continua, recombina-
tion spectra and bremsstrahlung of electron collisions with neutral atoms and ions.
Careful analysis of temporally unresolved and temporally resolved spectra with a small
admixture of neon confirmed that the CRE event light emission is of a bremsstrahlung
nature.

Finally, the CRE description was completed using the spatially averaged estimation of
electric fields obtained using the numerical model by Assoc. Prof. Navratil. During the
CRE, the peak electric field of 1 kV/cm was estimated together with the memory field of
0.5-0.7 kV/cm caused by the deposited electric charge on the surface of dielectrics from
the preceding discharge phase. Our investigation completed the picture of the develop-
ment of CDBD by lighting up the CRE in the previously dark phase of the discharge.
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FRARTR

The last paper concerning CDBD's physics utilises the experimental technique devel-
oped with Assoc. Prof. Jozef Rahel, we have called the ‘bino-box’. The principle of this
optical diagnostic technique stands in the simultaneous dual-beam spectrally filtered
imaging of the discharge, when only a single ICCD camera with high spatiotemporal res-
olution is available. After months of iterations, we have obtained spectrally resolved im-
age stacks that were spatially and temporally registered using the bino-box technique
and were suitable for further analysis using spectral methods.

We have utilised the described method in (Cech et al. 2018) to follow the fully 2D re-
solved temporal evolution of the electric field in the ionisation waves in coplanar DBD
generated in helium, see Fig. 11. The experimental method follows the spatiotemporal
evolution of helium atomic emission lines, 667.8 nm (Hel 21P-31D) and 728.1 nm
(Hel 21P-31S) using a pair of interference spectral filters providing satisfactory isolation
of the studied emission lines. After careful spectral calibration, we could use a polyno-
mial fit formula to calculate the electric field using the helium lines ratio method devel-
oped by our colleagues in Belgrade (Ivkovi¢ et al. 2014), based on the collisional-
radiative model, which they have validated through the Stark polarisation spectroscopy.

For the experimental success, the repetitive discharge conditions were crucial. After
systematic testing, the highly stabilised diffuse discharge regime was obtained for a dis-
charge geometry with a 4.75 mm electrode gap, using a sinusoidal HV of 10 kHz fre-
quency and 1.5 kV amplitude and 550 sccm of Helium flow rate. The discharge break-
down jitter, as low as 50 ns (30 of discharge jitter), enables the adoption of highly accu-
mulated ICCD measurement of the discharge emission and sets the temporal resolution.
The macrophotography setup enabled the spatial resolution up to 20 um (lens aberra-
tions and ICCD spatial resolution).
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Figure 11 The result of 2D-resolved temporal evolution of electric field determined us-
ing helium lines ratio; (left part): 2D map of electric field at current peak maximum (0 ps)
with corresponding current (orange) and voltage (blue) waveforms; (right part): Streak-
camera representation of 1D temporal development of total discharge intensity and elec-
tric field, the spatial axis corresponds to central horizontal cross-section of depicted 2D
frame. Source: Author
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The peak reduced electric field was registered at the cathode-directed ionising wave,
and its values were 60-130 Td with the maximum at the edge of the cathode. At the mo-
ment of the electric field maxima, we also observed a local peak on the discharge current
waveform. At this moment, the rate of current increase changes to a lower rate. Consid-
ering the shape of electric field lines and the behaviour of CDBD (bow-like shape of dis-
charge protruding above the dielectrics at the interelectrode gap), we can attribute the
moment of the local maxima of the electric field to the moment when the first ionising
wave bridging the electrode gap touches the dielectrics. The ionising waves then travel
along the dielectric as a strong cathode-directed ionising wave (velocity of 3.7 km/s)
and anode-directed ionising wave (velocity of 4.4 km/s), respectively, which was about
an order of magnitude weaker (in emission). ADIW reduced electric field peaked at ap-
proximately 60 Td, i.e. only half of that of the CDIW. Interestingly, the ionising waves'
velocities were lower than the electron drift velocity at the measured electric field
(around 300 km/s at 100 Td). The discrepancy could be explained by the fact that the
electric field determined using the emission lines ratio is the magnitude of the field.
However, the electric field, being a vector quantity, has, besides its magnitude, also a
certain direction. In the case of CDBD, the major component of the electric field is the
normal component perpendicular to the dielectrics (plane defined by the dielectric
plate). The tangential component along the dielectric plate responsible for the discharge
propagation is the smaller one. The cathode-directed ionising wave's propagation can
also be viewed as a slow displacement of the formed cathode fall.

An important note regarding the spatially resolved helium lines ratio method must be
added. During the experiments, we have realized that an exact spatiotemporal calibra-
tion will be necessary due to high sensitivity of the line-ratio model in studied range of
electric field of 3-40 kV at temperature of 310 K. Using the synthetic test on the acquired
image stacks we have realized that the electric field estimation is extremely sensitive to
the temporal and (to a slightly lesser extent) also spatial alignment of acquired image
stacks. Even a single frame temporal misalignment led to significant distortion of the
derived electric field - the estimated field values increased considerably, with maximum
values being an order of magnitude higher. This sensitivity is expected due to the high
velocity of the ionising waves we have studied. The pixel shift of the image stack also
resulted in a deviation of estimated electric field values. However, the single pixel misa-
lignment did not significantly distort the spatiotemporal evolution of ionising waves but
shifted the highest electric field values within a 10% margin. Artificial decimation of spa-
tial or temporal resolution led to systematic underestimation of electric field values, and
for temporal resolution, also to a rapid loss of temporal details. These findings forced us
to do several iterations to improve the experimental procedure. Despite their lower spa-
tial resolution, the bino-box measurements enabled us to correlate the temporal evolu-
tion of image stacks. Image stacks of the respective spectral windows were acquired in-
dependently due to the chromatic aberration of a professional macro lens, preventing a
common focus for both spectral windows. The four registration marks were made on the
dielectric plate for precise image stack alignment and used for programmatic image reg-
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istration and affine transform of the spatial coordinates of image stacks. Using all the
mentioned calibration procedures, we have finally obtained well-aligned image stacks
representing the spatiotemporal development of each helium line intensity. And finally,
the 2D resolved and temporally resolved electric field development.

3.1.3 Applications of DCSBD

The fundamental research during the DCSBD development phase was accompanied
by application-oriented research, as the applications have been the cornerstone of this
technology. The large-scale, fast and efficient surface treatment of temperature-sensitive
materials was the utmost goal of the DCSBD research effort (Cernak et al. 2009). The
author selected two annotated papers focused on the niche topic of material treatment
in a reducing atmosphere containing hydrogen gas.

A% RRR

The first paper utilising DCSBD in a reduction atmosphere is (Prysiazhnyi et al.
2014). This research paper, authored by Dr. Vadym Prysiazhnyi, his colleagues and the
author, represents the proof-of-concept of the plasma-induced metal-oxide reduction
using DCSBD operated in a reduction atmosphere of pure hydrogen. The thin Cuz0 layer
was prepared by oxidation of the PVD-deposited Cu film on a silicon wafer. The same
DCSBD discharge configuration was used for oxidation and subsequent reduction of the
copper layer. The oxidation was done in ambient air, while the plasma-induced reduc-
tion was done in pure hydrogen atmosphere.

The surface analyses were used to follow the plasma-induced surface modifications.
The XPS analysis confirmed the successful plasma reduction of copper oxides. The plas-
ma-induced reduction process results in more than doubling the percentage of copper
atoms in the surface layer, while simultaneously reducing oxygen, carbon and nitrogen
atoms in the surface layer.

The phase-resolved optical imaging revealed interesting properties of H2-DCSBD, fa-
vourable for uniform large-scale plasma treatment of surfaces. The behaviour of micro-
discharges constituting DCSBD discharge changed considerably when generated in a
hydrogen atmosphere. Unlike in ambient air or nitrogen atmosphere, we could not stabi-
lise restriking microdischarges in a particular position above the surface of the dielectric
barrier. Localisation of microdischarges for many discharge periods leads to local tem-
perature buildup and/or overtreatment, resulting in surface damage. The microdis-
charges in H2-DCSDB displace fast along the electrode strips, further supporting the
treatment homogeneity. One of the possible causes of this phenomenon could be found
in the considerably higher thermal conductivity of hydrogen gas to nitrogen or oxygen
(approximately 7x), which prevents the hot gas channel buildup that stabilises the mi-
crodischarge (see the annotated paper (Rahel et al. 2016) above). The second interest-
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ing phenomenon of H2-DCSBD was the highly diffuse nature of the surface part of micro-
discharges, contrary to air or nitrogen, where the highly branched, distinct structures
were observed, see Fig. 12 and the regular pattern observed above instantaneous cath-
ode. This further supports the even surface treatment in H2-DCSDB.
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Figure 12: Collective behaviour of DCSBD microdischarges visualised using accumulated phase-
space intensity maps: DCSBD in pure N: (left) and pure H: (right); colour scale represents logio of
emission intensity. One electrode pair position is given with the indication of instantaneous polari-
ty during the first half-period. Source: Author and Antonin Brablec
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After the first hydrogen experiment, research on hydrogen-nitrogen gas mixtures fol-
lowed, and microdischarge behaviour and plasma-induced surface modifications were
studied. The experience gained in the research of DCSBD in a hydrogen-nitrogen atmos-
phere was utilised in dry etching of silicon oxide® (Krumpolec et al. 2017), achieving a
promising etching rate of 1.5 nm/min. The functionalisation of nanodiamond nanoparti-
cles using DCSBD in hydrogen-nitrogen gas mixtures was investigated in collaboration
with the team led by Dr. Alexander Kromka from the Institute of Physics of the Czech
Academy of Sciences. The results were published in the two research papers (Kromka
etal. 2015, Jirasek et al. 2016). The first, annotated paper (Kromka et al. 2015) proved
the concept of DCSBD-induced nanodiamonds hydrogenation, and the second paper
(Jirasek et al. 2016) investigated the surface amination of the nanodiamonds.

The study (Kromka et al. 2015) explores the low-temperature plasma-induced hy-
drogenation of nanodiamonds using DCSBD. The DCSBD reaction cell was developed to
enable controlled operation in pure hydrogen at atmospheric pressure. Its modular de-

8 The author was involved in the plasma treatment design and experiment and interpretation of results
concerning the H2-DCSBD properties.
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sign enabled batch processing of nanoparticles and optical diagnostics through a sap-
phire glass window. The thermally annealed detonation nanodiamonds were subjected
to plasma treatment at 1.8 and 3.1 W/cm?2 power levels. We have observed strong and
dynamic interaction of the microdischarges with the nanoparticles. After the discharge
ignition, the discharge-induced transport of the nanoparticles occurs. Part of the
nanodiamonds was pushed outside the discharge; however, the remaining nanoparticles
were immobilised at the active discharge zone above the dielectrics and aligned along
the microdischarges. This behaviour was probably caused by the combination of the
charging of the particles and the plasma-induced momentum utilised in plasma actua-
tors.

The FTIR spectroscopy confirmed the presence of CH2 and CH3 surface groups on hy-
drogen plasma-treated nanodiamonds at simultaneous reduction of C=0 and C-O-C
groups. The OES of the discharge with nanodiamonds confirmed the expected molecular
and atomic hydrogen emission; however, no OH emission was observed. The traces of
nitrogen and oxygen, found in the discharge emission spectrum, could result from pro-
cessing gas impurities and air desorption from the treated nanoparticle surface. Another
supportive evidence of the plasma-induced processes was found using the OES of the
effluent gas, which was combusted as a pre-emptive safety measure. The flame proper-
ties changed considerably after the treatment onset and gradually returned to the origi-
nal state with the ongoing treatment time. The blackbody radiation model was used to
estimate the flame temperature (a small amount of nanodiamond particles was carried
in the effluent gas), which increased from 1500 K to 2200 K after the treatment onset.
The flame appearance was used to determine the combustion stoichiometry - the diffu-
sive plum shape rapidly evolved into a very bright jet structure, indicating a rapid com-
bustion stoichiometry change from lean combustion towards oxygen-rich fuel mixture.
Both results support the estimated dynamics of the plasma hydrogenation process - the
rapid outgassing of the nanodiamond particles' surface at simultaneous replacement of
oxygen atoms by hydrogen ones. The treatment was done at a moderate temperature of
70 °C. Even the short treatment time of 5 minutes was sufficient for creating detectable -
-CHx functional groups, which was a promising result considering the processing
throughput compared to standard microwave plasma treatment at vacuum conditions.
Another interesting result was that the hydrogen was predominantly accumulated in the
amorphous detonation nanodiamond shell, which could be interesting for hydrogen-
storage applications.

The H2-DCSDB research continued further. Before the author’s scientific effort was re-
focused towards plasma treatment of liquids, he was involved in the pilot experiments of
PTFE surface functionalization and polymer etching experiments, which were further
investigated by the team of Prof. Cernak. The author was also supervising a Master the-
sis of Michal Stipl (2019), which deepened our understanding of CDBD behaviour in bi-
nary mixtures containing hydrogen gas. There, the dedicated ring electrode setup was
adopted to study the memory effect causing the discharge pattern (de)stabilisation and
the influence of Hz admixture on the behaviour of microdischarges. The binary mixtures
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of argon or nitrogen with an admixture of 1 to 8 % hydrogen and a mixture of argon and
nitrogen were studied. The mobility of microdischarges was investigated using a special
feature of the interline ICCD camera, enabling the acquisition of a second image with
incremental delay from 1 ps. This enabled the programmatic acquisition of the discharge
pattern evolution on the time scale from the half-period to 100 of the HV periods, i.e.
more than milliseconds. More than 100 experimental conditions were measured and
evaluated, including HV frequency, amplitude and composition of discharge atmosphere.
Focussing only on the influence of hydrogen admixture (units of percent), we can con-
clude that in the case of nitrogen as the carrier gas, the hydrogen admixture led to lower
displacement of the discharge pattern, i.e., higher spatial stability. On the contrary, the
increase of HV frequency from 16 to 57 kHz led to the destabilisation of the discharge
pattern, i.e. higher mobility of microdischarges. When the argon was used as the carrier
gas, the amplitude of HV necessary to sustain the discharge was approximately 3 x low-
er, and the microdischarges' density along the circumference of the ring-shaped elec-
trodes was also lower. Hydrogen admixture led to discharge pattern stabilisation, i.e.,
lower microdischarge mobility, also for the argon carrier gas. The effect was substantial
even for a 1% hydrogen admixture. In 8% hydrogen mixture and at a 30 kHz frequency,
the angular displacement of the discharge pattern was even less than a milliradian dur-
ing a 4-ms wide temporal window, which could be beneficial for further spatiotemporal
studies of the microdischarges in highly accumulated experiments.

ABRRAR

The results of coplanar discharge diagnostics, summarised in this thesis, and an in-
creasing number of comments from the research community on the term ‘diffuse’ in the
nomenclature of DCSBD discharge led us to further investigations. The key dispute was
whether the term ‘diffuse’ could also be used for macroscopically uniform CDBD, despite
its inherent nature of spatiotemporally constricted individual microdischarges. The au-
thor, together with Assoc. Prof. Rahel investigated the diffusiveness of DCSBD under var-
ious conditions, and the results were presented at the HAKONE XV conference in 2016
(Rahel et al. 2016). The truly diffusive regime of coplanar barrier discharge without
constricted filaments crossing the interelectrode gap was achieved in helium and neon,
and only in a specific parametric window (HV frequency, amplitude and power, respec-
tively). This diffuse regime was utilised for charge relaxation event discovery and 2D
resolved electric field measurements of helium CDBD (see the annotated papers (Mora-
vek et al. 2016, Navratil et al. 2017, Cech et al. 2018)). Nonetheless, the DCSBD dis-
charge was primarily developed for fast and homogeneous treatment of various, tem-
perature-sensitive materials, such as nonwovens, textiles, polymeric foils, etc. From that
perspective, the DCSBD discharge consists of many individual microdischarges that in-
teract with each other along the electrodes (adjacent microdischarges) and across the
electrodes (opposite microdischarges). The microdischarges interact, e.g., through the
photons (significantly in the UV range), space charge, surface charge, or residual heat.
These effects are commonly referred to as the ‘memory effect’.
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The individual microdischarges consist of spatially constricted hot filaments crossing
the interelectrode gap and surface discharges along the dielectrics above the electrode
footprints. While the filamentary part could reach more than 300 °C for wide electrode
gaps, the surface part of the discharge follows the dielectric surface temperature, usually
between 50 and 70 °C. The unique feature of DCSBD generated in the ambient atmos-
phere lies in enhancing the surface part of the discharge with the increasing gap voltage.
This surface part is macroscopically, i.e. visually, homogeneous, or let's call it ‘a diffu-
sive’. However, when investigated using a high-speed camera, e.g., ICCD, even this visual-
ly homogeneous part could break down into a complex system of fibrous surface dis-
charges in, e.g., air, argon, or nitrogen working gas. The collective interactions among
surface discharges, e.g. in nitrogen, could even result in complex surface discharge pat-
terns. We have observed the system of three equidistant parallel strips of luminous
channels above electrodes in nitrogen DCSBD. From this point of view, only in a hydro-
gen and oxygen atmosphere at atmospheric pressure, we have observed that the surface
part of the DCSBD lacks a distinct structure or branching and is visually diffusive on a
microscopical, single microdischarge level. Moreover, the microdischarges in a hydrogen
atmosphere are highly mobile, contributing to the visually homogeneous/diffuse charac-
ter of DCSBD. But we must note here that the DCSBD / CDBD discharge diagnostics were
and still are dominantly performed without the treated surface. This is understandable,
as the dominant discharge information is acquired through discharge light emission.
However, the completely different situation represents the discharge behaviour and its
appearance when the treated surface is brought into the near vicinity of the discharge.
And this is the use case of DCSBD. We used a transparent glass plate and spacers to cov-
er the dielectric plate of DCSBD. Then we investigated the structure of DCSBD in contact
with the additional nonconductive surface above the ceramic plate, see Fig. 13. The nar-
row gas gap of 0.1 mm thickness was chosen to be lower than the uncovered DCSBD
plasma layer thickness of 0.3 mm in the ambient atmosphere®.

(A) (B) ©)

Figure 13: Single period ICCD acquisition (exp. time 100 ps) on DCSBD formed in narrow gaps:
(A) nitrogen; (B) air - magnified 2.5x; (C) argon. Source: Author and Jozef Rahel (Rahel et al. 2016b)

9 This value resulted from spatially resolved emission spectroscopy probing the vertical profile of DCSBD
plasma layer. The experiment was conducted by the author and Dr. Andrej Bucek at DPPT (former
DPE).
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We have imaged the discharge pattern using an ICCD camera with a single period
resolution. In the case of argon gas, the filamentary microdischarges crossing the inte-
relectrode gap were still present. Compared to the uncovered DCSBD, the density of ob-
served filaments was lower, and the surface part of microdischarges was slightly diffu-
sive, but still highly fibrous and branched. In nitrogen, the typical H-shaped microdis-
charges crossing the electrode gap could still be observed; however, a uniformly glowing
strip was observed above the electrode footprints, i.e. places where the highly struc-
tured surface discharges were observed in the uncovered DCSBD configuration. The
most interesting discharge pattern change was observed in ambient air DCSBD. When
generated in a narrow gas gap, the microdischarges pattern disappears. Instead of fila-
ments crossing the interelectrode gap, the fine-spotted, luminous strips were observed
above the electrode footprints. The discharge probably transitions into some hybrid
CDBD-VDBD regime, considering the electric field distortion resulting from the surface
charging of the glass surface brought into contact with the DCSBD. Our high-speed cam-
era investigation gave us compelling evidence that even a microscopically uniform dif-
fuse plasma can be routinely formed in narrow gaps at conditions similar to those used
in plasma treatment setups.

ABRRAR

The last annotated paper, closing the DCSBD chapter of the thesis, will be devoted to
the niche study of CDBD generated under low-pressure conditions. The DCSBD unit was
developed to produce a plasma layerl? of high energy density intended for the high-
speed inline industrial processing of flat materials like glass, foils or textiles. And this
inherently required atmospheric pressure operation conditions. However, the passively
cooled laminated small-scale coplanar DBD electrode system was developed by the team
led by Assoc. Prof. Pavel Stahel in 2014, and it was later found suitable also for the vac-
uum operations. In the same year, 2014, another team led by Assoc. Prof. Pavel Stahel
patented a unique way of vacuum chamber cleaning method based on photocatalysis
principles!l. In the follow-up research, the plasma decontaminator based on the newly
developed laminated CDBD system was successfully tested for an electron microscope
vacuum chamber.

To better understand the behaviour of CDBD under low-pressure working conditions,
a series of experiments on the characterisation of the discharge under wide pressure-
range conditions was performed, resulting in the publication (Cech et al. 2017). The
studied plasma source was based on the coplanar DBD electrode arrangement and could
operate at sub-Pa to super-atmospheric conditions.

10 Though the DCSBD probably does not fulfil the strict ‘plasma’ definition.
11 Czech patent CZ 305097 Method of reducing or removing organic and/or inorganic contamination of

vacuum system of display and analytic devices and apparatus for making the same
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Temporally unresolved orthogonal imaging and phase-resolved ICCD imaging were
adopted to follow plasma geometry and microdischarge behaviour. Together with
breakdown voltage measurements, the discharge diagnostics revealed three operational
regimes of the discharge: ‘high-pressure,” ‘transitional’, and ‘low-pressure’ with fuzzy
boundaries at pressures of approximately 10 kPa and 1 kPa, when operated in a nitro-
gen atmosphere, see Fig. 14 depicting microdischarge structure changes with the pres-
sure.

o00Pa 50kPa S50kPa 0.1 MPa 0.13 MPa

Figure 14: ICCD images of individual microdischarges concerning the working gas pressure. Pic-
tures taken in a single half-period of the discharge. Polarity and edges of electrodes are labelled A
(anode) and C (cathode). Source: Author (Cech et al. 2017)

The ‘high-pressure’ regime is a typical regime of CDBD operation. The discharge con-
sists of numerous nanosecond microdischarges that form a 10-100 pum thin filament
bridging the interelectrode gap and creating a highly branched structure of surface dis-
charges above the electrodes. The shape of the microdischarges resembles a bow-like
protrusion above the dielectrics, resulting in a sub-millimetre-thin plasma layer for-
mation. In the photography of the discharge, the distinct and sharp images of microdis-
charges are visible, indicating the low mobility of individual microdischarges.

When the gas pressure is gradually reduced, the filament diameter increases, the sur-
face part of the microdischarge starts spreading wider along the electrodes, and its
branched structure gradually transforms into the diffusive spots. This ‘transitional’ re-
gime occurred at a 10-20 kPa pressure. The plasma layer is, however, still sub-
millimetre thin until the pressure is reduced to approximately 1 kPa. Below this bounda-
ry pressure, the discharge enters the ‘low-pressure’ regime.

With further pressure decrease, the so-far thin plasma layer gradually spreads into
the half-space above the dielectric plate. The microdischarges became blurry, and with
power increase, a continuous luminous layer is formed at the dielectric surface above
the electrodes. We have found that the thickness of the plasma layer (forming finally a
plasma plume at a low-pressure regime) scales inversely proportional to the gas pres-
sure. In contrast, the width of the microdischarge channel scales inversely proportional
to the square root of the gas pressure.
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We have also found that the breakdown voltage rapidly decreased from approximate-
ly 8 kV at atmospheric pressure conditions to less than 1 kV below a gas pressure of
1 kPa. The canonical form of the Paschen law cannot fit the experimental data. We have
realised that the microdischarge channel length deviates considerably from the distance
between the electrodes (the interelectrode gap), as the arched ‘bow-like’ structure of the
microdischarges channel is protruding higher above the dielectric plate with pressure
decrease. Dr. Zdenek Bonaventura proposed modifying the canonical form of the
Paschen law, introducing an effective electrode distance based on a parabolic approxi-
mation of the microdischarge channel shape. The measured pressure dependence of the
breakdown voltage follows the proposed modified Paschen law.

The measured data can support the tailored design of the low-pressure plasma units
based on a coplanar DBD arrangement.

3.2 Conclusion to the DCSBD Part

The broad discharge conditions were investigated during the development of DCSBD
on a dedicated simplified electrode arrangement as well as on a full-scale electrode ar-
rangement. The results of the diagnostics on model CDBD served the DCSBD develop-
ment team at MUNI for evidence-based evolution of DCSBD electrode and dielectrics
configuration. During this research, two novel phenomena were described - the role of
residual heat on the spatial stabilisation of filaments (memory effect) and the ultra-low
intensity process preceding the Townsend avalanching phase - the Charge Relaxation
Event discovered in the dark phase of diffuse CDBD in helium. From the broad spectrum
of DCSBD applications, the niche research utilising DCSBD in a hydrogen atmosphere
was commented on.

The first part of the thesis comments on the discharges in contact with solids, more
precisely with solid surfaces. However, the presented dielectric barrier discharges and
numerous other discharge systems were also utilised for the plasma treatment of lig-
uids, which is the topic of the second part of the thesis.
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4 Part Il: Plasma Treatment of Liquids: CaviPlasma
Technology

The plasma treatment of liquids, especially water, has been a subject of research ef-
fort for more than two decades (Bruggeman and Leys 2009, Bruggeman et al. 2016). The
research in this field is driven by the wide spectrum of potential applications. Plasmas in
contact with liquids produce complex mixtures of biologically and chemically active spe-
cies. The most common active species used in plasma treatment of liquids are reactive
oxygen and/or nitrogen species, commonly referred to as RONS (Reactive Oxygen and
Nitrogen Species), such as hydroxyl radical, singlet oxygen, ozone, hydrogen peroxide
and generally the per-oxo compounds, or nitrogen oxides, but also the intense UV radia-
tion (Bruggeman and Leys 2009, Locke et al. 2025, Montalbetti et al. 2025, Sunka et al.
1999, Machala et al. 2019, Gorbanev et al. 2018b). These reactive agents alone, or in
combination, have been extensively studied for, e.g., wastewater remediation, as the so-
called Advanced Oxidation Processes (AOPs) (Miklos et al. 2018). The great advantage of
plasma-liquid systems in comparison to AOPs consists in the synergistic action of all the
mentioned agents and also the electric fields, electrons or shockwaves (Bruggeman et al.
2016). Plasma technology brings the benefit of in-situ tailored production of reactive
species; however, the efficient transport of produced species is a challenging task (Locke
etal. 2025).

Plasma treatment was found effective in the remediation of (waste)water from bio-
logical and/or chemical contaminants, especially in low concentrations, i.e., micropollu-
tants (Foster 2017, Topolovec et al. 2022, Magureanu et al. 2021, Jiang et al. 2014,
Gerrity et al. 2010). However, the plasma-liquid interactions have a much broader po-
tential, and this field has become highly cross-disciplinary (Rezaei et al. 2019). Biomedi-
cal applications (Kaushik et al. 2018, Machala et al. 2019, von Woedtke et al. 2025), agri-
cultural applications (Pua¢ and Skoro 2025, Thirumdas et al. 2018, Graves et al. 2019),
plasma-chemical synthesis (Rezaei et al. 2018, Park et al. 2019, Yayci et al. 2020), or na-
noparticle synthesis (Mariotti et al. 2012, Liguori et al. 2018) are only excerpts from the
extent of this disruptive plasma field.

The industrial demands on plasma-liquid technology remain valid throughout the
decades of intensive research, i.e., the energy efficiency (or better the total cost of own-
ership) in combination with upscaling to industrially relevant (large) volume of treated
liquid. The author finds the challenges of application-oriented research in the combina-
tion of the complexity of plasma-liquid interactions and the technological demands, i.e.,
the selection from the pool of plasma sources and tailored treatment conditions, ensur-
ing the plasma-chemical generation of a sufficient quantity of desired active species, of-
ten in the direct interaction of the discharge with the liquid, and finally the transport of
the active species into the liquid.
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The physically interesting approach to the efficient plasma-liquid interactions is the
generation of reactive species by electrical discharges in the liquid/water phase
(Chauvet et al. 2020). However, the operating conditions of discharges in liquid phase
are challenging, considering the high breakdown strength of liquids (>1 MV/cm (Sunka
et al. 1999)). The discharge breakdown in a genuinely liquid environment was achieved
by ultra-fast high voltage pulses imposed on a highly curved electrode immersed in the
liquid (Simek et al. 2017, Grosse et al. 2019). This approach is scientifically interesting
for the achieved exotic discharge conditions, e.g., the pressure on the order of GPa, and
the challenging plasma diagnostics of the discharge initiation and propagation (Grosse
et al. 2021, Simek et al. 2020). The hydrogen peroxide production efficiency was report-
ed to be 2 g/kWh for the nanosecond pulsed discharges in water (Chauvet et al. 2020),
which is close to the other plasma-liquid systems (Locke and Shih 2011). However, the
scalability of this technical solution could represent a challenging task. The large-scale
industrial applications will probably not be feasible for these plasma-physically highly
interesting discharges in the near future.

The remaining option for the plasma-liquid systems was the utilisation of a subsidi-
ary gas-phase environment, where the electric discharges could be easily sustained and
which enables the adoption of a broad spectrum of available plasma sources
(Bruggeman et al. 2016). The crucial performance aspect, however, remains: the effi-
cient transport of plasma-produced species into the liquid (Locke et al. 2025, Janda et al.
2025). The gas-phase introduction reduces breakdown strength to technically feasible
values ranging typically from 1to 10 kV/cm. Tuning the gas-phase composition and
plasma parameters also enables the tailored production of (re)active species in plasma-
treated liquid, according to the application needs (Montalbetti et al. 2025).

The broad overview of the representatives of the gas-phase discharges-to-liquid sys-
tems was given in the review by Bruggeman and Leys (2009). The spectrum of setups
investigated include plasma jets in contact with the liquid surface or submerged in lig-
uid, discharges generated remotely above the liquid surface (liquid surface does not
serve as the electrode) or in direct contact with the liquid surface, where the lig-
uid/electrolyte serves as the electrode and discharges are generated, e.g., against the
liquid surface, or in bubbles (Bruggeman and Leys 2009).

However, the efficiency of the plasma systems (Stefan 2017) relies on the efficient
transport of active particles into the bulk liquid. These gas-liquid transport processes
through the interfacial layer on the gas-liquid boundary (Locke et al. 2025) are generally
very complex, and despite the research effort, they are still not fully understood. Diag-
nostics of the transport processes must be performed on the ns time scale and in a thin
micrometre-range liquid layer. The fluxes of neutrals, radicals, and charged species (as
well as photon flux, especially UV photons, and also a heat flux) react with or act on the
actual state of the liquid surface, being an electrolyte and often a polar one, e.g., water -
see, e.g. the reviews (Janda et al. 2025, Locke et al. 2025, Bruggeman et al. 2016, Stefan
2017). Moreover, the interfacial layer cannot be treated as homogeneous, and the com-
plex two-phase environment could be formed on the microscopic level, see, e.g., the
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study on the dynamics of micro and nanobubbles in the ns-pulsed discharges (Hoffer et
al. 2022). Moreover, even the water properties under discharge conditions are not well
understood (Vanraes and Bogaerts 2018).

However, general principles can be assessed even if detailed knowledge of the
transport processes is unavailable. Assuming the plasma production of (re)active spe-
cies in the volume of the gas phase, the produced species have to be transported through
the gas-liquid interfacial layer in the volume of liquid (Bruggeman et al. 2016, Locke et
al. 2025). We can consider a simple model that could point the way towards more effi-
cient plasma-liquid processing. The flux of plasma-originated species to the gas-liquid
boundary will determine the total number of (re)active particles dissolved in the volume
of the liquid. Then the concentration of the (re)active particles in the liquid will be pro-
portional to the (gas) particles flux density and the surface area of the boundary. So, to
increase the liquid treatment efficiency, we can increase the concentration of plasma-
generated particles'? and/or enlarge the gas-liquid boundary surface area. The latter
approach is adopted in discharges in multi-phase environments (Bruggeman et al
2016). There are two principal approaches to enlarge the surface area of the gas-liquid
boundary:

e Systems based on nebulization of the treated liquid: The liquid in the form of
mist or small droplets (aerosol) has a significantly increased bulk-to-surface
ratio, and the transport efficiency is high (Janda et al. 2025). The total volume
of liquid treated per unit time is, however, limited for plasma-aerosol sys-
tems, but this could also be seen as the opportunity for controlled mi-
cro/nanomaterials and niche applications (Stancampiano et al. 2019, Janda et
al. 2025).

e Systems utilising gas bubbles or microbubbles immersed in the water: The
discharge is either generated in the bubbles, or the discharge effluent is bub-
bled through the liquid (Bruggeman and Leys 2009). The gas phase for-
mation in the liquid (bubble) can also be initiated by the high voltage im-
posed on the electrodes prior the breakdown, see, e.g., (Kr¢ma et al. 2018) for
DC pin-hole system, or (Lukes et al. 2013) for capillary/diaphragm discharge.
The energy efficiency of the treatment is above average for bubble systems
(Locke and Shih 2011). The volume per unit time performance of the bubble
systems remained, however, typically in the range 10-100 mL/min (Gao et al.
2022, Wang et al. 2025), and this was the situation in which the CaviPlasma
technology (Cech et al. 2024, 2025) was invented. Recently, the bubble sys-
tem was reported (Saedi et al. 2025) with a volume capacity up to 120 L and
flow rates up to 16 L/min. The system utilises multiple Venturi tubes in par-
allel for bubble generation and suction of corona-treated gas. Despite the re-

12 The effective lifetime of generated species and their transport towards the liquid interface have to be

also considered, and the interaction time as well (Janda et al. 2025).
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ported volume/flow rate figures being close to the cavitation plasma systems
(Cech et al. 2024), the performance measured by RONS concentration in the
liquid phase was rather limited, i.e., approx. 0.1 uM of H202 and 10 uM of NO3
after 10 min treatment of 1 L of tap water with the plasma input power 25 W,
see (Saedi et al. 2025, fig. S6).

Figure 15: CaviPlasma - 15t generation unbridged regime in tap water. Source: Author

At the origin of the application-oriented research of CaviPlasma was the effort to en-
hance the efficiency of the cavitation technology investigated at Brno University of
Technology and the Institute of Botany, Academy of Sciences of the Czech Republic
(Jancula et al. 2014). The cavitation jet water treatment was found effective for the man-
agement of cyanobacterial blooms, when the removal of biomass from the water column
was successful; however, the metabolic apparatus of cyanobacteria was not affected, and
the growth of cavitated biomass was observed (Jancula et al. 2014). The goal of the
plasma application effort was the enhancement of the cavitation jet efficiency with the
ability to inhibit cyanobacteria's metabolic activity by plasma-produced ROS. The col-
laboration of research teams on CaviPlasma was based on the previous cooperation of
the team at Masaryk University and the Brno University of Technology on the computa-
tional evaluation of fluid dynamics in the rotating gliding arc air decontaminator devel-
oped at MUNI (Cech et al. 2019).

In 2018, the team at MUNI, led by Assoc. Prof. Stahel joined the teams led by Assoc.
Prof. Rudolf at BUT and Prof. Marsalek at IBOT CAS in the common effort to merge the
two worlds - the fluid mechanics with the outstanding cavitation research at BUT and
the highly developed proficiency of application-oriented plasma research at MUNI. The
research effort at MUNI led to the successful initiation of electric discharge in the water
vapour phase inside the liquid, i.e., in the so-called hydrodynamic cavitation cloud, see
Fig. 15. After intensive research, the cavitation-plasma treating unit was developed,
which combines the best of both fields, boosting the performance of existing plasma-
liquid approaches. Its superb efficiency of cyanobacteria decontamination, verified by
the IBOT team, paved the way for further joint-research efforts of MUNI, BUT and IBOT
teams. The joint patent application was prepared and filled in 2019, and the patent was
granted in late 2020 (Rudolf et al. 2019). The technology was later given the name Cavi-
Plasma. Its first implementation could treat 3 L of water at a flow rate of approximately
1.6 m3/h by the electric discharge with a power input of 0.4 kW (Marsalek et al. 2020).
These numbers leverage the plasma-liquid treatment potential at least by an order of
magnitude in volume/flow rate performance, while keeping very promising treatment
efficiency among other plasma-liquid systems (Locke and Shih 2011, Cech et al. 2024,
Cech et al. 2025).
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The potential of this new technology was recognised at an early stage by the technol-
ogy transfer experts, awarding CaviPlasma the first place at Transfera Technology Day
202013, and also by the expert jury, awarding CaviPlasma the Grand Prix of the Brno In-
ternational Industrial Fair 202114 In 2023, the first international patent in Israel was
granted (IL 293579), and in 2024, the Canadian and European patents followed
(CA 3,164,469 and EP 4 073 002 B1). The high societal impact of the CaviPlasma tech-
nology was confirmed by the Technology Agency of the Czech Republic (TACR), which
awarded the project Hybrid plasma-chemical oxidation for advanced decontamination of
micro-pollutants and waste water disinfection (TACR SS01020006) the 2024 best applied
project prize in the category ‘Society’, and the project became the absolute winner of the
2024 TACR awards - winning the Czech Idea 2024 prize (orig. Cesky ndpad 2024)'5. The
awarded project was based on the CaviPlasma technology.

The promising potential of CaviPlasma was verified in a wide range of decontamina-
tion tests on pharmaceuticals, hormones and pesticide residuesé. The biocidal effects on
cyanobacteria and algae were confirmed; see the annotated papers (Marsalek et al.
2020, Cech et al. 2020). However, the superb biocidal effect was also confirmed on the
gram-positive and gram-negative bacteria, including the multi-resistant strains of hu-
man pathogens!’. The interesting results were achieved in research focused on the re-
circulating aquaculture systems, which was led by Dr. Jan Mendel (Institute of Verte-
brates of the Czech Academy of Sciences). We have achieved eradication of the Salmon-
idae bacterial pathogens (sp. Aeromonas and Flavobacterium) and the Ichthyophthirius,
the potent fish parasite, that threatens the fish rearing units (two research papers are
submitted, or under review process).

The promising results were also achieved in agriculture. The author led the project
Increasing the commercial potential of plasma-treated water technology in the agro-
industry by verifying the health safety of such treated plant production (TACR, MU-
NI/31/06202105/2021). The project verified the potential of plasma technology in hor-
ticulture, especially in recirculating growing systems, see Fig. 16 demonstrating the po-
tential of CaviPlasma on the suppression of microorganisms growth in recirculating
growing systems.

13 See the Transfera.cz web page (in Czech): https://www.transfera.cz/akce/akce/transfera-technology-
day/rocnik-2020/

14 BUT report on the event (in English): https://www.fme.vutbr.cz/en/veda/oceneni/70038

15 See the report of the Technology Transfer Office of MUNI (in Czech):
https://www.ctt.muni.cz/aktualne/aktuality /hlavnim-vitezem-a-drzitelem-ceny-cesky-napad-v-
ramci-dne-ta-cr-2024-se-stala-technologie-z-mu

16 Results on pharmaceuticals presented at CESPC9 conference (Cech et al. 2022a); unpublished data

17 Results on multi-resistive strains presented at FS02023 conference (Cech et al. 2022b); unpublished
data

34



PART Il: PLASMA TREATMENT OF LIQUIDS: CAVIPLASMA TECHNOLOGY

The plasma treatment of hydroponic and aquaponic growing solutions resulted in a
substantial (15-50%) decrease in the abundance of nitrates in lettuce and basil planted
in plasma-treated solutions. Ongoing agri and aquacultural research based on both dis-
coveries is in progress.

The first and second annotated papers in this second part of the thesis (Marsalek et
al. 2020, Cech et al. 2020) are the very first papers on the CaviPlasma technology and
cover the application of CaviPlasma on cyanobacteria and algae.

Figure 16: The cleaning effect of CaviPlasma treatment on a hydroponic recirculating system:
no-treatment (left), 60 mg/1 H202 (middle), 90 mg/1 H20: (right). Source: Author

Despite the success of applied research, the physical nature of the new technology
remained unclear. The fundamental research of this novel plasma-cavitation source was
encompassed by the Czech Science Foundation project: Exploring fundamental interac-
tions of hydrodynamic cavitation and low-temperature plasma to enhance the disinfection
effects (GA22-11456S). Therefore, the last set of the three annotated papers (Cech et al.
2024, Cech et al. 2025, Hornak et al. 2025) covers the results of CaviPlasma diagnos-
tics. The development of CaviPlasma technology starts with the discharge generated in
a short cavitation cloud with the metal-to-liquid electrode arrangement (1st generation).
Then it continues to utilise an enhanced, prolonged cavitation cloud with the metal-to-
metal electrode arrangement (2nd generation), i.e., with the discharge bridging the cavi-
tation cloud in which a pair of metal electrodes is submerged without any water column
between the electrodes. The 2nd generation of CaviPlasma became the fundamental con-
figuration in current applied research projects. Diagnostics of the discharge and the gen-
eration of the active species are commented on.
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4.1 Commentary on the Annotated Scientific Papers: CaviPlasma

This first annotated paper (Marsalek et al. 2019) represents the public disclosure of
the CaviPlasma technology in a scientific paper. For the newly developed technology, we
have introduced the designation hydrodynamic cavitation plasma jet (later abandoned),
based on the term ‘hydraulic cavitation jet’ in (Jancula et al. 2014). The image of the ear-
liest phase technology is given in Fig. 17. The discharge was generated in a so-called
‘unbridged’ regimel8. The separation of electrodes was approximately 4 cm, and the cav-
itation cloud was only 2 cm long, i.e., the metal-to-liquid electrode arrangement was
formed, and the discharge was in contact with only one metal electrode, the nozzle elec-
trode.

Figure 17: CaviPlasma - the first experiments: (top) Venturi nozzle with cavitation cloud and
electrode configuration, (bottom) electric discharge ignited in the cavitation cloud. Source: Jozef
Rahel

The very first tests of this new technology revealed its outstanding performance in
water remediation from the cyanobacteria (Microcystis Aeruginosa). The results pre-
sented in this paper were the key findings that assured the joint patent application on
the CaviPlasma technology by BUT, MUNI and IBOT. The crucial finding was that the
electric discharge generated in the cavitation cloud brings a strong synergetic effect,
substantially leveraging the performance of the cavitation technology studied by our
partners at BUT and IBOT (Jancula et al. 2014). The first CaviPlasma treatment unit was
operated at an input power of 0.4 kW. The discharge was sustained using a sine wave
high voltage (HV) generator. The frequency of HV was typically between 20 and 65 kHz,
and its amplitude was usually 3 to 6 kV (in tap water). The treatment was efficient even
at the flow rate of 0.45 L/min, i.e., 1.6 m3/h, which outperformed contemporary plasma
treatment systems by more than one order of magnitude. We have found that even a
single cycle of the combined plasma-cavitation treatment of cyanobacteria-
contaminated water led to the inhibition of the cyanobacteria's growth with no recovery

18 This arrangement was used in the first phase of CaviPlasma development. The terms ,unbridged“ and
Lbridged“, respectively, were introduced after the electrode/cavitation cloud modifications to distin-

guish between the modifications/development generations.
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for more than 192 hours (8 days). Moreover, the cavitation caused the collapse of the
gas vesicles of cyanobacteria, which allows for the removal of cyanobacteria using sedi-
mentation. Furthermore, our results proved that the combined effect of cavitation and
electric discharge enables the control over the treatment process, preventing the sec-
ondary contamination of treated water with the microcystins - the cyanobacteria toxins.
We have found that the intensity of the cavitation treatment could be kept at a level suf-
ficient for the collapse of cyanobacteria gas vesicles, but below the level causing cell
damage, leading to the release of the cyanotoxins. Moreover, the level of cyanotoxins
present in the treated contaminated water was even reduced after the plasma-cavitation
combined treatment (by 1/3 of its original value after 3 treatment cycles). The results
also show a delayed effect of the combined plasma-cavitation treatment on the cyano-
bacteria inhibition of approximately 1 day, indicating the presence of mechanisms in-
volving long-lived species. The sole cavitation treatment under the same conditions led
to cyanobacteria gas vesicles rupture; however, the growth suppression is limited. Con-
trary to the combined plasma-cavitation treatment, the photosynthetic activity was not
suppressed in the single-pass cavitation-only treatment, and the biomass started to re-
cover approximately 3 days after treatment.

The critical aspect of the experiments was proof of the feasibility of fast, large-volume
applications. These results paved the way for the security research project CaviPlasma:
wide-spectrum large-volume decontamination plasma technology for IRS (SECTECH II,
VB02000041) based on the current generation of CaviPlasma technology. Another es-
sential aspect of CaviPlasma efficiency emerges when the effective treatment time of the
liquid is assessed. Considering the reaction chamber's dimensions, the plasma-cavitation
zone's length and the treated liquid's flow rate, the residence time, i.e., the effective time
of action of plasma-cavitation on the liquid, is typically only a few milliseconds. Howev-
er, the treatment efficiency is at least on par with the state-of-the-art systems.

Only the general principles of operation were discussed in the first published paper.
The discharge emission and the treated water were analysed to explain our findings on
cyanobacteria. The optical emission spectra revealed the atomization of water vapours
inside the cavitation cloud - hydrogen in atomic state and the reactive oxygen species
(ROS) were confirmed through Balmer lines (H« to Hy), OH radical bands and oxygen
atom triplets’ emission. The presence of a ROS stable product, the hydrogen peroxide,
was quantified using spectrophotometric analysis using the reaction with the titanyl ion.
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Further insights into the application potential of CaviPlasma were summarised in the
second annotated paper (Cech et al. 2020). In this paper, we have investigated the bio-
cidal effects of water treated by the CaviPlasma unit in the ‘unbridged’ operation regime.
Contrary to the preceding paper, the direct plasma-cavitation action on the cyanobacte-
ria and algae was avoided. Our findings prove that the indirect action of CaviPlasma on
the cyanobacteria and algae mediated by the CaviPlasma-treated water (PAW1?) also
brings biocidal effects20.

The cultivation took place in medium prepared from a 1:1 mixture of PAW and
growth medium (the PAW label was adopted for community search reasons). The bio-
logical effects were therefore caused only by the long-lived species generated in the wa-
ter by plasma-cavitation treatment. Three doses of plasma treatment were studied, cor-
responding to 1, 3 and 5 passes of water through the active plasma-cavitation zone,
9.0 to 9.5 cm long. The HV generator input power was set to 0.4 kW at 65 kHz HV fre-
quency. We have confirmed that the CaviPlasma-treated water has biocidal effects and
can inactivate the cyanobacteria and algae. The action on the cells was slower than was
observed for directly treated contaminated water in the CaviPlasma unit. The inhibition
of cyanobacteria was strongest after 2-3 days of cultivation and was observed for all
three PAW treatment doses, see Fig. 18.
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Figure 18: Suppression of Cyanobacteria cultivated in PAW-based medium for three plasma-
treatment doses. Data: Blahoslav Marsalek

19 The PAW is an abbreviation of Plasma Activated Water. Even though the term “activated” is physically
incorrect, it was widely adopted in the literature for the water or water-based solutions treated by
plasma.

20 Internal tests conducted by our partners at IBOT confirmed the biocidal activity of prepared CaviPlas-

ma-treated water even after 6 months of storage under standard room conditions.
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The algae were also significantly suppressed; however, for the single-pass PAW (low-
est treatment dose), we observed the recovery of the fluorescence activity 3 days after
the beginning of cultivation. The reduced sensitivity of algae to the PAW can be ex-
plained by their cell structure - as eukaryotes, they have more barriers (cellular mem-
brane) than do the evolutionarily simpler cyanobacteria. This result indicates that the
selective suppression of cyanobacteria could be feasible when the application of Cavi-
Plasma technology in real biological systems is considered.

The results of further discharge diagnostics were also included in the paper. A high-
speed camera (1000 fps) followed the discharge dynamics in the cavitation cloud. The
irregularity of the cavitation cloud propagation roughly corresponded to the speed of
sound in the cavitation cloud (mixture of liquid and vapour phases) and the velocity
field resulting from the numerical simulations performed by our colleagues at BUT. The
highly non-equilibrium nature of the discharge in the cavitation cloud was demonstrated
on the distribution of reduced population of states of OH (A-X) resulting from the simu-
lation-fitting procedure using massiveOES SW developed at DPPT MUNI by Dr. Jan Vorac
and Dr. Petr Synek (Vorac et al. 2017b; 2017a). The distribution shows two-temperature
behaviour. The electrical characterisation reveals the absence of current spikes at the
onset of the discharge. The current waveforms show a limited rate of discharge re-
sistance changes, as the discharge is stabilised by the resistance of the water column
ahead of the downstream electrode. The discharge was therefore in direct contact with
the metal electrode only in the throat of the Venturi nozzle. The downstream metal elec-
trode was completely shielded from the direct discharge exposure by the water column,
and the discharge is therefore generated against a liquid electrode.

This paper also introduced the technological innovation of the CaviPlasma setup,
adopting a vacuum pump in the water reservoir lid. The hydrodynamic cavitation behav-
iour depends on the pressure difference to the saturated water vapour pressure and the
velocity of the water (flow rate), which can be described using the so-called cavitation
number (Rudolf et al. 2014). The vacuum pump enabled the controlled manipulation of
the hydrodynamic cavitation cloud length by the pressure drop at the discharge tube
outlet, allowing a parametric study presented in the following annotated paper.
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The first paper dedicated to CaviPlasma diagnostics (Cech et al. 2024) summarises
plasma research on the first generation of CaviPlasma technology. The discharge and the
ROS production were investigated for the ‘unbridged’ regime of discharge generation,
i.e., only a single metal electrode in the throat of the Venturi nozzle is exposed to the dis-
charge. The discharge burns against a liquid electrode and was stabilised by the imped-
ance (resistance) of the water column. A parametric study was conducted for variable
flow rate, hydrodynamic cavitation cloud length, and input power of the HV generator
(the HV frequency was 65 kHz). The adoption of vacuum subsystem and the modulation
of the flow rate and water pump discharge pressure using a variable frequency driver
enabled independent selection of flow rate and cavitation length within a specific para-
metric window (0.5 to 1.5 m3/h flow rate; 20 to 150 mm cavitation length) given by dis-
charge tube of inner diameter (10 mm) and minimum throat diameter (3.5 mm). The
discharge input power up to 0.7 kW was achieved in the described configuration.

The complex characterisation of the discharge and the ROS production was per-
formed using electric measurements (current and voltage), optical imaging using a
1000 fps RGB camera and a gated intensified CCD camera (ICCD), and optical emission
spectroscopy. The concentration of hydrogen peroxide in the treated water was fol-
lowed using colourimetric measurements, i.e.,, the spectrophotometry of titanyl ions
product, and Quantofix peroxide test strips, respectively. In addition, the OH radical con-
centration measurement was performed using fluorescence spectroscopy of a chemical

derivative probe (terephthalic acid) and indirectly also using the phenol oxidation
measurements.
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Figure 19: Phase-resolved imaging of CaviPlasma and corresponding current-voltage wave-
forms, ‘unbridged’ regime: (left) deionised water, (right) tap water. Temporal resolution 500 ns,
50x accumulations. Source: Author and Pavel Stahel
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The significant outcome of the study concerning the application potential was the
ROS generation efficiency of the studied system, expressed in terms of hydrogen perox-
ide production (standard performance indicator). The measured hydrogen peroxide en-
ergy yield of up to 9.5 g/kWh positioned the CaviPlasma technology in the peloton of
plasma technologies, next to the discharges in bubbles or aerosol (Locke and Shih 2011).
The hydrogen peroxide production rate up to 2.4 g/h also positioned CaviPlasma among
the highly ranked plasma-liquid systems (Locke and Shih 2011). The phenol degradation
yield of 2.7 g/kWh also proved promising potential for the degradation of chemical pol-
lutants.

What makes CaviPlasma technology unique, however, is its ability to treat huge vol-
umes of liquids - the nominal flow rate of the tested unit was 1.5 m3/h (the current gen-
eration of portable CaviPlasma laboratory unit peaks at 4 m3/h). This key feature is in-
herently encoded into its principle of operation, utilising hydrodynamic cavitation flows.

The diagnostics revealed the glow-like nature of the discharge. The ballast resistance
of the water column between metal electrodes limits the discharge current. We can de-
scribe the discharge dynamics within the half-period of applied HV, which was 8 ps, in
several consecutive steps, see Fig. 19: The discharge starts at the nozzle metal electrode,
regardless of the polarity. It then evolves on a 1-2 ps scale as the low-emission channel
spreading from the nozzle electrode downstream of the cavitation cloud. When the dis-
charge channel reaches the collapsing end of the cavitation cloud, the current rate in-
creases, and the discharge emission peaks for approximately 2 pus and then decays. The
emission from the discharge tube does not decay completely in tap water, as the faint
emission from the nozzle electrode area was observed between consecutive half-periods
of applied HV (considering the 500 ns long acquisition windows).
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Figure 20: Emission spectrum of CaviPlasma unbridged regime. Comparison of spectra above
the nozzle electrode and the cavitation cloud end (intentionally wavelength shifted). SPS of nitro-
gen present in the cavitation collapse spectrum. Source: Author
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The primary spectral components of optical emission spectra, see Fig. 20, are Balmer
hydrogen lines in the visible range (dominantly H«) and OH (A-X) emission band in the
UV range. The oxygen atoms' emission (triplets) was observed in the NIR range. Spec-
troscopic analysis revealed two regimes of the discharge: (a) short cavitation (below
30 mm), and (b) long cavitation (above 30 mm). For short cavitation, the ratio of OH/H
measured above the nozzle electrode and the OH/O ratio remains constant and then
rises with the increase of cavitation cloud length. The rotational temperature was fitted
from the OH (A-X) emission band using massiveOES SW. In the short cavitation regime,
the rotational temperature gradually decreases with the prolongation of the channel and
remains practically constant once the long cavitation regime is reached. The two-
temperature distribution was found in the OH (A-X) population of states. The lower
component of rotational temperature is in the range of 1,700 to 2,000 K, while the high-
er component is in the range of 10,000 to 14,000 K. The vibrational temperature of
OH (A-X) is in the 3,000-4,000 K range, following the same trends as the rotational tem-
perature evolution.

The cavitation-discharge dynamics were also studied using the fast-framing RGB
camera. The cavitation cloud, as well as the discharge channel, was highly stochastic.
The discharge channel does not follow the straight path through the cavitation cloud.
The cavitation cloud's local state determines the discharge channel path, following the
cavitation cloud disturbances dragged by the flow. The cavitation/discharge channel
length at studied conditions is inversely proportional to the square of the pressure in the
discharge tube outlet, and the channel oscillates on the hundred-millisecond time scale
with the amplitude around 10 mm for a 150 mm long channel.
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Figure 21: The H20: yield dependence on the cavitation cloud length, ‘unbridged’ regime.
Source: Author and Lubomir Prokes

The parametric study of the ‘unbridged’ regime revealed trends in hydrogen peroxide
production concerning process parameters. There is a systematic increase in hydrogen
peroxide yield with the prolongation of the cavitation cloud, see Fig. 21. The rise in the
treatment's specific input energy (SIE) results in increased hydrogen peroxide concen-
tration. These findings set the course for further development of the technology: to en-
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hance the cavitation cloud generation, i.e.,, increase the cavitation cloud length, and to
elevate the energy input into the discharge.

Within the ongoing research, we have found that the system performance measured
by the hydrogen peroxide production is limited by the power losses in the water column
ahead of the downstream electrode (ballast resistance), as well as in the water pump
branch of the hydraulic/electric circuit. The change in the discharge regime from ‘un-
bridged’ to ‘bridged’ significantly reduced these power losses. In the ‘bridged’ regime,
both metal electrodes were exposed to the gas phase of the cavitation cloud and the sig-
nificant increase of the power input into the discharge was achieved, typically 1-2 kW,
but the actual tested limit is beyond 7 kW for a 4 m3/h unit. Further improvements of
the hydraulic circuit resulted in increased cavitation cloud length without the necessity
of a vacuum unit, simplifying the system for industrial adoption.

SRR

The effect of these changes on CaviPlasma parameters was summarised in the follow-
ing annotated paper (Cech et al. 2025). The most important technological shift realised
in the second generation of CaviPlasma was the deprecation of the vacuum system in
favour of a hydraulic setup improvement. The higher-rated specification hydraulic pump
(head and flow rates), controlled with a variable-frequency driver and fine-tuning of the
nozzle electrode position, allows the length of the cavitation cloud to be set at the de-
sired flow rate. Vacuum system deprecation significantly simplified the industrial adop-
tion challenges and improved the system's reliability. These changes enabled us to keep
the discharge tube geometry while increasing the flow rate to 2 m3/h and prolonging the
cavitation cloud above 14 cm. Both metal electrodes were now exposed to the cavitation
cloud, and discharge was in direct contact with both electrodes - thus, we called this the
‘bridged’ regime of operation. The electrodes' separation distance was fixed to 12 cm,
based on the system optimisation tests (not covered in the paper). The discharge stabil-
ity and electrode lifetime were further enhanced using the hollow tube downstream
electrode. The changes enabled the system to operate at HV input power up to 2 kW at
32 kHz, utilising the high-power generator developed at DPPT originally for the DCSBD
treatment.

The paper summarises the results of the ‘bridged’ regime diagnostics. A similar set of
diagnostics and the manuscript structure were adopted to facilitate the comparison with
the ‘unbridged’ regime described in the previous paper. Therefore, only the key charac-
teristics that differentiate the ‘bridged’ regime from the ‘unbridged’ one will be high-
lighted. The hydrogen peroxide generation yield was enhanced to 12.4 g/kWh and the
peak production rate increased nearly 7-fold to 17.6 g/h. The set of experiments was
conducted to explore the effects of nozzle electrode material, the conductivity of the lig-
uid and input power on the hydrogen peroxide production efficiency. The pure deion-
ised water was used, except for the conductivity tests.
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Let’s focus on the electrode material first. The tungsten electrode was tested for its
high melting point, ensuring a low electrode erosion rate. However, in practical applica-
tions of contaminated water treatment, we have experienced limited long-term dis-
charge stability due to the buildup of electrode deposits. The stainless steel and graphite
electrodes were also tested. Against our expectations based on the results of
Abramov et al. (2021), the carbon electrode exhibits the lowest treatment efficiency of
the tested materials. The deposit prevention was finally resolved with the titanium elec-
trode. We observed only minor differences in the treatment efficiency of tungsten, stain-
less steel or titanium electrodes.

The second task was the assessment of treatment efficiency concerning water (solu-
tion) conductivity, studied in the conductivity range from 5 to 5,000 pS/cm. The tested
conductivity ranges from that of deionised water to 10 times higher than that of tap wa-
ter. We have observed a decreasing trend of efficiency with increasing water conductivi-
ty. A deeper analysis revealed that the apparent performance loss was caused by the
(ohmic) power losses in the hydraulic pump branch parallel to the discharge tube. Ad-
justed for the influence of the leakage current, the treatment efficiency does not differ
within the error margin. The net power input to the discharge and the power losses in
the pump branch were estimated from the current-voltage measurements in both hy-
draulic/electric branches. This also gave us an estimation of the HV generator's efficien-
cy to be 80 %.

The last set of measurements investigated the dependence of treatment efficiency on
the input power, see Fig. 22. When the input power rises from 0.3 to 1.6 kW, the efficien-
cy of the treatment drops from 12.4 to 10.4 g/kWh. However, the production rate in-
creases from 4.3 to 17.6 g/h, favouring high input power for real application despite a
slight decrease in energy efficiency. A universal constant for hydrogen peroxide produc-
tion was assessed for the tested setup. The level of hydrogen peroxide concentration
reached using a single pass of the water through the system was found to be 8 mg/L per
kW of input power. When sorted according to specific input energy, the highest rate of
concentration rise was achieved in the range up to 10 kJ/L for multiple exposure batch
treatment.
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Figure 22: Hydrogen peroxide concentration in deionised water. Dependence on specific input
energy (SIE) for repetitive water treatment in the ‘bridged’ regime with varying input power. Sam-
pled each second pass through the system. Source: Authors collective (Cech et al. 2025)
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The discharge configuration evolution results also in the change of the discharge be-
haviour and characteristics. The complex, phase-resolved diagnostics setup was set to
enable characterisation of discharge evolution, see Fig. 23. The semi-automated meas-
urements enabled the correlated acquisitions of discharge emission, using an ICCD cam-
era and an avalanche photodiode, and the current-voltage waveforms, using a digital
storage oscilloscope with a pair of voltage and current probes. The discharge in the
‘bridged’ operation regime evolves stepwise in distinct phases within the 16 ps-long
half-periods. It always starts at the nozzle electrode, as in ‘unbridged’ mode. Then the
low-emission channel grows from the nozzle electrode towards the downstream elec-
trode. On voltage-current waveforms, this phase is represented by the increase of gap
voltage and progressive rise of current - the discharge tube resistance progressively
decreases as the ionisation in the cavitation cloud rises. This low-intensity channel fully
develops within a microsecond and bridges the gap between the nozzle and the down-
stream electrode. When this happens, the voltage suddenly drops and the current peak
occurs, about 1 A high and several hundred ns long (the resistance drops to units of kQ).
The bright channel connecting both electrodes appears for several hundred ns and then
decays. The decay could be triggered by the combination of the pressure increase due to
the shock wave, causing the drop of reduced electric field and ionisation rate, as well as
the depletion of energy stored in the HV transformer?1. This phase resembles transient
spark discharge (Janda et al. 2011). After the first (spark) phase, the glow discharge de-
velops in the pre-ionised gas channel. The current slowly rises under stabilised voltage
between electrodes. The current reaches the maximum at the end of the duty cycle of the
high-frequency generator feeding the HV transformer. At this point, the resistance of the
discharge tube is the lowest. The discharge then consumes energy stored in the HV
transformer, the current slowly decays and finally the voltage drops and the discharge
channel decays. The typical luminous structures observed in the discharge channel dur-
ing this phase are similar to the low-pressure glow discharge, supporting our discharge
mode identification. The discharge cycle then repeats at the opposite voltage polarity.

21 Rigorously speaking, the energy is not stored in the HV circuit components, but in the generated (varia-

ble) electromagnetic fields.
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Figure 23 Spatio-temporal evolution of CaviPlasma in ‘bridged’ regime for deionised water. The
visualisation in streak-camera representation with corresponding current-voltage waveforms.
Source: Author and Radek Horniak, Adapted from (Cech et al. 2025)

Between the discharge half-periods, the measured current does not follow the volt-
age polarity reversal, and a positive offset was observed on current waveforms of the
‘bridged’ regime of CaviPlasma. We have investigated this phenomenon with a pair of
Pearson current probes around the discharge tube. The positive current offset was ob-
served when the current probes were positioned at the active discharge region, or a few
centimetres behind the downstream electrode. The positive offset current decayed on
the microsecond time scale, when the HV generator was halted. The positive current
offset disappeared when the current probe was positioned further downstream behind
the downstream electrode. This positive current offset, sensed at the downstream elec-
trode, was also not observed when the cavitation cloud length was halved, changing the
operation regime to ‘unbridged’. This indicates that the observed phenomenon is proba-
bly not the current probe artefact?2. The CaviPlasma utilises a fast flow of liquid passing
through the discharge tube, which carries the dissolved particles. The origin of the
measured current could be caused by the drift of charged particles in the discharge tube,

22 Observations in another experiment caused the described verification. The negative offset on current
waveforms was observed using the same current probe in the atomiser experiment, where the pulsed
discharge with no liquid involved was investigated. In that particular experiment, the current offset
was found to be an artefact caused by the current probe characteristics and pulsed-dc operation, as no

offset was confirmed using a shunt resistor probe, which could be utilised in that experiment.
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presumably the positively charged ones, considering the sign of the current offset and
the flow direction. The decay of the measured current offset shares the same time scale
as the decay of the luminescence signal caused by ROS, measured in the last annotated
paper (Hornak et al. 2025). This correlation further supports the feasibility of the ob-
served current offset interpretation.

The still open question remains, which of the discharge phases contributes predomi-
nantly to the active species production and the overall excellent efficiency of this plasma
system. The phase-resolved optical emission spectrometry investigation is in progress.
The temporal development of spectral components will indicate the active species dy-
namics and enable the comparison of spark and glow phases. The assessment of the
plasma-chemical kinetic model could finally suggest the relative abundance of generated
ROS in respective phases, based on the assumptions from the phase-resolved OES.

The ROS production and their lifetime are the determining factors of the CaviPlasma
efficiency of micropollutants removal. Especially for liquid (water) decontamination, the
active species in contact with the liquid surface and dissolved in the liquid are essential.
In the multidisciplinary research team, we have investigated the dissolved ROS pro-
duced by CaviPlasma treatment (Odehnalova et al. 2024). The EPR spectrometry, fluo-
rescence spectrometry and colourimetric measurements were based on the chemical
derivative probes/spin trapping technique and colourimetric assays . The measure-
ments confirmed the presence of the following ROS in CaviPlasma-treated liquid: OH
radical and singlet oxygen (102) as the short-lived species and ozone (03) and hydrogen
peroxide (H202) as the long-lived species. The hydrogen peroxide was the most abun-
dant product, with the liquid-phase concentration about 270 times higher than ozone.
Even though the OH radical is the primary precursor of the hydrogen peroxide molecule,
we have found that the hydrogen peroxide concentration outpaces OH radicals by more
than 100-fold. This strongly correlates with Gorbanev et al. (2018a) findings, who con-
cluded that hydrogen peroxide is dominantly produced in the gas phase and then dis-
solved into the liquid.

The findings above (Odehnalova et al. 2024) disclosed the main oxidising species re-
sponsible for the mechanisms of CaviPlasma action on micropollutants. However, the
ROS presence was investigated only post-treatment, and the information on the dynam-
ics of their production cannot be disclosed using the adopted diagnostics. Among all the
ROS detected in CaviPlasma-treated water, the OH radical was the most potent oxidant
produced. Therefore, we have investigated the possibilities of mapping OH radicals dur-
ing the active phase of CaviPlasma treatment.
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SR

Finally, we have adopted the chemiluminescence probe to visualise the OH radicals,
and the results are summarised in the last of the selected annotated papers (Hornak et
al. 2025), which will conclude the CaviPlasma part of the thesis.

The OH radical plays an essential role in plasma-liquid chemical reactions due to its
high reactivity (Graves 2012), making it an efficient agent against organic pollutants.
Mapping the OH radicals in the liquid phase could give a fundamental insight into the
action of (not only) plasma technologies on water pollution remediation. The widely
adopted OH detection technique in discharge diagnostics is the laser-induced fluores-
cence (LIF) (Bruggeman et al. 2016). LIF is an excellent tool for direct OH probing in the
gas phase, capable of absolute concentration estimation after calibration. Unfortunately,
the optically highly non-homogeneous and stochastic nature of cavitation-based treat-
ment systems effectively restrains the adoption of the LIF detection method in Cavi-
Plasma. The indirect techniques utilising chemical probes were developed for OH detec-
tion in the liquid phase (Bruggeman et al. 2016), but predominantly ex-situ.

In the literature, the luminol chemical probe method was reported to investigate the
presence of OH radicals in the liquid phase of liquid-treatment systems, including the
pure hydrodynamic cavitation (Perrin et al. 2021) and atmospheric pressure discharges
in contact with liquid (Schiittler et al. 2024). In this annotated paper (Hornak et al.
2025), we have reported on the OH radical mapping in a plasma-cavitation system for
the first time, utilising the luminol chemiluminescence.

We followed the emission of the radiative state of luminol derivative in the active dis-
charge phase of CaviPlasma and the post-discharge phase. According to the literature
(Wasselin-Trupin et al. 2000), the luminol chemiluminescence is a two-step process in-
volving: (1) oxidation of luminol dianion by OH radical, and (2) subsequent reaction
with the superoxide anion radical (O2*), resulting in an excited state that relaxes as the
broad peak of chemiluminescence radiation with the maximum around 425 nm. This
puts OH mapping using luminol chemiluminescence in question regarding the process
selectivity, because the superoxide is the chemiluminescence triggering molecule. In
(Shirai et al. 2019) the authors concluded that for the luminescence process occurring in
the liquid phase, the OH radical is the superoxide anion precursor for plasma-treated
liquid. Thus, the luminescence signal can be utilised to map the presence of OH radicals
in CaviPlasma-treated liquid. Moreover, the lifetime of OH-induced chemiluminescence
of luminol was reported to be hundreds of nanoseconds for the plasma-liquid system
(Shirai et al. 2019) or water radiolysis (Wasselin-Trupin et al. 2000). This allows for the
investigation of the dynamics of the OH radicals in CaviPlasma.

Specifically, we have investigated the ‘unbridged’ regime of CaviPlasma (Cech et al.
2024), because this regime enables the simultaneous observation of the luminescence
in the active plasma-cavitation zone and the post-discharge zone after cavitation col-
lapse. Moreover, the processes at the cavitation collapse zone are not influenced by the
presence of a metal electrode in the ‘unbridged’ regime.
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In our previous OH measurement in the study (Cech et al. 2024), we encountered
problems with the temporal stability of the chemical derivative probe (terephthalic ac-
id) present directly in the treated liquid. Fortunately, the strong chemiluminescence sig-
nal was observable for the luminol probe even after 5 minutes of plasma-treatment of
the luminol solution. This time was sufficient to conduct the luminescence mapping by
fast-framing sequences using an RGB camera and spectrally filtered imaging using an
ICCD camera. This enabled the estimation of spatial and temporal luminescence dynam-
ics proportional to the relative quantity of OH radicals.
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In the first experiment, the RGB fast framing camera was used to acquire 2D resolved
emission from the discharge and the chemiluminescence along the discharge tube, see
Fig. 24. The emission was followed before and after the discharge switch-off in a
1000 fps image sequence (the camera's limit). The red image channel followed the dis-
charge emission distribution, as this channel was susceptible to the Ho discharge emis-
sion. The spectral sensitivities of blue and green image channels overlap at approximate-
ly the Hp position. The blue channel was much more sensitive to the chemiluminescence
signal, and the differential signal of the blue minus green channel was assessed to follow
the temporal luminescence evolution in 2D. We have realised that the chemilumines-
cence signal was the strongest in the active discharge zone, specifically in the cavitation
cloud close to its collapsing end. Post-discharge, the luminescence signal exponentially
decays. The effective lifetime of the luminescence was 1.4 ms, which was an order of
magnitude longer than for atmospheric pressure plasma jet impinging water surface
(Shirai et al. 2019), indicating the effective lifetime of OH radicals is considerably longer
for CaviPlasma than for atmospheric pressure discharges. We have also observed the
chemiluminescence signal decay behind the cavitation collapse in the wake. However,
the sensitivity and dynamic range of the RGB camera were not sufficient to evaluate the
luminescence dynamics in this region. For highly resolved, high-dynamic-range meas-
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urement of the luminescence behind the active discharge zone, the ICCD camera
equipped with an interference filter centred at 420 nm was used. We have observed a
complex 2D structured emission pattern of the luminescence, visualising the presence of
OH radicals in a 2D section along the discharge tube axis. The lower liquid flow rate sta-
bilised the 2-3 cm long cavitation, allowing an unobstructed view of approximately 8 cm
long wake flow behind cavitation collapse. The luminescence signal (and thus the OH
radicals) was detected more than 5 cm behind the cavitation collapse, and the lumines-
cence pattern followed the locally asymmetric flow. The luminescence decay patterns
were similar, varying the HV input power from 0.6 to 1.5 kW.
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Figure 235 Reconstruction of stream velocity after HCC collapse based on the assumed lumines-
cence decay rate constant t = 1.4 ms. The comparison is given for 3 HCC lengths indicated by white
lines. Source: Authors collective (Hornak et al. 2025)

Finally, we have hypothesised that the long span of the luminescence signal was
caused by the drag of the OH radicals by the fast flow of the liquid in the discharge tube.
So, we wanted to determine whether the local stream velocity could be assessed from
the observed luminescence decay. The axial drift velocity model was proposed for the
flow after the cavitation collapse (wake). The model described the luminescence emis-
sion decay outside the active discharge zone, which was considered a constant source of
OH radicals. Under the assumption of constant effective luminescence lifetime, the tem-
poral variation of luminescence was transformed to spatial variation using the axial drift
velocity approximation. The spatial derivative of the luminescence signal was estimated
using a smoothing cubic spline. The resulting reconstruction of the stream velocity (axial
drift velocity) showed good agreement with the plug-flow estimation for the given dis-
charge tube geometry. The 2D maps of the velocity field were assessed, see Fig. 25, rep-
resenting the reconstruction of local drift velocity. The maps were calculated for three
different water flow rates, resulting in three cavitation cloud lengths. The 2D velocity
field maps helped distinguish between the active discharge zone and decay zone behind
the cavitation cloud. The maps were also helpful in visualising the local stream inhomo-
geneities in the wake. These inhomogeneities could result from the local density varia-
tions, see supplement material to the (Cech et al. 2024), or shockwaves, that could re-
sult from the gas-liquid phase transition behind the cavitation cloud collapse.
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We can conclude that the mapping of OH radicals revealed two domains, where the
direct reactions of OH radicals with the micropollutants presumably occur. Besides the
active discharge zone alone, there is probably a prolonged interaction zone in the cavita-
tion collapse zone and the wake behind it, which effectively enhances the efficiency of
the water treatment using the CaviPlasma technology.

4.2 Conclusion to the CaviPlasma Part

The discovery of CaviPlasma technology represents a novel approach to the large-
volume plasma treatment of liquids. The treatment performance measured by the hy-
drogen peroxide generation positioned CaviPlasma among the top of current systems in
terms of energy efficiency (yield) and production rate, however, at unprecedented flow
rates of several m3/h. The systematic investigation revealed the basic characteristics of
bridged and unbridged regimes of CaviPlasma in terms of spatio-temporal discharge
development, its spectral characteristics, and the dynamics of reactive oxygen species.
The parametric study revealed the hydrogen peroxide generation efficiency with respect
to processing parameters, e.g., flow rate, electrode configuration and composition, spe-
cific input energy, or water conductivity.

The last remark goes to the society-wide benefit of the technology. In the past seven
years of research and development effort, the patent-protected CaviPlasma technology
has matured, and its application potential has been growing with each new collabora-
tion. The water remediation from micropollutants and biological threats, or the agricul-
ture and aquaculture applications, have already been investigated in applied research
projects. Moreover, the two licences have been awarded to the Czech companies, and
one of them already presented a commercial prototype of the professional CaviPlasma
treater at the EXPO 2025 in Osaka in July 2025. But the CaviPlasma potential has not
been drained at the moment. Recently, the 37 generation of CaviPlasma technology was
developed at MUNI, which opened a new window of opportunities by controlling the
discharge atmosphere composition. This innovation has probably paved the way for
large-volume plasma-induced chemistry in liquids and new cross-disciplinary collabora-
tions. And the author looks forward to new experimental challenges and discoveries in
the future.
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Summary

The habilitation thesis summarises the author’s research at the Department of Plasma
Physics and Technology (Department of Physical Electronics), Masaryk University. The
commentary to the annotated papers covers his contribution to the application-oriented
research of two plasma technologies: the Diffuse Coplanar Surface Barrier Discharge
(DCSBD) and the CaviPlasma®. The author utilises the intensified CCD cameras (ICCD)
for the phase-resolved and spatially resolved diagnostics, i.e., imaging, optical emission
spectroscopy, or correlated optical/electric measurements. The acquired data were ana-
lysed using custom processing codes. The simplified models were developed for numeri-
cal simulations supporting the analysis of observed phenomena.

The first part is focused on the development and applications of the DCSBD. The copla-
nar discharge test bed reactor (The Box) was designed to enable the flexibility in the
geometry of the electrodes, dielectrics and discharge atmosphere, which is technically
and economically challenging for the DCSBD design. The Box enabled a parametric study
on the influence of electrode geometry, temperature and discharge conditions on the
parameters and behaviour of the coplanar discharge and the microdischarges it consists
of. The results served for the focused development of the DCSBD. Moreover, two phe-
nomena in coplanar discharges were described: (i) the role of residual heat on the spa-
tial stabilisation of microdischarges, and (ii) the ultra-low intensity Charge Relaxation
Event, preceding Townsend avalanching phase in the homogeneous regime in helium.
The utilisation of DCSBD in a hydrogen atmosphere was described, as well as the prop-
erties of a laminated small-footprint variation of DCSBD in low-pressure conditions
(wide pressure range), investigated for plasma decontaminator applications.

The second part presents the story of CaviPlasma® technology, a system for plasma
treatment of liquids developed jointly by Masaryk University, Brno University of Tech-
nology, and the Institute of Botany of the Czech Academy of Sciences in 2018. The author
contributed to the development and diagnostics of this plasma system, which exploits
the synergy of hydrodynamic cavitation and electric discharge in the low-pressure gase-
ous environment of the cavitation cloud. The diagnostics described two discharge re-
gimes (with/without liquid electrode). The parametric studies quantified the production
of reactive oxygen species (ROS), particularly hydrogen peroxide, in both regimes. The
measured hydrogen peroxide energy yield (>10 g/kWh) and production rates (>17 g/h)
positioned CaviPlasma among the high-performance plasma-liquid systems. However,
what makes the CaviPlasma unique is the unprecedented flow rate of several cubic me-
tres per hour at which these performance figures are achieved. The efficiency of Cavi-
Plasma and its international patent protection make it well-suited to real-scale applica-
tions, which are currently under investigation with our industrial partners.
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