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Modeling and simulation of atmospheric pressure low-temperature plasmas 
Anne Bourdon1 

1 Laboratory of Plasma Physics (LPP), CNRS, Ecole polytechnique,  
Sorbonne Université, Institut Polytechnique de Paris, Palaiseau, France  

anne.bourdon@lpp.polytechnique.fr 
 

 For the 2026 Ulrich Kogelschatz Lecture Award, the focus will be on the modeling and 
simulations of dielectric barrier discharges at atmospheric pressure. From his early work on ozone 
formation, U. Kogelschatz’s work contributed a lot to improve the knowledge on dielectric barriers 
discharges [1,2] studied for a wide range of applications.  

In this lecture, we focus on two different set-ups chosen as testbeds for the study of the 
physics and discharge dynamics of dielectric barrier discharges. First, a point-to-plane geometry 
in atmospheric pressure air in which a dielectric layer is set as an obstacle between both elec-
trodes [3] is presented. Second, a helium kHz plasma jet powered by rectangular pulses of applied 
voltage impacting a target [4] is discussed. In the dielectric tube of the plasma jet, the dielectric 
surface contributes to the “guiding” of the discharge.   

Different modeling and simulations approaches are presented, along with recent efforts 
for direct comparisons between simulations and measurements using advanced diagnostics 
tools. For both studied set-ups, we discuss the most fundamental physical quantities determining 
discharge dynamics, such as the electric field, the mean electron energy and the electron number 
density, as well as the charging of targets. Finally, the impact of a better understanding of dielec-
tric barrier discharges on the further to further improvements of existing applications and new 
applications is discussed. 
 
References: 
[1] U. Kogelschatz., Plasma Chem. Plasma Process. 23 (2003) 
[2] U Kogelschatz, J. Phys. D: Appl. Phys. 50 051001 (2017) 
[3] F. Pechereau et al. Plasma Sources Sci. Technol. 25 044004 (2016) 
[3] P. Viegas et al. Plasma Sources Sci. Technol. 31 053001 (2022)  
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Analysis of Spatio-Temporal Ignition Patterns in Sinusoidal-Driven  

Dielectric Barrier Discharges in a Multi-Filament Arrangement 

H. Höft*, C. Flores, K.-D. Weltmann, and M. M. Becker 

Leibniz Institute for Plasma Science and Technology (INP), Greifswald, Germany  
*Contact e-mail: hans.hoeft@inp-greifswald.de 

 
Dielectric barrier discharges (DBDs) operated at atmospheric pressure are relevant for 

ozone generation, air-pollutant degradation, CO2 conversion, surface modification, decontamina-
tion, and plasma medicine. While pulsed-operated DBDs in single- and multi-filament arrange-
ments have been studied extensively [1,2], sinusoidal excitation shows distinctly different dis-
charge characteristics [3]. Here, we investigate the spatio-temporal ignition pattern of sinusoidal-
driven filamentary DBDs in a spatially one-dimensional (1D) multi-filament arrangement and an-
alyse the roles of surface and volume memory effects. 
 

The experiments were performed in dry synthetic 
air (20 vol% O2 in N2) at 1 bar using a symmetric alumina-
covered rod electrode configuration with 1 mm dielectric 
thickness on each electrode, a 1 mm gas gap, and a lat-
eral discharge length of approximately 10–12 mm. A si-
nusoidal high-voltage (HV) waveform at 10 kHz and HV 
amplitudes between 11 and 14 kVpp was applied. Synchro-
nised electrical diagnostics (voltage and current probes) 
and optical diagnostics (iCCD and streak camera) were 
used to obtain the filament number, their positions, and ig-
nition times during positive and negative half-cycles. 
 

The filament positions remain fixed over one high-
voltage period, and within each half-cycle the discharge 
appears in two stages at alternating positions. This indi-
cates that previously deposited surface charges suppress 
reignition at the same lateral position for the same voltage 
polarity. The pattern observed in one half-period is mir-
rored in time in the next half-period, see Fig. 1. A statistical 
analysis of streak images shows that the ignition-time dis-
tribution is governed by local variations of the gap voltage, 
while the spatial pattern is controlled primarily by surface-
charge deposition. However, this stable structure persists 
only for a limited number of periods and is lost for voltages 
of about 12 kVpp and above, where more than one filament 
at the same lateral position occur within one half-cycle and spatial stability disappears. To inter-
pret these findings, a data-driven equivalent electric circuit model and a self-consistent 1D fluid-
Poisson model were employed. The simplified circuit model reproduces both the central tendency 
and dispersion of the ignition times and enables the estimation of effective capacitances, break-
down voltage, and initial gap-voltage conditions. Ongoing work focuses on modelling the surface-
charge-induced local gap voltage for interacting filaments and transferring the results to plate-to-
plate DBD configurations.  

 

Funded by the Deutsche Forschungsgemeinschaft (DFG, grant 535827833). 
References: 
[1] M. Kettlitz et al., J. Phys. D: Appl. Phys. 45, 245201 (2012) 
[2] H. Höft et al., J. Phys. D: Appl. Phys. 55 424003 (2022) 
[3] M. Kettlitz et al., Plasma Sources Sci. Technol. 22 025003 (2013) 

 

Fig. 1 Spatio-temporal ignition 
pattern of a sinusoidal-driven multi-
filament DBD together with the 
corresponding HV and current 
waveforms (11 kVpp, 10 kHz). 

 

 

 

 

 

 

 

 

Fig.  

O1-1

2



Revisiting the memory effect in diffuse Nitrogen DBD

using a fluid modeling approach

Eliot Collard1, Antoine Belinger1, Nicolas Gherardi1,

Nicolas Naudé1, Simon Dap1 and Hubert Caquineau1

1 LAPLACE, Université de Toulouse, CNRS, INPT, UPS, Toulouse, France
collard@laplace.univ-tlse.fr, hubert.caquineau@laplace.univ-tlse.fr,

simon.dap@laplace.univ-tlse.fr.

Diffuse Dielectric Barriers Discharges (DBD) in nitrogen at atmospheric pressure have 
been studied for a few decades, yet some mechanisms are still not fully understood. Numerical 
simulations can be used to access data that are not experimentally accessible or to check the 
consistency of hypotheses based on experimental observations, leading to a better understand-
ing of the discharge physics. The homogeneous or diffuse regime is only obtained if enough seed 
electrons are present in the gas gap between two discharges, allowing a Townsend breakdown 
to occur, otherwise the discharge is in the filamentary regime. The electron production mecha-
nisms happening when the discharge is off originate from previous discharges and are referred 
to as the memory effect. The main candidate for this effect in pure nitrogen was proposed to be 
secondary electron emission induced by N2(A) metastable states at the dielectric surface [1]. 
However, a diffuse regime is still observed even at very low excitation frequencies, leading to a 
long time between discharges, during which the N2(A) density can drop significantly, as well as 
the aforementioned secondary emission [2]. Therefore, other electron production mechanisms 
are probably involved and have to be studied to explain this experimental result.

For that purpose, a time-dependent one-dimensional fluid model was developed to study 
the possible effect of oxygen impurities in so-called “pure” nitrogen (for example 99,999% purity). 
Hence, a specific reaction set takes into account the out-of-equilibrium plasma chemistry of oxy-
gen/nitrogen mixture [3]. An electrical model of the DBD power supply is included, as it influences 
the discharge behavior [4]. Surface interactions are accounted for through a flux balance formu-
lation at the dielectric surface, enabling the investigation of possible electron production mecha-
nisms at the surfaces. 

In the present work, our aim is to evaluate the relative importance of different memory 
effect mechanisms under conditions close to the experiments. Especially at frequencies as low 
as 50 Hz, mechanisms other than the secondary emission from N2(A) are examined to assess 
their potential contribution to the memory effect. These mechanisms include secondary emissions 
from other metastables, associative ionization due to the small oxygen impurities or spontaneous 
electron emission from the dielectric surfaces. The influence of other experimental parameters 
such as the dielectric properties or the gas gap value can also be explored. Based on the model 
results, we establish a framework to discriminate among the physical and chemical mechanisms 
identified as possible candidates for the memory effect, and to assess whether they can quanti-
tatively reproduce the experimental observations in a self-consistent manner.

References:
[1] F. Massines et al., Eur. Phys. J. Appl. Phys. 47, 22805 (2009).
[2] N. Osawa and Y. Yoshioka, IEEE Trans. Plasma Sci. 40, 2 (2012).
[3] I. A. Kossyi et al., Plasma Sources Sci. Technol. 1, 207 (1992).
[4] N. Naudé et al., J. Phys. D: Appl. Phys. 38, 530 (2005).
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 Dielectric barrier discharge (DBD) represents a versatile type of non-equilibrium atmos-
pheric-pressure plasma and has been extensively applied in areas such as environmental and 
energy technologies, surface processing, and, more recently, medical and agricultural uses. In 
this study, we perform numerical analyses of DBD to quantitatively understand and control the 
reactive species generated by DBD. We focus on filamentary discharges in dry air between par-
allel-plate electrodes, both covered with dielectric layers. This configuration is motivated by appli-
cations involving the irradiation of plasma-generated reactive species onto seeds for germination 
control. Although numerous numerical studies of DBD, including surface discharges and glow 
discharges, have been reported [1,2], relatively few studies have addressed atmospheric-pres-
sure air in such electrode configurations. 

Fluid-model-based simulations were con-
ducted under various conditions to reproduce fila-
mentary discharges while accounting for dielectric 
surface charge accumulation. The effects of key pa-
rameters such as initial electron distribution, dielectric 
permittivity, boundary conditions, were investigated 
to identify reliable modeling conditions, and axisym-
metric (r–z) and Cartesian (x–y) models were com-
pared to assess the impact of dimensional assump-
tions. The DBD configuration (Fig. 1) consists of a 1 
mm gap between electrodes, each covered by a 0.5 
mm dielectric layer (εr=4, 10), with the left electrode 
grounded and a voltage applied to the right electrode. 
Discharges were initiated by seed electrons, whose 
number and distribution were treated as parameters 
due to their influence on breakdown voltage. 

Fig. 2 shows the calculated electron density 
during cathode-directed streamer propagation in the 
r–z system. As the streamer approaches the cathode, 
the ion density increases, and these ions immediately accumu-
late on the cathodic dielectric surface (Fig. 3), leading to a 
rapid decrease in the gap voltage toward zero. A higher initial 
electron density leads to earlier streamer initiation, while the 
resulting electric field and electron density distributions are not 
significantly affected. Although minor differences are observed 
between the x–y and r–z models, the energy efficiency of rad-
ical generation remains largely unchanged under the present 
conditions, suggesting that the choice of dimensional model 
has a limited impact on this aspect.  

This work was supported by JSPS KAKENHI Grant Number JP24H02249. 
References: 
[1] D. Braun et al., Plasma Sources Sci. Technol. 1, 166 (1992) 
[2] F. Tochikubo et al., Jpn. J. Appl. Phys. 48, 076507 (2009). 

 
Fig.1 Electrode configuration for DBD. 

 
Fig. 2 Electron density distribution with ap-
plied voltage of 6,800 V using r-z system. 

 
Fig.3 Charge density on the die-

lectric of cathode. 
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 Dielectric barrier discharges (DBDs) have been investigated and successfully applied in 
industry for many decades [1]. Typically, DBDs are filamentary discharges in which discrete fila-
ments bridge the gap between the electrodes, further characterized by short-lived but intense 
bursts of current. In certain conditions, however, a diffuse discharge can be obtained. These dif-
fuse discharges are spatially uniform and characterized by only one low-amplitude current peak 
per half period. Among the diffuse discharge regimes, the atmospheric pressure Townsend dis-
charge (APTD) in pure N2 is probably the most described and best understood [2].  

 To obtain an APTD, seed electrons are required to initiate gas breakdown at sufficiently 
low electric fields, preventing the formation of a streamer breakdown. These seed electrons are 
provided by charges stored in the dielectric and excited species that were generated during the 
previous discharge and drive the so-called memory effect. In pure N2, it was shown that the met-
astable N2(A) species are essential to obtain an APTD [2]. It was also observed that even small 
additions of O2 (hundreds of ppm) to the mixture can quench the N2(A) species, thus preventing 
an APTD from forming [3]. 

Nevertheless, a diffuse discharge was achieved in synthetic air, comprising 20 % O2 in N2 
[4]. This previous work investigated the memory effects and the role of the dielectric material. It 
was shown that a diffuse discharge in air is possible even after replacing the gas completely in 
between subsequent discharges, indicating that the dielectric plays an essential role in sustaining 
the memory effect, although this behavior is highly dependent on the used dielectric. Despite 
these recent advances, the precise underlying discharge mechanisms enabling the diffuse dis-
charge in air remain unclear. 

In this work, a diffuse discharge is investigated in a variety of O2/N2 mixtures, going from 
4 % up to 20 % O2 in N2. Optical emission spectroscopy and detailed electrical diagnostics are 
used to characterize the discharge in the different gas mixtures. It becomes clear that the dis-
charge in N2 behaves fundamentally differently from the discharge containing a substantial O2 
fraction. Furthermore, the role of secondary electrons emitted from the dielectric surface appears 
to change from the pure N2 discharge to the O2-containing one, as a significant change in the 
secondary electron emission coefficient is observed. In short, this work provides additional in-
sights into the discharge mechanisms and possible memory effects driving the diffuse discharge 
in O2/N2 mixtures. 

References: 
[1] U. Kogelschatz, Plasma Chem. Plasma Proc. 23, 1-46 (2003) 
[2] F. Massines et al., Eur. Phys. J. Appl. Phys. 47, 22805 (2009) 
[3] G. Dilecce et al., Plasma Sourc. Science. Technol. 16, 511 (2007) 
[4] J. Haton et al., J.Phys.D:Appl.Phys. 58, 465201 (2025) 
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Atoms and molecules in excited states impact the discharge and chemical reaction kinetics by 
their contribution to the production of charge carriers, via, e.g., step-wise ionisation or chemi-
ionisation processes. These processes are mainly driven in argon discharges by the energetically 
lowest excited states in the 3p54s manifold, the two resonance states 1s4 and 1s2 and the two 
metastable states 1s5 and 1s3 (given in Paschen notation). Measurements of number densities of 
the four 3p54s states, as well as other key plasma parameters such as the electron density and 
the gas temperature give insights into the discharge development and the initiation of plasma 
chemical processes. They are crucial for validating the reaction kinetics of numerical models 
through a direct comparison with the numerical results, see e.g. [1]. 

The measurements were performed in a two-sided dielectric 
barrier discharge (DBD) in a single-filament arrangement, 
consisting of a half-spherical powered metal top electrode in 
contact with a planar dielectric (Al2O3, thickness 0.6 mm, 
𝜀𝑟 ≈ 9) and a second dielectric on top of a grounded planar 
metal electrode. Both are separated by a gas gap distance 
of 3 mm. Operating the DBD with high-voltage (HV) sinusoi-
dal waveforms leads to the ignition of an individual discharge 
event in each half-period of the HV-cycle [2]. The discharge 
was powered by a HV sinusoidal waveform with an ampli-
tude of 2.5 kV and a frequency of 10 kHz, operated in argon 
at atmospheric pressure and a constant gas flow rate of  
2 standard litre per minute argon through the discharge ar-
rangement. Tunable diode laser absorption spectroscopy 
was utilised to measure the absolute number densities of the 
four 3p54s states temporally resolved, in the center of the 
discharge arrangement using a single laser, probing transi-
tions (1s → 2p) in the near-infrared region between 790 and 
830 nm. The densities reach up to 1014 cm-3 (Fig. a)). The 
line-shape analysis of the measured absorption spectra al-
lows to estimate a gas temperature of (337±19) K from the 
resonance broadening [3] and maximum electron densities 
in the range between (1015-1016) cm-3 from the Stark broad-
ening [4] of these lines (Fig. b)) for the measured discharge 
current shown in Fig. c).  
Funded by the Deutsche Forschungsgemeinschaft  
(DFG, project number 504701852). 
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[2] M. Kettlitz et al., J. Phys. D: Appl. Phys. 45, 245201 (2012) 
[3] A.V. Pipa et al., Appl. Phys. Lett. 106, 244104 (2015) 
[4] S. Djurović and N. Konjević, Plasma Sources Sci. Technol. 18, 035011 (2009)  

 

 

 

 

 

 

 

 

 

 

Temporal density development of a) 
the resonant states (1s4, 1s2) and 
the metastable states (1s5, 1s3) and 
b) the electron density for the meas-
ured discharge current shown in c) 
of the discharge event in the  
positive half-period of the HV-cycle.  
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 While atmospheric pressure plasma is established in polymer processing, the transition to 
heterogeneous bio-based substrates is frequently hindered by complex surface morphologies and 
strict thermal constraints. This work presents previously unpublished results regarding the perfor-
mance and diagnostic characterization of a hybrid plasma source utilizing a proprietary dual-fre-
quency excitation scheme, a technology currently protected by a utility model. 

 

By integrating a low-frequency pre-ionization stage (kHz range) with a high-frequency power com-
ponent (MHz range), this IP-protected architecture achieves a stable, high-density ambient air 
discharge. To ensure the integrity of delicate biological structures, the MHz component employs 
a precision-modulated, low-duty-cycle pulse strategy, effectively optimizing the RONS (Reactive 
Oxygen and Nitrogen Species) flux while maintaining a low-gas-temperature regime if the high-
power MHz frequency component is controlled. 

 

This study expands upon prior experimental work by introducing new datasets obtained through 
high-resolution Optical Emission Spectroscopy (OES) and synchronized ICCD imaging. These 
results elucidate the synergistic effects of the dual-frequency harmonics on species evolution and 
discharge spatial distribution. Electrical characterization across a broader range of inorganic/or-
ganic conductive materials and insulating bio-materials demonstrates that this hybrid approach is 
topographically agnostic. The findings indicate that this dual-mode generation offers a robust, 
scalable pathway for the industrial-grade functionalization of the next generation of sustainable, 
bio-based materials. 

 

Acknowledgement – this research was funded by the project GF25-20010L funded by the Czech 

Science Foundation and by the project LM2023039 funded by the Ministry of Education, Youth, 

and Sports of the Czech Republic and also supported by the Slovenian Research and Innovation 

Agency (ARIS) under research project No. N4-0267, “Plasma treatment of biobased porous het-

erogeneous substrates”, and under the research program funding No. P4-0015, “Wood and lig-

nocellulose composites”. 
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Influence of Differently Sized Dielectric Beads on Plasma Properties  
in Plasma Catalysis 
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 In plasma catalysis, dielectric beads are often used as carrier material for catalysts or as 
catalysts themselves. These beads can also possess porous structures or complex surface mor-
phology to increase the available surface. The presence of these particles influences the plasma 
leading to changed discharge characteristics and properties. Besides the material properties, like 
the dielectric constant, we observed that the bead’s size and morphology also have a significant 
effect on the plasma.  
 We designed a planar dielectric barrier plasma reactor which operates at atmospheric 
pressure with a H2-CO2 gas mixture to investigate this plasma-material interaction. The setup can 
be heated up to 600 °C to allow thermal catalysis experiments for comparisons. The plasma is 
ignited at 10-18 kV at 20 kHz while the plasma gap can be varied between 0.5 and 6 mm, allowing 
the investigation of a multitude of materials like differently shaped and sized beads or powders. 
By using a transparent indium tin oxide thin film electrode, the plasma region is optically accessi-
ble, allowing the plasma characterization with camera and optical emission spectroscopy meas-
urements. Further analysis of the plasma is performed using current-voltage characterization.  
Mass spectrometry is used to quantify the gas conversion into CH4, CO and CH3OH.  

The interplay between plasma and catalyst is highly 
complex. Therefore, the system is simplified by using 
spherical dielectric beads with no specific catalytic proper-
ties. This model system focuses only on physical plasma 
effects. Yttrium stabilized zirconium dioxide spheres with 
diameters in the rage from 0.1 to 2.1 mm are used as inert 
material. By varying the size of the beads, the gaps in be-
tween the spheres change, possibly reaching the minimal 
limit for the plasma formation. In the figure on the right, this 
limit can be observed for the spheres touching the glass 
dielectric. The plasma only ignites at a certain distance be-
tween the glass and bead, where the plasma gap is large 
enough. From optical analysis, this minimal gap needed 
can be estimated to be about 120 µm. For beads of smaller 
size, this gap size will be reached for inter-bead distances, 
which may result in a transition in the plasma characteris-
tics.  

For the different bead sizes, the plasma properties are investigated at different tempera-
tures and applied voltages, corresponding to different plasma powers. Here, significant changes 
in the characteristics of the plasma can be observed, since both parameters strongly influence 
the conditions for plasma formation. Finally, the observations made with the inert dielectric beads 
will be used to provide a possible explanation for the previously observed influence of particle 
morphology on plasma catalysis processes.  

ZrO2 beads with a diameter of  
0.9 mm in a H2-CO2 plasma viewed 
through the transparent electrode. 
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Physicochemical dynamics of atmospheric pressure streamer discharges: Nu-
merical modeling and electric field measurement in DBDs 
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 Streamer discharges are used in gas-treatment applications such as exhaust-gas purifi-
cation, ozone generation, and semiconductor processing. Their behavior is governed by coupled 
transient phenomena involving electric fields, charged-particle transport, and plasma chemistry, 
which makes reactor optimization and scaling difficult. A better understanding of atmospheric-
pressure streamer dynamics is therefore important for plasma reactor analysis and design. Alt-
hough numerical simulations and experimental diagnostics of streamer discharges have ad-
vanced substantially, direct comparison between 
them remains limited, especially for quantities 
closely related to discharge physics. Among 
these, the electric field is particularly important 
because it governs electron energy, reaction 

rates, and plasma-chemical evolution. 

 This study presents our recent work on at-
mospheric-pressure streamer discharges using a 
combined approach based on electric-field meas-
urement and self-consistent numerical modeling. 
Our earlier work focused mainly on point-to-plane 
streamer discharges, and more recently this ap-
proach has been extended to dielectric barrier 
discharge (DBD) systems that are more closely 
related to practical reactors. On the experimental 
side, we measured the net electric field in a par-
allel-plate DBD with high spatiotemporal resolu-
tion, as shown in Figure 1(a). In parallel, numeri-
cal simulations were developed to analyze 
streamer initiation, propagation, and branching 
under atmospheric-pressure conditions. Figure 
1(b) shows a simulated electric-field distribution 
during primary streamer propagation in a point-
to-plane DBD. 

 By comparing measured and simulated 
electric-field distributions, we aim to refine the 
physical interpretation of atmospheric-pressure 
streamer discharges and to assess the validity of 
plasma-chemical reaction models used in numer-
ical analysis. This invited talk presents an over-
view of our recent work on electric-field diagnos-
tics and numerical modeling for gas-treatment re-
actor studies. 

 

References: 
[1] Lu Y, Ono R and Komuro A Plasma Sources Sci. Technol. 33 04LT01 (2024). 
[2] Yoshida K, Komuro A and Ando A J. Phys. D: Appl. Phys. 54 315203 (2021). 

 
(a) 

 

(b) 
Figure 1 (a) Experimentally obtained gap elec-
tric field measurement in parallel-plate dielec-
tric barrier discharges in air [1]. (b) Simulated 
electric field during primary streamer propaga-
tion in point-to-plane dielectric barrier dis-
charges in air [2]. 
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Cold atmospheric plasma (CAP) has emerged as a powerful tool for biomedical applications, 
ranging from cancer therapy to wound healing and infection control. Its therapeutic potential 
comes from the highly reactive mixture of reactive oxygen and nitrogen species (ROS/RNS) gen-
erated during its interaction with its environment. However, despite significant progress in plasma 
medicine, scant attention has been paid to the influence of plasma electrical pulsing characteris-
tics on the production of these reactive species. A detailed understanding of these dependencies 
is vital for improving treatment precision, safety, and reproducibility. 
To better understand the chemistry at the point of application, experiments are conducted using 
a custom-built cold atmospheric pressure plasma jet operating with humidified argon as the carrier 
gas driven by two different nanosecond pulsed power supply (2.6 ns FWHM, 1.4 ns rise time and 
29.2 ns FWHM, 5.3 ns rise time). To probe the plasma’s fundamental properties, four advanced 
optical diagnostic techniques are employed. Laser-Induced Fluorescence (LIF) provides absolute 
measurements of NO ground state density, VUV absorption spectroscopy to determine the O3 
density, Thomson scattering for free electron density measurement, and improved Amplified 
Cross-beam Electric-field Induced Second Harmonic (ACE-FISH) technique [1]. 
The primary objective of this study is to identify specific electrical pulsing regimes and N2/O2 
admixture ratios in a humidified Argon plasma jet that optimize the production of either ROS or 
RNS without compromising the plasma state. Preliminary characterization of Nitric Oxide (NO) 
was conducted by selectively targeting the NO (A2Σ+, v = 0) to NO (X2Π, v = 2) transition [3], 
emitting fluorescence at approximately 247 nm following picosecond laser excitation at 226 nm. 
Current spatio-temporal NO-LIF mapping provides a critical baseline for the distribution of reactive 
species, quantifying the effect of pulse duration (3–30 ns) in its role as a primary lever for precise 
energy deposition pathways and RONS branching ratios. Furthermore, the integration of Thom-
son scattering and ACE-FISH measurements will allow for the correlation of local electric field 
strength and electron energy distribution function to be linked with the dissociation efficiency of 
molecular precursors. These insights will guide the optimization of operating parameters for tar-
geted biomedical applications.  
References: 
[1] J.-B. Billeau , P. Cusson, A. Dogariu, A. Morozov, D. V. Seletskiy, and S. Reuter 63 Appl. Opt. (2024) 

5203-5207  
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[3] S. Zhao, R. van de Wege, and A. Sobota 34 Plasma Sources Sci. Technol. (2025) 045013 
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Figure 1 CO2 conversion versus argon per-
centage in an atmospheric pressure plasma 
for an admixture of 0.125% CO2 from [3]. 
 

 
Figure 2 Argon metastable atom density map of the of the 
discharge channel of the COST-Jet for an argon admixture of 
0.1% without CO2. 

The impact of metastable atoms on Penning dissociation of CO2  
in an atmospheric plasma jet 
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Judith Golda1 

1 Plasma Interface Physics, Ruhr University Bochum, Germany 
2 Experimental Physics II, Ruhr University Bochum, Germany 

alexander.schicke@ruhr-uni-bochum.de 
 

The dissociation of carbon-dioxide (CO2) is an important topic in the plasma community and is 
investigated in a variety of different plasma sources [1, 2]. Stewig et al. [3] found that the conver-
sion of CO2 into carbon-monoxide (CO) in an atmospheric pressure discharge increases from 
about 45% in pure helium to up to 85% when the amount of argon in the feed gas is increased 
(see Figure 1). Naturally the question arises, which process or which particle is causing this in-
crease. The main candidates are the electrons via electron impact dissociation and the metasta-
ble atoms via Penning dissociation, since the ionisation energy and the excitation energy of the 
first metastable state for argon are lower than for helium. However, this question is yet to be 
answered. 

To gain more insight into the process of the CO2 dissociation via Penning collisions, we measured 
the helium 23S1 and argon 1s5 (Paschen notation) metastable atom densities with and without 
CO2 via tunable diode laser absorption spectroscopy (TDLAS). The investigated discharge is the 
COST-Jet, a micro-scaled atmospheric pressure plasma jet (µ-APPJ), developed as a reference 
for comparison between different atmospheric plasma sources [4].  

Combined with the diagnostics, simultaneous measurements of both helium and argon metasta-
ble atom densities with high spatial resolution were performed. These 2D maps of the discharge 
channel for the respective species (see Figure 2) are giving an in-depth insight for the behaviour 
of the metastable atoms in presence of CO2.  
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 Electrical discharges in liquid produce localized plasma channels that deposit intense ther-
mal and mechanical energy, triggering cavitation bubbles that undergo a series of expansion-
implosion cycles. When produced at ambient pressure at the interface of two immiscible liquids 
(e.g., water-heptane), this plasma-induced discharge produces an emulsion (droplets of heptane 
in water) [1, 2]. Emulsion formation is driven by instabilities that develop at the bubble-liquid in-
terface. This study investigates the influence of ambient pressure, in the range of 200 – 1000 
mbar, on plasma-initiated bubble dynamics, interfacial instability, and emulsification efficiency. 
The bubble dynamics and interfacial instability are investigated using a high-speed camera. Re-
garding the bubble dynamics, lower ambient pressure results in a larger maximum bubble diam-
eter. A homemade algorithm was utilized to quantify instability development as a function of am-
bient pressure. We found a maximum boundary deformation regime at 400 mbar. This intense 
deformation is primarily driven by Rayleigh-Taylor instability resulting from violent collapse decel-
eration. 
 

Interestingly, the conditions fostering maximum macroscopic instability inversely correlate 
with optimal microscopic mixing. Indeed, at 400 mbar, the system exhibits the poorest emulsifi-
cation efficiency, generating the largest droplets with a Sauter mean diameter (𝐷32) of 21.7𝜇𝑚. 
Conversely, optimal emulsification occurs at near-atmospheric conditions (1000 mbar, 𝐷32= 11.5 
𝜇𝑚). Crucially, the mean coupled electrical energy of the plasma discharge remains statistically 
constant (~1.5 – 1.7 mJ) across the entire ambient pressure range. This confirms that the initial 
plasma energy deposition is stable, and the observed non-linear kinematics are driven exclusively 
by external fluid mechanics and thermodynamics rather than variations in the initial electrical 
shockwave source. The true driving pressure and bubble kinematics underscore that deep vac-
uum environments fundamentally alter the energy transfer mechanisms, hindering the fine frag-
mentation process. This work provides critical insights into plasma-liquid interactions, offering 
pathways for utilizing nanosecond discharges as controllable tools for optimizing phase mixing in 
multiphase systems. 
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Reproducible plasma columns sustained by EM field with a linearly decreasing 
axial electron density that depends solely on the gas pressure, field frequency 

and tube radius 
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 This plasma column, which utilises a patented generation method [1] and has subse-
quently been modelled [2], offers the widest range of operating parameters available in terms of 
the frequency f of the electromagnetic field sustaining the discharge (from a few MHz to at least 
10 GHz), the carrier gas pressure p (from a few Pa tested up to twice atmospheric pressure) and 
the internal radius of the dielectric discharge tube R (from 0.5 mm to at least 150 mm), with an 
electron density spanning more than 18 orders of magnitude. This type of plasma is perfectly 
reproducible and can always be impedance-matched with RF and microwave power generators. 
Previously known as surface wave discharges (SWDs), they are now better identified as travelling 
wave discharges (TWDs). 

It emerged as a novel method of plasma production [3]. It consists of a plasma column 
contained within a cylindrical dielectric discharge tube, which is maintained by the electric field 
component of radiofrequency (RF) and microwave (MW) waves. These waves propagate at the 
interface between the tube's outer surface and the ambient air (or vacuum). This plasma has the 
unique property of increasing in length in proportion to the RF and MW power absorbed. Its elec-
tron density decreases linearly along its axis until it abruptly stops at a non-zero value, marking 
the end of wave propagation. The slope of this distribution depends solely on the operating pa-
rameters p, f and R, which are operator-set. This makes it ideal for optimising plasma applications. 

 

These are typical photographs of TWDs obtained using a 915 MHz Surfatron in argon gas at 
atmospheric pressure within a 6/8 mm id/od fused silica discharge tube. The absorbed power is 
300 W, and the aluminium cavity at the launcher outlet prevents stray radiation in the room [4]. 

 

References: 
[1] Moisan, M., 1975, Patents by Moisan and collaborators, Appendix A in arXiv Moisan v16 
[2] Moisan, M., 2025, arXiv Moisan v16. 
[3] Tuma, D. T., 1970, “A quiet uniform microwave gas discharge for lasers”, Rev. Sci. Instrum. 41, 
1519–1520. 
[4] Moisan, M., et al., 2019, AMPERE Newsletter 98, 9-19. 
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Atmospheric pressure plasmas provide a promising route for the sustainable conversion 
of biogas (CO2/CH4) into value-added products. In this context, surface dielectric barrier dis-
charges (sDBDs) possess low flow resistance and are particularly interesting for industrial pro-
cesses. High conversion efficiencies have been reported in various applications and were linked 
to the induced flow field exhibiting vortex structures driven by electrohydrodynamic forces and 
gas heating. The induced velocity magnitudes can exceed the controlled external gas flow ve-
locity and enhance conversion [1]. 

In this work, the process is investigated using a custom global chemistry model to calcu-
late the species densities and electron temperature as a function of time. Electron-impact rate 
coefficients are obtained from BOLSIG+, a two-term Boltzmann solver, and are parameterized as 
a function of electron temperature for the considered gas mixtures. The energy input to the model 
is derived from the applied voltage waveform using a lumped-element approach that captures the 
strongly time-dependent electrical behavior of the sDBD.

Vortex-induced mixing is incorporated into the model via a power-driven effective increase 
of the plasma volume. As the volume expands, reactive species are diluted and replenished by 
entrained background gas, representing the continuous influx of untreated gas into the plasma by 
the vortices.

This 0D transport driven volume expansion model provides a computationally efficient yet 
physically grounded description of gas conversion in sDBDs, capturing the interplay between 
electrical driving, reaction kinetics, and flow-induced mixing that governs the overall conversion 
efficiency.
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 Nanosecond pulsed plasmas interacting with liquid water are significant for environmental 

remediation, sterilisation, and plasma-activated water production due to their ability to generate 
reactive oxygen and nitrogen species. Humidity critically influences these processes by affecting 
ionisation kinetics [1] and plasma–water chemistry [2]. However, its impact on discharge formation 

in the presence of a confined water droplet remains insufficiently quantified.  

 In this work, we investigate how ambient air 
humidity affects the initiation and stability of dis-
charge modes in a pin-to-pin configuration, with and 

without a droplet in the gap. Understanding this influ-
ence is essential for interpreting experimental meas-
urements and establishing reproducible plasma–liq-

uid operating conditions. 

 Experiments are performed in a small cavity 
with controlled temperature and humidity, using two 
horizontally aligned tungsten wire electrodes posi-

tioned above a glass substrate with a 7 mm gap be-
tween their tips. Nanosecond voltage pulses (400 ns) 
with peak amplitudes of 14–20 kV are applied at var-

ious repetition rates. In selected cases, a 3 µl droplet 
of deionised water is placed between the electrodes. 
Electrical diagnostics and ICCD imaging are combined with FTIR measurements of the surround-

ing environment to characterise the discharge behaviour and local gas composition.  

 In dry air, the expected enhancement of the electric field due to the presence of triple 
points [3] created by the droplet, is observed via the promotion of spark formation at lower volt-
ages (<18 kV, see Fig. 1), the latter being facilitated by easier streamer initiation. Higher humidity 

reverses this trend: water vapor boosts electron attachment to oxygen and reduce the availability 

of free electrons (generation), thereby suppressing discharge probability. 

 FTIR analysis shows that the water droplet does not create a significantly enhanced local 

humidity field. This indicates that the observed change in discharge behaviour is dominated by 
the global ambient humidity rather than droplet-induced evaporation and by the liquid's properties. 
These findings demonstrate that humidity is a primary environmental parameter governing plasma 

formation, even in confined geometries, and must be carefully controlled in plasma–liquid studies. 
Future work will explore the role of convection and mass transport near the droplet between 

pulses. 

References: 
[1]  Brisset A. et al Plasma Sources Sci. Technol. 31, 045008 (2022) 
[2]  Ono R. et al. Plasma Sources Sci. Technol. 19, 015009 (2010) 
[3]  Soares D.M. et al. J. Electrostat. 84, 97 (2016) 

 
Fig. 1: Probability of spark discharge ver-
sus voltage at different relative humidities 
with and without a water droplet. 
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Pulsed RF Excitation in CO2-CH4 Mixtures: Electrical Characteristics of Power 
Modulation 
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The method of power delivery is critical for creating ideal and efficient plasma chemical 
conditions for a given gas conversion reaction. Our group has been particularly interested in com-
bining nanosecond (ns) pulsed and radiofrequency (RF) excitation sources to realize low to mod-
erate temperature plasma conditions. In recent works, we performed a RF electrical characteri-
zation [1], as well as a RF plasma characterisation  of our custom-
built ns pulse – RF system [2]. We have recently been investigat-
ing the CO2-CH4 reaction system with the combined ns pulse – 
RF plasma source. High CH4 content (mixtures greater than 20%) 
results in significant carbon formation in the plasma and deposi-
tion on reactor surfaces, leading to plasma instability and ulti-
mately discharge extinguishing.  

Early experimentation was done in a 40/60 (vol. %) 
CO2/CH4 gas mixture at atmospheric pressure. The 1 kHz pulsed 
excitation consisted of a ns pulsed burst followed by a RF pulse 
of 300, 400 or 500 µs. The ns pulsed source is used as an ignition 
source providing ionization for the RF field to utilize. High-speed 
imaging was performed to reveal carbon particle interactions in 
the RF discharge. Figure 1 shows three frames taken from the 
300, 400 and 500 µs RF pulses. Carbon particles in the RF dis-
charge are clearly visible for the 500 µs RF pulse as well as faintly 
visible for the 400 µs RF pulse. Not only does the level of carbon 
formation depend on the RF pulse length, but the level of carbon 
particulate observed is variable over the duration of the pulse. It 
was also observed that the quality of the RF signal changes de-
pending on the amount of carbon deposition observed. Time and 
frequency domain measurements obtained temporally over the 
RF pulse show characteristics that correlate well with the levels 
of carbon observed during high-sped imaging.  

Managing and mitigating the level of carbon formation and 
deposition during processing of high CH4 content plasma is criti-
cal to ensuring stable operation over long periods of time. Modu-
lation of the RF power during the RF pulse may allow for processing optimization while minimizing 
carbon formation and deposition. A feedback controller can be implemented by performing live 
electrical measurements of the RF discharge and modulating the applied RF power in an attempt 
to reduce the level carbon formation. 

References: 

[1] D. Filice and S. Coulombe, “Combined ns pulsed-RF excitation and impedance matching considerations for 
the production of moderate E/n atmospheric pressure discharges for gas conversion,” Plasma Sources Sci. 
Technol., vol. 33, no. 5, p. 055011, 2024, doi: 10.1088/1361-6595/ad42d0. 

[2] D. Filice and S. Coulombe, “Observation and characterization of discharge mode transition in a three-
electrode atmospheric pressure RF plasma system,” Plasma Sources Sci. Technol., vol. 34, 2025, doi: 
10.1088/1361-6595/ae05c7. 

Figure 1: High-speed imag-

ing frames of a RF discharge 

in CO2 - CH4 for 300, 400 

and 500 µs RF pulses. 
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Streamer discharges are present in nature as early stages of lightning. In the high-voltage 
industry, understanding streamer discharges is critical for spark protection and the design of high-
voltage switchgear. For several decades, sulphur hexafluoride (SF6) has been used in high-
voltage gas-insulated switchgear for the prevention and quenching of arcs. However, SF6 is also 
the most potent greenhouse gas, 23,600 times stronger than CO2 and therefore its usage should 
be reduced. Part of this research is about a candidate to replace SF6: Perfluoro-iso-butyronitrile, 
C4F7N, or C4-FN for short. C4-FN has a lower global warming potential than SF6 and, mixed with 
CO2 it has comparable dielectric capabilities, reducing the global warming potential of the gas by 
more than 98% [1]. 
In this work, we study fundamental aspects of streamer discharges in various gases including air 
and CO2-C4-FN mixtures for both polarities using 
two techniques: first, by varying the voltage rise 
rate and second, by using double-pulse 
experiments. Both are made possible by the 
development and installation of an Impedance-
matched Marx Generator (IMG) [2]. The IMG 
consists of a stack of solid-state voltage switches 
that can be triggered independently. By triggering 
each stage later than the previous one, the 
effective rise time of the voltage pulse – which is 
normally 8 ns – can be arbitrarily increased, as 
shown in figure 1. In streamer discharges in air, the 
rise time of the pulse greatly influences the 
streamer inception cloud, as well as the formation 
of the streamer branches, see figure 2. 
The IMG is also capable of making 
two pulses in quick succession, with 
delays between pulses as low as 
30 ns. Using ICCD imaging, the 
behaviour of the second pulse is 
recorded as a function of the delay 
between the two pulses. In the past, 
this has proven to be an effective 
way to probe the memory effects of 
the gas [3]. In this way, we are able 
to get qualitative information on attachment and recombination rates of a gas mixture.  
 
References: 
[1] Y. Kieffel et al. CIRED 24, 2017(1), 54-57 (2017) 
[2] J. van Oorschot et al. IEEE Transactions on Plasma Science, 51(2), 560-571 (2023) 
[3] Y. Li et al. Plasma Sources Science and Technology, 27(12), 125003 (2018)  
 

 
Fig. 1: Rising edge of the voltage pulse for varying 
rise times. 

 
Fig. 2: Streamer images in 50 mbar air for varying pulse rise times 
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 Cold atmospheric pressure plasma (CAP) is a promising treatment for chronic and hard 
to heal skin wounds and has been successfully used in human wound care. However, CAP 
dosing remains empirical because there are no immediate visible changes during the brief treat-
ment time and biological outcomes are recapitulated hours to days later. While redox-relevant 
reactive oxygen and nitrogen species (RONS), the proposed effectors of CAP, can be measured 
with bulky and expensive equipment in the lab, it is impractical for a clinical setting. Two readily 
detectable RONS, H2O2 and NO, are physiologically relevant species. H2O2 serves as a key sig-
naling molecule in regulated cascades that activate 
various metabolic processes involved in wound heal-
ing [3]. NO has antimicrobial properties and is an en-
dogenous messen- ger that promotes angiogenesis, 
cell migration, and tissue remodeling [4]. ORP (ox-
idation-reduction potential) measures the overall re-
dox state and the balance between oxidants and re-
ductants. Besides measurements of CAP analytes, 
real-time monitoring of cellular effects could also 
serve as an important parameter for device control. 
Changes in calcium homeostasis are among the 
earliest changes in cells in response to environmen-
tal stressors. Ca2+ is a cen- tral regulator of prolifer-
ation, migration, and differentiation, as well as angi-
ogenesis [5]. We report on the use of electro-chemi-
cal wire sensors to measure in situ H2O2 [1], ORP [1], 
NO [2], and Ca2+ [2] in real time in a wound bed. 
Coupled with a microcontroller, the sensor meas-
urements can be used to control the CAP device, 
in order to terminate treatment once a threshold 
value is reached, e.g., when a desired concentration 
is reached with exceeding safe levels of H2O2. The 
controller was challenged and validated during 
CAP treatment of dorsal wounds on mice with three 
CAP devices: a 10 mm diameter volume DBD, a 5 
mm diameter volume DBD, and a surface DBD. 

References: 
[1] J. Thomas, S. Kumar, G. Karkada, J. Sutter, et al., Commun Eng, (2025) 
[2] J. Thomas, K. Pattison, S. Kumar, G. Karkada, et al., Plasma Chem. Plasma Process., 46(4) (2026)  
[3] J. Kanta, Acta Medica (Hradec Kralove), 54, 97 (2011) 
[4] B. Witte, A. Barbul, Am. J. Surg., 183, 406 (2002) 
[5] R. Alessandro, L. Masiero, L. Liotta, E. Kohn, In Vivo, 10, 153 (1996) 

 
In situ H2O2 measurement (top) and PWM 
signal (bottom) indicating plasma ON/OFF 
state. The controller terminates treatment 
once the setpoint is reached.. 
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The influence of cold plasma on dental prosthetic materials 
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Denture stomatitis remains a common complication among patients using removable pros-
thetic restorations, largely associated with fungal colonization by species such as Candida albi-
cans and Candida glabrata. This study aimed to evaluate the potential of cold atmospheric plasma 
(CAP) as a non-invasive and non-destructive method to limit fungal growth on commonly used 
dental materials, including acrylic, acetal, and prosthetic metal alloys. The investigation focused 
on how varying plasma exposure times (5, 10, and 20 minutes) influence the physicochemical 
and biological properties of these materials. 

Comprehensive material characterization was performed using FT-IR spectroscopy, SEM-
EDS analysis, and optical profilometry to assess chemical composition, morphology, and surface 
topography. Surface wettability and optical properties were evaluated using contact angle meas-
urements and spectrophotometry. The susceptibility of both untreated and CAP-treated materials 
to fungal adhesion was also analyzed to determine their resistance to microbial colonization. The 
results demonstrated that CAP treatment is chemically safe for all tested materials, as no signifi-
cant alterations in elemental composition were observed. However, material-dependent re-
sponses were evident. Acetal and metal alloy surfaces remained largely stable in terms of mor-
phology, roughness, and color following plasma exposure. In contrast, acrylic resin exhibited no-
table changes, including increased surface roughness and altered optical properties, which may 
negatively affect its mechanical integrity and aesthetic performance in clinical applications. From 
a microbiological perspective, CAP proved highly effective in reducing fungal contamination. A 
single 10-minute helium-based CAP cycle reduced Candida populations by at least one logarith-
mic unit across all materials, with reductions reaching up to 98% for both C. albicans and C. 
glabrata. Statistical analysis confirmed significant effects of both material type and exposure time, 
with strong effect sizes observed, particularly for C. glabrata. Importantly, CAP treatment also 
reduced the water contact angle of the tested surfaces, enhancing wettability and potentially lim-
iting fungal adhesion. These effects are attributed to plasma-induced surface activation, including 
the introduction of polar functional groups and micro- to nanoscale morphological modifications. 

In conclusion, CAP represents a promising adjunct for improving prosthetic hygiene and 
reducing fungal colonization without compromising most material properties. However, its appli-
cation should be carefully tailored, as acrylic materials may be adversely affected.  
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 The origin of life was identified as one of the 125 most important scientific question by the 
journal Science in 2005 [1] and remains a complex topic due to its complexity and its interdisci-
plinary nature mixing chemistry, biology, physics, astronomy and Earth science. However, plasma 
discharges have proven to be valuable tools since it provides the necessary energy to synthetize 
the reactants for biological molecules. Indeed, plasmas were present in the early Earth environ-
ment (lightning) and are believed to be responsible for initiating essential prebiotic chemistry [2]. 
Since the pioneering experiments employing electrical discharges to simulate prebiotic condi-
tions [3], several amino acids, nucleobases and sugars have been synthesized using plasmas [4]. 
 Using a DC-pulsed micro-dielectric barrier discharge, we ignite a NTP inside a capillary 
with an inner diameter of 800 µm [5]. The plasma is ignited with different voltages applied to the 
µDBD, varying from 4 to 8 kV. The gas mix flowing through the capillary mimic the presumed 
prebiotic atmosphere (CH4/N2/H2, 40%/40%/20%) diluted in He. Water vapor is then added to the 
gas mix. To monitor the chemistry involved, a real-time high sensitivity mass spectrometer (MS) 
CI-FTICR is set up at the exit of the tube [5]. 
 First results provide promising insight into the 
potential of this plasma discharge for the synthesis 
of the reactants relevant to the origin of life. HCN and 
NH3 are produced in the presence of the plasma (Fig-
ure). These two key precursors are involved in the 
Strecker synthesis of amino acids [6], in which CH2O 
acts as the carbonyl compound leading to glycine 
formation. The formation of HCOOH in this gas mix 
is also relevant to amino acid production as the pres-
ence of carboxylic acids proves that oxidation, nec-
essary to our application, is possible even in the 
strongly reducing prebiotic conditions recreated here. Figure also shows the concentration of NH3 
constantly increasing during the experiment whereas the concentration of the other detected prod-
ucts is directly correlated with the applied voltage. This behavior is likely due to the strong ad-
sorption of NH3, which makes its detection more difficult as only a fraction of it reaches the MS.  
 These first results are promising for the use of our micro discharge for the wanted appli-
cation. The experimental set up will be presented with the latest additions to create a fluidic loop 
with a liquid phase, playing the role of Darwin’s pond to better modelized the early Earth condi-
tions. Heavier species will later be analyzed by LC-MS of the condensed water, allowing an ex-
haustive overview of the species produced during the experiment as non-volatile products cannot 
be detected by the MS. 
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[6] M. Ferus et al., Astron. Astrophys. 626, A52 (2019). 
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The effects of low-temperature plasma on cells and biomolecules have been extensively 
studied to date. Plasma is used in medical applications such as wound treatment, sterilization, 
and cancer therapy. In particular, its efficacy in cancer therapy has attracted particular attention. 
Many studies suggest that reactive species generated by plasma influence the “survival/death” 
fate of cancer cells [1,2]. Furthermore, it is known that plasma induces selective cell death in 
cancer cells while minimizing damage to normal cells [3,4]. However, the detailed mechanisms 
underlying these phenomena remain unclear. One reason for this is that almost all existing studies 
are experimental, with very few mathematical studies having been conducted. Therefore, quanti-
tative elucidation using mathematical models is required. The authors previously developed a 
zero-dimensional intracellular signaling model to quantify the effects of plasma-induced reactive 
species on mitochondrial redox-mediated function and energy metabolism [5]. In this study, we 
constructed a numerical model of cell death induction by reactive species generated by plasma 
and performed simulations focusing on the selectivity and mode of cell death. Figure 1 shows a 
schematic diagram of the network of intracellular biochemical reaction pathways implemented in 
this model. This system includes death receptors, mitochondrial signaling cascades, initiator/ex-
ecutor caspases and their regulators, antioxidant enzymes, and nDNA. The effects of plasma 
irradiation are modeled as exogenous stress induced by reactive oxygen species (H2O2, OH, O2

-, 
etc.) and reactive nitrogen species (NO, NO2, ONOO-, etc.). A quantitative analysis was con-
ducted to examine the potential synergistic effects among multiple reactive species on cell death. 

This work was partially supported by JSPS KAKENHI Grant Numbers 20KK0089, 
23K26099, 24H00036, 24H02246 and 24H02249. 

 

 
Fig. 1 Schematic diagram of the physiochemical reaction system for apoptosis induction. 
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Non-equilibrium plasmas generate highly reactive oxygen and nitrogen species (RONS) 

at low temperatures, allowing safe biological tissue treatment. The effectiveness of plasma treat-
ments results from the locally and temporally confined modification of the cellular redox environ-
ment modulated by RONS [1]. Many cell signaling pathways involved in pathologies, including 
cancer, are regulated by changes in redox chemistry [2]. Plasma redox therapy can selectively 
kill cancer cells and reduce tumor growth [3]. The concentration and the type of reactive species 
delivered to a tissue greatly influences its response. Precise tailoring of plasma-produced reactive 
species, as well as elucidating processes at the plasma-liquid interface are still unmet challenges 
but are essential to modulate tissue response. 

To address this research gap, a plasma-microfluidic device is proposed that allows for 
precise studies of the effect of plasma-generated species on cancer models. Microfluidics offers 
many advantages for clinical oncology and precise control over plasma treatment conditions via 
control of flow rates and reaction conditions [4]. This novel laboratory-based platform uses defined 
flow chemistry that can be modeled and diagnosed to link plasma, liquid, and cancer biology. The 
plasma source geometry used for our studies is based on the COST-Jet [5], which serves as a 
benchmark for research and inter-lab comparability. This well-characterized device allows us to 
link biological responses to plasma reactivity. Plasma 
treated liquid is diagnosed using optical and colorimet-
ric techniques, enabling the integration of experimental 
and modeling data: Hydrogen peroxide and hydroxyl 
radical concentrations are measured as a function of 
plasma power. A dual-phase flow of plasma effluent 
bubbles and liquid is used to increase the concentra-
tion of species being transferred into the liquid and the 
mixing of the liquid This dual-phase flow and its com-
patibility with biological models is assessed and shows 
no impact on cell viability. Preliminary results (Fig. 1) 
show a dose response of MB-231 spheroids (cultured, 
treated and analyzed entirely within the chip) to plasma 
treated media. The poster will present our platform, its characterization, first experiments integrat-
ing cell models, and how it aims to unravel fundamental processes in plasma-liquid-cell interac-
tions. This work was supported by Québec-Flanders Bilateral Research Cooperation Program. 
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Figure 1: MB-231 cell response to 
plasma treated media (n=1) 
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 Airborne infectious diseases pose an environmental and public health concern. Since the 
worldwide COVID pandemic, there have been outbreaks of zoonotic (avian) influenza among 
birds, cows, and humans as well as measles, continuing the focus on development of newer 
technologies for preventing the spread of infectious viruses. Particulate filters and UV germicidal 
irradiation suffer from significant airflow restriction and long treatment times [1]. There have been 
studies regarding inactivating viruses on surfaces and in liquids, which are not to be confused for 
inactivating airborne viruses in flowing airstreams [2]. Nonthermal plasma (NTP) is a promising 
technology for a variety of applications. This research focuses on the use of nonthermal plasma 
to inactivate airborne viruses in a flowing airstream. Previous research used a RNA virus (MS2) 
as a surrogate for human viruses [3]. The current research focuses on ΦX174, a surrogate virus 
with DNA as its genetic material. Hong et al. conducted what is, to our knowledge, the first NTP 
inactivation of an airborne DNA virus in a flowing airstream [4]. 

 The inactivation efficiency of viruses has been 

very dependent on the frequency of the plasma power. 
It has been found that for the plasma setup, MS2 is 
optimally inactivated at an AC power frequency of 300 
Hz, partly due to a large load capacitance in the 
plasma reactor and a low current threshold of the 
plasma power source used in this study. A series of 
inactivation trials for ΦX174 have been performed and 
the results are shown in the figure. These few trials 
have shown a similar peak inactivation of ΦX174 at 
350 Hz, with another inactivation peak occurring at 10 
Hz. But further study is needed to get a better understanding of the effect of frequency on 

inactivation of ΦX174. With an upcoming high-voltage power source addressing the capacitance 
issue, which enables operation at higher current (thus higher frequencies), the study could be 
extended to a wider range of AC frequencies and provide a more comprehensive picture of its 
effects on NTP inactivation efficiency, so more trials will be done.  

 In the packed-bed plasma reactor setup under study, there are some aerosol losses due 
to filtration through the packed bed and electrostatic precipitation. In our trials with the plasma off, 
the only losses through the reactor should be due to filtration. Our inactivation is calculated by the 
plasma-off subtracted from the plasma-on log concentration. Therefore, our reported log 
inactivation accounts for filtration. However, as the applied plasma power changes with frequency, 
the impacts on aerosol loss due to electrostatic precipitation have not been measured previously. 
The present study uses two condensation particle counters to count the number of particles at 

the NTP inlet and outlet. The change in particle counts between the NTP inlet and outlet with 
frequency will shed light on changing aerosol losses due to electrostatic precipitation. After each 
trial, microbiological assays are performed to assess inactivation efficiency.  

References: 
[1] K. Kapse et al., Fluids. 8, 4 (2023) 
[2] A. Guesmi et al., Environ. Sci. Pollut. Res. 29, 37 (2022) 
[3] Z. Ma et al., Sci. Total Environ. 939, (2024) 
[4] E. Hong et al., Int. J. Plasma Sci. Eng. 19, 3 (2025) 

 PhiX174 inactivation, plasma power, 
and ozone readings for frequency 
sweep for 10, 30, 100, 350, 1000 Hz. 
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Effects of Non-thermal Plasma Treatment on Seed Germination Physiology in Na-
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 Today, the impact of non-thermal plasma (NTP) on germination is not yet fully understood, 
as it is a relatively new area of study. Available data suggest that NTP can have a range of positive 
effects on germination, with these effects varying based on factors such as plasma type, exposure 
time, and plant species [1]. To date, NTP has primarily been used in agriculture to boost dry mass 
and speed up the germination of agricultural seeds. In this context, NTP is primarily known for 
altering the physical properties of the seed coat, making it more hydrophilic and significantly re-
ducing the water contact angle [3]. This leads to faster water uptake, longer radicle growth, and 
better odds of successful root establishment, as demonstrated in Figure 1.  

 This research will focus on examining the 
impact of NTP utilizing surface analysis as a 
measure of treatment success. Scanning electron 
microscopy and micro-CT imaging techniques 
have been used for the inspection of both external 
and internal changes caused by treatment, while 
maintaining the seed’s integrity. The tests have 
been done before and during germination. Be-
cause only a few studies have examined the ef-
fects of NTP on native plants (non-commercial) 
this work will focus on the impact of NTP on indig-
enous seeds. This has the potential to promote 
ecologically responsible reforestation of human-
disturbed environments. Four native species from 
eastern Quebec were selected: Alnus incana, Bet-
ula papyrifera, Chamaerion angustifolium, and 
Larix laricina. These particular species play a piv-
otal role in ecological succession, as they are cru-
cial for creating the necessary soil conditions for 
plants that follow. Results obtained are linked to 
the germination rate to better understand how it 
will possible to change the behavior of the seeds.  

 

References: 
[1] A. Barjasteh et al., Journal of Plant Growth Regulation. 42, 9 (2023) 
[2] P. Starič et al., Plants. 9, 12 (2020) 

[3] E. Bormashenko et al., Scientific Reports. 2, 1 (2012) 

 

 
Figure 1: A schematic representation of  non-

thermal plasma ef fects on seeds [2] 
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More than 20 years past from the first joint publication of the teams from Japan and Poland  on 
the non-thermal plasma-based technology for soil treatment [1]. Since then, research in this area 
has continued under cooperation agreements between the Japanese laboratory and universities 
listed in the affiliation, as well as the Lublin University of Technology. Research has also been 
conducted as part of national and international research projects [2]. Soil quality has a significant 
impact on the welfare and prosperity of countries. 

Figure 1 Ozone soil disinfection to enhance plant 
growth 

Agriculture and soil protection involve 
issues related to the excessive use of 
chemicals, which degrade the soil and 
increase the content of pesticides in the 
soil, groundwater and food.  
Chemical agriculture also affects the 
quality of cultivated seeds and their ability 
to germinate. It is also important to 
prevent microbiological contamination of 
soil and agricultural products during their 
processing, transport and storage [3]. 
Paper presents the results of 
collaborative research covering, amongst 
other things, the use of non-thermal 
plasma for soil treatment.  

In particular it is related to: the direct application of ozone in agricultural crops, soil 
microorganisms and pathogens, a comparison of various soil disinfection methods, and advanced 
soil management techniques, sterilisation of agricultural product packaging, pest control and plant 
growth with deep learning technology [4]. 

References 
[1] Stryczewska, H.D.; Ebihara, K.; Takayama, M.; Gyuotoku, Y.; Tachibana, M. Non-Thermal Plasma-

Based Technology for Soil Treatment. Plasma Processes Polym. 2005, 2, 238–245. 
[2] Advanced technology for energy and environment, editors: Henryka Danuta Stryczewska, Kenji 

Ebihara, Oleksandr Boiko, Publications of the Lublin University of Technology, Lublin 2023 
[3]  Mitsugi, F.; Ebihara, K.; Aoqui, S.; Stryczewska, H.D. Review of Developments in Application of Ozone 

in Agriculture. In Proceedings of the 16th High Pressure Low Temperature Plasma Chemistry 
Symposium HAKONE XVI, Beijing, China, 2–7 September 2018. 

[4] Ebihara K., Mitsugi F., Aoqui S., Yamashita Y., Baba S., Stryczewska H.D., Deep learning technology 
for remote identification of insect pest and plant growth in ozone-mist sterilization, [In]: 10th International 
Conference on Electromagnetic Devices and Processes in Environment Protection (ELMECO-X), May 
26–27, 2022, Lublin, Poland 
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Control and diagnostic-based tailoring of plasma reactivity  
in health, environment, and agriculture 
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 Cold plasmas play an increasingly important role in applications in health, environment, 
and agriculture. Especially plasmas interacting with liquids are studied in research labs worldwide 
[1, 2]. The benefits of plasma liquid systems are on-demand use as well as the potential to tailor 
the plasma chemical pathways to the desired application, for which a fine control over the plasma 
generated reactive species composition will need to be mastered.  
The presentation explores how designing electric excitation, reactor geometry, and gas composi-
tion tailors the plasma reactivity and for the case of plasma liquid interaction, the chemical com-
position of liquids. The plasma’s reactive species generation is characterized regarding the elec-
tric field, the atomic and molecular ground state and excited state species, as well as the flow 
field employing advanced diagnostics of ultrafast and ns laser-based spectroscopy as well as 
absorption spectroscopy and flow field imaging techniques.  
Results demonstrate how tailored plasma chemistry effectuates the selectivity of plasma cancer 
treatment and wound healing [3] and increases energy efficiency in environmental applications 
for CO2 dissociation [4], providing educts for added-value chemicals. In agricultural applications 
such as plasma assisted hydroponic systems, tailored plasma chemistry provides plants with ni-
trogen nutrients and at the same time kills plant pathogens [5].  
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[3] Project PlasmaFlow (FWO-FRQ funding): S. Reuter, A. Bogaerts, S. Coulombe, Th. Gervais, D. 

Rosenzweig, D. Boffito 
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Plasma operational parameters control chemical pathways and reactive species composition 
in plasma liquid interaction 
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 Hydrogen peroxide (H2O2) is an important and versatile oxidant having a high oxidation 
potential and that only produces water as by-product of oxidation reactions [1]. H2O2 has a global 
annual demand of over 4 million tons due to its utility in various applications: acting as a strong 
oxidizer, disinfectant, propellant in rocket, etc. [2]. Currently, over 95% of H2O2 is produced via 
the anthraquinone oxidation (AO) process which requires the hydrogenation of an alkylanthraqui-
none based working solution with a palladium catalyst followed by filtration, oxidation, and extrac-
tion of the produced H2O2. This process requires an energy input of ~17.6 kWh per kg H2O2, 
generates ~3 tons of CO2 emissions per ton of H2O2, and causes degradation of the catalyst [3-
4]. 

 In an effort to contribute to lowering CO2 
emissions, alternative H2O2 production techniques 
are under investigation. Plasma-liquid interactions 
pose an interesting path for the production of 
H2O2. However, this method still requires improve-
ment in understanding and optimizing the pro-
cess. In this study, O2 gas mixed with H2O flows 
through a DBD reactor continuously producing 
H2O2. The effects of various interdependent pa-
rameters are studied with the goal of decoupling 
these interlinked effects and providing a path to an 
optimized process. Optical emissions spectros-
copy (OES) is carried out for the characterization 
of the undiluted O2 and O2-H2O plasma. Rotational 
and electron temperature are determined by 
Boltzmann plot of OH(A-X) band and from atomic 
hydrogen lines, respectively. Furthermore, elec-
tron density is characterized by the Stark broad-
ening of the Hβ line. The energy input is deter-
mined by electrical measurements. Finally, a col-
orimetric measurement method is used to meas-
ure the concentration of the produced H2O2 solution and determination of production rate and 
energy yield. 
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[1] J. M. Campos-Martin, G. Blanco-Brieva, and J. L. G. Fierro, “Hydrogen peroxide synthesis: An outlook 
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[2] R. Zhou et al., “Sustainable plasma-catalytic bubbles for hydrogen peroxide synthesis,” Green Chem-

istry, vol. 23, no. 8, pp. 2977–2985, Apr. 2021, doi: 10.1039/d1gc00198a. 
[3] S. C. Perry, S. Mavrikis, L. Wang, and C. Ponce de León, “Future perspectives for the advancement of 

electrochemical hydrogen peroxide production,” Dec. 01, 2021, Elsevier B.V. doi: 10.1016/j.coe-
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[4] Y. Xia, P. Zhu, Y. Yang, C. Qiu, and H. Wang, “Electrochemical Manufacturing of Hydrogen Peroxide 
with High Concentration and Durability,” ACS Catal., vol. 15, no. 6, pp. 4560–4569, Mar. 2025, doi: 
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Figure 1: O2-H2O DBD plasma system 
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 Atmospheric-pressure dielectric barrier discharges (DBDs) are widely used to produce 
reactive oxygen and nitrogen species (RONS) for applications such as plasma medicine and 
sterilization [1], plasma catalysis [2] or environmental remediation [3]. Despite extensive studies, 
establishing predictive relationships between electrical excitation and plasma-driven chemistry 
remains an open challenge, particularly under atmospheric conditions where discharge 
behaviour is highly sensitive to operating parameters and may exhibit distinct operating regimes 
[4,5]. 

 In this work, we present a tunable high-voltage excitation system incorporating burst-mode 
operation, enabling independent control of frequency (1-50 kHz) and duty cycle for systematic 
investigation of DBD behaviour. Using a model reactor, we combine time-resolved electrical 
diagnostics, optical emission spectroscopy, and gas-phase Fourier-transform infrared 
spectroscopy to explore correlations between electrical excitation, discharge characteristics, and 
reactive species formation. 

 Particular attention is given identifying transitions in discharge behaviour through non-
linear electrical responses and associated changes in optical emission spectra. These 
observations are complemented by gas-phase analysis targeting key long-lived RONS species, 
in order to elucidate the influence of excitation parameters on dominant chemical pathways. 

 This work establishes a direct link between power delivery, plasma behaviour, and 
reactive species formation under burst-mode excitation. The results highlight the role of electrical 
control in accessing distinct discharge conditions and tuning gas-phase chemistry, providing 
a basis for scalable plasma-based processes. 
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Conventional methods for upgrading simple organic molecules into higher-value 

products are often energy-intensive and rely on catalysts prone to deactivation. This 
work presents experimental investigations using a microsecond-pulsed dielectric barrier 
discharge (DBD) in a pin-to-plate configuration to induce chemical transformations at 
ambient pressure and near-room temperature. Molecular growth is attributed at the in-
terface through electron solvation and ion transport, a physical mechanism consistent 
with established roadmaps for plasma-liquid interactions [1].  This platform enables the 
catalyst-free processing of feedstocks including n-alkanes (hexane, octane, decane), al-
cohols (methanol, ethanol), and amines (butylamine). 
Results demonstrate a capacity for chain extension and functionalization without added 
solvents. Processing of liquid hydrocarbons synthesized linear and branched com-
pounds reaching up to C20 when using n-decane as a reactant, with primary product 
families identified as Cn+1, Cn+2, Cn+3, and C2n dimers. Furthermore, the integration of al-
cohols with these hydrocarbon feedstocks resulted in a synergistic effect, increasing to-
tal conversion efficiencies and promoting the production of hydrogen-rich gas mixtures. 
Extending this process to butylamine enabled the direct synthesis of complex nitrogen-
containing organic compounds (NOCs) such 
as aliphatic and aromatic amines, nitriles, 
and heterocyclic azoles, achieving a total 
NOC production efficiency of 49.4 g/kWh un-
der optimized conditions. 
These transformations are consistent with 
dissociation and dehydrogenation pathways 
initiated by energetic electron impact [2], 
within a kinetic framework supported by stud-
ies of non-equilibrium plasma-assisted oxida-
tion. Ultimately, these results validate the po-
tential of microsecond-pulsed plasma for 
converting electrical energy into stable chem-
ical bonds [3], offering a scalable solution for 
the direct molecular upgrading of simple or-
ganic feedstocks under ambient conditions. 
  
References: 
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Fig. 1. Total production efficiency and produc-
tion efficiency for nitrogen-containing com-
pounds (g/kWh) with varying argon/nitrogen gas 
ratios. 
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 The PLANET (Plasma-Electrification of Chemical Produce - net-zero carbon emission 
technology for sustainable greenhouses) project brings together over ten research groups 
alongside the largest greenhouse producers in Quebec and Ontario, with the goal of replacing 
energy- and carbon-intensive conventional chemical pathways in hydroponic agriculture with 
compact, plasma-based alternatives. In this context, cold atmospheric plasma sources interacting 
with liquids represent a promising route for the in-situ generation of reactive oxygen and nitrogen 
species (RONS), enabling electrically driven fertilization and disinfection of irrigation water under 
ambient conditions, without the need for external chemical inputs [1]. 

Building on previous proof-of-concept studies [2], this work aims to establish a reference 
diagnostic framework for plasma-liquid reactors, defined as a reproducible, multi-phase analytical 
baseline enabling systematic comparison of reactor designs and guiding scale-up strategies. The 
framework combines time-resolved electrical characterization of the discharge, providing real-time 
power deposition measurements and enabling the determination of overall energy yields. In the 
gas phase, optical emission spectroscopy (OES) is used to identify excited species, including OH, 
NO, N₂, and O, while Fourier-transform infrared spectroscopy (FTIR) enables the quantification of 
stable molecular species such as NO, NO₂, N₂O, O₃, HNO₂ and HNO₃. In the liquid phase, 

colorimetric assays (Griess reagent for NO₂⁻/NO₃⁻, and titanium oxysulfate for H₂O₂) quantify the 
long-lived RONS accumulated in the treated water as a function of operating conditions. In 
addition, the evolution of pH is monitored to characterize the formation of acidified nitrogen species 
such as HNO₂ and HNO₃. 

By correlating gas-phase species fluxes with aqueous RONS accumulation, this framework 
provides indirect insight into the process occurring at the plasma-liquid interface and identify the 
key parameters governing nitrogen fixation efficiency and energy cost. This multi-phase diagnostic 
framework is designed with scale-up in mind, providing transferable process monitoring tools that 
bridge lab-scale plasma physics and industrial reactor deployment. 
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New perspectives of dielectric barrier discharges for the deposition of thin films 
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Dielectric barrier discharges (DBDs) allow generating atmospheric plasma at or near room 
temperature. For decades the main industrial application was for ozone generation thanks to the 
Siemens process [1]. Applications for surface modifications came later, first for surface activation. 
Deposition of coatings remained confidential, due to the poor control of the quality of the films. 
Indeed, the very small mean free path at atmospheric pressure leads to species with very low 
energies, and random processes due to moving filaments often occur. Taking advantage of the 
room temperature of DBDs, fragile surfaces such as polymers could be modified. Additionally, 
DBDs operating at atmospheric pressure do not require vacuum systems, and such processes 
could therefore present some economic advantages, as well as some positive input in the devel-
opment of responsible sustainable surface engineering [2]. 

Thanks to decades of research, dielectric barrier discharges can now be used to deposit 
more and more sophisticated coatings. The talk will present, through selected examples, some 
current developments of DBDs for the deposition of organic and inorganic coatings.  

We will show that by tuning the precursor chemistry and by controlling the plasma phase, one can 
design organic coatings with dedicated chemistries [3]. For years, achieving crystalline inorganic 
coatings using cold atmospheric plasma was challenging. We will show that, nowadays, one can 
deposit crystalline oxides [4], and that one can tune the average size of crystals [5]. Patterned 
coatings are usually achieved using mask techniques or laser addition. DBDs can nowadays be 
used to synthesize in a single step, without mask, chemically patterned organic and inorganic 
coatings [6,7]    

Finally, the talk will explore the current lim-
its of atmospheric DBDs for the deposition of thin 
films, including limits due to the low mean free 
path in the gas phase, the low energy of incoming 
particles, the limits of the Yasuda parameter ap-
proach, positive and negative streamer interfer-
ences in the polymerization and ablation process, 
effect of the nature of the inert plasma gas used.  
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Immobilized filaments in a DBD used to deposit 
chemically patterned inorganic and organic 
coatings. 

Localized crystalline V2O5 coatings 
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The development of multifunctional thin films deposited by plasma-enhanced chemical 
vapor deposition (PECVD) at atmospheric pressure is a rapidly growing field, driven by applica-
tions in energy and environmental technologies. Among deposition devices, plasma torches rep-
resent an emerging solution offering high deposition rates and compatibility with industrial pro-
duction lines [1]. However, the strong coupling between plasma physics, gas-phase chemistry, 
and surface processes remains poorly understood, particularly regarding plasma–substrate inter-
actions during precursor injection, which limits process optimization and modeling. 

This work aims to accelerate the understanding and development of atmospheric plasma-
assisted thin film deposition through the construction of a digital twin (DT) framework [2]. To sup-
port this approach, comprehensive experimental datasets are required, motivating a detailed 
characterization of the plasma plume and its interaction with the substrate during the deposition 
of organosilicon thin films from hexamethyldisiloxane (HMDSO). Optical diagnostics combining 
conventional imaging and innovative hyperspectral imaging are employed to provide spatially re-
solved information on emission intensity and species distribution within the plume and near the 
substrate. The correlation of these optical measurements with deposition profiles and physico-
chemical film properties enables a deeper understanding of the process and provides structured 
datasets for modeling.  

Because manual data collection remains a time-consuming and limiting step, a generative 
flow network (GFlowNet) [3] is employed to guide the design of experiments and efficiently explore 
the high-dimensional parameter space. This novel approach enables targeted and accelerated 
data acquisition, generating structured datasets that are subsequently used to train neural net-
work models capable of predicting film properties, such as thickness and FTIR signatures. We 
compare these purely data-driven approaches with an innovative hybrid, physics-inspired model 
combining empirical knowledge of plasma processes with machine learning, improving interpret-
ability while maintaining predictive capability. Overall, this combined experimental and modeling 
approach establishes new structure–process–property relationships and contributes to the devel-
opment of predictive tools for the optimization and control of atmospheric plasma deposition pro-
cesses. 

Acknowledgements: This work was supported by an Exploratory Project program of the Institut 
Courtois, Université de Montréal. 
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Dielectric barrier discharges (DBD) at atmospheric pressure can operate in different 
discharge regimes. Commonly, two types of discharges are observed in DBDs: diffuse and 
filamentary [1]. The former regime produces more uniform plasmas, whereas the latter provides 
filaments that are stochastically distributed in both space and time. Although a diffuse discharge 
in N2 is readily obtained in a planar DBD, it is easily disturbed by changing the gaseous 
environment or the operating parameters [2]. In some operating conditions of the DBD, a third 
intermediate (or hybrid) mode can appear, exhibiting properties of both the diffuse and the 
filamentary discharge. In the case of material processing (surface treatment, thin film deposition), 
coupling gas/liquid precursors with DBDs is effective but leads to issues in discharge control, i.e. 
oscillating between diffuse and filamentary regimes. The various operating parameters such as 
precursor injection mode, substrate type, and applied voltage will thus affect the discharge 
regime, which has a subsequent impact on the thin film quality [3]. In this work, the plasma/surface 
effects are discussed in the case of three regimes: diffuse, filamentary and hybrid discharges are 
proposed and compared both electrically and optically. The purpose of this study is to define the 
consequences of the different modes on the structure of various plasma treated surfaces and 
their evolution in time and plasma conditions. 

Firstly, three operating regimes are defined for a plane-to-plane N2 DBD at atmospheric 
pressure: by modifying the shape of the applied waveform (sine or square) and its frequency (from 
1 to 6 kHz), the DBD regime can be tuned to a Townsend, a filamentary or a hybrid one. These 
three modes simulate possible discharge conditions for material processing. The electrical 
characterization of these modes is presented as well as iCCD imaging and OES measurements. 

Secondly, SiO2 (90nm) / Si substrates (a commonly used substrate in material processes) 
are subjected to these different regimes following increasing processing times, varying from one 
second to minutes-long discharges. The treated samples are then observed using SEM and AFM 
in order to assess the surface morphology variations induced by the DBD plasma treatment. After 
obtaining satisfying preliminary results, the study is extended to other materials such as polymers 
to understand how the various discharge modes affect substrates with different electrical and 
mechanical properties. 

From a macroscopic to a microscopic scale, these imaging techniques reveal surface 
modifications caused by filaments in the discharge. Sub-micrometric impacts are covering the 
surface, arranged in the form of clusters. By studying the distribution of these impacts and their 
size over treatment time, additional knowledge on the behavior, distribution and intensity of (even 
slightly) filamentary discharges is obtained.   
References: 
[1] 
[2] 
[3] 

F. Massines et al., Plasma Process. Polym. 9 1041-73 (2005) 
C. Moderie et al., J. Phys. D: Appl. Phys. 59 045201 (2026) 
U. Kogelschatz, Chem. Plasma Process. 23 1–46 (2003) 

O5-2

33

mailto:sarah.hekking@umontreal.ca
mailto:robin.de.meyer@umontreal.ca
mailto:charles.moderie@umontreal.ca
mailto:antoine.goullet@cnrs-imn.fr
mailto:agnes.granier@cnrs-imn.fr
mailto:clement.maheu@cnrs-imn.fr
mailto:mireille.richard@cnrs-imn.fr


Impact on surfaces of dual frequency pulsed+RF plasma jet in open air
A. Patelli1, R. Fiorotto1 , E. Shakerinasab1 , A. Andreetto1

1 Dip. Fisica e Astronomia, Università di Padova, Via Marzolo 8, 35131 Padova, Italia
alessandro.patelli@unipd.it , riccardo.fiorotto.1@phd.unipd.it , ehsan.shakerinasab@unipd.it ,

alessandro.andreetto@phd.unipd.it

Dual-frequency configurations have demonstrated enhanced plasma heating perfor-
mance relative to single low-frequency (LF), pulsed, or radio-frequency (RF) operation showing
the possibility to independently control ionization and energy coupling. The approach is partic-
ularly promising in molecular gas excitation as CO, CO2 and H2 [1], in addition it was shown also
to enable control over the ignition of the 𝛾 regime on facing surfaces [2].

These characteristic discharge properties are preserved in jet configurations. In a coaxial
geometry, plasma operating in ambient air typically exhibit a filamentary structure in which ion-
ization dynamics are dominated by the 𝛺 regime; however, 𝛾-mode operation can also be ini-
tiated on treated substrates, which effectively act as a third electrode [3,4].

Under specific operating conditions, locked modes can be established, and the spatial
stability of the filaments can be modified on timescales of seconds, while the temporal jitter as-
sociated with 𝛾-mode ignition is on the order of 10–20 ns. The resulting enhancement in plasma
stability, together with the ability to regulate plasma–surface interactions through sheath control,
is highly promising for advanced materials processing under open-air conditions.

In this work, we will present the principal advantages of such configurations, with empha-
sis on applications to both solid and liquid targets. The formation of a glow high-density plasma
layer on the surfaces enables hydrogen incorporation into substrates, potentially leading to
ion–exchange processes in sodalime glass. Simultaneously, a controlled ion flux can be exploited
to introduce defects in two-dimensional materials in a highly controlled manner [5]. Moreover, the
𝛾 regime can also be established in liquids, creating a novel plasma–liquid interface environment
with potential applications in chemical synthesis.
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Defects induced in a graphene nanoplatelets by an Ar plasma jet in
open air using coupled excitation RF and μpulse as a function of the
number of pulses for comparison with other configurations [5].
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 Nitrogen oxides (NOx) constitute important intermediates in a wide range of industrial ap-
plications, including the production of nitric acid, fertilisers, as well as certain medical and elec-
tronic processes. At present, NOx is primarily generated via the Ostwald process, which involves 
high-temperature and high-pressure conditions and relies on noble metal catalysts, leading to 
substantial energy demand and elevated operational costs. These drawbacks have driven the 
exploration of alternative production routes capable of operating under milder conditions while 
offering enhanced energy efficiency [1]. 

Among the emerging approaches, plasma-assisted nitrogen fixation has attracted consid-
erable attention, particularly when employing non-thermal plasma produced by gliding arc dis-
charges [2]. In these systems, electrical energy is utilized to directly excite nitrogen and oxygen 
molecules in ambient air at atmospheric pressure, facilitating NOx formation. In comparison with 
conventional thermal methods, gliding arc plasma reactors are characterised by lower bulk gas 
temperatures, higher electron energies, and increased flexibility in adjusting discharge parame-
ters [3]. 

The effectiveness of NOx generation in gliding arc reactors is governed by a complex in-
teraction between electrical operating conditions, gas flow parameters, and reactor design. Vari-
ables such as discharge voltage, current, input power, and gas residence time have a direct im-
pact on plasma characteristics, reaction mechanisms, and thermal behavior, rendering the pro-
cess strongly non-linear. Consequently, thorough experimental evaluation combined with suitable 
data analysis techniques is crucial for determining optimal operating regimes [4]. 

This study reports an experimental investigation of NOx formation in a three-electrode 
gliding arc plasma reactor operated under atmospheric conditions. The effects of electrical oper-
ating parameters and air flow rate on NOx concentration and energy efficiency were systematically 
examined using a dedicated exhaust gas analysis system. The findings demonstrate that NOx 
can be synthesized directly from ambient air without the use of a catalyst, achieving concentra-
tions above 4500 ppm at low gas flow rates. An increase in airflow enhances both volumetric 
throughput and energy efficiency, but simultaneously leads to a decrease in NOx concentration, 
indicating a trade-off between these performance metrics. Furthermore, a data-driven multi-crite-
ria optimisation approach was applied to the experimental dataset to determine Pareto-optimal 
operating conditions. Overall, the results provide experimentally validated insights into reactor 
performance from both measurement and process optimisation perspectives. 
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 Carboxymethylated cellulose fiber (CMF) films were modified using dielectric barrier dis-

charge (DBD) plasma with TMCTS/N₂ to tailor their surface chemistry and barrier properties. Such 

modifications are of particular interest for sustainable packaging applications, where cellulose-

based materials are promising alternatives to petroleum-derived plastics but are limited by their 

intrinsic hydrophilicity and poor moisture barrier performance [1]. The key challenge is to achieve 

durable hydrophobicity while maintaining the structural integrity of the films. 

In this study, plasma-enhanced deposition was carried out in a 
parallel-plate DBD reactor under atmospheric pressure using 
nitrogen as the carrier gas following the procedure described in 
our previous work [2]. TMCTS precursor (60 °C) was introduced 
via a controlled feed (0.3 mL/min) and transported into the 
plasma zone by a 5 L/min N₂ flow. The plasma was generated 
using a sinusoidal voltage (3.52 kHz, 17.6 kV peak-to-peak), 
with an electrode gap of ~1 mm. Treatment durations ranged 
from 30 s to 60 min. 

Plasma treatment induced surface roughening and the for-
mation of a siloxane coating, leading to reduced optical trans-
parency. FTIR analysis revealed the emergence of Si–O–Si and 
Si–CH₃ bands together with attenuation of O–H groups, while 
systematic peak shifts (e.g., Si–O–Si redshift and spatial varia-
tions along the reactor) indicated progressive network rear-
rangement and non-uniform crosslinking under prolonged 
plasma exposure. 

These chemical and morphological changes significantly enhanced hydrophobicity, with surface 
energy decreasing below 15 mJ·m⁻² and water contact angles exceeding 140°. Moisture re-
sistance was improved, as shown by reduced water adsorption (<7 wt%) and over 50% reduction 
in water vapor transmission rate after 30 min of treatment. However, excessive exposure (60 min) 
induced structural defects that slightly compromised barrier performance. 

Overall, an optimal plasma duration (10–30 min) provides a balance between siloxane network 
formation and structural integrity, enabling the development of hydrophobic, moisture-resistant 
cellulose-based materials for advanced packaging applications. 
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Figure 1 – Optical image of 
plasma-treated cellulose film 
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 Plasma-enhanced chemical vapor deposition (PECVD) is a powerful technology capable 
of producing high-quality, controllable functional thin films [1]. However, conventional PECVD typ-
ically requires a controlled and high-vacuum atmosphere, limiting the compatible substrate types 
and dimensions and increasing the cost of the overall process, especially for high-throughput 
applications. Performing PECVD at atmospheric pressure (AP-PECVD) could overcome several 
of these limitations and enable low-cost and high-throughput thin film deposition by avoiding com-
plex vacuum infrastructure.  

A commonly used system for AP-PECVD is the dielectric barrier discharge (DBD) [2]. The 
low gas temperature in DBDs enables the deposition on heat-sensitive substrates, and the 
straightforward operation at atmospheric pressure holds great potential for upscaling. In addition 
to the conventional injection of precursor vapors, recent work has shown that precursors can also 
be injected into the discharge gap as an aerosol, expanding the range of available precursors and 
providing greater control over the injection rate [3]. Despite these advances, several questions 
remain regarding plasma-droplet interactions in the DBD and the driving mechanisms in aerosol-
assisted thin-film deposition. 

In this work, the aerosol-assisted thin film deposition process is characterized for the in-
jection of hexamethyldisiloxane (HMDSO) and pentane. By varying the frequency of the applied 
voltage and the duty cycle, the energy provided to the system can be varied while keeping the 
precursor injection conditions fixed. The physical structure and chemical properties of the depos-
ited films are characterized by optical microscopy and Fourier transform infrared spectroscopy, 
respectively. Our results indicate that depositions using HMDSO are mostly driven by direct drop-
let deposition, often leading to weakly polymerized films, whereas the deposition using pentane 
appears to be more vapor driven. Furthermore, by relating the amount of deposited material to 
the energy input, we observe that the deposition process using HMDSO becomes less efficient 
as the available energy increases, whereas the efficiency of the process with pentane remains 
largely unaffected.  

These results highlight the complex nature of aerosol-assisted thin-film deposition in DBD 
and illustrate that multiple mechanisms contribute to deposition, which are strongly influenced by 
the precursor. 
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 The iron and steel industry, responsible for 
approximately 8% of the global CO2 emission, 
must undergo rapid decarbonization to meet the 
Paris Agreement’s goal of net-zero emissions by 
2050 [1]. To significantly drop the emissions, hy-
drogen-based reduction technologies are under 
development, with hydrogen plasma (HP) being a 
promising route offering enhanced reactivity due 
to the active plasma species. Most studies utilize 
inert noble gases for plasma stabilization, with typ-
ical concentrations between 50-95% [2]. However, 
their high cost and slower reduction kinetics [3] 
can limit industrial applicability. The development 
of a stable undiluted hydrogen plasma is important 
for assessing the feasibility and scale-up potential 
of short residence time in-flight reduction. Further-
more, understanding the impact of gangue-ele-
ments on reduction kinetics is critical to assessing 
the industrial practicality of this technology. In par-
allel, iron combustion has emerged as a CO2-free energy carrier [4], but combustion can damage 
particles (micro-explosions, cracks, densified shells, hollow spheres), complicating the subse-
quent reduction step and particle recycling to complete the iron power cycle.  

Motivated by these gaps, this study demonstrates in-flight reduction using a stable, elon-
gated-arc hydrogen plasma for three iron-bearing feedstocks: pure hematite, combusted iron from 
the MC2 burner in TuE Eindhoven, and goethite. Despite not being designed for process perfor-
mance, a high absolute reduction degree was achieved (71-76% for hematite/combusted iron; 
42% for aluminum-bearing goethite) at short residence times (18-30 ms) with an efficiency of 26.8 
giron/kWh. SEM shows that in-flight melting modifies combustion-induced morphological defects 
in combusted iron particles (e.g., cracks and hollow-sphere structures), confirming technical fea-
sibility for iron production and the iron-power cycle. Goethite-rich feed benefits from rapid dehy-
droxylation. However, even small gangue fractions, especially aluminum phases, promote iron-
aluminum spinel formation that impedes fast reduction. Because gangues are not removed by 
this route, they must be managed separately. These results indicate clear paths towards practical 
application: enclosing the plasma-particle interaction zone, extending residence time, and sys-
tematically testing lower-grade ores with spinel formation mitigation strategies. 
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Figure 1: Elongated arc plasma reactor sche-
matic and diagnostic techniques. 

O5-7

38



An innovative process to synthesize gold/polymer nanocomposite thin films in a 
dielectric barrier discharge 

F. Massines1, A. Perdrau2, A. Najah1, B. Plujat1,3, H. Glenat1, S. Eichendorff1, Y. Gorand3, E. 
Bèche1, N.Barros1,3 

1CNRS PROMES, Rambla de la thermodynamique, 66100 Perpignan, France 
2 LAPLACE, Université de Toulouse, 118 Route de Narbonne, 21077 Toulouse 

3Université de Perpignan Via Domitia, 52 Avenue Paul Alduy, 66100 Perpignan, France 
 
francoise.massines@promes.cnrs.fr, perdrau@laplace.univ-tlse.fr, beatrice.plujat@univ-perp.fr, 
najah.aymane@gmail.com, herve.glenat@univ-perp.fr, Stanislawa.Eichendorff@promes.cnrs.fr, 

yonko.gorand@univ-perp.fr, eric.beche@promes.cnrs.fr, noemi.barros@univ-perp.fr 
 

 One of the advantages of AP-PECVD is its ability to use an aerosol of a solution as pre-
cursors for thin film deposition. In this work, an aerosol of a solution of gold salt (i.e., nanoparticles, 
NPs, precursor) in isopropanol (i.e. polymerizable solvent acting as a matrix precursor) is inves-
tigated using a dual frequency dielectric barrier discharge (DBD) [1]. A previous study [2] using 
an aerosol of a colloidal solution of TiO2 NPs highlighted the benefits of alternating a high plasma 
frequency, responsible for matrix polymerization, and a low one used to control the transport of 
NPs onto the substrate. In this research, both high and low frequencies are alternated: the low 
frequency is applied continuously while the higher one is modulated.  

 
In this study, the low frequency is always 800 Hz, while the high frequency is either 60 

kHz or 13.56 MHz. At 60 kHz, the DBD is filamentary in Ar and could be a glow one in Ar+NH3 
Penning mixture. Thus, these two atmospheres are considered, by adding 133 ppm of NH3 to Ar. 
However, due to the minimum isopropanol concentration required for stable aerosol generation, 
in this case 1.7%, the DBD remains filamentary even in the Ar/NH3 mixture. The rate of salt and 
gold is 11 ppm.  

The effects of process parameters on the nanocomposite morphology, chemical compo-
sition and optical properties are studied. Furthermore, aerosol formation and the aerosol-droplet 
size evolution are also characterized prior to plasma entrance.  

 
First, properties of thin film made from HAuCl4•H2O in 

Ar and Ar+NH3 DBDs are compared [3]. Gold NPs are formed 
in both cases, however, the presence of NH3 drastically re-
duces the plasmonic resonance related to electron oscillations 
in the NPs. This is explained by the reactivity of the salt with 
NH3 and IPA leading to NPs aggregation while in pure Ar, a 
NPs carpet is deposited. 

The use of radiofrequency voltage significantly in-
creases the DBD power, which is expected to enhance the 
polymerization rate. The results reveal 3 distinct behaviors, as 
illustrated in the figure.  
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 This contribution presents a novel exceptionally cold linear atmospheric-pressure DCSBD 
plasma jet [1,2] developed for the treatment of porous and temperature-sensitive materials. The 
main objective of the work is to demonstrate the potential of this newly designed plasma source 
for uniform surface processing of substrates with complex morphology and limited thermal stabil-
ity, where conventional plasma treatment methods may be less suitable. 

The plasma jet was applied 
to several classes of materi-
als differing in chemistry, 
structure, and thermal sen-
sitivity, including glass fab-
rics, polymeric PP 
nonwovens, and tempera-
ture sensitive and biode-
gradable polymers (PCL) as 
well as highly porous re-
duced graphene oxide.  
Particular attention was 
paid to the effect of material 
architecture, especially po-
rosity, and accessibility of internal surfaces, on the interaction with the generated atmospheric 
afterglow plasma plume (AfPP) and on the resulting treatment efficiency. 

Besides general surface activation, the study also addresses nitrogen-based functionalisation of 
porous materials. Treatments were carried out mainly in pure nitrogen and, in selected cases, 
also in N2/H2 mixtures in order to assess conditions favourable for the incorporation of N-contain-
ing functionalities while preserving the low-temperature character of the process. XPS analysis 
indicated significant nitrogen incorporation, in some cases reaching about 10 at.% and up to 
18 at.% under selected conditions, while NH2 -related functionalities accounted for up to approx-
imately 23% of the incorporated nitrogen species, depending strongly on the treated material and 
process parameters. This aspect is especially important for advanced applications requiring tai-
lored surface chemistry without deterioration of the bulk properties of temperature-sensitive sub-
strates. Direct experimental observations of the interaction between the linear plasma jet and 
porous materials were supplemented by simple CFD simulations. Although the simulations are 
intentionally simplified and serve only as a supporting tool, they provide useful insight into gas 
flow behaviour, penetration of the AfPP into porous structures, and the possible role of local 
transport conditions in the observed treatment outcome. The presented results indicate that the 
newly developed DCSBD linear plasma jet is a promising tool for the controlled modification and 
functionalisation of structurally complex materials under exceptionally mild treatment conditions. 
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Penetration of AfPP into two structures of different porosity (CFD sim-
ulation of gas flow distribution). 
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 Atmospheric-pressure plasmas can generate highly oxidative radicals; however, their ap-
plication is constrained by the short lifetime of the radicals and limited flexibility in processing 
geometry. In this study, we investigate localized surface modification using atomic oxygen (O) 
generated by UV laser photolysis of ozone (O3) [1,2]. This approach enables spatially confined 
generation of atomic oxygen in the immediate vicinity of the target surface while allowing geomet-
ric control of the reaction field.  
 Hydrophilic surface treatment based on O3 laser photolysis was applied to four polymer 
resins—HDPE, LDPE, PVC, and PVDF—to evaluate the feasibility of anisotropic surface modifi-
cation. Experiments were conducted in a reactor, where an O3/ O2 gas mixture with the O3 density 
of 3.0 × 1016 cm-3 was introduced at a flow rate of 1.0 L/min. A 266-nm-laser irradiation was 
applied near the resin surface to induce O production along the laser path. The laser energy was 
0.5 mJ per pulse with a repetition rate of 10 Hz, and the treatment was repeated three times for 
5 minutes each. The laser axis was arranged parallel to the resin surface and focused along the 
surface using a cylindrical lens with a 50-mm focal length. Surface hydrophilicity near the focal 
point was evaluated by measuring the contact angles of an ink with a surface free energy of 35 
mN/m.  
 Figure 1 shows ink droplets on a PVC surface before and after treatment. The O3 + UV 
laser treatment markedly enhanced surface hydrophilicity. In addition, the wettability was higher 
in the direction parallel to the laser beam axis than in the perpendicular direction, resulting in an 
elliptical droplet shape. This anisotropic wettability indicates that localized hydrophilization con-
fined to the laser-irradiated region was successfully 
achieved.  Figure 2 compares the contact angles of 
HDPE and PVC after treatments. Here, θL and θT denote 
the contact angles measured parallel and perpendicular 
to the laser axis, respectively. A significant reduction in 
contact angle was observed only under the combined 
O3 + UV condition, whereas negligible changes were 
detected for the single-factor treatments. These results 
demonstrate that atomic oxygen plays a dominant role 
in surface hydrophilization. As for other resins, a clear 
difference between θL and θT was observed 
except for PVDF, indicating anisotropic 
modification. The degree of hydrophilicity 
along the laser beam direction followed the 
order PVC > LDPE > HDPE > PVDF, con-
sistent with trends in bond dissociation en-
ergies characteristic of each polymer. 
References: 
[1] M. L. Sham et al., Journal of Composite 

Materials, 43, 1537 (2009). 
[2] J. C. Brock and R. T. Watson, Chemical 

Physics Letters, 71, 371 (1980). 

 
Fig. 1. Anisotropic treatment of PVC 

 
Fig. 2. Contact angle of resins after treatments 
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 Mining shafts require regular inspection to ensure its safety [1]. Traditionally performed 
through visual assessment, these inspections are increasingly conducted using automated in-
spection camera shown in Figure 1, offering improved efficiency and measurement precision [2]. 
However, harsh mining environments, characterized by variable temperature and humidity, pro-
mote the silica-based lens to fog, significantly degrading optical performance. 

 To address this issue, a plasma-enhanced chemical 
vapor deposition (PECVD) process based on tetramethylcy-
clotetrasiloxane (TMCTS) has been developed to produce 
superhydrophilic antifog coatings [3]. These plasma-depos-
ited nano-films enable the formation of a continuous water 
layer rather than rounded-shape droplets, thereby minimiz-
ing light scattering and visual artifacts. The main limitation 
to this coating is therefore its long-term durability under min-
ing conditions, resulting in optical degradation over time. 

 This study investigates the effects of mining aging on 
the coating, with particular emphasis on the influence of sub-
strate surface chemistry and topography on its adhesion and 
conformity. The silica-based coating was found to crack un-
der thermal shock, induced by temperature fluctuations dur-
ing inspection. This degradation can be mitigated through 
appropriate substrate preparation prior to deposition, with 
chemical and mechanical abrasion as well as plasma-based 
surface activation identified as effective pretreatments. 

The antifog properties of the PECVD coating were investigated using a dedicated experimental 
setup developed for this study. Results showed that smooth nano-roughness provided better re-
sistance to aging than sharp, irregular surfaces, indicating that good plasma conformity is closely 
related to coating durability [4]. The study also revealed that plasma activation did not enhance 
durability, suggesting that adhesion alone cannot explain the coating’s performance. Residual 
reactive sites remaining at the surface may continue to evolve through interactions with the envi-
ronment, thereby reducing the coating’s effectiveness. 

Surface preparation prior to PECVD is critical for ensuring long-term performance. These insights 
apply not only to TMCTS coatings but also to plasma-based coatings, promoting durability and 
uniform coverage. 

References: 
[1] M. Gmeiner & R. Gmeiner, Regulation Enforcement, Journal of Labor Research (2022)  
[2] N. Lapointe, Interne communication, Point Laz (2024) 
[3] I.R. Durán & G. Laroche, Materials Chemistry and Physics, 242, (2020) 
[4] S.W. Lim & H. Komiyama, Japanese Journal of Applied Physics, 39(1), (2000) 

 
Figure 1 – Automated inspection 
camera Lazaruss of Point Laz [2] 
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In this work, we investigate the formation mechanisms of silver nanostructures produced 
by nanosecond-pulsed electrical discharges generated in air above droplets of aqueous AgNO₃ 
solution. The discharge interacts with the curved liquid surface, creating a confined plasma-liquid 
interface where reduction reactions and oxidative chemistry occur simultaneously. Under these 
conditions, the system produces predominantly monocrystalline silver nanosheets that are less 
than tens of nanometers thick and hundreds of nanometers in length, synthesized without any 
surfactants, capping agents, or solid templates. 

Experimental observations indicate that 

the resulting morphology is governed by a combi-

nation of interfacial confinement and plasma-

driven oxidative processes. The reaction zone is 

restricted to a thin layer at the droplet surface, 

where the curvature of the liquid and the localized 

plasma contact region effectively create a quasi-

two-dimensional growth environment. This spatial 

confinement limits vertical crystal growth while 

promoting lateral expansion along the interface. 

At the same time, the plasma generates 
reactive oxygen species, including hydrogen per-
oxide, which plays a key role in shaping the 
nanostructures. We propose that oxidative etching 
selectively destabilizes certain crystallographic 
facets, preventing isotropic growth and favoring 
the development of highly anisotropic sheet-like 
crystals. To test this hypothesis, controlled exper-
iments were conducted with hydrogen peroxide added directly to the precursor solution. The pres-
ence of this oxidizing species significantly enhances the anisotropic growth, producing 
nanosheets with lateral sizes up to ~10 µm while preserving their monocrystalline structure. 

These results highlight the importance of coupled physical and chemical effects at the 
plasma-liquid interface in directing nanomaterial growth. Understanding this interplay provides 
valuable insight into how plasma environments can be used to control crystal morphology and 
opens new possibilities for surfactant-free synthesis of two-dimensional metallic nanostructures. 

Transmission electron microscopy (TEM) im-
age of a thin silver nanosheet. 
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Plasma methane pyrolysis is a promising CO2-free pathway for hydrogen production, sim-
ultaneously yielding solid carbon materials with tunable properties. However, carbon formation in 
microwave plasma reactors can be spatially heterogeneous, governed by local plasma conditions, 
temperature gradients, and flow dynamics. Understanding how these factors influence carbon 
deposition, transport, and final material properties remains a key challenge for process control 
and scalability [1, 2]. 

In this work, carbon produced during cata-
lyst-free microwave plasma methane pyrolysis is 
systematically collected from multiple locations 
along the reactor. These distinct collection points 
enable differentiation between in-plasma depos-
ited carbon, surface-grown films, and transported 
particulate (fluffy powder) phases. 

The collected carbon samples are ana-
lyzed using a range of characterization techniques 
to evaluate structural, morphological, and compo-
sitional variations as a function of plasma condi-
tion and collection location. The results reveal dif-
ferences in carbon properties across the reactor 
system. Analyzed carbon exhibits descent amount 
of structural ordering, with turbostratic domains 
and partially graphitic features. In addition, carbon 
shows higher hydrogen content, indicating for-
mation via gas-phase nucleation and particle 
growth mechanisms. The variation in carbon qual-
ity highlights the strong coupling between plasma 
characteristics, reactor design, and material outcomes. 

This study provides new insight into carbon formation, transport, and collection mecha-
nisms in microwave plasma systems and underscores the importance of spatially resolved anal-
ysis for optimizing carbon quality and reactor performance in plasma methane pyrolysis pro-
cesses. 

References: 
[1] Fincke, James R., et al. "Plasma pyrolysis of methane to hydrogen and carbon black." Industrial & 

engineering chemistry research 41.6 (2002): 1425-1435 
[2] Miniyazov, Arman, et al. "Structural evolution of carbon from methane pyrolysis in microwave 

plasma." Carbon Trends (2025): 100552 

This image shows Raman peaks intensity ratio 
as the variant of pressure and carbon collecting 
location from reactor. 
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 Atmospheric-pressure Microwave Induced Plasma (MIP) systems have emerged as high-
performance alternatives to conventional acid and vacuum plasma decapsulation for semicon-
ductor failure analysis. IC package encapsulants consist primarily of epoxy (10–30 wt%) and silica 
fillers (70–90 wt%), requiring selective removal of both organic and inorganic components without 
damaging copper bond wires or the silicon die [1,2]. Acid decapsulation induces copper corrosion, 
while vacuum RF plasma systems suffer from low etch rates and charging-related electrical dam-
age [2]. The MIP configuration achieves molding compound etch rates exceeding 100 μm/min 
through its intense radical fluxes delivered to the substrate via the afterglow [2,3]. 

In the afterglow regime, surface reactions are governed by reactive neutrals rather than 
ions: oxygen radicals remove epoxy while fluorine radicals etch silica fillers, with optimal removal 
efficiency achieved at 30–60% CF4 in the O2/CF4 mixture [2]. Process selectivity is highly sensitive 
to radical transport. When the residual molding compound thickness falls below ~30 μm, fluorine 
radicals penetrate porous layers and begin etching the Si3N4 passivation layer [2]. These obser-
vations confirm that industrial decapsulation performance is governed by radical flux delivery 
across the boundary layer, not by bulk discharge conditions. Despite this vital role, atomic oxygen 
flux delivered to the substrate has not been quantified in atmospheric-pressure MIP systems. 
Current process optimization relies on indirect parameters, microwave power and O2 fraction, 
which do not represent the surface-reaching radical flux that governs the reaction kinetics. 

Here we present a quantitative method to determine the atomic oxygen flux delivered by 
an Ar/O2 MIP afterglow using Kapton polyimide as a calibrated chemical probe. The well-estab-
lished Kapton erosion yield under atomic oxygen exposure [4,5] enables direct conversion of ma-
terial loss into oxygen fluence. Experiments are performed at the industrial decapsulation position 
with defined exposed area. Systematic sweeps of O2 fraction and absorbed microwave power 
establish the relationship between discharge conditions and surface-delivered oxygen flux. 
Atomic oxygen fluence is determined gravimetrically, by converting mass loss of the Kapton cou-
pons into removed volume using Kapton density and the known erosion yield [5] and correlated 
with optical emission spectroscopy (OES) measurements employing a self-absorption technique 
with a single-mirror setup [6]. 

This approach provides a quantitative map of effective atomic oxygen flux under realistic 
atmospheric-pressure afterglow conditions. By linking neutral radical transport directly to epoxy 
erosion kinetics [1–3], the method establishes a physics-based framework for predictive optimi-
zation of industrial plasma decapsulation processes, built on actual surface chemistry rather than 
upstream discharge parameters alone. 
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[2]  J. Tang et al., ECS J. Solid State Sci. Technol. 1 (2012) 175. 
[3]  J. Tang et al, Proc. IEEE ECTC 63 (2013) 1717. 
[4]  T. I. Grossman et al, J. Spacecr. Rockets 41 (2004) 749. 
[5]  I. Iskanderova et al. Proc. SPIE 5525 (2004). 
[6]  D.K. Otorbaev e al. Diamond and Related Materials 4 (1995) 908. 
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Nonthermal plasmas are one option for a plasma-based conversion of carbon dioxide 

(CO2) by using intermittent renewable energy for new power-to-X approaches [1]. Among, micro-
wave and dielectric barrier discharges, gliding arcs are one of the most studied plasma sources 
for the conversion of CO2 [2-3]. Compared to DC operation, AC high-voltage operation allows for 
the use of less complex high-voltage power supplies. Furthermore, electrode erosion is reduced 
due to the shorter effective discharge duration.  

This contribution presents electrical characterization 
studies of gliding discharges in the traditional “flat” (2D) ge-
ometry consisting of two divergent electrodes at frequen-
cies of 50 Hz and 1 kHz, respectively. The measurements 
include voltage and current oscillography as well as volt-
age-current characteristics in combination with high-speed 
camera recordings. The operation frequency and the gas 
composition have a significant influence on the electrical 
signals, in particular the development of current and voltage 
maximal amplitude. In pure CO2 at 50 Hz the signals appear 
regular, while at 1 kHz the high-voltage reverses several 
times during the upward expansion of the plasma channel 
leading to a gradual decrease of current but increase of volt-
age amplitude with the propagation and expansion of the 
plasma channel. However, the addition of methane (up to 
60 vol.%) and reduction of the gas flow rate leads to regular discharge operation. 

The influence of the nearest electrode gas gap (1; 2 and 3 mm), the electrode thickness 
(3 and 5 mm) and the gas flow rate are investigated also. The momentary and mean discharge 
power as well as the resistance of the plasma channel are determined. The maximum discharge 
channel length and propagation velocity are measured for different gas flow rates and electrode 
geometries. These findings are correlated with chemical analysis, namely carbon monoxide and 
oxygen generation in the plasma. There is a complex interplay between the gas flow and the 
specific input energy, the thicker electrode results in shorter and more resistive, but also less 
efficient discharge channels for CO2-splitting. 

 
This research is funded by Bundesministerium für Forschung, Technologie und Raumfahrt 

(BMFTR) under grant 03WIR4905A. 
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Gliding discharge operated in pure 
carbon dioxide at 50 Hz. 
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 Line-shape analysis is one of the few diagnostics available for atmospheric-pressure fila-
ments and microplasmas too small or too transient for physical probes. Doppler, Stark, and colli-
sional (van der Waals) broadening encode gas temperature, electron density, and gas density, 
respectively. However, at 1 atm, these features are compressed into only a few picometers – a 
regime where spectrometer design is itself the limiting factor in what can be measured. 

 Conventional instruments face a resolution-throughput-instantaneous spectral range tri-
lemma. High-resolution gratings recover resolution by narrowing the slit. However, this collapses 
etendue precisely when photons are scarcest, typically forcing an average over many shots. This 
presents a non-ideal solution for a field increasingly focused on shot-to-shot variability. Con-
versely, scanning Fabry-Perot interferometers recover resolution and throughput but sacrifice sin-
gle-shot operation and free spectral range. 

 We present a slit-based, cross-dispersed VIPA spectrometer designed to address these 
three constraints together rather than trading one for another. A VIPA element disperses the light 
angularly with substantially higher dispersion than a conventional grating. Cross-dispersing this 
output against a grating resolves order ambiguity and produces a two-dimensional spectral fin-
gerprint captured in a single exposure. We detail the underlying optical physics of our spectrom-
eter, particularly how the VIPA achieves its dispersion and why cross-dispersion is needed. We 
then outline where the resulting architecture lies within the resolution-throughput-range trade 
space relative to other gratings and scanning interferometers, and discuss applications to high-
resolution diagnostics in atmospheric-pressure plasmas. 
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 Streamer discharge generation by nanosecond high-voltage pulses in a cylinder-wire re-
actor is proven as an efficient method for air purification [1]. However, to upscale this technology 
to wide-spread use in industry, we need to answer the crucial question: which way of upscaling 
is the most efficient? Previous studies have shown that for this application short rise times and 
pulse durations are beneficial, but a large parametric study on optimizing reactor sizes and volt-
ages over a very wide range of electrical parameters and physical dimensions has never been 
performed. To find an optimal scale for industrial application of these discharges, we have per-
formed such a study. 
 Central in this study is to find what works 
best when upscaling; a few very large plasma re-
actors operated at high voltage (>100 kV), many 
plasma reactors operated at low voltages (<20 
kV), or an in-between solution? Therefore, we 
tested with small cylinder-wire reactors to very 
large reactors (16-400mm) over a wide range of 
pulsed voltages (from a few kV to well over a hun-
dred kV) with rise times in the order of tens of na-
noseconds and pulse durations in the order of sev-
eral tens to hundreds of nanoseconds. The result-
ing streamer discharges are inspected and meas-
ured using ICCD imaging, UV spectroscopy and 
electrical diagnostics with the aim of investigating 
(and optimizing) ozone generation. 
 A second theme in this contribution is to 
give an overview of what is required from a 
pulsed-power point of view when upscaling 
plasma air-purification applications. When we find 
which reactor diameter and pulse parameters 
work best, what kind of pulse source would be 
useful for such an operating regime? This is a 
story of how we went from spark-gap based sys-
tems to modern solid-state solutions that can cost-
effectively scale to large plasma systems [2,3]. 
  
References: 
[1] T. Huiskamp et al., J. Phys. D. 50, 405201 (2017) 
[2] J.J. Oorschot et al., IEEE Trans. Plasma Sci. 51, 560-571 (2023) 
[3] S.M. Mortazavi et al., IEEE Trans. Plasma Sci. 54, 184-195 (2026) 
 

   
Top: streamer discharge generated with 400-
kV pulses in a 400-mm wire-cylinder reactor. 
Bottom: 20-kV arbitrary waveform, solid-state, 
nanosecond pulse generator for transient 
plasma applications [2].  
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 Per- and polyfluoroalkyl substances (PFAS) comprise a class of over 12,000 synthetic 
chemicals characterized by exceptionally strong carbon-fluorine bonds. Their environmental per-
sistence is fundamentally linked to the C-F bond length and high bond dissociation energy, which 
make PFAS highly resistant to thermal, chemical and biological degradation. Commonly referred 
to as “forever chemicals”, PFAS are of increasing global concern due to their widespread occur-
rence and associated toxicity [1]. While standard advanced oxidation processes are unable to 
oxidize these compounds, plasma-based water treatment has proven to be an effective alternative 
for PFAS remediation. Specifically, non-thermal atmospheric pressure plasma leverages the sur-
face-active nature of PFAS to enable targeted destruction at the plasma-liquid interface [2]. How-
ever, the overall efficiency of this interfacial mechanism depends strongly on mass transfer, which 
varies with PFAS chain length and transport conditions. 
 Gas sparging is known to enhance 
transport by increasing interfacial area, yet the 
specific role of bubble hydrodynamics, independ-
ent of solution chemistry, remains underexplored. 
Bubble size distributions, coalescence behavior, 
and population dynamics influence how effec-
tively PFAS is delivered to the plasma region, but 
these hydrodynamic effects are not yet well quan-
tified. 
 This work uses optical imaging to investi-
gate the effects of gas bubble size, gas 
flowrate,  physicochemical properties of the solu-
tion, and the presence of surface-active com-
pounds including PFAS, on bubble population dy-
namics in a bubbling column reactor. The study 
also compares bubble behavior in the presence 
and absence of plasma. The aim is to identify the 
specific hydrodynamic conditions required to opti-
mize mass transfer and maximize PFAS degrada-
tion. This work is expected to provide fundamental 
correlations required to upscale plasma reactors for the treatment of a broad range of PFAS com-
pounds. 
References: 
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Argon bubble hydrodynamics coupled to a non-
thermal electrical discharge plasma generated 
at the gas-liquid interface. 
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Perfluorooctanoic acid (PFOA), a persistent and widely detected per- and polyfluoroalkyl 
substance (PFAS), resists conventional methods due to the high stability of its carbon–fluorine 
(C–F) bonds [1]. Non-thermal plasma (NTP) combined with heterogeneous catalysts is promising 
approach for its treatment [2–4]. In this study, plasma-activated carbon (AC) coupling was studied 
using two commercial granular ACs (L27 and L39 from Jacobi Carbons) with or without Fe func-
tionalization prepared in-house, in a multi-pin over liquid dielectric barrier discharge. 

Special attention was given to the effect of the plasma environment, as various gas mix-
tures favour the formation of reactive oxygen or nitrogen species. Accordingly, the influence of 
operating parameters, including gas composition (air, Ar/O2 80/20, and Ar/N2 80/20),was evalu-
ated. Plasma treatment alone showed limited removal rate (<40% in air, <20% in Ar/O2), while 
AC alone (with or without Fe) already achieved significant removal (up to ~60–90% depending on 
material and contact time), indicating a major role of adsorption, alongside other surface-related 
mechanisms. When combined with AC, plasma treatment substantially enhanced removal, par-
ticularly with Fe-functionalized materials: the L27-Fe/NTP system achieved > 96% PFOA removal 
after 10 min and up to 99% after 60 min whilst L39-Fe exhibited lower but still significant activity. 
TOC analysis showed enhanced TOC removal in the coupled systems, regardless of functionali-
zation, compared with plasma alone, suggesting a combined effect of adsorption and plasma-
induced oxidation, though their respective contributions remain to be clarified. uHPLC-MS analy-
sis revealed the formation of several intermediate degradation products (PFHpA, PFHxA, PFpeA, 
PFBA) under selected conditions, with absolute peak intensities and distributions depending on 
the plasma environment and the AC. Plasma–AC coupling generated a wider spectrum of inter-
mediates, indicating more complex transformation pathways.  

Cytotoxicity of treated solutions was evaluated using a fibroblast wild-type cell line (MTT 
test). A slight transient increase in toxicity was observed in the presence of Fe-functionalized 
activated carbon probably due to the formation of degradation products, although further investi-
gations is required to confirm this hypothesis.  

Thermogravimetric analysis of post-treated ACs is required to define their role in the cou-
pled process, especially to differentiate between adsorption and potential catalytic contributions. 
Overall, these preliminary experimental findings highlight the potential interest of plasma-AC cou-
pling, with or without Fe-functionalization, for PFOA treatment at laboratory scale, and provide 
insight into the influence of plasma conditions  and AC properties the process. 
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 Per- and Polyfluoroalkyl Substances 
(PFAS), a sub-group of fluorinated organic 
compounds, are characterized by strong car-
bon-fluorine (C-F) bonds that render them 
highly persistent in the environment.  Atmos-
pheric pressure plasmas (APPs) have shown 
effective treatment of certain PFAS at the 
gas-liquid interface.  APPs propagate on wa-
ter as surface ionization waves which chemi-
cally activate the near-surface regions of the 
water.  PFAS molecules can then be dissoci-
ated by the incident fluxes of electrons, ions, 
radicals and photons at the plasma-liquid in-
terface and solvated electrons in the near-
surface regions of the bulk liquid.  The reac-
tive species contribute to the decarboxyla-
tion−hydroxylation−elimination−hydrolysis 
(DHEH) pathway [2-5] generating byproducts 
of F- and CO2

-.  A validated PFAS degradation 
mechanism would aid in optimizing PFAS 
degradation from water.  

In this work, a mechanism for PFOA 
degradation in water initiated by fluxes from 
an APP has been developed and implemented in a 0-dimensional (0-D) model GlobalKin.  Plasma 
generated fluxes onto the water were obtained from a 2-dimensional (2-D) model nonPDPSIM.  
The initial 10 ppm of PFOA is degraded by 1 kHz, 200 ns discharge pulses.  The fluxes produced 
by the 2-D model are for APP conditions of -30kV, 1.0 cm of water thickness and 100 μS/cm of 
water conductivity.  A parametric investigation varied voltage and pulse repetition frequency, and 
water conductivity and thickness.  The predicted PFOA degradation pathways are shown in Fig. 
1a for a 30 s plasma exposure.  When normalized by energy deposition onto the water surface, 
there is favorable agreement with experiments, shown in Fig. 1b.   

This work was supported by the US Dept. of Energy (DE-SC0020232), Army Research 
Office MURI (W911NF-20-1-0105), National Science (CBET 2032604) and the 3M Company. 
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[2]  M. J. Bentel, et al. Environ. Sci. Technol. 53, 3718 (2019). 
[3] J. Cui, P. Gao and Y. Deng, Environmental Science and Technology 54, 3752 (2020). 
[4] V. G. Rodriguez, et al. Chem. Phys. Lett. 884, 142582 (2026). 
[5] S. Douix, H. Dossmann, E. Nicol, D. Duflot and A. Giuliani, Chem. Europe Journal 24, 15572 (2018). 

 
Figure 1 - Concentration of PFOA in water and 
DHEH fragments (PFHxA, PFBA, and TFA) during 
plasma exposure. a) GlobalKin results for 30 s and 
b) model and experiments vs. energy deposition.   
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 Ammonia is not perfect as a “green” energy carrier, if hydrogen, which is a raw material of 
ammonia, is produced from natural gas, since a large amount of carbon dioxide is emitted in its 
production process. Ammonia can be green if hydrogen produced from water is used as the raw 
material, but the high production cost of “green hydrogen” prevents the industry from using it in 
the production process of ammonia. This issue is solved if we can synthesize ammonia from water 
vapor instead of hydrogen. In this work, we compared the synthesis of ammonia using an atmos-
pheric-pressure water vapor plasma with that using a hydrogen plasma. 
 We employed two atmospheric-pressure plasma-jet sources in the experiment. One was 
operated with nitrogen and the other was operated with the mixture of helium and water vapor. 
We also used the mixture of argon and hydrogen for comparison. The structures of the two plasma 
sources were the same. It was composed of a quartz tube with an inner diameter of 4 mm, a 
tungsten rod, and a copper ring. The tungsten rod was placed at the center of the quartz tube, 
and the copper ring was attached on the outside. The copper ring was electrically grounded, while 
the tungsten rod was connected to a high-voltage power supply. The effluents ejected from the 
ends of the quartz tubes irradiated the surface of a catalyst. The density of ammonia was meas-
ured by deep UV absorption spectroscopy, and the synthesis rate of ammonia was obtained from 
the density and the gas flow rate. We also measured the densities of atomic nitrogen, atomic 
hydrogen, and OH by laser-induced fluorescence spectroscopy. 
 The density of atomic hydrogen was approximately 5x1015 cm-3 in the effluent of the he-
lium/water vapor plasma, whereas it was 2x1015 cm-3 in the effluent of the argon/hydrogen plasma. 
Even though a higher atomic hydrogen density was obtained using the helium/water vapor plasma, 
the synthesis rate of ammonia using the helium/water vapor plasma (2x1015 s-1) was one-order of 
magnitude lower than that using the argon/hydrogen plasma, when we employed a ruthenium 
catalyst. We also detected NO in the deep UV absorption spectrum in the case of the helium/water 
vapor plasma. The production rate of NO was one-order of magnitude higher than the production 
rate of ammonia. When we employed an iron catalyst, the synthesis rate of ammonia using the 
helium/water vapor plasma was roughly independent of the atomic hydrogen density, while it was 
roughly proportional to the density of atomic nitrogen in the effluent from the nitrogen plasma. 
This result was different from our previous work using hydrogen [1], where the synthesis rate was 
not correlated with the density of atomic nitrogen but was correlated with the density of vibration-
ally excited molecular nitrogen. 
 Considering the experimental results, the issues with water vapor compared to hydrogen 
can be summarized in the following two points. One is the loss of vibrationally excited molecular 
nitrogen by the quenching collision with water vapor. Vibrationally excited molecular nitrogen is a 
major contributor to the ammonia synthesis using hydrogen, but it is lost in the presence of water 
vapor, resulting in the lower synthesis rate. The other is the oxidation of the catalyst surface. A 
major part of atomic nitrogen arrived at the surface of the catalyst is not converted to ammonia, 
and the main product is NO. We may obtain a better synthesis rate if we can avoid the oxidation 
of the catalyst surface. 
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[1] A. Miyake, N. Shirai, and K. Sasaki, J. Appl. Phys. 135, 213301 (2024). 
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 Micro-structured plasma discharges offer great prospects for a variety of technical appli-
cations, e.g., for applications requiring large-area treatment, catalytic conversion, or decomposi-
tion of volatile organic compounds. Therefore, arrays of dielectric barrier micro discharges in well-
defined cavities are of high relevance from a scientific and technical point of view. To understand 
the underlying processes, fundamental knowledge about the discharge dynamics, generation and 
conversion of reactive species is necessary. In this work, we investigate modular constructed 
metal-grid micro-cavity [1] plasma arrays (MCPA), which allow for stable operation also at ele-
vated temperatures and the incorporation of catalysts. One array consists of hundreds to thou-
sands of small discharge cavities with dimensions in the range of 100µm each. Here, the plasma 
arrays are operated in helium with admixtures of reactive gases, typically in the percentage range 
and excited by triangular voltage amplitudes of 400-800V with frequencies in the kHz regime.   

The basic discharge behavior, like discharge mode and expansion, electrical characteristics and 
dynamics will be discussed and accomplished by optical methods to determine electric fields 
(Stark shift), 2D resolved densities of produced species (state enhanced actinometry, two-photon 
absorption laser induced fluorescence in comparison with a basic drift diffusion model) [2,3]. Gas 
conversion results and the influence of catalysts will be presented for the case of C4H10 and CO2.  
 
References: 
[1] S. Dzikowski et al, Plasma Sources Sci. Technol. 29 035028 (2020) 
[2] D. Steuer et al, Plasma Sources Sci. Technol. 33 125007 (2024) 
[3] H. van Impel et al, Plasma Sources Sci. Technol. 34 075012 (2025) 
This work is supported by the German Research Foundation (DFG) within SFB 1316 (327886311). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
MCPA (a), 2D resolved atomic oxygen densities (b), 3D CO density from CO2 conversion (c).  
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 Hydrogen sulfide is a gas commonly found in many geological environments and is also 
generated as a by-product of various industrial processes. Each year, more than 10 Mt of H₂S 
are emitted worldwide [1]. Currently, the Claus process is widely used to convert H₂S into sulfur, 
but it leads to a substantial loss of hydrogen in the form of water vapor [2]. Direct decomposition 
of H₂S through thermolysis gives low H2S conversion (15%) even at a temperature as high as 
1130°C. In recent literature plasma appears as an attractive way for chemicals reaction and small 
molecule decomposition such as CO2, NH3, while H2S decomposition was little studied. We in-
vestigated the decomposition of H2S diluted into argon using a pulse plasma supply (NANO-
GEN1), the peak width was fixed at 150ns, at different voltage, residence time and H2S concen-
tration values. The voltage and current profiles are reported in Figure 1a). The linear increase of 
H₂S conversion with SEI, independently of whether SEI is varied via residence time or deposited 
power, suggests that recombination reactions are limited under the investigated plasma condi-
tions. At a SEI of 4 kJ.L -1 H2S conversion reaches 38%. The addition of the MoS₂/Al₂O₃ catalyst 
favours the decomposition of H₂S into H₂ and solid S, achieving a conversion of 26% at 2 W (SEI 
= 1.2 kJ/L) compared to 7% without the catalyst. 

 

 

                   

Figure 1: a) voltage and current profiles for 6kV applied, f= 5kHz, residence time 0.3s, 10%H2S in Ar, b) ICCD 
analysis with Ar and 10%H2S in Ar 

In addition, a plasma diagnostic was initiated using ICCD imaging, as illustrated in Figure 1b), to 
monitor the time-resolved evolution of the discharge over 100 accumulated pulses. Images at the 
positive pulse shows that the presence of H2S modifies the discharge propagation, it is narrower 
and less bright in the presence of H₂S. The propagation velocity has been estimated: it ranges 
from 3 × 10⁵ m/s to 10.5 × 10⁵ m/s, with Ar only and from 1.2 × 10⁵ m/s to 9.9 × 10⁵ m/s in the 
presence of H₂S. 
References: 
[1] A. G. De Crisci et al. A.  International Journal of Hydrogen Energy, 44 (3) 1299-1327 (2019) 
[2] M. Kumar et al .J. Mater. Chem. A, (10) 7048-7057 (2022) 
[3] L. Zhao et al., Green Chem. (15) 6, 1509-1513 (2013) 
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 The rise in atmospheric levels of CO₂ poses a significant environmental threat, motivating 
the search for innovative methods to capture and reuse CO₂. In our work we target this  reuse or  
“upgrading” of CO₂. To this end we will use a non-thermal plasma to have CO₂ react to energetic 
intermediates, have CO₂ react with compounds that can be made from CO₂, and have CO₂ react 
with waste products of the chemical industry. The products we aim to make are interesting in 
multiple areas; 1,3-dioxetane for example can be used in plastics to make them biodegradable 
over a period of years instead of hours or days. Other compounds are interesting for the pharma-
ceutical industry. Furthermore, plasma chemistry is uniquely suited to make strained ring struc-
tures, which are present in many natural products and have shown to have various biologically 
active properties but are challenging to make, especially on an industrial scale. [1]   

In addition, these compounds can store a substantial amount of energy within their chemical 
bonds, making them suitable for further chemical functionalization, as well as for fuels. 

We are optimizing this process by changing the  residence time, pulse shape, pulse frequency,  
catalysts, quenching time and methods, changing Stoichiometric ratios and type of plasma reactor 
(Corona, DBD, plasma jet). 

  

References: 
[1] Sahani Sandalima Uthumange, Angie Jun Hui Liew, Xavier Wezen Chee, Keng Yoon Yeong 
Ringing medicinal chemistry: The importance of 3 membered rings in drug discovery, Bioorganic & Medic-
inal Chemistry, Volume 116, 2024,117980, ISSN 0968-0896 
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 Plasma conversion technology is investigated as a potential technology for conversion of 
gases, aiming at optimizing the efficiency of the process in order to complement current energy 
intensive technologies. One of the key challenges of the plasma process, in addition to increasing 
the CO2 conversion and the process efficiency, is the gas separation in the plasma effluent. Sev-
eral methods relying on sacrificial/reducing materials, membranes or admixing gases to remove 
oxygen have been reported in literature. Placing a carbon bed in the plasma effluent enables an 
effective removal of oxygen upon reaction with carbon atoms, and enhances the CO2 conversion 
through the Boudouard reaction (CO2 + C → 2 CO) [1, 2, 3]. Mixed ionic-electronic conductors, 
such as perovskite membranes, can be thermally activated in the plasma effluent resulting in 
removal of O2 molecules [4]. Additionally, removal of O2 can be achieved by adding H2-containing 
molecules, such as H2 or CH4 invoking two reactions: CO2 hydrogenation (or CO2 methanation) 
or reverse water gas shift (RWGS). 
 An efficient removal of oxygen (>99 % re-
moval) from the product gas stream in a 2.45 
GHz microwave plasma reactor at atmospheric 
pressure is reported here [10]. This is achieved 
by addition of H2 gas enabling the reverse water 
gas shift reaction. The addition of H2 takes place 
either immediately after the microwave resona-
tor, or inside the resonator, affecting the plasma 
size and optical emission in the latter case. The 
performance is comparable for both positions of 
H2 addition.  

Already 2 vol.% of H2 admixture results 
in O2 outlet concentrations below 0.1 vol.% from 
the product gas stream, however at the cost of 
lower CO2 conversion. An increase of H2 flow 
rate leads to a rise of the CO2 conversion in ac-
cordance to the thermodynamics of the reverse 
water gas shift reaction driven by the heat of the 
plasma. CO2 conversions of up to 65 %, and CO 
energy yields of up to 0.27 kgCOkWh−1 are 
achieved with less than 0.1 vol.% O2 in the prod-
uct gas. The [H2]/[CO] ratio in the product gas lies in the range between 1.8-2.2 which makes it 
suitable for synthetic fuel processes such as Fischer-Tropsch. The performance comparison (Fig-
ure 1) demonstrates that the presented method of O2 removal by H2 admixing to the microwave 
CO2 plasma is a very efficient process with the highest energy yields compared to other O2 re-
moval methods using plasmas. 
 
References: 

[1] Li Z et al., J. of Energy Chem. 45 128–134 (2020) [6] de la Fuente J F et al., Int. J. of Hydr. En. 41 21067 (2016) 
[2] Girard-Sahun F et al., Chem. Eng. J. 442 136268 (2022) [7] Chaudhary R, Ph.D. thesis TU Eindhoven (2019) 
[3] Bryssinck R et al., React. Chem. & Eng. 10 1910–1923 
(2025) 

[8] Kuijpers L et al., ACS Sus. Chem. Eng. 13 13085–13099 
(2025) 

[4] Antunes R et al., ACS Sus. Chem. Eng. 11 15984 (2023) [9] Hecimovic A et al., J. of CO2 Util. 71 102473 (2023) 
[5] Aerts R et al., Plasma Proc. and Polym. 11 985–992 (2014) [10] Hecimovic A et al., J. of CO2 Util. 106 103403 (2026) 

 

 
Figure 1. CO energy yield and CO outflow rate 
for this work and results from literature. The color 
coding of the data points corresponds to the CO2 
conversion shown on the right. The legend in fig-
ure groups the referenced papers based on the 
method used for O2 removal. 
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Streamer discharges are self-organizing discharges which occur when a fast high voltage pulse 
is applied, leading to a local electric field above the breakdown field. These ionization waves can 
then penetrate areas below the breakdown field. Streamers occur as a precursor to sparks and 
lightning, but also as separate discharges, e.g. in sprite discharges. In recent years, both simula-
tions and diagnostics of streamers have made great steps, so great that they allow us to compare 
simulation results now directly to experiments.  
In this contribution, we discuss a new set-up which was re-
cently commissioned for laboratory experiments on the funda-
mentals of lightning. This set-up consists of a large discharge 
vessel (> 6 m3) in which long streamer discharges (nearly 1 m 
long) can be made in a controllable way in varying gas com-
positions and densities with optical access to the discharge 
path. Furthermore, a full electrical characterization is planned, 
i.e. the proper measurement of applied voltage and discharge 
current. This is a challenging task, since we intend to create 
> 500 kV pulses with rise-times on the order of 10 ns and rep-
etition rates of tens of Hz. Using this setup, we will investigate 
how lightning initiates, how it propagates (including the evolu-
tion from streamers to leaders), and how it can emit x-rays and 
other types of high-energy radiation. 
We will summarize results from the following first investiga-
tions using this setup: 

1. Experiments on electric field measurements near such an ellipsoidal particle and its be-
havior during the initial moments of a discharge using EFISH [1]. EFISH uses Electric 
Field Induced Second Harmonic Generation to measure transient fields in gases through 
the third-order nonlinear susceptibility, χ(3). 

2. The first set of results focused on electrical (discharge voltage and current measure-
ments) and fast optical characterization (using an ICCD/ICMOS camera) of discharges 
generated in this set-up with an emphasis on identifying proper experimental parameters 
to compare our discharges to natural lightning. In addition, we will explore the possibility 
of electrode-less streamer discharge inception using pulsed lasers to investigate the 
streamer-to-leader transition without the effects of metal electrodes [2]. 

3. Measurements from an array of x-ray detectors with high energy, spatial, and temporal 
resolution. Previous theoretical and numerical work has provided us with promising ex-
planations of the connection between the behavior of streamers and the emission of x-
rays. These involve, for example, the collision of two streamers of opposite polarity [3] 
and streamers encountering a neutral plasma patch [4]. 

 
References: 
[1] T L Chng et al Plasma Sources Sci. Technol. 28 045004 (2019) 
[2] C.L. Da Silva & V.P. Pasko. Journal of Geophysical Research: Atmospheres, 118(24), 13-561 (2013) 
[3] V. Cooray et al. J. Atmospheric Sol.-Terr. Phys., 71, pp. 1890–1898 (2009) 
[3] K. M. A. Ihaddadene et al. J. Geophys. Res. Space Phys., 124, pp. 7301–7319 (2019) 

Fig. 1: Impression of the Bottled 
Lightning setup. 
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 Atomic hydrogen is a typical radical species with unpaired electron, and in general, its 
lifetime is short in plasmas. The lifetime of atomic hydrogen in hydrogen-argon discharge at an 
atmospheric pressure is determined by three-body self-association reaction H+H+MH2+M. This 
reaction has a rate coefficient of 4.3x10-33 cm6/s for M=Ar at a temperature of 400 K. Hence, the 
lifetime of atomic hydrogen is estimated to be shorter than 0.1 s at an atmospheric pressure, if 
the density of atomic hydrogen is on the order of 1014 cm-3. Contrary to this simple prediction, we 
recently detected two-photon absorption laser-induced fluorescence (TALIF) of atomic hydrogen 
even at several minutes after the termination of an atmospheric-pressure hydrogen-argon dielec-
tric barrier discharge [1]. Before delving into the mechanism behind this anomalous phenomenon, 
in this work, we examined the possible contribution of impurities to the TALIF signal. 
 The plasma source was composed of a quartz tube with an inner diameter of 4 mm, a 
tungsten rod, and a copper ring. The tungsten rod was placed at the center of the quartz tube, 
and the copper ring was attached on the outside. The copper ring was electrically grounded, while 
the tungsten rod was connected to a high-voltage power supply. The mixture of argon and hydro-
gen flowed though the quartz tube. The plasma source was attached at the top of a stainless-
steel chamber. We tried to measure the density of atomic hydrogen by adopting a standard TALIF 
technique. The output beam from a dye laser system was focused below the exit side of the quartz 
tube, and the laser-induced fluorescence was detected from the normal angle to the laser beam 
using an ICCD camera. 
 First of all, we examined the excitation and fluorescence spectra. As a result, the most 
intense TALIF signal was detected at the laser wavelength corresponding to the two-photon ex-
citation from the n=1 to n=3 states of atomic hydrogen (205.08 nm). The fluorescence was com-
posed of a single line emission at 656.3 nm, which is the wavelength of the transition from the 
n=3 to n=2 states of atomic hydrogen (the Balmer-α line). Therefore, the species we detected by 
TALIF is surely atomic hydrogen. The next possibility is the production of atomic hydrogen from 
an impurity molecule containing hydrogen atoms. Hydrogen atoms would be released from the 
impurity molecule by the irradiation of the dye laser beam (photodissociation), and hydrogen at-
oms produced by the photodissociation would be detected by TALIF. The impurity molecule is a 
discharge product and is not a molecule that is present in the chamber from the outset. This is 
because the TALIF intensity without the discharge was negligible. If a hydrogen atom is released 
from an impurity molecule, the intensity of TALIF should be proportional to the cube of the laser 
energy or more, since at least one photon is consumed by the photodissociation. However, we 
observed that the intensity of TALIF was proportional to the square of the laser energy, which 
rules out the contribution of an impurity molecule to the TALIF signal. We also examined the 
composition of gas species in the chamber using a quadrupole mass spectrometer. As a result, 
we confirmed that molecules which did not exist without the discharge were not newly generated 
by the discharge. The experimental results obtained to date do not agree with the contribution of 
impurities to the TALIF signal. 
 
[1] Y. Inagaki and K. Sasaki, 78th Annual Gaseous Electronics Conference (2025). 
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     Electrical discharges are transient phenomena 
highly sensitive to the geometric and dielectric 
properties of their surrounding environment. Such 
a dependence directly influences plasma-surface 
interactions and the efficiency of a related 
application. This study investigates ex-
perimentally and by simulation the propagation 
dynamics of nanosecond discharge in air gap with 
the presence of a hemispherical dielectric layer 
(HDL). Experimentally, the HDL was fabricated 
using 3D printing of opaque resin that has a di-
electric permittivity εr = 3. Its diameter and thick-
ness can be finely adjusted during printing. 
Herein, we investigate the influence of HDL’s 
thickness (100-1000 µm) on the dynamics of the 
discharge generated inside and outside of the 
HDL using an ICCD camera. To further determine 
the spatial and temporal properties of the dis-
charge, numerical simulations are performed by
adapting a 2D fluid model [1]. The simulation pre-
dicts the spatial evolution of electrons density and
electric field inside and outside of the HDL. After
being validated for the experimental cases, the model is employed to investigate the role of εr (3,
40, 80) on the discharge properties. The results offer new insights for understanding plasma-
surface interactions which is highly needed for many applications.

References:
[1] A. Ouali, L. Sebih, A. Herrmann, F. Valensi, and A. Hamdan, “Propagation of nanosecond discharge

in an air gap containing a water droplet: modelling and comparison with time-resolved images,” J
Phys D Appl Phys, vol. 57, no. 31, Aug. 2024, doi: 10.1088/1361-6463/ad44a3.

Spatial evolution of E-field with a shell
thickness of d=250 µm and εr = 3
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 Due to environmental concerns and the desire to go towards net-zero carbon emission, 
the reforming of carbon dioxide by plasma is a process that is investigated by research groups 
world-wide (e.g. [1]). The electrical conversion of CO2 effectively stores renewable, clean energy 
in the chemical form as fuel or raw materials for industrial chemical processes while at the same 
time reducing CO2 exhaust from industrial activities [2]. In particular, the usage of pulsed cold 
plasmas to dissociate CO2 is a promising avenue that presents many advantages. Pulsed excita-
tion e.g. in microwave plasmas shows high conversion efficiency, while the atmospheric pressure 
and ambient temperature working conditions allow for the use of intermittent energy sources, such 
as solar, wind or tidal power [2][3]. However, the underlying processes leading to dissociation are 
not well understood, showing the need for more characterization and diagnostics. 

To contribute to the reduction of this research gap, a technique for optical emission spec-
troscopy resolved in space and time is used. Time resolution stems from the synchronization of 
short camera gating and the plasma oscillations. This technique, known as Phase Resolved Op-
tical Emission Spectroscopy (PROES), is well documented (see e.g. [4]). In addition, the use of 
an imaging spectrometer allows for a spatially resolved emission profile in the same measurement 
[4][5]. This space-time resolved measurement has been previously proven, the key contribution 
of this work is its application of the diagnostic to Pulse-RF plasma.  

 In the first step, PROES analysis is established on an Argon/Helium/Oxygen plasma. The 
obtained data is a suite of images of the plasma at the wavelength of a pre-established atomic 
emission line. Each image corresponds to a certain time frame in the plasma excitation period. 
This set of images shows when and where the excitation of the observed atomic species occurs, 
forming a dataset that can be used for validation of numerical simulations. Notably, the plasma 
source used is the COST-jet, a standardized model useful for benchmarking [6]. In a second step, 
the spatially resolved PROES diagnostic will be used on Ar/CO2 admixtures, observing the exci-
tation dynamics under pulsed-RF excitation. The results from this work will then be used to opti-
mize the parameters of the plasma, aiming to improve CO2 dissociation efficiency. 

References: 
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[6] J. Golda et al., J. Phys. D: Appl. Phys., vol. 49, no. 8, p. 084003, Mar. 2016. 
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One of the most widely used methods for plasma characterization is Optical Emission 

Spectroscopy (OES) due to its simplicity, high sensitivity, and noninvasive nature. Despite its 
advantages, OES generally requires point-by-point measurements, making the acquisition of axial 
or radial profiles technically challenging. Even so, it is possible to obtain spatially resolved spec-
troscopic measurements by mounting the fiber on a micrometer screw and using a collimator [1], 
incorporating optical elements into the experimental setup [2], or using compact arrays of optical 
fibers. These procedures allow the acquisition of 1D profiles and 2D maps, although in a difficult 
and time-consuming manner which is not well-suited for routine measurements.  

A good way to overcome these limitations is hyperspectral imaging technology, a spectro-
scopic technique that combines OES with 2D optical imaging to simultaneously obtain both spec-
tral and spatial information from optical emissions. With this system, images are captured over a 
wide spectral range at small wavelength intervals, generating a two-dimensional map of the spec-
tral distribution within a reasonable acquisition time. Each pixel contains its own spectrum, and 
together they form a hyperspectral data cube that includes both spatial and spectral information. 

This technology 
has been used for the first 
time for the diagnosis of 
plasmas generated with 
molecular gases, with 
more complex kinetics 
than noble gas plasmas. 
Specifically, an Ar–CO2 
plasma sustained by a 
surfatron device has been 
characterized. Beyond 
emission intensities (Fig-
ure 1), this technology en-
ables the generation of 
2D maps of various 
plasma parameters, such as electron temperature, relative electron density and metastable states 
population, as has been done in previous studies on plasmas generated with pure Ar and Ar–Xe 
mixtures [4,5]. This study represents a significant step forward in the fundamental understanding 
(internal kinetics, excitation and dissociation mechanisms, etc.) of these plasmas, with promising 
applications in the plasma-assisted conversion of CO2, a greenhouse gas, into value-added prod-
ucts such as CO and O2, which can be further used for the synthesis of fuels and chemicals.  

References: 

[1] F.J. Morales-Calero et al., Plasma Sources Sci. Technol. 32, 065001 (2023). 
[2] M. Snirer et al., Plasma Sources Sci. Technol. 30, 095009 (2021). 
[3] F. Khazem et al., Rev. Sci. Instrum. 95, 053502 (2024). 
[4] F. Khazem et al., Plasma Sources Sci. Technol. 35, 035014 (2026) 

 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 1: Atomic emissions observed in the Ar-CO2 plasma. From left to 
right: Ar I 811 nm, C I 911 nm, O I 777 nm and N I 821 nm.  
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 Achieving stable diffuse operation in atmospheric-pressure dielectric barrier discharges 
(DBDs) relies on the presence of seed electrons before the breakdown. This so-called memory 
effect enables homogeneous breakdown at reduced electric fields, thereby suppressing streamer 
formation and preventing transitions to filamentary regimes. Controlling the mechanisms govern-
ing this effect is therefore key to ensuring discharge uniformity and reproducibility in a wide range 
of plasma applications. 

Despite its importance, the respective contributions of gas-phase and surface-driven pro-
cesses to the memory effect remain poorly understood and strongly depend on gas composition 
and operating conditions. In nitrogen-based mixtures, long-lived N₂(A³Σᵤ⁺) metastable states play 
a major role by producing seed electrons prior to breakdown through associative ionization reac-
tions involving O(³P) and N(²P) species [1,2]. In contrast, in air and CO₂, surface-related pro-
cesses such as charge trapping and secondary electron emission are often considered dominant 
contributors [3,4], although competing gas-phase processes, including electron attachment to 
electronegative species such as ozone, may significantly modify the available pre-ionization level 
and thus alter discharge dynamics [5]. 

In this work, we propose a novel experimental strategy to decouple and quantify the re-
spective roles of gas-phase and surface mechanisms. The 
approach relies on a dual-zone DBD configuration with in-
dependently driven regions, combined with duty-cycle 
modulation to control memory effects (Figure 1). The pri-
mary objective is to isolate the influence of species gener-
ated in the first discharge zone on the breakdown condi-
tions in the second. In particular, it enables investigation of 
how reactive and metastable gas-phase species contribute 
to pre-ionization and trigger the first breakdown event in a 
subsequent discharge region. 

Measurements are performed in N₂/O₂ mixtures 
ranging from pure N₂ to pure O₂, as well as in CO₂ atmos-
pheres. Time-resolved electrical diagnostics combined with 
ICCD imaging characterize the spatiotemporal evolution of 
the discharges. This methodology provides new insights 
into the physical origins of the memory effect and clarifies 
the interplay between gas-phase and surface processes. 
 
References: 
[1] X. Lin et al., J. Phys. D: Appl. Phys. 53 205201 (2020) 
[2] C. Tyl et al., J. Phys. D: Appl. Phys. 51 354001 (2018) 
[3] C. Bajon et al., Plasma Sources Sci. Technol. (2023) 32 045012 
[4] A. Belinger et al., J. Phys. D: Appl. Phys., 2022, 55 (46), pp.465201 
[5] J. Haton et al., J. Phys. D: Appl. Phys., 2025, 58 465201 

 

 

 

 

 

 

 

 
 
 

Figure 1: Schematic of the setup 
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The development of multifunctional thin films deposited with PECVD  is a rapidly growing 
field, attracting increasing interest from both the scientific community and industrial sectors. 
Among atmospheric plasma deposition devices, plasma torches represent an emerging 
technology offering unique advantages, including high deposition rates and compatibility with 
versatile industrial production lines [1], [2]. However, the literature on this technology remains 
sparse, particularly regarding plasma–substrate interaction during precursor injection, which is 
poorly understood. 

This work aims to characterize the plasma plume environment and its interaction with the 
substrate with and without hexamethyldisiloxane (HMDSO) precursor injection. In addition to 
conventional visible-spectrum imaging of the plume, which reveals its overall emission intensity 
and shape during surface contact, hyperspectral imaging is employed. This innovative technique 
enables us to establish a spatial characterization of the intensity and species distributions 
within the plume and near the substrate, as was recently demonstrated for a microwave Ar jet 
[3], [4]. These analyses are conducted as a function of key input parameters such as torch–
substrate distance and substrate nature. 

The results show that correlating deposition profiles with optical characterization provides 
a novel and valuable approach for understanding deposition behaviour. In particular, hyperspectral 
imaging proves to be a highly relevant means of probing the process, as it reveals the spatial 
distribution of excited species within the spreading zone and opens a promising pathway for 
further exploration. 

References : 
[1]  S. Asadollahi, J. Profili, M. Farzaneh, et L. Stafford, "Development of Organosilicon- Based 

Superhydrophobic Coatings through Atmospheric Pressure Plasma Polymerization of HMDSO in 
Nitrogen Plasma", Materials, vol. 12, no  2, p. 219, janv. 2019, doi: 10.3390/ma12020219. 

[2] R. Magnan et al., "Aerosol assisted atmospheric pressure plasma jet for a high deposition rate of 
silica-like thin films", Eur. Phys. J. Appl. Phys., vol. 97, p. 37, 2022, doi: 10.1051/epjap/2022210291. 

[3] F. Khazem, A. Durocher-Jean, A. Hamdan, et L. Stafford, "Hyperspectral imaging of a microwave 
argon plasma jet expanding in ambient air", Review of Scientific Instruments, vol. 95, no 5, p. 053502, 
mai 2024, doi: 10.1063/5.0180909. 

[4] F. Khazem, A. Durocher-Jean, A. Hamdan, et L. Stafford, "2D spatial mapping of the electron 
temperature, electron number density, and argon molecular ion number density in a microwave argon 
plasma jet", Plasma Sources Sci. Technol., vol. 35, no  3, p.035014, mars 2026, doi: 10.1088/1361-
6595/ae4451. 
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Given the need to reduce greenhouse gas emissions, numerous studies have been con-
ducted over the past several years to explore the possibility of using plasmas to convert these 
gases - particularly CO₂	- into valuable molecules [1]. For this reason, it is particularly useful to 
have reliable and validated chemical kinetics models. Much research has therefore focused on 
low-pressure plasmas, particularly because they can be generated in a homogeneous and 
steady-state manner. At atmospheric pressure, most discharges obtained exhibit significant tem-
poral and spatial variations, which complicates their characterization. In this context, the use of 
Townsend discharges at atmospheric pressure (APTD) greatly facilitates this process due to their 
stable and homogeneous nature, as well as the ease of determining the reduced electric field [2].  

The generation of APTD was first reported 
in nitrogen, and subsequently in nitrogen with im-
purities (O₂, N2O, etc.). It has been demonstrated 
that the gas composition plays a crucial role by en-
abling physicochemical processes to occur be-
tween two successive discharges. Among these, 
associative ionization reactions involving metasta-
ble states have been identified as strong candi-
dates for the generation of the seed electrons re-
quired to initiate a Townsend breakdown, leading 
to an APTD [3]. On the contrary, in air or in CO2, 
such processes are unlikely because of the effi-
cient quenching of metastable states. In these 
mixtures, processes arising at the dielectric sur-
faces are more likely to dominate [4]. Neverthe-
less, a recent study conducted in air showed that 
even if the dominant effect is related to surface 
processes, the discharge development can also be influenced by changes in the gas composition 
along the gas flow, due to the formation of stable electronegative species such as ozone [5].  

In this study, the influence of gas composition changes on the electrical properties of 
plane-to-plane CO₂-APTD was investigated using a segmented electrode. We were thus able to 
demonstrate a non-monotonic evolution of the breakdown voltage along the gas flow (see figure). 
This likely reflects the competition between two mechanisms: one facilitating discharge initiation 
and the other hindering it. Possible candidates for these mechanisms will be discussed in the 
present contribution. 
 
References: 
[1] L. D. Pietanza et al., Eur. Phys. J. D, 75:237 (2021) 
[2] C. Bajon et al., J. Phys. Chem. C 129, 16967-16976 (2025) 
[3] H. Höft et al., Eur. Phys. J. D, 77:35 (2023) 
[4] C. Bajon et al., Plasma Sources Sci. Technol., 32 (2023) 
[5] J. Haton et al., J. Phys. D: Appl. Phys. 58, (2025) 
 

 
Evolution of the breakdown voltage as a func-
tion of the gas residence time in the discharge. 
(gas gap 1mm, 12 kVpp, 1 kHz). 
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 Non-thermal (NT) atmospheric pressure 
plasma jets (APPJs) are used in multiple applica-
tion fields for their unique way to electrify chemis-
try. Notably, in biomedicine, NT plasmas are stud-
ied for their anti-cancer properties. While the spe-
cific chemical pathways that lead to cancerous cell 
apoptosis are still misunderstood, singlet delta ox-
ygen (O2(a1∆g) or 1O2 for short) is thought to play 
a key role [1]. Also, carbon dioxide (CO2) dry re-
forming by NT plasmas has been largely demon-
strated, but key efforts remain for a scalable and 
efficient process. Vibrational excitation leading to 
CO2 reforming is a promising pathway as it takes 
less energy than thermal dissociation. In both 
these application fields, understanding and con-
trolling molecular excitation is fundamental.  

Our work focuses on modifying electric waveform parameters of a ns-pulse combined with 
radio frequency (RF) excitation and quantifying the resulting production of 1O2 in a macroscopic 
atmospheric pressure plasma jet (M-APPJ) and the CO2 dissociation in the COST jet [2]. 

 APPJs, powered by RF excitation result in an electronic temperature around 4-5 eV. This 
electron temperature (Te) is neither suitable for maximal 1O2 production or vibrational excitation 
of CO2 as their ideal Te is lower. A ns-pulse combined with sub-breakdown RF is used resulting 
in a lower, ideal Te for molecular excitation. In our work, such a power supply was built. The ns-
pulse can reach 15 kV in amplitude, 75 ns to 5 µs pulse width and 500 Hz to 8 kHz pulse repetition 
frequency while the 13.56 MHz frequency is varied in amplitude from 0 to 300 Vpp.  

 The M-APPJ is composed of two rectangular stainless-steel electrodes of 100 mm length 
separated by a 1 mm gap. Helium is used with oxygen admixture. The effluent of the plasma jet 
is collected and directed by a glass tube to a glass cell, where NIR emission spectroscopy is 
conducted by an InGaAs photodiode mounted on a narrow bandpass filter centered at 1270 nm 
[3]. The signal is calibrated to absolute concentrations of 1O2 by a conversion factor determined 
through a previously conducted ray-tracing Monte Carlo simulation. CO2 dissociation is quantified 
with an FTIR measurement on the effluent of the COST-jet. Helium flows through the COST-jet 
with a CO2 admixture. CO and CO2 densities are calculated using the cross-sections from the 
HITRAN database and its associated interface, HAPI. 

 The results show that the electrical waveform has a significant impact on the species pro-
duction. Measurements were performed in both setups for different admixture content, total flow 
rates, measurement distances and input powers. 

References: 
[1]  G. Bauer et al., Sci Rep 9, 13931 (2019)  
[2] J Golda et al., J. Phys. D: Appl. Phys. 49 084003 (2016) 
[3] J.S. Sousa and V. Puech, J. Phys. D: Appl. Phys. 46 464005 (2013) 

1O2 density as a function of O₂ admixture measured 
for different distances and total flow rates under RF 

excitation 
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 Discharges in discontinuous media, such as bubbles and aerosols, represent complex 
and fascinating phenomena in which plasmas interact with irregular environments. These media 
are characterized by regions with different properties, such as electrical conductivity and dielectric 
permittivity, where multiple interfaces exist. In addition to gas-liquid and solid-liquid discontinui-
ties, liquid-liquid discontinuities can also occur when two immiscible liquids, such as water and 
oil, are mixed. Previous studies on this subject have demonstrated that the position of the liquid–
liquid (hydrocarbon-water) interface relative to the electrode significantly influences discharge 
properties due to the intensification of the electric field. 

In this work, we investigate the 
influence of a water-heptane emulsion on 
nanosecond-pulsed electrical discharges. 
The emulsion is first produced by 
generating discharges at the water-
heptane interface. Once formed, 
discharges are generated within the 
emulsion, which has a defined droplet 
size distribution and density. We find that 
the electrical characteristics of discharges 
in the emulsion differ from those in a 
single liquid, as a pre-breakdown phase is 
identified in the voltage and current 
waveforms. Furthermore, we observe that 
discharges can be sustained over longer 
gap distances, up to 3 mm, whereas in a 
single liquid, discharges are obtained only 
over distances shorter than 0.5 mm, for 
same voltage pulses. Based on 
simulations, this behavior is attributed to 
the enhancement of the electric field at the 
multiple interfaces between heptane 
microdroplets and water. 

We further investigate the influ-
ence of emulsion properties (droplet size 
and density) and gap distance on the dis-
charge characteristics. The measure-
ments are supported by the simulation of 
the electric field. We found that this latter 
is key to understanding the discharge be-
havior. The results highlight the im-
portance of discontinuities in liquid media, 
and better understanding on their role provides valuable insight to further develop applications. 

 
(a) Simulation of the electric field with emulsion. (b) 
Electric field enhancement due to droplets only. (c) 
Electric field profile along the electrode axis: (red) with 
emulsion and (black) without emulsion. 
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 We successfully generated Atmospheric Pressure Townsend Discharge (APTD) in air by 

using a specific alumina barrier in the barrier discharge device [1]. To date, we have considered 
both the accumulation of negatively charged particles on the barrier surface and the desorption 
characteristics of these accumulated charges to be critical factors governing the generation of 
APTD in air [2]. In this study, we investigated the effect of barrier materials on the desorption 
characteristics of negative charges accumulated on the barrier surface. 

A negative‑polarity sinusoidal waveform was applied to generate filamentary discharge 

(FD) for accumulating electrons on the barrier surface, whereas a positive‑polarity trapezoidal 
voltage waveform was applied to generate APTD. We examined whether APTD could be gener-
ated by varying the barrier material and evaluated the discharge inception voltage by applying a 
trapezoidal voltage. To keep the charge amount on the barrier surface constant, the peak value 
of the negative‑polarity sinusoidal voltage was adjusted so that the surface potential remained 
between −4 kV and −5 kV, even when the barrier material was varied. 

Fig. 1 shows the applied voltage and current waveforms for different barrier materials. As 
shown in Fig. 1(a), at 3 kV, only the displacement current was measured even when the trapezoi-
dal voltage was applied. In contrast, at 8.5 kV, a proportional increase in current was observed in 
the rising region of the trapezoidal voltage waveform. This proportional increase in current is con-
sidered to indicate the generation of APTD. On the other hand, as shown in Fig. 1(b), at 3 kV, the 
pulse current was measured in the rising region of the trapezoidal voltage waveform, despite the 
same amount of charge accumulated on the barrier surface. This pulse current is considered to 
indicate the generation of FD. These findings suggest that barriers capable of generating APTD 
are expected to have material properties that make electron desorption more difficult. 

This work was supported by JSPS KAKENHI Grant Number JP23K03824. 

 

References: 

[1] N. Osawa et al., IEEE Trans. Plasma Sci., 40 (2012) 
[2] N. Osawa et al., Eur. Phys. J. Appl. Phys., 61, 24317 (2013) 

       
(a) barrier capable of generating APTD          (b) barrier incapable of generating APTD 

Fig.1 Voltage and current waveform. 
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 The multi-fluid Euler–Poisson system describes each species as an independent fluid and 
couples them with a self-consistent electrostatic field through the Poisson equation. It can 
represent inter-species velocity differences, temperature differences, and charge separation that 
are difficult to capture in a single-fluid approximation. Because of this, it appears in the description 
of electrostatic transport and plasma phenomena such as low-temperature plasmas, discharges 
with space charge and sheath, semiconductor devices, and vacuum electronic devices. 
 This system is a mixed hyperbolic–elliptic system, where Euler-type conservation laws are 
strongly coupled with the Poisson constraint [1]. Therefore, it is important to keep the interaction 
between the fluids and the field consistent at the discrete level. In many conventional 
discretizations, the fluid part and the Poisson solver are treated separately. Then the total energy 
balance of the coupled fluid–field system, which holds at the continuous level, may not close 
automatically after discretization. 
 In a general finite-volume setting for electrostatic multi-fluid problems, a unified framework 
that closes the coupled total energy discretely is still limited. This point is directly related to the 
reliability of long-time simulations and energy diagnostics. In phenomena such as sheath 
acceleration, plasma oscillation, plasma expansion, and instability growth, the energy transfer 
itself between the field and each species is an essential part of the physics. If the discretization 
introduces numerical heating or cooling, it becomes difficult to distinguish physical energy 
conversion from numerical error. 
 In this work, we propose a multi-fluid Euler–Poisson scheme that satisfies local and global 
discrete balances of the coupled total energy of the fluids and the field. In the presentation, we 
will discuss the governing equations, the basic idea of the discretization, and representative 
benchmark problems, and report the conservation properties and numerical behavior of the 
proposed method. 
 
References: 
[1] M. Maier et al., Commun. Comput. Phys. 33, 647 (2023) 
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 Atmospheric Pressure Townsend Discharge (APTD) is a promising technology for homo-
geneous surface treatment, material processing, and related applications [1]. So far, we have 
succeeded in generating APTD in air by using a specific alumina barrier [2]. To elucidate the 
correlation between surface charge density and the generation characteristics of APTD in air, we 
have developed a measurement technique capable of evaluating the spatiotemporal distribution 
of surface charge density during APTD. In previous studies, a sinusoidal voltage waveform has 
been employed as the applied voltage. However, under such conditions, the rate of rise of applied 
voltage during the non-discharge period varies with time, which complicates an investigation of 
the behavior of charged particles accumulated on the dielectric surface. Therefore, in this study, 
we investigated whether APTD can be generated using a triangular voltage waveform, whose 
voltage rise rate remains constant. Furthermore, we investigate the spatiotemporal evolution of 
the surface potential during APTD generation. 

 Fig. 1(a) and (b) show the voltage-current waveforms and the temporal evolution of the 
surface potential under sinusoidal and triangular wave applications, respectively. We confirmed 
that a continuous current was generated between 20° and 90°, regardless of the change in voltage 

waveform. According to the discharge emission analysis using a high-speed camera with an im-
age intensifier, no streamer discharge was observed, and homogeneous emission was observed 
on the anode surface. These results indicate that APTD occurs under positive polarity even when 
the voltage waveform is changed. Analysis of the temporal evolution in the surface potential 
showed that the variation was more clearly observed under the triangular waveform than under 
the sinusoidal waveform. These results suggest that applying a triangular waveform may allow 
for more precise characterization of the temporal evolution of the surface charge density distribu-
tion, which is considered to play an important role in the occurrence of APTD. 

 This work was supported by JSPS KAKENHI Grant Number JP23K03824. 

References: 
[1] P. Bílek et al., Plasma Sources Sci. Technol. 31, 084004 (2022) 
[2] N. Osawa et al., IEEE Trans. Plasma Sci., 40 (2012) 

           
(a) sinusoidal voltage                                                   (b) triangular voltage 

Fig. 1 Temporal evolution of surface potential during APTD and streamer discharge (SD). 
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 Atmospheric pressure plasma jets are widely used e.g., for surface modification, plasma 
medicine and water treatment but highly rely on gas flow for plasma propagation [1]. On the other 
hand, plasma actuators are mostly used for modification of gas flow behavior for heat transfer 
control or applications in aerodynamics. Development of low to no input flow synthetic jets [2] by 
plasma actuators could provide paths for rapid highly precise spot modification of surfaces. In 
addition to accurate geometry, power tailoring from AC to ns-pulsed power refines the plasma 
distribution inside and outside the cavity of such plasma actuators.   

 Previous CFD modeling of flow has shown the impact of a small cavity with a pin-to-pin 
plasma actuator on atmospheric pressure air [3]. Our 2D modeling tries to improve on the plasma 
output and gas flow through the geometry of the cavity. Also, output temperature optimization 
plays a critical role in many applications. Flow and concentration mixing of Argon, Helium and Air 
is tailored to reach low enough temperatures and promote the desired plasma reactivity. 

  A key characteristic of such actuators is the induced flow. Schlieren imaging is a powerful 
diagnostic tool for electric wind or velocimetry characterization of such plasma actuators [4]. The 
modelled cavity geometries were tested with varying low input flows (0-100sccm). The impact of 
the plasma actuator on Ar, He and Air were characterized both inside and outside the cavity. This 
showed temperature and velocity evolution.  At first, standard AC 22kHz, 3-10kVpp excitation 
power was used before looking at the flow response to ns-pulses 1-10 kV in amplitude at variable 
pulse width in the ns time range.  

 The encouraging modeling results show the feasibility of such a plasma actuator for active 
plasma surface interaction. Schlieren imaging provide experimental results on 3d printed cavities 
and the resulting output flow and mix with ambient air. Further development will lead to improve-
ment to the actuator flow dynamics.  
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[2] K. Grossman, C. Bohdan, et D. VanWie, American Institute of Aeronautics and Astro-

nautics,10.2514/6.2003-57 (2003) 
[3] H. Zong, Y. Wu, Y. Li, H. Song, Z. Zhang, et M. Jia, Physics of Fluids, 10.1063/1.4908071 (2015) 
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High-pressure, low-temperature plasmas in liquids are of increasing interest for applications in 
environmental remediation, chemical synthesis, and medicine. Laser-driven x-ray imaging can 
be used to resolve plasma structures and dynamics in these environments. Our team has 
previously demonstrated their potential using a laser-wakefield accelerator betatron x-ray 
source (Figure 1). Here, we develop a compact  laser-driven Molybdenum (Mo) X-ray source 
with tens of micrometer spatial resolution. These laser-driven x-rays are produced using   an 
intense laser pulse incident on the Mo target, inducing a K-shell ionization and characteristic Kα 
radiation at 17.48 keV. The picosecond-scale pulse duration of the Mo X-ray source enables 
imaging of plasma filament evolution and subsequent bubble formation. This work outlines the 
status of the system implementation, focusing on the optimization of laser-target interaction 
parameters and the experimental geometry required to resolve plasma-liquid dynamics. X-ray 
imaging supports measurements of plasma density and structure dynamics, providing a novel 
method for investigating plasma-liquid environments. 
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Hydrofluorocarbons (HFCs), potent green- 

house gases, become contaminated with 
compressor oil throughout their operational 
lifetime in cooling systems. At the end of its 
operational life, the HFCs are reclaimed and 
recycled via distillation for continued use. A 
hazardous byproduct composed of HFC-
contaminated oil is created through this 
distillation. Liquid injection incineration (LII) is 
one method approved by the United States 
Environmental Protection Agency (EPA) for 
destroying HFC wastes. However, this method 
generates a large concentration of hazardous by- 
products (COF2 and COHF) [1]. Presented here, 
the C. & J. Nyheim Plasma Institute has 
developed a liquid-injection incinerator catalyzed 
by a non-thermal gliding-arc plasma (GAP) that 
suppresses the formation of these byproducts. 

During Experimentation, operational 
parameters such as O/C ratio, supplied current, and concentration of R-134a were varied for the 
combustion reaction. The combustion byproducts were analyzed using two methods: in-situ FTIR 
gas sample analysis and a water trap in series with a NaOH solution trap for Fluorinated byproduct 
capture. In the traps, aqueous F-/NaF concentrations were analyzed to determine the efficiency of 
R-134a destruction. During the destruction of R-134a, the most desirable byproduct is HF and is 
miscible in the water trap. This is measured via an F-probe. The other byproducts are estimated to 
bypass the water and dissolve in the second trap, which contains a 15% NaOH solution by 
weight, thereby converting all other F-containing byproducts (COF2, COHF, CF4, etc.) to NaF. 
These concentrations were analyzed using UV-Vis liquid chromatography. 

These experiments are ongoing. It is predicted that, compared to typical high-temperature 
incineration, the Gliding arc LII has a higher conversion efficiency to HF and reduces the effluent 
concentration of COF2 and other hazardous by-products. This is theorized to be due to the reac- 
tive species (like H and OH) generated by the non-thermal gliding arc [2]. Further study is needed to 
determine the effects of non-equilibrium on the reaction to optimize the power minimization in the 
gliding arc reactor. 

References: 
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Planet Earth 2011 - Global Warming Challenges and Opportunities for Policy and Practice, E. Cara- 
yannis, Ed., InTech, 2011. doi: 10.5772/23405. 

 [2] Y. Ju and W. Sun, “Plasma assisted combustion: Progress, challenges, and opportunities,” Combus- 
tion and Flame, vol. 162, no. 3, pp. 529–532, Mar. 2015, doi: 10.1016/j.combustflame.2015.01.017. 

 
Figure 1: Photo of NPI’s Non-thermal Gliding 
Arc Liquid Injection Incinerator for the destruc- 
tion of HFC Contaminated Oils.. 
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 Contamination of water by per- and polyfluoroalkyl substances (PFAS) represents a global 
environmental concern and is commonly mitigated through filtration using granular activated 
carbons (GACs) to produce safe drinking water. Once GAC become saturated, they are 
regenerated by thermal treatment. However, this regeneration process requires extremely high 
temperatures, modifies the porous GAC structure, can only be repeated a limited number of times 
and is of concern for the possible emission of gaseous PFAS [1,2]. 

For these reasons, we are exploring the use of atmospheric plasma as an alternative 
approach to promote the degradative desorption of PFAS from GAC. A packed-bed dielectric 
barrier discharge (DBD) reactor was designed and constructed, employing a dual-frequency 
plasma configuration that combines low-frequency (LF, 15 kHz) and radio-frequency (RF, 27 
MHz) power sources. The reactor consists of a coaxial quartz tube equipped with an internal 
stainless-steel rod acting as the LF electrode, while a copper tape wrapped around the outer 
surface of the tube over the sample region serves either as the ground electrode or as the RF 
electrode. 

Experiments were carried out using both pristine GAC and GAC loaded with 
perfluorooctanoic acid (PFOA), which was selected as a model PFAS compound. Treatments 
were performed under both dual-frequency and single low-frequency plasma modes while varying 
the treatment duration. The dual-frequency configuration proved to be more effective and was 
therefore further investigated by modifying the applied power, the gas flow rate and the gas 
composition, by comparing experiments performed with pure argon and argon containing small 
amounts of water vapor or air. 

During plasma operation, the outlet gas stream was bubbled through a NaOH solution. 
This solution was subsequently analyzed using an ion-selective electrode to determine the 
concentration of dissolved fluoride ions, and by LC/ESI-MS to detect and quantify both the 
desorbed, non-degraded PFOA and possible gaseous degradation products soluble in water. The 
treated GAC samples were analyzed by thermogravimetric analysis (TGA) to determine the 
percentage of PFOA degraded and/or desorbed during the plasma process. They were, 
moreover, subjected to desorption with two different solvents (i) to quantify fluorides, formed in 
the plasma process and remained adsorbed on GAC, and (ii) to estimate the fraction of PFOA as 
well as any degradation products that after the plasma treatment remained adsorbed on the 
material 

The results showed that the presence of 1% of air in argon increases the efficacy of the 
process and that 29% of defluorination is reached after 60 min of treatment. 

 This work was supported by Veneto Region through European Social Fund (DGR n. 553, 
May 9, 2023) and by the University of Padova (P-DiSC#06BIRD2024-UNIPD). Support provided 
by Nadir s.r.l. is gratefully acknowledged. 
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 Methylene blue is a synthetic compound widely used in dyeing due to its complex chemical 
structure that ensures long-term color stability. Its remarkable solubility in water facilitates its 
spread in the environment and its long-term buildup, ultimately resulting in ecological conse-
quences [1].  

 This problem has already been addressed 
in the literature using cold atmospheric-pressure 
plasma (CAPP) to remove blue methylene from 
the water surface [e.g., [2]. This method outper-
forms traditional physicochemical techniques like 
adsorption [3], catalytic degradation or UV treat-
ment [4]. This method allows for in situ generation 
of reactive species, including free electrons, 
ozone (O₃), hydroxyl radicals (•OH), hydrogen 
radicals (•H), hydroperoxyl radicals (•HO₂), and 
ionized water species (•H₂O⁺). These reactive 
species facilitate the breakdown of organic con-
taminants in water [5]. However, key limitations re-
main, and the application of such water treatment 
is not yet reliable enough for commercial or indus-
trial use.  

 The subject of this study is plasma-
treated water systems that contain methylene blue 
and “dopant species”. In this work, we decided to 
focus on the chemical characterization of reaction 
products using Liquid Chromatography-Mass 
Spectrometry (LC-MS, Agilent), Ultraviolet-Visible spectroscopy (UV-Vis, Agilent) and Microwave 
Plasma Atomic Emission Spectroscopy (MP-AES, Agilent) techniques. In situ analysis was per-
formed to clarify the chemical kinetics and correlate all results to the formation of by-products. 
Our custom-built system (Figure 1) was used to investigate degradation properties. The data sug-
gests that exposure to cold atmospheric-pressure plasma (CAPP) boosts degradation rates. This 
effect is believed to be attributed to the activation of radicals into highly reactive intermediates. 
Moreover, the degradation process offers a promising avenue for generating nitrates (NO₃⁻), a 
crucial component in other applications, by combining atmospheric nitrogen (N₂) and oxygen (O₂). 
The experiment’s design was also intended to clarify the treatment efficiency and scalability when 
processing large volumes of continuous water. 
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Figure 1—System for the degradation of 
methylene blue using CAPP. 
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 Cold atmospheric pressure plasmas are promising tools in oncology, capable of inducing 
selective cancer cell death through the production of Reactive Oxygen and Nitrogen Species 
(RONS). These species interact with biological targets via redox pathways to trigger selective 
apoptosis. However, it remains unclear whether these effects stem from the global redox potential 
or from specific RONS.[1] Decoupling the individual interactions of plasma-produced RONS on 
biomodels is thus an essential, yet unmet, challenge for developing optimized, targeted cancer 
treatments. 

 To address this gap, we propose a plasma-microfluidic platform designed for space-re-
solved treatment of biomodels. [2] This system exploits the spatiotemporal evolution of plasma-
induced chemistry within microchannels, allowing cells to be exposed to distinct chemical envi-
ronments depending on their position along the channel. The microscale ensures well-character-
ized physical forces, making the system both reproducible and amenable to numerical modeling. 
[3] A COST jet is employed as the plasma source to ensure inter-laboratory comparability and 
provide a well-documented reference. 

 As an initial validation, we implemented a set of diagnostics for both gas and liquid phases. 
The plasma is characterized electrically through power measurements, as power is a critical con-
trollable parameter directly governing the resulting chemistry, and optically via Optical Emission 
Spectroscopy (OES) to identify gas-phase precursors. In the liquid phase, hydrogen peroxide 
(𝐻ଶ𝑂ଶ) is quantified by fluorimetry to monitor stable, on-
cology-relevant molecules. In parallel, short-lived hy-
droxyl radicals (∙ 𝑂𝐻) are detected using Electron Par-
amagnetic Resonance (EPR) spectroscopy, not only 
as key intermediates in 𝐻ଶ𝑂ଶ production, but also as a 
proof of concept for detecting short-lived species within 
the microfluidic environment. To capture the chemical 
dynamics within the microchip, a quantification method 
was implemented to decouple short-lived radical pro-
duction in the liquid phase, combining EPR measure-
ments with algorithmic analysis. Preliminary results 
demonstrate a dependence of short-lived species on 
plasma power under pure helium conditions. 

 Together, these findings validate the use of a microfluidic platform for systematically de-
coupling the fundamental physicochemical processes governing plasma-liquid-cell interactions. 
This work paves the way for a deeper understanding of the mechanisms underlying selective 
plasma-induced cancer cell killing and the development of more precise therapeutic protocols. 
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Hydrogen and hydroxyl radical concentra-
tions as a function of plasma power 

*Equally contributing authors 

P-19

75



An aerosol-assisted dielectric barrier discharge process for nanocomposite thin 
film deposition in N2 

Elène Bizeray1, Antoine Belinger1, Simon Dap1, Nicolas Gherardi1, Luc Stafford2,  
Fiorenza Fanelli3 and Nicolas Naudé1 

1 Univ Toulouse, Toulouse INP, CNRS, Laplace, Toulouse, France 
2 Département de physique, Université de Montréal, Montréal, Québec, Canada 

3 National Research Council (CNR), Institute of Chemistry of Organometallic Compounds (IC-
COM), Bari Secondary Unit, Bari, Italy 

nicolas.naude@laplace.univ-tlse.fr, elene.bizeray@laplace.univ-tlse.fr  
 

 Nanocomposite thin films have attracted increasing interest due to their ability to combine 
the intrinsic properties of a host matrix with those of embedded nanoscale inclusions. By control-
ling the characteristics and dispersion of the inclusions, both the structural and functional behavior 
of the films can be adjusted, opening opportunities for advanced applications requiring tailored 
optical, electrical, or surface performances [1,2]. 

In this context, low-temperature atmospheric-pressure plasma technologies offer attrac-
tive routes for the synthesis of hybrid nanocomposites, enabling the incorporation of inorganic 
nanoparticles into an organic matrix. Recent studies have demonstrated that such materials can 
be deposited by coupling a plasma process with an aerosol containing preformed nanoparticles 
(NPs) dispersed in a polymerizable solution [3]. The direct use of pre-synthesized NPs is chal-
lenging due to potential health risks and their pronounced tendency to agglomerate, making their 
dispersion and incorporation difficult to control. An alternative approach is to replace them with 
solutions of metal salt precursors, enabling NPs formation in situ during plasma deposition. 

As suggested in a previous work [4], a dielectric barrier discharge (DBD) in nitrogen can 
be associated with an aerosol of a solution of a gold salt (tetrachloroauric(III) acid trihydrate, 
HAuCl4·3H2O) in a polymerizable solvent (isopropyl alcohol), allowing therefore the synthesis of 
the NC coatings in a single step. A dual-frequency excitation is typically used to independently 
control the growth of the matrix, the reduction of the gold salt, and the transport of the NPs [4,5]. 
 This study investigates the influence of the main parameters of the process with a focus 
on a key parameter: the gold precursor concentration in the injected solution. By deliberately 
varying this concentration, its role in governing the nanocomposite structure and properties is 
demonstrated. In particular, changes in the precursor concentration significantly affect the nano-
particles density within the films, their spatial distribution and degree of uniformity, as well as the 
long-term stability of the deposited coatings. The chemical composition, morphology, and optical 
properties of the nanocomposite layers were characterized using complementary analytical tech-
niques, including Fourier-transform infrared spectroscopy (FTIR), X-ray photoelectron spectros-
copy (XPS), scanning electron microscopy (SEM), and UV–visible absorption spectroscopy. 

Overall, these findings provide new insights into the potential of a single-step aerosol-
assisted plasma process for the deposition of hybrid nanocomposite coatings on large areas at 
low cost and atmospheric pressure. 
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Atmospheric pressure plasmas offer versatile routes for the synthesis of functional thin 
films with applications in energy storage and CO₂ valorization. However, the strong coupling be-
tween plasma physics, gas-phase chemistry and surface processes makes these systems difficult 
to model and optimize, limiting their industrial applications [1]. 

In this work, we advance the development of a digital twin (DT) [2] framework for plasma-
assisted thin film deposition, integrating experimental data, machine learning, and physics-in-
formed modeling. An automated atmospheric pressure plasma jet reactor has been developed to 
enable reproducible and high-throughput deposition of organosilicon thin films on silicon sub-
strates using hexamethyldisiloxane (HMDSO) as a precursor. 

Preliminary experimental datasets have been collected and used to train neural network 
models capable of predicting selected physicochemical properties such as film thickness and 
FTIR signature as a function of controlled process parameters, including power input, plasma jet 
height, and nozzle velocity. These purely data-driven models are compared with a hybrid, physics-
inspired approach combining empirical knowledge of plasma processes with machine learning, 
providing improved interpretability while maintaining predictive performance. To efficiently explore 
the high-dimensional experimental parameter space and accelerate data acquisition, a generative 
flow network (GFlowNet) is employed to guide the design of experiments towards regions of in-
terest in the property space. This approach enables targeted sampling strategies, balancing ex-
ploration and exploitation in the construction of the DT [3]. 

The results from this combined framework demonstrate the potential of coupling auto-
mated experimentation, advanced machine learning, and physics-based insights to establish 
structure–process–property relationships in plasma-deposited materials. Ultimately, this work 
contributes to the development of predictive tools for the optimization and control of plasma man-
ufacturing processes in applications related to energy and environmental challenges. 

Acknowledgements: This work was supported by an Exploratory Project program of the Institut 
Courtois, Université de Montréal. 
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 The tuning of semiconductor properties is of strong interest, 
particularly for systems incorporating nanoparticles whose charac-
teristics depend on fabrication and post treatment processes. At-
mospheric pressure plasma jets (APPJs) are promising tools for 
scalable surface engineering due to their versatility and industrial 
compatibility [1]. Among these, low power non transferred arc jets 
generate a reactive post discharge plume when a flowing gas—typ-
ically nitrogen or air—is electrically broken down between concen-
tric electrodes under alternating high voltage. This plume contains 
reactive species such as metastables, neutrals, and radicals [2]. Alt-
hough non thermal, the gas temperature may become sufficiently 
high for thermal effects to influence surface modification, making 
heat transfer a key factor in plasma–surface interactions. 

In this study, we investigate the treatment by a nitrogen 
plasma jet of zinc oxide nanoparticles deposited on a microporous 
alumina membrane. The role of temperature in jet–surface interac-
tions is examined using complementary diagnostics of the plasma 
jet and treated materials, combining electrical measurements, opti-
cal imaging and emission spectroscopy, in situ thermal sensing, 
and surface analysis by atomic force microscopy, scanning electron 
microscopy, and X ray photoelectron spectroscopy. 

Electrical characterization indicates stable arc operation be-
tween 700 W and 1100 W, with no dependence of injected power 
on the gas flow rate. At 1000 W and a nitrogen flow rate of 
50 L min⁻¹, preliminary XPS measurements reveal nitrogen incorpo-
ration into the surface of the microporous alumina membrane, sug-
gesting the possibility of nitrogen doping of the deposited nanopar-
ticles. Atomic force microscopy shows that the characteristic scale 
of surface modifications remains smaller than the membrane pore 
size. In addition, contact angle measurements reveal no measura-
ble change in surface wettability, indicating that topography and porosity dominate over plasma 
induced surface energy modifications under the investigated conditions. 
References: 
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Figure 1 – (a) picture of the jet 
during treatment, (b) AFM image 
of the substrate after treatment 
(c) contact angle measurments 
before and after treatment. 
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 Currently, no robust, well-established method exists that can create high entropy alloy 
nanoparticles or microparticles consisting of any composition of elements. In this paper, we ex-
plore the flexibility of a plasma-based synthesis technique which consists of positive and negative 
polarity pulsed DC discharges at a voltage of 20 kV, a frequency of 10 Hz, and a pulse width of 
500 ns in cyclohexane between a pin working electrode and an aqueous metal salt solution coun-
ter electrode. 

 This work is based on two previous papers 
from our group which used the same method but 
with only positive polarity discharges and with 
metal salts with close reduction potentials [1,2]. To 
test the limits of this method, metal salts were cho-
sen specifically for their wide range of reduction 
potentials. Whether chromium can be reduced 
and whether the elements form one solid solution 
or remain segregated into separate crystal struc-
tures or separate amorphous domains after reduc-
tion reflects the robustness of the method.  

 Total concentrations of around 40 mM 
were used for all combinations of elements, and 
all combinations of chromium, cobalt, and silver 
were tested with positive and negative discharges. 
In addition, to test the effect of high concentration 
and high counter electrode conductivity, two 200 
mM solutions of silver were treated with positive 
and negative polarity discharges. 

 Electrode-electrode distance had to be 
continuously adjusted during experiments to 
maintain the discharge. To explain the fact that 
both positive and negative polarity discharges in 
cyclohexane are sensitive to minute changes in in-
terelectrode distance, a simple model was created which showed that shorter electron mean free 
paths, like those expected in cyclohexane, require shorter interelectrode distances to maintain 
discharges and are more sensitive to changes in interelectrode distance. 

 Preliminary results show that for negative discharges at equimolar concentrations of chro-
mium, cobalt, and silver, silver is unable to form shared crystalline domains with chromium and 
cobalt.  

References: 
[1] K. Mohammadi and A. Hamdan, Plasma Process Polym. (2021) 
[2] A. Hamdan and L. Stafford, Nanomaterals. 12, 3603 (2022) 
 

 
EDS spectra of this image suggested an ele-
mental composition of ~0.3 Cr, ~0.4 Co, and 
~0.3 Ag. Upon further TEM investigation we 
discovered that the particle consisted of do-
mains of Ag as individual crystals or amor-
phous sections rather than a single CrCoAg 
crystal lattice. 
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Understanding defect formation induced by non-equilibrium plasmas is essential for controlling 
material properties in applications from surface functionalization to thin-film processing [1]. In this 
work [2], we investigate energy deposition pathways in low-frequency (1 kHz) dielectric barrier 
discharges (DBDs), focusing on the contrast between filamentary and diffuse regimes. Unlike 
previous studies requiring pressure changes [3], a direct comparison is achieved by varying only 
the applied voltage waveform. Large-area CVD monolayer graphene is used as a model system, 
with defect generation characterized by hyperspectral Raman imaging to obtain high-resolution 
maps of defect density. This approach enables direct correlation between discharge behavior and 
spatial energy deposition, providing insight into how localized and distributed plasma inputs gov-
ern defect formation. 

 The filamentary and diffuse regimes are first com-
pared using a fixed number of cycles (30,000), both yielding 
homogeneous modification. However, the filamentary re-
gime strongly alters the atomic structure, converting gra-
phene into amorphous carbon, whereas the diffuse regime 
largely preserves its Raman signature, indicating milder 
modification. To probe local energy deposition, a shorter fil-
amentary treatment (1,000 cycles) is performed, revealing 
localized filament impacts with strong defect density gradi-
ents. Raman mapping shows defective regions of ~40 μm in 
diameter, while AFM reveals much smaller craters (~2 μm), 
highlighting highly localized damage alongside more ex-
tended defect formation. 

 To understand the observed defect formation, a com-
prehensive analysis of energy deposition pathways is con-
ducted. A discussion on localized versus global energy deposition is developed based on the 
various parameters extracted from both discharge diagnostics and graphene characterization. 
This fundamental study demonstrates, at the atomic scale, that localized energy deposition can 
lead to defect states equivalent to those produced by globally distributed energy input, provided 
that the total deposited energy is comparable. These findings provide a foundation for advancing 
atmospheric-pressure plasma processing, where atmospheric pressure DBDs offer unique op-
portunities to tailor material properties through controlled energy deposition pathways. 

 

References: 
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[3] Z Fang, et al. IEEE Transactions on Plasma Science 37.5 (2009): 659-667.  
 
 

 
130 x 130 𝜇m2 mapping of the 𝐼𝐷/𝐼𝐺 
Raman ratio, which is linked to de-
fect density, of the short treatment.  
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This work investigates the localized deposition of poly(methyl methacrylate) (PMMA) films 

produced by atmospheric pressure plasma-activated chemical vapor deposition (AP- PACVD) 
operated in a dielectric barrier discharge (DBD) configuration. The study focuses on how the car-
rier gas composition—argon, nitrogen, and Ar/N₂ mixtures—affects the plasma chemistry and, 
consequently, the structure and optical behavior of the resulting coatings. 

Chemical and optical analyses were 
performed using FTIR spectroscopy, UV–Vis, 
and XPS. FTIR analyses showed that all 
plasma-polymerized spots preserved the char-
acteristic PMMA bands, with variations in peak 
broadening and intensity depending on the dis-
charge gas. Ar-based plasmas preserved the 
ester structure more effectively whereas N₂-
containing discharges induced broader, weak-
ened ester peaks together with signatures of ni-
trogen incorporation and partial ester modifica-
tion. This chemical modification resulted in a 
distinct yellow-orange color, associated with ad-
ditional electronic transitions in the 320– 
340 nm region [1]. XPS analyses supported 
these findings, showing PMMA-like C 1s signa-
tures for Ar-derived films and increased C–
N/C=N contributions for N₂-based deposits. 

The observed differences arise from the contrasting plasma activation mechanisms. Ar-
gon, being inert, primarily transfers energy through physical excitation and efficient ionization, 
promoting cohesive and homogeneous polymer networks [2]. In contrast, nitrogen introduces 
reactive species that modify surface functionalities but can also destabilize film growth under 
certain conditions [3]. These results demonstrate that the carrier gas composition is a crucial pa-
rameter for tailoring the chemical structure, crosslinking density, and optical response of PMMA 
coatings under localized APPCVD conditions [4]. 

This study highlights the versatility of plasma polymerization for microscale patterning and 
surface functionalization. Localized AP-PACVD enables micron-scale deposition and controlled 
chemical tuning without vacuum infrastructure [5], making it a promising technique for advanced 
surface engineering. The ability to modulate plasma chemistry through gas composition opens 
new perspectives for designing functional polymer coatings with spatially selective properties. 

 The author gratefully acknowledges the financial support of the FRIA (F.R.S.–FNRS), 
which made this doctoral research possible. 
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Figure 1. Localized AP-PCVD DBD setup for 
PMMA deposition. 
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 The processing of water with plasmas enriches it with reactive species, mainly NO3
- and 

H2O2, with concentrations on the order of tens to hundreds of milligrams per liter. The presence 
of these reactive species in water makes it attractive for many applications such as medicine, 
agriculture or nanomaterial synthesis.  

In this work, we investigate the reactive ox-
ygen and nitrogen species produced by electrical 
discharges generated in air in contact with water. 
We study plasma-water interactions in two config-
urations: discharge in air in-contact with water and 
discharges with aerosol. In this contribution, we 
present a complete characterization of the 
plasma-modified water with a particular focus on 
water surface tension. Indeed, the consensus is 
that plasma-produced nitrate in water decreases 
the surface tension of plasma activated water. 
While plasma-produced NO₃⁻ concentrations are 
generally in the range of hundreds of milligrams 
per liter, the concentration of HNO₃ needed to sig-
nificantly modify the surface tension of water is in 
the hundreds of grams per liter, i.e. three orders of magnitude higher. We performed measure-
ment of water containing nitric acid with plasma-processed water in both configurations (discharge 
with water and with aerosol), and a striking discrepancy was observed. Experimental measure-
ments of water processed by plasma show no change in surface tension. These results call into 
question the results of multiple studies reporting changes in water surface tension. If long-lived 
reactive oxygen and nitrogen species such as H2O2 and NO3

- cannot account for the measured 
variations, other factors must be at play and remain to be identified.  

 On the other hand, measurements performed on plasma-aerosol system showed that NO3
- 

and H2O2 concentrations are independent of treatment time and depend instead on the flow rate 
of water. Furthermore, among different discharge types through water aerosols, preliminary re-
sults suggest that spark discharges are 20 to 30 times more efficient in the production of nitrate 
compared to streamer discharges. Additional findings on the effect of discharge frequency and 
initial conductivity of aerosol suggest an increasing trend in reactive species concentration as a 
function of frequency or conductivity, respectively. 

 These results highlight the importance of chemical analysis for the determination of 
plasma activated water properties. Understanding these results could allow for targeted delivery 
of reactive species using plasma discharges. 

 

 
Surface tension of plasma activated water as a 
function of treatment time 
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 Endoscopic surgery is confronted with a significant challenge in the context of its decon-
tamination procedures. A notable proportion of endoscopes have been observed to retain bacte-
rial contamination and, more pertinently, biofilms following the cleaning process [1] 

Cold atmospheric plasma (CAP) has the potential to play a significant role in public health. Indeed, 
plasma presents antibacterial properties [2]. The efficacy of CAP in decontaminating endoscopes, 
was studied. A plasma device was designed in order to offer an alternative for decontamination 
and plasma parameters such as gas mix (Ar/H2O), flow (1.5 L/min) and power (15-17 W) were 
optimized for the purpose of anti-bacterial properties and biofilm etching properties [3]. The pre-
sent study focuses on the impact of the presence within the channel of the endoscope of water-
filled biofilm on plasma characteristics.  

 A combination of tubes was 
utilized to replicate the endoscope, 
with a soaked thread being inserted 
into the main tube, which was com-
posed of PTFE to simulate the pres-
ence of a water-filled biofilm. As es-
tablished by previous studies, Reac-
tive Oxygen Species (ROS) play a 
major role in the plasma for the de-
contamination process [3]. The pres-
ence of hydroxyl radicals was there-
fore measured with OES, and the 
formation of H2O2 was followed us-
ing a titration method. The experi-
ment involved the use of a high-
speed camera to compare the vol-
ume of the plasma and its glow in the presence and absence of the soaked thread. The electrical 
characteristics of plasma (voltage, current, power) were analyzed using a high voltage probe and 
an oscilloscope. 

  Results show that the gas flow and the heat generated by the plasma lead to the slow 
drying of the thread. The emission of hydroxyl radicals and H2O2 titrations exhibit a modest decline 
in intensity, followed by a notable escalation, culminating in a plateau phase. The values of the 
plateau are equivalent to the value when no soaked thread is present, suggesting that the thread 
is totally dried. However, the lower values recorded at the beginning suggest that the ROS are 
first absorbed into the water/ biofilm, which is consistent to the rapid decontamination of the bac-
teria. The images showed a similar pattern.  

References: 
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[2] G. Fridman et al., Plasma Processes and Polymers, 4, 370-375 (2007)  
[3] A. Remy et al., Journal of Physics D: Applied Physics, 58, 075202 (2025) 
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Schematic view of the plasma device and the endoscope-like 
tubes 1: argon gas, 2: flowmeter, 3: water bubbler, 4: DBD 
discharge, 5: endoscope imitation 
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Atmospheric cold plasma (ACP) is created by a strong electric field that accelerates free 
electrons, which in turn dissociate, excite, or ionize gaseous molecules [1]. As a result, it 
contains a vast array of reactive particles, as well as quanta of electromagnetic energy, photons, 
and visible light [2]. It is considered non-thermal as characterized by temperature close to the 
ambient one. ACP was found to successfully deactivate a varied range of microorganisms in-
cluding fungi, spores and viruses in variety of food products. Cereals, such as rice (Oryza 
sativa), wheat (Triticum aestivum L.), and maize (Zea mays L.), are of paramount importance for 
human nutrition and are grown in many areas of the world [3]. However, cereal grains are sus-
ceptible to contamination during ripening, harvesting, processing and storage. 

Controlling microbial contamination in flour remains a significant food safety challenge 
worldwide. Conventional and currently applied decontamination technologies often compromise 
product quality, provide uneven treatment, raise safety concerns, and mainly exert superficial 
effects on powders. To address these limitations, a prototype system integrating atmospheric cold 
plasma (ACP) with mechanical fluidization was developed and applied to naturally contaminated 
maize flour for 5, 10, 20, and 30 min. 

Microbial inactivation, physicochemical properties, particle size distribution, and mi-
crostructural characteristics were systematically evaluated. Mesophilic aerobic bacteria were 
progressively reduced as treatment time increased, with complete inactivation achieved after 30 
min; however, bacterial regrowth was detected after 16 days of storage. Filamentous fungi 
were fully inactivated after only 10 min, and although partial recovery occurred during storage, 
fungal loads remained consistently lower than those of the untreated control. ACP treatment 
also affected fungal diversity, with A. flavus showing greater sensitivity than A. oryzae. Longer 
plasma exposures resulted in slight reductions in moisture content and water activity, indicating 
limited dehydration effects. Changes in particle size distribution and surface morphology were 
observed, likely associated with plasma etching, electron bombardment, and surface erosion 
phenomena. 

Overall, the effectiveness of ACP treatment depended strongly on exposure time and fungal 
species. These results highlight both the potential and the limitations of ACP combined with flu-
idization as a nonthermal strategy for flour decontamination, while largely preserving the essen-
tial physical quality attributes required for further processing and consumer acceptance. 
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