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M. U. Hammer', S. Kupsch®, E. Forbrig*, H. Jablonowski', K. Masur", K.-D.
Weltmann?, A. Beerlink®, T. Gutsmann®, S. Reuter*

'Centre for Innovation Competence (ZIK) plasmatis at the INP Greifswald, Felix-Hausdorff-Str. 2,
17489 Greifswald, Germany
%Leibniz Institute for Plasma Science and Technology (INP Greifswald e.V.), Felix-Hausdorff-Strafe
2, 17489, Greifswald, Germany
*Divisions of Biophysics, Leibniz Centre for Medicine and Biosciences, Research Centre Borstel,
23845 Borstel, Germany
*Deutsches Elektronen-Synchrotron (DESY), Notkestrafie 85, 22607 Hamburg, Germany
E-mail: Malte.Hammer@INP-Greifswald.de

In plasma medicine, cells and bacteria are treated with cold atmospheric plasma that create
reactive species both in the gas and in the liquid phase. A dogma of membrane biophysics is, that
any externally applied substance has to interact or overcome the most outward interface of a cell to
its environment -the membrane- before a cellular reaction takes place. Therefore the membrane is
the first cellular target of reactive species during plasma treatment of eu- and prokaryotes. We
used model systems composed out of lipids to investigate the effect of plasma treatments on
cellular membranes. We studied the modification of important biophysical parameters of the
membrane by plasma treatment. The observed effects on a membrane model representing
eukaryotes were significantly reduced compared to the effects on a model representing
prokaryotes. The findings help to understand the observed lower susceptibility of eukaryotes
compared to prokaryotes against plasma treatment.
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WATER ELECTROSPRAY THROUGH AIR CORONAAND
SPARK DISCHARGES AND INDUCED WATER CHEMISTRY

B. Pongrac, V. MartiSovits, M. Janda, B. Tarabova, K. Hensel, and Z. Machala

Faculty of Mathematics, Physics and Informatics, Comenius University, Bratislava, Slovakia
E-mail: machala@fmph.uniba.sk

Decontamination of water polluted with organic and microbial pollutants, and biomedical effects
on cells mediated through aqueous solutions can be efficiently achieved by using various non-
thermal plasma discharges. These effects can be further enhanced when air discharges are
combined with water electrospray. The presence of the electrical discharge generating non-thermal
plasma in the spraying area allows for very efficient mass transfer of plasma-generated species
into the water [1, 2].

We investigated the effect of the electrospraying of water in combination with positive DC corona
discharge. Our key finding is that the discharge has a significant effect on the electrospray
behavior and vice versa [3-6]. Such water electrospray-air discharge system was demonstrated to
be very efficient in inducing bactericidal and various chemical effects in treated water [1, 7].

1. Imaging of corona generation during the intermittent electrospray

Column 0. Column 1 Column 2 Column 3.

Column 4

Water
menisgus

Fig. 1. iCCD time sequence images of electrospraying of water (illuminated, columns 1-4 with
exposure time 10 ps) with corona discharge (dark, columns 1-4 with exposure time 100 us) in spindle
mode for water conductivity 500 uS/cm, + 6 kV, gap 1 cm, nozzle 0.8 mm o.d. and 0.6 mm i.d. iCCD
dark image in column 0 with exposure time 5 s represent an integrated emission over the long period
with many droplet formation cycles. [5]

The experimental setups, materials and methodology have been described in great detail in our
previous papers. [1-2, 5-7]

We investigated the corona discharge generation during the electrospray of water. Fig. 1 shows
different stages of the electrospraying event and the discharge propagation from 0 to 3 ms.

The glow corona is first visible at the tip of the water cone (column 1). As the water cone gradually
elongates and creates the filament which propagates axially towards the grounded electrode, the bright
spot of the glow corona remains present at the tip of this filament and propagates with it (column 2).
After the detachment of the elongated water fragment, and the contraction of the water meniscus back
towards the nozzle, the glow corona disappears (column 3). Finally, after a few ms, a new cone is
formed, and the filamentary discharge occurs from the cone tip (column 4).

The dark image in column represent an integrated emission over the long period (5s) with many cycles
of droplet formation and corona discharge on the water cone tip during this intermittent
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electrospraying mode, and its movement with elongating water filament. The image also represents the
visual appearance of the discharge during the electrospray.

We showed that the appearance of the corona on the water filament tip is primarily the electric field
effect due to the various curvatures of this water filament tip [5].

2. Measurements of the electrosprayed droplet size and time of flight

The fast camera image sequences also enabled us to estimate the average time of flight (time between
the water filament disintegration and the droplet fall on the grounded electrode) in 1 cm gap and the
sizes of the sprayed water droplets between the electrodes. For instance, in the case of low
conductivity water (2 uS/cm) this average time of flight is ~100 ps for the first incoming droplets from
the head of the filament, and ~2.5 ms for the last one. The characteristic size of the water droplet
(approximating to a spherical shape) vary approximately from <10 um to ~250 um in diameter. The
droplet size becomes larger with higher liquid conductivities (from ~190 pm to ~280 um for 400
uS/cm). The same applies to the time of flight which becomes longer (from ~2.7 ms to ~6.3 ms for
400 uS/cm). Since the droplets are formed by disintegration of the thin water filament, the sizes of
droplets are determined by this filament thickness. The time of flight is related with the velocity of
filament propagation and its length before disintegration. Both of these parameters (filament size and
filament velocity) depend on the water conductivity, as also described elsewhere [6].

Knowing the typical droplet size and time of flight is important in water decontamination applications
when considering the mass transfer of plasma generated active species into the water droplets while
they are sprayed through the discharge. Our results on bio-decontamination of water in streamer
corona or transient spark showed that even such short times of flight enable efficient mass transfer of
air plasma generated reactive oxygen and nitrogen species in the sprayed water to induce significant
bactericidal effects [1,7]. In addition, water activated by the electrospray with very low flow rates
(~0.05 ml/min) demonstrated enhanced bactericidal effects when sprayed on the surfaces [2]. The key
is probably in very high surface to volume ratio of the droplets.

3. Influence of the water conductivity on the corona properties
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Fig. 2. 1-V characteristics of the electrospray with corona discharge. Different breakdown voltages for
corona-to-spark transition are due to different conductivity effect.

(&)

Depending on the conductivity, various spray properties were observed: pointy, prolonged, and fast
spreading water filaments for lower conductivity; in contrast to rounder, broader, and shorter quickly
disintegrating filaments for higher conductivity. When the conductivity increases, the breakdown
voltage for corona-to-spark transition decreases (Fig. 2).

Since the highly conductive liquid acts as a good conductor, the electric field is stronger on the highly
conductive water meniscus. The discharge is thus permitted to occur at the liquid surface and the
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discharge activity on the water filament tip is then enhanced as the filament proceeds toward the
ground electrode.

For poorly conductive liquids, the liquid acts more as an insulator and the electrical resistance of the
growing water filament suppresses the corona activity on its surface. So the discharge is forced to
occur on the metal electrode. Subsequently, the spark does not occur until the higher voltage [6].

4. Chemistry induced in water electrosprayed through air discharges
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Fig. 3. Nitrite (NO,), nitrate (NO5) and hydrogen peroxide (H,O,) concentrations measured in
modeled tap water (acidification occurs) and phosphate buffer (no acidification occurs) solutions air
transient spark plasma treatment via electrospray. [1]

Chemical and bactericidal effects induced by plasma in water upon electro-spraying through DC-
driven positive transient spark discharge in air were investigated. Inactivation of E. coli bacteria in
water was determined in dependence on pH (controlled by buffers) and correlated with chemical
changes induced in water, namely generation of reactive oxygen and nitrogen species (RONS) that
play significant roles in cell physiology and many medical therapies [8]. The discharges in humid air
(or air with water microdroplets) produce OH radicals, nitrogen oxides and in some cases ozone,
resulting in the formation of hydrogen peroxide, nitrites, nitrates, peroxynitrites and pH changes in the
sprayed water. The degree of inactivation and oxidative damage of bacteria increased with the
increasing acidity of the solution. Acidified nitrites interacting with hydrogen peroxide were
determined as the most important bactericidal ROS/RNS agents in plasma-treated water leading to
peroxynitrites (peroxynitrous acid) [1, 9].

In the specific case of low power corona discharge with water electrospray, the bactericidal effect of
ozone dissolved in water may play an important role. Since the diffusive solubility of ozone in water is
relatively low, the interaction of non-thermal plasma with the micrometric droplets of water in the
spraying area allows for very efficient mass transfer of ozone into the water.
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ACTIVE BUT NONCULTURABLE STATE OF ESCHERICHIA
COLI INDUCED BY PLASMA GENERATED IN GAS AND
LIQUID PHASE
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Non-thermal atmospheric pressure plasma is extensively applied as an efficient decontamination
medium; however, the decontamination is usually evaluated by the simplest classical cultivation
method. We investigated the plasma induced inactivation by the conventional cultivation and
fluorescent LIVE/DEAD BacLight " Bacterial Viability techniques. The decontamination effect
was studied on a culture of Escherichia coli deposited either on a solid surface or dispersed in a
saline solution. We observed that the bacterial counts decreased with increasing treatment time of
atmospheric pressure plasma jet and coplanar surface dielectric barrier discharge. We assume that
interaction of plasma with bacteria induces a stress which does not lead to the death of bacteria,
but to the loss of their ability to be cultivated, thus viable but nonculturable state (VBNC) occurs.

1. Introduction

The application of non-thermal atmospheric pressure plasma appears to be promising in a field of
medicine and biology. Plasma decontamination related research has been carried out recently. Plasma
produces synergistic reactions through physical and chemical processes which are able to Kkill
microorganisms. The processes potentially involved in plasma-induced bio-decontamination are heat,
UV radiation, electric field, various reactive species and charged particles [1]. Recently, it has been
suggested that significant pathway of dry gas plasma inactivation is erosion of the bacteria by primary
reactive species. However, plasma generated in humid environment changes significantly the bio-
inactivation mechanisms due to numerous plasma-chemical reactions which produce secondary
reactive species interacting with living cells [2]. Major part of reactive species is generated in a very
thin plasma layer close to the surface of the electrode system in the case of coplanar surface dielectric
barrier discharge (CSDBD) [3]. In the case of atmospheric pressure plasma jet (APPJ) driven
inactivation, it was reported that the contribution of reactive oxygen species and reactive nitrogen
species is significant [4]. Generally, reactive species interact with cells causing oxidative damages to
microorganisms on cell envelope, proteins, DNA or other cellular components.

The production of plasma generated reactive species and the plasma treatment itself induces bacterial
cell stress, which may not cause cellular death. The most frequently used technique to evaluate
bacterial inactivation is growing cells in a suitable medium using the classical colony counting
cultivation [5]. Generally, variations in the surrounding environment, such as lack of nutrients or
oxidation stress, can lead to higher bacterial inactivation assayed by cultivation, even though they still
possess cellular activity. Remaining cellular activity of nonculturable bacteria suggests that bacteria
entered a VBNC state [6, 7]. The VBNC state relates to an inhibition of bacterial growth assayed using
the conventional cultivation technique under conditions in which they would normally grow and
develop colonies. It was reported that VBNC bacteria possess measurable cellular activity and can be
resuscitated in proper conditions; therefore, they are able to be cultivated again [8]. In this case,
evaluation of bacterial inactivation using exclusively colony-counting methodology would be
inaccurate [9]. However, critical point in the VBNC definition is the resuscitation. Many published
studies did not reveal whether resuscitation of bacteria was caused by the regrowth of a small number
of persisting culturable cells, or by recovery of the VBNC. Kell et al. suggested the term active but not
culturable (ABNC) for cells exhibiting measurable activity but failing to grow to a detectable level.
The ABNC state is related to the cells possessing activity independently on the recovery [10]. The
activity of VBNC/ABNC bacteria can be determined using various techniques that evaluate
intracellular metabolic pathways or the intactness of the cellular membrane [11]. Generally, the
VBNC/ABNC state of bacteria represents potential threat to public health [12].
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In this work, we investigated the plasma-induced bacterial inactivation and VBNC/ABNC state of
bacteria after treatment induced by plasmas generated by the APPJ and CSDBD discharge devices.
Cultures of Escherichia coli were used as a model organism in both cases. We assayed the bacterial
counts with both conventional cultivation on agar plates and fluorescent method using the
LIVE/DEAD® BacLight™ Bacterial Viability kit.

2. Materials and methods
We used the non-thermal APPJ (kINPen® 09, Greifswald, Germany) placed in contact with the water
surface (E. coli dispersed in liquid phase) and the CSDBD single microdischarge generator [3] placed
at a fixed distance from the target holder (E. coli deposited on the surface of the solid target).

2.1 Single streamer CSDBD

The CSDBD was produced on the surface of a diameter 25.4 mm disc (5 mm thick) made from
MACOR® machinable glass-ceramic sealed in a polyamide holder (Fig. 1). The filamentary streamer
micro-discharges were initiated by an electric field formed by the high-voltage waveforms imposed
between 2 silver electrodes embedded approximately 0.4 mm below the disc’s surface with a
minimum distance of 1 mm between them [13]. The CSDBD was powered by an AC high voltage
power supply composed of the TG1010A Function Generator (TTi), Powertron Model 250A RF
Amplifier, and a high-voltage step-up transformer. The surfaces (diameter 25 mm) contaminated with
bacterial suspensions of E. coli were exposed to single micro-discharges at a fixed distance of 2 mm.
The discharge was fed humid synthetic air with a fixed flow rate 0.1 I/min.

Fig. 1. Scheme of the single micro-discharge CSDBD reactor: (1) electrode system, (2) sample holder,
(3) filter with bacteria, (4) body of the reactor with observation windows [13].

2.2 The atmospheric pressure plasma jet

The APPJ (kINPen® 09, Greiswald, Germany) was generated in contact with the water surface (Fig. 2)
[14]. The argon plasma jet consisted of a quartz capillary with a 1.6 mm inner diameter. A pin-type
electrode (1 mm diameter) was attached to the centre of the capillary. Argon flowed through the
capillary, and we used a fixed argon flow rate of 4.9 I/min. A radio frequency voltage (1-5 kV, 1.5
MHz) was connected to the pin-type electrode, and a grounded ring electrode was placed near a
nozzle. The plasma was generated on the top of the pin-type electrode and expanded from the nozzle
to a sterile Petri dish (diameter 6 cm) containing 6 ml E. coli suspension. The suspension was shaken
to equally disperse the effect of the plasma. The distance of the nozzle from the water surface was 6
mm.
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Fig. 2. Experimental procedure for bacterial decontamination by plasma jet kINPen®™ 09 (1) in a 60
mm diameter Petri dish (2) [4].

2.3 Bacterial cultures and procedures

Bacterial suspensions of E. coli (ATCC 25922) were prepared by dissolving bacteria in gelatine discs
in a physiological solution (8.5 g NaCl in 1 | distilled water). For CSDBD treatment, 10 ml of initial
bacterial suspension (10° CFU in 1 ml) was filtered through nylon filter (diameter 25 mm, porosity
0.45 pm) and placed at the sample holder. After the treatment, the sample was transferred to sterile
dilution bottle with 10 ml of physiological solution with 3 balottini beads and shook for 45 seconds in
order to disperse all bacteria from filter to solution. Direct inoculation method of 1 ml of the bacterial
suspension to Petri dishes (9 cm) was used after both treatments. E. coli was cultivated on selective
nutrient medium plates (M-FC agar base and supplement Rosolic acid, HiMedia, Mumbai, India) at
temperature 37 °C for one day.

LIVE/DEAD staining (Molecular Probes Inc., Leiden, The Netherlands) was used as the fluorescent
staining for determining live or dead bacteria. Staining solution was prepared by adding 6 pl of SYTO
9 dye and 6 ul of PI to 2 ml of sterile deionised water. 100 pl of staining solution was added to 100 ul
of a cell suspension. Each sample was prepared in a microtiter plate and measured by a microplate
reader. We incubated mixture at room temperature for 15 minutes at dark and measured with
excitation wavelength centred at 485 nm and the fluorescence intensity emission at 530 and 630 nm.

3. Results and discussion

3.1 ABNC/VBNC state after plasma treatment

The number of surviving organisms in liquid and surface culture treated by CSDBD and APPJ was
assayed by conventional cultivation techniques and fluorescent LIVE/DEAD kit assay (Fig. 3). The
survival number decreased with time of treatment with both plasma sources; however, the survival
number assayed with LIVE/DEAD kit assay was always higher than the number assayed by
conventional cultivation. These results indicate that (1) plasma treatment does not necessary lead to
the death of bacteria and (2) bacteria may have entered in the VBNC/ABNC state due to plasma-
induced stress. This stress may have been caused by the plasma treatment itself or by consequences of
the plasma generated reactive species [15].
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Fig. 3. Inactivation effect of plasma treatment A) bacteria on surface treated by CSDBD, B) bacteria in
liquid treated by APPJ. The bacteria were assayed by the conventional colony counting methodology
and using the LIVE/DEAD® BacLight ™"

Furthermore, we observed the VBNC/ABNC bacteria after the APPJ treatment and we examined their
ability to recover and grow again in a suitable medium. Resuscitation of nonculturable bacteria is the
key to the VBNC hypothesis; however, many authors argue that such resuscitation occurs because of
survival of culturable cells [10, 16]. We observed that nonculturable bacteria did not grow in Petri
dishes up to 6 months of resuscitation after plasma treatment. Therefore, because we did not observe
cell recovery, we believe that bacteria were rather in the ABNC state. We assume that the bacteria did
not grow because of unsuitable resuscitation or inhibition of the replication process by the plasma
treatment. The integrity of bacterial membranes retained up to 3 months after the plasma treatment;
therefore, we assume that cells still possess the ability to be virulent. Several studies observed
persisting bacterial pathogenicity when bacteria were no longer able to grow and form colonies [8, 12].
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Fig. 4. Amplification of E. coli DNA [4].

The resuscitation of plasma-treated nonculturable bacteria did not occur; therefore, we performed a
preliminary experiment to determine whether the plasma causes damages of the DNA strand. We
treated solution of the isolated DNA by plasma and subsequently observed the approximate
concentration of target gene on DNA strand (C,;). We measured the concentration of DNA by
comparing the C, values of known copy number and the plasma-treated/untreated DNA solution
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(Fig. 4). A higher concentration of DNA was detected in the initial solution than in the plasma-treated
solution. We assume that it was caused because plasma induced DNA strand damage, and thus,
inhibited the polymerase progression. Sikorsky et al. showed that the polymerase stop assays could be
used to determine whether a single DNA damage can block the polymerase progression. The presence
even of a single 8-oxo-7,8-dihydro-20-deoxyadenosine (8-oxodA), an apurinic/apyrimidinic site or a
thymine dimmer in DNA can dramatically reduce amplification [17].

4. Conclusions

We studied the ability of plasma treated Escherichia coli to enter the VBNC/ABNC state under
different conditions of plasma-inactivation experiments. E. coli was treated by the APPJ in liquid
culture and by the CSDBD on the surface of solid target. Bacterial samples were evaluated both by
conventional cultivation and fluorescent LIVE/DEAD assay. We conclude that the treatment of the
bacteria appears effective when assayed by conventional cultivation; however, only a slight reduction
was observed when assayed by fluorescent staining. These results confirm that the bacteria may have
entered the ABNC state during the plasma-induced treatment performed both in the liquid and on the
solid surface. We did not observe resuscitation of the nonculturable cells in liquid culture after APPJ
treatment; therefore, we propose that bacteria were rather in the ABNC state. We assume that the
regrowth of bacteria did not occur because of unsuitable technique of resuscitation or inhibition of the
replication process by transformation of DNA strands by the plasma treatment. Experiment with the
plasma-treated DNA indicated that the APPJ treatment inhibited replication by transformation of DNA
strand.
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Pulsed Laser Ablation in Liquid (PLAL) has significantly emerged in the past years as a versatile
and efficient method for the production of nanoparticles, and it is nowadays an established
approach for the synthesis and commercialization of stable colloidal solutions of pure
nanoparticles. In this seminar PLAL technique is presented and several examples are discussed.

In PLAL a solid target is ablated by pulsed laser irradiation in liquid creating a plasma plume that
expands, cools down and collapses due to the pressure of the surrounding liquid environment. Inside
this micro-reactor the constituents of the plume, i.e., atoms and ions, nucleate during the cooling down
process to form nanoparticles. The process depends on many factors like laser parameters (i.e., pulse
time duration, fluence on the target, wavelength, and repetition rate) and liquid properties (optical
transparency and chemical composition).

Two PLAL examples will be discussed in details, i.e., PLAL of semiconductors (silicon) and of metals
(silver and gold).

Luminescent silicon nanoparticles (Si-NPs) are very good candidates for various applications ranging
from optoelectronics to nano-labels for imaging. The size control, the optical properties of the silicon
nanoparticles produced by PLAL with femtosecond laser, their in-situ bioconjugation, and application
as light emitting nano-labels for imaging are presented [1-4]. In the perspective to achieve high
production yield of NPs by PLAL, the use of picosecond laser is more attractive due to recent
advancements of such lasers towards high average power. PLAL of silicon with picosecond laser
pulses is investigated [5,6] and it is found that 40 nm and 3 nm silicon nanoparticles are produced with
the fundamental beam and the UV third-harmonic beam respectively due to photo-fragmentation. An
ablation/photo-fragmentation model is developed to describe the productivity of silicon nanoparticles,
and an outlook is given towards the gram scale synthesis of Si-NPs by ps-PLAL. The
phenomenological model has a general validity and it can be applied to investigate and optimize
PLAL also with other materials.

Metallic nanoparticles are usefull for plasmonic and catalytic applications. In both cases ligand free
nanoparticles, i.e., without the presence of stabilizers on their surface, are more efficient. Such
colloidal solutions are efficiently produced via PLAL of metals and a method for the production of bi-
metallic nanoparticles with tunable plasmonic resonance is discussed [7].
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We present a short review of our recent studies of electron interaction with pure, mixed and argon
covered clusters. Fundamental electron induced reactions in argon — water and argon — acetylene
systems are discussed with emphasis on the differences between the gas phase chemistry and the
cluster chemistry. Such differences could have novel applications in plasmas as well as plasma
generated chemistries.

1. Introduction

Argon is the most frequently used rare gas in low temperature plasmas. Ar is used to stabilize
plasmas in variety of applications ranging from micro discharges [1] through industrial equipment [2]
up to large scale facilities [3]. In the contribution we will explore how the Ar buffer gas can change
the electron induced chemistry of water and acetylene clusters. Both species are well known for
plasma physicists.

The water as an important gas impurity accompanies the low temperature plasma physics since
its foundations [4]. Protonated water cluster ions are then typical mark of this impurity in the low
temperature plasmas [5]. The interest in water aerosol plasmochemistry is on the rise due to novel
applications [6][7] as well as the water cluster occurrence in variety of atmospheric pressure ionization
sources used in analytical chemistry [8,9,10].

Acetylene clusters in plasmas has been studied as a dusty plasma precursor [11]. They have
been reported also in the technical applications such as plasma polymerization or deposition [12, 13].

Electron ionization is a primary ion formation channel in low temperature plasmas. We will
show how the structure of cluster influences the electron ionization reaction. We will focus on the
reactions which are of particular interest for low temperature plasmas.

2. Experiment

Experiments have been carried out by the means of the cluster beam (CLUB) experimental setup
at the J. Heyrovsky Institute of Chemical Physics in Prague. The setup is described in the publication
[14].

Clusters were prepared by the expansion of studied molecules through a conical nozzle into
vacuum. This way molecular beam was formed which allowed us to study individual cluster particles
by vacuum restricted methods. The clusters were ionized ~ 1m downstream the nozzle by electrons
produced in the pulsed electron source. The energy of electrons has been changed in the 5eV — 70eV
range and the formed ions were analyzed by the reflectron TOF mass spectrometer. Three dimensional
mass over charge - electron energy - intensity spectra were obtained. The electron energy resolution
during the studies was ~ 0.7 eV and the mass resolution was [IM/M ~ 4000. The ionization thresholds
were obtained by the fitting of the electron energy dependent ion yields by the method of Matejcik
[15]. The detail information about the expansion conditions used for the preparation of particular
species could be found in the corresponding publication [16] for acetylene expansions an [17] for
water expansions.
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3. lonization of pure clusters

The electron ionization of pure water clusters is dominated by the formation of well known
(H,0),Hs;0" species. Similar to the bulk, these ions are formed by the water ionization and subsequent
dissociation of the water dimer ion in the reaction:

(H20)," = H;0"+ OH (1)

The ultrafast reaction results into formation of energetic OH radical with ~ 1 eV of kinetic energy that
is enough to leave the cluster [18]. The diffusion path of such OH radical in water has several
nanometers and one can expect the stabilization of OH(H,0),H;O" above this cluster size. However,
two facts act against the OH stabilization within the cluster. First, the OH is generated near the cluster
surface, since the electron predominantly interacts with surface layer of the cluster. Second, we are
dealing with weakly bound isolated system and the energy deposited in the system by stopping of the
radical produced in reaction (1) significantly violates its equilibrium. Similar to plasma instabilities the
result is a rapid cluster fragmentation. After the electron ionization, the fragmentation is extremely
efficient even at electron energis near the ionization threshold, as we have shown recently [19]. It is
interesting to note that contrary to this result photon induced ionization near threshold is much softer
[20].

lonization of pure acetylene clusters is dominated by the formation of (C,H,)," cluster ions.

That species are accompanied by [(C;H2), — k x H]*, type cluster ions up to the size of n=7. The

dehydrogenation can be explained by the formation of the covalently bound ionic species. [16] This
phenomenon was observed previously. By the way of example, significant efforts have been done to
assign the C¢Hs" structure to the benzene cation [21]. Small acetylene clusters could be therefore good
polymerization precursors. At higher energies above 21 eV acetylene can dissociate and (C,H,),CH"
species are observed. Similar to (C,H,), species these are followed by dehydrogenated ions.

WATER ACETYLENE

w (Csz)n.
~12eV
+e ——P (H,0)H,0

(CH,),CH’

(CH.).
(H,0),”  (H,0)H,0’

4498V
/' Ar (H,0)  Ar,(H,0)’
+ e
%‘
Ar(H,0),.."

+e

. ~15.1eV,
+€e —p ArCH,

Fig. 1: The schematic cluster structures discussed in present contribution with the indication of
ionization thresholds for particular ionization channels. More details can be found in the

works [17] and [19] concerning water clusters and in the work [16] concerning the acetylene
clusters.
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4. lonization of mixed clusters

lonization of mixed argon — water and argon — acetylene clusters by the near threshold energy
electrons results in the formation of the (H,0), HsO0"; (C;H,)," and (C,H,),CH" ions similar to the
pure water and acetylene clusters. Additionally, mixed cluster ions are formed containing Ar atoms.
The typical electron energy dependent ion yield for pure clusters also changes upon the mixing. The
yield changes at energies above the argon ionization threshold (in clusters ~14.5eV) due to the
contribution of the Ar excitation and ionization.

The main change of the acetylene chemistry in co-expansion with argon is in suppression of the

dehydrogenated [(C,H,), — k x H]* and [(C,H,),.CH — k x H]* cluster ion yield and therefore less

polymerization. The suppression of the yield can be caused by two facts. First, the cluster formed in
Ar co-expansion can be significantly colder. Both colisional and evaporative cooling are more intense
in the case of Ar co-expansion. By the way of example, evaporative cooling in the expansion is limited
by the binding energy of the cluster constituents. The binding energy of acetylene is ~ 120meV [22]
and the binding energy of argon can be as low as 12meV [23]. The suppression of polymerization
reactions is then caused by low energy carried by the cluster which is not enough to overpass the
energy barriers in the polymerization process. Second, the ion can be stabilized by evaporative cooling
after the ionization. Instead of the hydrogen release the ions are stabilized by the evaporation of Ar
atoms. The polymerization reaction is therefore suppressed due to competition with another
stabilization mechanism — collision with Ar atom. We believe that the second process is dominant in
observed systems similar to the behavior known for RF plasmas in rare gas — acetylene mixtures [24]

5. lonization of argon covered clusters

The characterization of cluster structure is not trivial task. In the particular case of studied
molecules we exploit the simple fact that the electron ionization threshold of Ar is significantly
different of that of acetylene or water. By careful change in the molecular beam parameters we found
the conditions at which the appearance potential of all the observed ionic species shifts up to the value
for argon (in clusters in between (14.5-15.5)eV ). This is unambiguous evidence of the shielding of the
interaction between the incoming electron and the cluster by the Ar solvent. We are speaking about the
argon covered cluster.

We will focus here on the water cluster case since we explore this in the more details [17]. The
shielding effect is not restricted to the low energies and the energy dependent ion yield changes in the
whole studied range up to 70eV. In the comparison to mixed clusters the change is more pronounced
and the energy dependent ion yield copies the curve of argon. The shape of the ion yield can be used to
identify the nature of different ion formation channels. E.g. in the studied energy range Ar,(H,O)n',
Ar,(H;0),," and (H20)," clusters are formed exclusively in the interaction of embedded water clusters
with the ground state Argon ions. On the other hand, Ar,H" type ions are formed exclusively at higher
energies, where the excited Ar" ions are observed and (H,0),Hs;O" ions are then formed in both
processes.

It is interesting to compare the near threshold ionization of mixed clusters to the ion molecule
reactions in the gas phase. By the way of example the Ar*+H,O reaction in gas phase results into the
formation of unstable (ArH,O)" complex with at least ~0.6eV excess energy [25]. In clusters, the
complex can be stabilized after the reaction by Ar evaporation and we can observe the mixed cluster
species. The nature of ionization process can be also different in clusters, where the neutral precursor
of the reaction is under the influence of neighboring molecules. We believe that such collective
influence can better explain the observed behavior. The neutral cluster is stabilized and the
polarization of the solvent causes significant lowering of the ionization potential of the Ar. According
to our observation the ionization threshold is 14.9 eV that is ~0.6eV below the Ar ionization threshold
in the gas phase. The difference is exactly the difference between the (ArH,0O)" ground state and
unstable Ar*+H,0 reaction product.

Summing up the entire part, the electron interaction with molecular cluster can be shielded by Ar.
The electron ionization is then changed to Ar” ion reaction with molecular cluster. However, the
character of ion molecule reaction is different in clusters due to the the “solvated” nature of the Ar" ion.
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6. Conclusions

We used the simple plasma relevant molecules as an example to demonstrate the main solvent
induced effects in electron induced chemistry. These are:
cooling of precursors and products of the electron interaction = suppression of the polymerization
process.
caging of electron interaction products and preventing the dissociation -> initialization of the
polymerization process.
covering of clusters by Ar solvent and shielding the interaction of the embedded molecule with
incoming electron -> shift in the ionization potential.
catalysis of the electron ionization reaction to the ion induced reaction -> suppression of one type of
reaction products at the expense of second one.

We believe that introduction of molecular clusters into plasmas can help to identify different
processes in plasmas by controlling the plasma chemistry, e.g. by suppression of particular electron
induced reaction or cluster ion polymerization. The cluster ion polymerization can also result into the
formation of novel materials and reactive species in the plasmas as well as in the plasma deposits.
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Chemical effects in aqueous solutions induced by DC transient spark discharge generated in
atmospheric pressure air were investigated. Changes of pH, conductivity and formation of reactive
oxygen (ROS) and nitrogen (RNS) species were observed in water or PB solutions after treatment
by water electro-spray system or water electrode system. The concentrations of hydrogen peroxide,
nitrites and nitrates were measured. By addition of the enzyme catalase we showed that hydrogen
peroxide does not have any influence on the Griess reagent colorimetric method for nitrites
detection. We found out that the indigo blue method for measuring ozone in water is not selective
in plasma treated solutions. It seems that hydroxyl radical is responsible for the false positive
reaction of the indigo method.

1. Introduction

Bio-decontamination by cold atmospheric plasmas under wet conditions is very important. Plasmas
generated in air and in contact with liquids generate a number of primary reactive species in the gas
phase, which induce formation of secondary reactive species in the liquid phase through the gas-liquid
interface. Reactive oxygen and nitrogen species such as hydrogen peroxide H,0,, hydroxyl
radical ‘OH, nitrites NO;, nitrates NOs’, hypochlorite OCI™ and peroxynitrites ONOO" induce chemical
changes in water solutions and various biocidal effects on microorganisms or therapeutic effects for
biomedical applications [1, 2]. It was shown that the acidic environment with plasma agents
(especially hydrogen peroxide, nitrites, nitrates) lead to the strong bacterial inactivation [3,4].
However, it is not clear enough yet, which ROS/RNS play dominant role in bio-decontamination and
biomedical applications of cold plasma. According to some papers, the key species responsible for
bio-decontamination in plasma treated water solutions or tissue and cell injuries in vivo may be
peroxynitrites [4,5,6].

In this work we focused on the formation of reactive oxygen and nitrogen species (ROS/RNS) induced
by plasma gas-liquid chemistry in treated aqueous solutions. We measured formation of hydrogen
peroxide, nitrites, nitrates, and dissolved ozone in water treated by DC-driven positive transient spark
discharge generated in ambient air. We compared the accuracy of the Griess reagent method for
nitrites detection with the (high precision) ion chromatography (IC) method. We also attempted to
increase the detection limit of Griess assay by addition of the catalase to decompose hydrogen
peroxide thus avoid its potential effect on the nitrite detection. The chemistry was also investigated in
synthetically prepared aqueous solution that should simulate the plasma activated water (PAW).

2. Experimental set-up and methods
Aqueous solutions with different initial pH and electrolytic conductivities ¢ were used for plasma
treatment. The solutions were prepared by the dissolution of different salts in deionized water:
o water = NaH,PO, solution (pH 5-5.5 and ¢ = 0.6 mS/cm) mimics the conductivity of
tap water and has similar chemical composition with the phosphate buffer but no
buffering capacity,
e PB =Na,HPO,/KH,PO, buffer (pH 6.9 and ¢ = 0.56 mS/cm),
e solution of 1 mM H,0, + 1 mM NaNO, (at pH 3.3 (in H;PO,) or 6.8 (in PB)) =
simulates the chemistry of the plasma treated water without plasma.
The transient spark discharge was generated in ambient air in two systems: the water spray [4] and
the water electrode system. Their set-ups are depicted in Figure 1. The main difference between these
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systems was that in the water spray (WS) system, the solution was electro-sprayed through the active
zone of the discharge and in the water electrode (WE) system the solution was repetitively circulated
by peristaltic pump. DC transient spark discharge was generated in ambient air in point-to-plane
geometry with hypodermic hollow needle used as the high voltage (HV) electrode. In the WE system
the treated solution circulated repetitively 28 times through the discharge zone, while in the WS
system solution passed the inter-electrode gap once and then was collected under the metallic mesh in
contrary to the WE system, where the water circulated for 28 times during the treatment. In both
systems we tried to keep the similar conditions: voltage 10-13 kV, spark pulse frequency ~ 1 kHz,
inter-electrode gap 10 mm, treatment time 10 min and treated volume of water solution 5 mL. A
positive DC HV was applied through the ballast resistor R (10 MQ). The voltage signal was measured
by the HV probe Tektronix P60154 and the current signal was measured on 1  resistor or by
Rogowski current monitor Pearson 2877. These signals were processed by a digitizing 200 MHz
oscilloscope Tektronix TDS 2024

DC/AC pulsed syringe pump oscilloscope
HV power supply

—_— ) W

Faraday cage I

P - @

< o o ©
e 2
pump >

water electrode water spray
system system

Fig.1 The experimental set-up of the water electrode and water spray systems.

ROS and RNS in plasma treated water (plasma activated water PAW) were detected mostly by
colorimetric methods (UV/VIS absorption spectrometer UV-1700 SHIMADZU), but also additional
comparative methods were used:

1. Analysis of H,O,: Titanyl ions Ti*" react with H,O, in the presence of NaN; and create pertitanic
acid with the absorption maximum at 407 nm [4].

2. Analysis of NO,: Nitrites NO, ™ react with Griess reagents and create azo-dye with the absorption
maximum at 540 nm. We used two different Griess reagents: Griess 1 [7] and Griess 2
(Nitrate/Nitrite Colorimetric Assay Kit, Cayman Chemical). Furthermore, to verify the accuracy
of the Griess reagents while keeping in mind the possible interaction of NO,™ and H,0O, at acidic
pH [6], we also measured the concentration of NO,” and NO;™ by ion chromatography (IC) using
the HPLC system Shimadzu LC-Avp with UV (210 nm) and suppressed conductivity detection.
Treated samples for ion chromatography were fixed by buffer to stop the acidic decomposition of
nitrites. We also used the Griess reagents in combination with the enzyme catalase (Catalase from
Bovine Liver, Sigma-Aldrich) due to the possibility that NO,™ could be consumed by the reaction
with hydrogen peroxide during the peroxynitrites chemistry in PAW. Catalase is the enzyme
which catalyzes the decomposition of hydrogen peroxide to hydrogen and oxygen. The working
solution of catalase with the activity ~ 10.6 units/mL was prepared in 50 mM K,HPO, solution.

3. Analysis of Os: Indigo dye with the absorption maximum at 600 nm is supposed to react with Og
and the colorless product isatin is created by the bleaching process [8]. The presence of dissolved
ozone was also verified by other indirect analytical method: phenol was used as a chemical probe
to characterize the reactive pathways of the ROS and RNS, especially of the dissolved ozone in
solutions produced by air plasmas. The specific chemical products of these pathways were
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detected after direct air plasma treatment by HPLC system Shimadzu LC-Avp with UV and
fluorescence detection.

3. Results and discussions
3.1 Transient spark discharge
Transient spark discharge was operated in atmospheric air in electro-spray or water electrode systems
in contact with water. Electric parameters and emission spectra of TS were documented in detail in
our previous works [4,9,10]. In the WS system, water was sprayed through the HV hollow needle
with the water flow rate 0.5 mL/min and in the WE systems water was circulated with the flow rate
14 mL/min, which increases the number of the discharge contacts with the treated water [12].

3.2 PAW chemistry with focus on the nitrite detection

The transient spark discharge was generated in ambient air at atmospheric pressure in the direct
contact with treated liquid samples. It was shown that the bactericidal effects of plasma treatment of
bacterial suspensions are accompanied with the decrease of pH and the chemical changes (formation
of ROS and RNS: H,O, NO,, NOj;, O;, ONOO’). Figure 2a shows concentration of H,0,
(colorimetric method), NO;” and NO, (HPIC) determined in water and PB solutions after treatment
by the water spray system. Dissolution of NO, along with the formation of NO,, NO; was
responsible for the acidification of the plasma treated solution:

Noz(aq) + NOZ(aq) +H,0—> NO, +NO, +2H" )
NOg + NO,,q +H,0 — 2NO; +2H" @

Nitrites decompose under acidic conditions via NO" and NO, cytotoxic intermediates to nitrate ions
or react with H,O, to peroxynitrites, which are also very reactive through their decay products OH
and NO; radicals. Therefore, so called acidified nitrites posses strong bactericidal properties [1,11].

2(aq
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Fig.2 a) H,0,, NO,, NO3™ (average +/- SD) in water and PB treated by the WS system.
b) NO, (average +/- SD) measured by Griess 1, 2 (with or without added catalase) compared
to IC measurements in water and PB treated by the WS system.

In this work we focused on the nitrite detection in PAW. We used the colorimetric method based on
the Griess assay using two different Griess reagents: Griess 1 [7] and Griess 2 (Cayman Chemical)
and as a comparative method we used the high precision ion chromatography. To avoid possible
interference of hydrogen peroxide on Griess assay, we used the catalase (CAT) as a H,O, scavenger.
In PAW H,0, react with NO,™ in time by forming peroxynitrites and so the concentration of NO;™ is
decreasing (very fast at acidic pH). The water and PB solution was treated by the WS system and
each sample was divided for nitrite analysis by IC, Griess 1 and 2 (with or without catalase) and the
results are shown in Figure 2b. The results of the Griess assay showed no significant difference
between the samples with or without added catalase. It seems that the reaction of Griess reagents with
NO," is faster than the reaction of hydrogen peroxide with NO,". Also due to the dilution of the treated

29



COST TD1208 Workshop on Application of Gaseous Plasma with Liquids B. Tarabova HT-02

samples for Griess assay, the concentration of hydrogen peroxide in the analyzed sample was 10 to 40
times lower and perhaps this decreased concentration does not affect the reaction of Griess reagents
with nitrites. The comparison of the measured nitrites concentration by Griess reagents (Griess 1 and
Griess 2) and by ion chromatography showed no significant difference in the nitrite concentration.

3.3 The dissolved ozone detection

The water solution of 1 mM H,0, + 1 mM NaNO, (at pH 3.3 or 6.8) was used to mimic the plasma
treated water (or PB). We measured the time developments of H,O, and NO,’, as shown in Figure 3.
At pH 6.8 (Fig. 3b), the concentrations of H,O, and NO,” were time-stable, unlike at pH 3.3 (Fig. 3a),
where we observed the decrease of these species. The reason for this decrease was the reaction
between H,0, and NO, via formation of peroxynitrites occurring under acidic conditions [6]:

NO, +H,0, + H* =0 = NOOH + H,0 3)
081 -5 1,4+ +5
a) pH 3.3 b) pH 6.8 —=—H0,
0.7 —a—HO .
, 272 12+ —e— NO 4
. 1 > +4 —
06+ —®—NO, 4 — —4— apparent Og =
s —— apparent O3 5 glvo T g
0,5+ 43
£ T3 & éo,g.- ?)
' ~NO04 ™ o~
o o o +2 O
z 2 = z 087,
. 0,3+ Tc R =
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N o N @
T rl g T o
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Fig.3 Time developments of important reactive species in the simulated plasma treated water at pH
3.3 (a) and pH 6.8 (b). Apparent ozone means bleaching of the indigo dye.

We previously observed the dissolved ozone in the PAW by the indigo method and detected the
concentrations 0.6-0.8 mg/L of dissolved ozone in the plasma treated deionized water by the WS and
WE systems [12]. Because TS discharge treatment bleached the indigo more than pure ozone bubbled
through the deionized water in much higher concentrations, we had to check the selectivity of the
indigo method in the simulated plasma treated water solution with similar chemical composition and
pH as our plasma activated water but with no presence of ozone (Fig. 3). Interestingly, we detected
“ozone” even in this simulated solution without plasma treatment where no ozone could have been
present. The degradation of the indigo dye in the solution without ozone was caused most likely by
the formation of hydroxyl radical ‘OH created as a decay product of peroxynitrites. This was probably
also the reason for false positive response of indigo dye method on the presence of ozone in PAW
[6,11] in our previous experiments [12]:

O =NOOH<«>OH + NO, 4.
Furthermore, 500 uM phenol solution was used a chemical probe to characterize the specific primary
products of the degradation of the phenol by the reactive species during the plasma treatment [6]. In
water and PB solutions treated by the water spray system were detected the hydroxylated degradation
products (catechol, hydroquinone, 1,4-benzoquinone, hydroxyl-1,4-benzoquinone) and nitrated by-
products (4-nitrocatechol, 2-nitrohydroquinone, 4-nitrophenol, 2-nitrophenol). The most important
product we focused at was the cis, cis-muconic acid (and its cis, trans-isomer) as a specific product of
the reaction of ozone with phenol [6]. Contrary to seemingly detected ozone by indigo method, the
results from the phenol degradation product analyses (Tab. 1.a, b) showed no muconic acid. This
result support the fact that the indigo method is not selective to ozone in PAW and more examination
is needed to truly measure ozone and determine reasons for indigo bleaching. It seems that the ozone
reacts with nitrite in PAW [13]:

NO, +0, — NO; +O, (5).
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Table 1. Summary of the degradation products of phenol (hydroxylated, nitrated and specific ozone

products) in air spark treated water and PB solutions (average +/- SD).

¢ [uM] water PB

catechol 15.4+4/-46 | 9.5+/-3.2
benzoquinone 1.6+/-0.4 2.9+/-0.9
hydroquinone 6.4+/-1.7 6.1+/-1.7
hydroxybenzoquinone 3.1+/-0.9 2.6+/-0.7
4-nitrocatechol 4.7+/-1.4 1.1+/-0.0
2-nitrohydroquinone 3.4+/-1.0 0.2+/-0.1
4-nitrophenol 1.8+/-0.6 0.5+/-0.0
2-nitrophenol 1.0+/-0.2 0.1+/-0.0
cis,cis-muconic acid 0.0+/-0.0 0.0+/-0.0
cis, trans-muconic acid 0.0+/-0.0 0.0+/-0.0
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In this paper, an investigation of the degradation of amoxicillin using DBD discharge is shown. It
was found that amoxicillin can be degraded in 100% using DBD discharge but the degradation
products are still present. Using HPLC/MS analysis a mechanism of amoxicillin degradation was
proposed showing three degradation products.

1. Introduction

With the introduction of modern day pharmaceuticals and in particular antibiotics in the
treatment and therapy of humans and animals there is much concern of the possible accumulation of
the pharmaceuticals and their degradation products and metabolites in surface waters and the
environment. That’s why there is growing interest in the development of antibiotics degradation
processes [1-4]. Due to the complex structure of antibiotics their diagnostics in water matrix can only
be done using high performance liquid chromatography and mass spectrometry to analyze, indentify
and quantify the antibiotics and products of their degradation.

The investigated antibiotic is amoxicillin 6-{[amino(4-hydroxyphenyl)acetyl]amino}-3,3-
dimethyl-7-oxo-4-thial-1-azabicyclo[3.2.0]heptanes-2-carboxylic acid, which belongs to B-lactam
antibiotics of penicillin group. It is widely used all over the world and there is evidence of presence of
it in the surface waters. Worldwide investigations of this potential risk have led to the detection of
pharmaceuticals, particularly antibiotics in wastewater, surface water, groundwater, fish ponds,
hospital effluents and even seawater.

2. Experimental setup

Chemicals and compounds used in the experiment:

Amoxicillin trinydrate (98.7%) analytical standard was purchased from Fluka Analytical.

For eluent and sample preparation, high purity MiliQ water was used of pH 5.5 and conductivity 1 uS.
The structure of amoxicillin is presented in fig 1.

/—OH
O/\
Fig. 1. Chemical structure of amoxicillin
HPLC analysis were performed using the chromatograph by Thermo Separation Products

which constituted of pump system P2000 Spectra System and diode detector UV6000LP. Two types
of column were used: Gemini C18 150 x 4.6 and Zorbax SB C18 150 x 4.6 mm, 1.8 um. The first set
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of eluents used were acetonitril plus 0,1% formic acid and H,O plus 0.1% formic acid, but the
amoxicillin compound is very polar and comes out of the column fast. So we changed the eluents for
better peak separation in HPLC to 99:1 H,O and acetonitril plus phosphate buffer with pH of 2.2.

HPLC/MS analysis was performed using Agilent Technologies mass spectrometer with ion
trap MSD Trap SL model G2245D with ESI and HPLC series 1100 with binary pump model G1312A.
The MS parameters were as follows: positive polarity; N, dry gas temperature 350° C, N, flow 10
L/min. N, pressure 60 psi, capillary voltage 4000 V, mass acquired from 50 to 500 a.m.u, acetonitril
gradient from 5% to 100% in 20 min.

The decomposition in the discharge was followed by FTIR Nicolet 5700 spectrometer in order
to observe the CO, emission from the solution using a 10 cm cell with CaF, windows 38 mm in
diameter. Observed wavelength of CO, was 2340 cm™ and area of peaks was integrated and converted
in a concentration value with a calibration curve. The final carbon mass emitted from the solution was
calculated via integration of the concentration of CO, over volume of air passed through plot and
converted for the carbon mass according to calculated carbon mass of the initial amoxicillin solution.

SAMPLING PORT TEFLON COVER

GAS OUT

PYREX GLASS

C,\D GAS IN

ELECTRODES

COUNTERELECTRODE

SOLUTION

Fig. 2. Non-thermal plasma reactor vessel schematic

The reactor is a glass vessel (internal dimensions 95 x 75 mm and 60 mm height) closed by a
PTFE cover with four passing electrodes of stainless steel which support two parallel stainless steel
wires (0.15 mm diameter x 75 mm length) fixed upon their tips (Fig. 2). The wires are set 38 mm
apart and about 15 mm above the solution to be treated. Volume of the solution was 70 mL. The
outside surface of the reactor base is covered with a film of silver and connected to a grounded plate.
Humidified air is swept through the reactor above the solution at a flow rate of 30 mL/min. The
reactor is powered with an AC high-voltage transformer with 18 kV and a frequency of 50 Hz to
produce discharge in the gas chase above the liquid surface. During the experiments the voltage was
maintained constant. Current and voltage profiles were monitored with a digital oscilloscope
(TDS5032B, bandwidth 350 MHz, sample rate 5 Gs/s) to assure the reproducibility of the electrical
conditions.

3. Results and discussion

The experiment was performed with two initial concentration values: 3*10* M and
1*10° M. Amoxicillin degradation rate constants for the two plasma discharge experiments were
extrapolated from the plots and presented in fig 3. These plots were made using HPLC analysis of
samples taken during the treatment.
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Fig. 3 Degradation of amoxicillin of two initial concentration.

The rate constant of amoxicillin degradation was higher when the initial concentration was
lower. It seems that the order of the reaction changed to zero order. This means that the advanced
oxidation processes are influenced by the concentration of treaded solution.

The HPLC chromatograms are shown in fig 4. It is seen that there is a 100% degradation of
amoxicillin after 180 min of discharge time, but we still have large amounts of degradation

intermediates in the solution. This chromatogram is for initial concentration of 3*10* M. Also nitric
acid is formed by detaching the NH, group.

1000 N

P2 P1
A
750
180 min
mAU 120 min
500 L\ 90 min
/\(\ 60 min
45 min
250 _JJ\L_LA
30 min
Y N W 15 min
0 0 min
T T T T T T T
0 5 10 15 20 25 30 35 40
Minutes

Fig. 4. HPLC chromatogram of amoxicillin degradation. A — Amoxicillin, P1 — Degradation product 1;
P2 — Degradation product 2, N — Nitric acid.

The emission of CO, during the discharge with the initial concentration of amoxicillin of
3*10™ M is shown in fig 5. The flow of humid air was 30 mL/min and the discharge time was 180 min.
It is seen that when about 8.5 L passed through the reactor and the discharge was turned off but we

observed some CO, emission. This is because active species were still present in the solution and
chemical reactions occurred that emitted CO, after the discharge was turned off.
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Fig. 5. CO, emission during discharge in respect to volume of air passed through the reactor.

At the initial concentration of 3*10™, the total carbon mass emitted from the solution in 180
min discharge treatment time was 5% of the initial carbon mass in the solution. However at the initial
concentration of 1*10™ M the total carbon mass emitted in 6 hours of discharge time was 100%. This
means that lower concentration of amoxicillin is easier to decompose under DBD discharge which is
preferable for practical use because of the low concentration of amoxicillin found in the environment.
A further study should be proposed to investigate the most effective time of degradation with respect
to different initial concentrations.

The chromatography charts of total ion current and fragmented chromatograms are presented
in figs 6-8. The degradation mechanism under DBD discharge treatment was found through mass
chromatography analysis and is presented in fig 9.
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Fig. 6. Amoxicillin and fragmentation spectra at retention time of 4.1 min.
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Fig. 7. Degradation product P1 and P3 at retention time of 1.7 and 2.5 min oxidation of aliphatic acid
in two different positions amoxicillin of mass 382 m/z.
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Fig. 8. Degradation product P2 at retention time of 2.2 min is a double oxidation product of mass 398
m/z.

Summary of indentified degradation species of amoxicillin is shown in table 1.

Table. 1. Chemical species observed by HPLC/MS
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# Retention time (min) MS fragments (m/z) Observations

1 1.7 148; 189; 247; 274; 337; 365; 382 Identified as P1
2 2.2 148; 176; 233; 291; 370; 381; 398 Identified as P2
3 2.5 148; 189; 247; 274; 337; 365; 382 Identified as P3
4 4.3 114; 160; 208; 366; 388 Amoxicillin (A)

The HPLC/MS analysis of degradation products showed that 3 degradation products are
formed. The proposed mechanism of degradation is shown in fig 9.

O// / Oxydation of aliphatic acid P1/P3
/~OH
Amoxicillin \/ ) NH H
HO—N\ 4/ [ =S OH
T <
/—OH

Di-hydroxylation P2
Fig. 9. Degradation mechanism of amoxicillin under DBD plasma discharge above water.
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Naphthoquinone (NQ), eleven of its hydroxyl-derivatives, pyromellitic diimide (PMDI),
anthraquinone (AQ), azobenzene (AB) and phthalimide (PTI) were investigated by means of
Negative lon Mass Spectrometry (NIMS). All molecules under investigation, except PTI, form
long-lived (t,>10 ps) molecular anions in the 0-2 eV energy range. NI lifetime measurements by
means of a modified NIMS instrumentation can provide quantitative data of Electron Affinity
(EA). A simple Arrhenius approximation seems to be adequate to describe the process of electron
detachment from molecular anions.

1. Introduction

The energies of the frontier molecular orbitals (MOs), namely, the lowest unoccupied MO (LUMO)
and the highest occupied MO (HOMO), define the so-called energy gap which is often used as a
descriptor to correlate the molecular electronic structure with chemical reactivity! and biological
properties®® in quantitative structure—activity relationship (QSAR) studies. The energy of the LUMO
and the electron affinity (EA) of a neutral molecule play an important role in the properties of the
corresponding molecular negative ion (NI), defining its stability relative to electron detachment (mean
autodetachment lifetime, ra).[“*S] Therefore, quantitative evaluations of the EAs and the
characterization of empty-level structures constitute a highly topical question. One of the most
widespread methods for measuring EAs in the gas phase is the electron transfer reaction (ETR)
method,’ which supplies adiabatic EA (EA,) data. EA values can be measured with various
experimental methods, although their availability is still relatively limited. We have recently applied
the NIMS technique to a series of compounds which form long-lived molecular anion./’*%

2. Results and discussion

The negative ion mass spectrometer features and method of experiment were described in detail
earlier.! ' The signals associated with formation of long-lived molecular Nls by electron attachment to
six naphthoquinone derivatives, as a function of incident electron energy, are shown in Fig. 1, and
summarized in Table 1 for all compounds under investigation. In all cases, these molecular anion
signals are more intense than those associated with negative fragments produced by dissociative
electron attachment (DEA). The temperature of the collision chamber for the various DEA spectra is
reported in Table 1. It easy to see that the mean detachment time z, is a function of molecular structure,
collision chamber temperature and also the number and nature of substituents.
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Fig. 1. Upper panels: Currents of mass-selected molecular negative ions (solid lines), signals from the
corresponding neutral molecules (dashed lines) and SF¢ "currents (open circles) as a function of
incident electron energy; Lower panels: Electron detachment time (z,) from the molecular negative
ions as a function of incident electron energy. The collision cell temperature was 70 °C. Vertical lines

indicate the VAES measured in the ET spectra of NQ and Juglone.

The spectra of all sixteen compounds display an M™" peak at zero energy (see Fig. 1) because of the
formation of vibrationally excited ground anion states. The occurrence of these long-lived molecular
NIs is thus ascribed to formation of nuclear excited Feschbah resonances (NEFRs).[**! In the cases of
juglone, and 3-OH-juglone the zero energy signal looks like a shoulder on the low-energy side of the
next (more intense) signal (see Fig. 1).

Measurements of electron autodetachment lifetime are based on detection of a beam of neutral species
formed in the free drift region between the mass analyzer and the secondary electron multiplier. NI
lifetime measurements include two stages. Firstly we measure the sum of the ions and neutrals (which
are formed in the second free drift region, see supporting information) currents. Secondly we deflect
the negative ions from the input slit of the secondary electron multiplier using special deflection plates,
and measure the neutrals current only. The NI lifetime z, assuming an exponential NI decay, can be
evaluated according to the formula:
to

T = — , 1

in(1-1) (1)
where t, is the anion drift time from the magnet mass analyzer and secondary electron multiplier, |, is
the neutral species current, and | is the total current of the neutral and charged components of the
beam.”! This method was used for the first time in a time-of-flight experiment,™" and later
implemented by Khvostenko and colleagues using a magnetic mass analyser.?

The excess energy of anions formed through higher-lying resonances includes the energy (&)
of the incident electron beam!®%:
E-=EA,+E, +¢, (2)
where E,, is the vibration energy storage of the target molecule.
Tab. 1. Parameters of the molecular negative ions. ¢ is the electron energy corresponding to a lifetime
(z) of 10° ps, N the number of internal degrees of freedom, T the temperature of the ionization
chamber. The column LUMO® reports the scaled LUMO energies (see text). The EA, values were
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obtained with equation (4), AE with DTF B3LYP/6-31G+(d) calculations, as the energy difference
between the optimized neutral and anion states. All energy values in eV.

# Compound P N T, K LUMO*® EA, AE
1 NQ 0.56 48 343 1.64 1.78* 1.99
2 Juglone 0.91 51 343 1.78 1.95 2.22
3 Lowsone 0.79 51 343 1.65 1.85 2.05
4 Naphthazarine 1.10 54 343 1.86 1.97 2.34
5 3-OH-Juglone 1.16 54 343 1.76 2.01 2.24
6 Naphthopurpurin 1.42 57 343 1.84 2.07 2.35
7 Spinochrome B 1.30 60 433 1.74 2.16 2.29
8 Spinochrome C 2.80 78 413 1.94 2.30 2.62
9 Spinochrome D 1.45 63 423 1.78 2.11 2.36
10 | Spinochrome E 1.57 66 433 1.75 2.12 2.35
11 | Echinochrome A 2.40 81 393 1.71 2.01 2.23
12 | Spinochrome A 2.40 75 383 2.00 2.12 2.67
13 | PMDI 0.85 54 350 2.08 2.07 2.31
14 | Anthraquinone 0.44 66 353 1.37 1.61** 1.75
15 | Azobenzene 0.85 66 363 0.83 1.25 1.19
16 | PTI 0.0 42 363 0.86 1.23 1.11

* The EA, obtained with the ETR method is 1.81 eV.™™
** The EA, obtained with the ETR method is 1.59 eV.®

The simplest relationship between the detachment time of the anion state and other parameters
of the system is an Arrhenius approximation:

ky, ==2-exp [—EA“], 3

2m kT

where k=" is the autodetachment rate constant, wy is the typical anion vibrational frequency (z is
the vibration relaxation time™), k is the Boltzmann constant, T~ is the anion effective temperature.™
Therefore, accurate measurements of anion lifetimes should allow us to evaluate the EA, of the target
molecule. Although an accurate calculation of the anion lifetime from EA,, vibrational frequencies and
temperature is not a simple routine task,!”® we can try to solve the inverse problem of EA, evaluation
from NI lifetime data through the simple use of equation (3). In a rough approximation,
KT =(EA.+Ent&)/IN, where N=3n-6 is the number of internal degrees of freedom.!™ In the same way
we can evaluate E,=NKT, where T is the temperature of the target molecule (ionization chamber
temperature). Assuming that the pre-exponent factor wo/2is equal to the inverse of the intramolecular
vibrational energy redistribution (IVR) time (z) of the anion™, then eq. (3) may be written as:

razro-exp{ﬂ}:ro-exp N-EA, =7, -eXp N-EA,
KT EA +E, +¢ EA +NKT +¢ 7

The results of adiabatic EA evaluation using eg. (4) are shown in Fig. 2. The EA, values obtained with
eq. (4) display a trend quite similar to those of the calculated EAs, lying between the EA,s predicted
by the scaling procedure EA, = -0.8065E ymo -0.9194 (DFT B3LYP/6-31G(d)™) and the EA.s
calculated at the B3LYP/6-31G+(d) level as the neutral/anion energy difference. The only
experimental EA values available for the compounds under investigation are those of NQ (EA,=1.81
eV) and AQ (EA,=1.59 eV).l! The present results are satisfactory, and demonstrate that NI lifetime
measurements can supply reliable EA, evaluations.
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Fig. 2. Comparison of the EA,s calculated from eq. (4) (circles) with the EA,s supplied by the scaled
LUMO energies (squares) and the AEs obtained with B3LYP/6-31G+(d) calculations (triangles).

NI lifetime measurements by means of a modified DEAS instrumentation can provide guantitative
data of EA. A simple Arrhenius approximation seems to be adequate to describe the process of
electron detachment from molecular anions.
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A POSSIBLE ROUTE TO LARGE HYDROCARBONS

J. Zabka', M. Polasek®, C. Romanzin?, and C. Alcaraz’

1 J. Heyrovsky Institute of Physical Chemistry of the ASCR, v. v. i., Dolejskova 2155/3, Prague 8, 182
23, Czech Republic
2 Laboratoire de Chimie Physique, Bdt 350, Centre Universitaire Paris-Sud, 91405 Orsay, France

Cassini CAPS-ELS spectrometer revealed the presence of large negative ions in the ionospehere of
Titan [1]. Recently, a mechanism has been proposed for the possible formation of these ions, in whith
the cyanoacetylene, HC3N, played a key role [2]. Chemical ionization technique (NCI and APCI-)
were used successfully to prepare model complex (HC;N),.C,N" anions in the gas phase. The reaction
itself and CID experiments was studied using a Waters Quattro Premier TM tandem quadruple mass
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Atmospheric pressure non-equilibrium plasmas (APPs) are effective source of large densities of
reactive radicals, metastables and ions and also high fluxes of photons with wavelengths down to
the 60 nm in the vacuum UV range. The resulting high reactivity of these APPs can be used in
many surface treatment applications such as activation of polymer surfaces, treatment of living
tissues (decontamination, acceleration of wound healing) or in deposition of thin films or
nanostructured materials. However, the complexity of plasma-chemical processes in the discharge
requires combined experimental and theoretical approach in plasma analysis, where quantitative
and qualitative plasma diagnostics are compared with theoretical plasma simulations. In this
contribution, the mass spectrometry for detection of neutral and ionized species and the
windowless VUV spectroscopy will be introduced and discussed in details. The mass spectrometry
of neutral species measures the plasma composition directly at the surface and is not limited by
existence of accessible optical transitions. When properly designed and carefully calibrated mass
spectrometry provides absolute densities of the measured species. It can even provide information
about vibrational excitation of the detected species. The ion mass spectrometry can provides
information about the formation of positive and negative ions (and ion clusters) in the effluent and
provides supporting information about the influence of variety of species (including impurities) on
plasma chemistry. The windowless VUV spectroscopy allows detection of VUV photons from
excited states into the ground states and provides hence additional qualitative information about
processes occurring in plasma. These experimental results serve for validation of plasma-
chemistry models and rate-equation calculations, which can provide deep insight into the whole
plasma process.

1. Mass spectrometry

The plasma chemistry of cold atmospheric pressure plasmas is rich in neutral and charged species as
for example demonstrated by recent simulations [1,2]. Mass spectrometry (MS) can provide absolute
densities and ion fluxes to validate these models and to provide more insight into plasma chemistry
processes. The general principles of quadrupole MS of reactive plasmas has been provided recently [3],
here we will focus on the investigation of atmospheric pressure discharges.

The one of the most critical issues is the proper gas sampling into the mass spectrometer. The gas
mixture is usually sampled through a very small orifice (diameter from 20 to 100 um diameter) into
differentially pumped system with typically three pumping stages. By aligning the sampling orifice
with orifices connecting the pumping stages, the molecular beam (MB) is formed and the gas mixture
including ions and very reactive species can be transported into the ionizer or ion optics of the mass
spectrometer [3]. The challenge by sampling from the atmospheric pressure is the fact that it is
collisional and that the gas is accelerated to the supersonic velocities. An example of the fluid
simulation of the expansion of Argon gas into the 100 Pa background pressure vacuum chamber
trough a 100 um diameter and 250 um long sampling orifice, using compressible Navier-Stokes
equations, is shown in Fig. 1. The pressure 100 Pa is still high enough that the mean free path in the
low pressure region (~ 100 wm at 100 Pa) is still large enough to justify the fluid simulation approach.
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Fig. 1. Fluid simulation of the expansion of argon gas into the 100 Pa background pressure of the first
pumping stage of the mass spectrometer. The logy, of the pressure (colour scheme) and the gas
streamlines are show. The steep pressure drop behind the orifice, the zone of silence (region with
supersonic gas velocities visible as a dark area with the pressure lower than the background pressure)
and the Mach disc shock are visible.

The background pressure of 100 Pa is often reported in the literature as a pressure in the first pumping
stage, but as the simulation shows, the species undergo a shock equilibration with the background gas,
which can result into a loss of reactive species and formation of new ones, especially in the case of
ions. This leads to composition distortion in the MB. Therefore, the sampling system with much lower
background pressure in the stage behind the sampling orifice should be used. Our approach for
realising this low pressure is the use of a beam chopper with a rotating skimmer (see Fig. 2 and [4]).
The MB is formed only for 1% of the period and the background pressure is reduced in the remaining
99% resulting in the effective background pressure of 10 Pa.
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Fig. 2. Differentially pumped sampling system with rotating chopper with imbedded skimmer.
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This approach avoids composition distortion during the sampling and have been used in the past for
measuring effectively reactive species in cold APPs [5-8].

Fig. 3 shows as an example the electron energy scan of a He/0.3%N, gas mixture measured at the
nozzle of a microscale atmospheric pressure plasma jet (u-APPJ). This source uses radiofrequency
voltage to ignite a homogeneous discharge between electrodes 1 mm apart from each other (see
[5,6,9]).
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Fig. 3 Two scans of the electron energy of the electrons in the ionizer of the mass spectrometer
performed at mass 28 amu (N,) for the cases of plasma off and plasma on. The curve for the case with
plasma running (full symbols) could be fitted by combining the curve measured for plasma off case
(open circles) with the same curved, which was scaled and shifted 2.2 eV on the energy scale (dashed
line). This fit (solid grey line) reproduces the measured data very well.

By scanning the electron energy in the ionizer of the mass spectrometer, the species can be identified
based on their ionisation energy. The scans at mass 28 amu (mass of N;) taken without and with
plasma running clearly shows that some N, molecules can be ionized at lower electron energies. The
additional signal can be fitted by rescaling and shifting the curve for N, ionization by 2.2 eV, which
corresponds to the vibrational excitation of N, molecules into the 7" vibrational level. Fig. 4 compares
the measured absolute atomic nitrogen densities and the relative signal of the vibrationally excited N,
molecules as measured by MS. This comparison shows that more energy goes to the vibrational
excitation of the N, compare to its dissociation at higher N, concentrations, an expected behaviour for
a plasma with increasing fraction of a molecular gas.
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Fig. 4. Comparison of the N density (taken from [8]) with the relative presence of vibrationally excited
N, molecules.
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2. Windowless VUV Spectroscopy
The APPs are also emitting photons in the vacuum ultraviolet (VUV) range below 200 nm. This
photons cannot propagate through air, but since many of the APP sources are operated in argon or
helium, they can propagate through the gas channel formed by the noble gas and can therefore reach
the surface even at the distance of several tens of mm from the jet. It is, therefore, important to
investigate at least quantitatively the VUV spectra of APPs. A windowless VUV spectrometer has
been designed for this measurements and is schematically shown in Fig. 5.
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steered gas ’

Slit

He-filled spectrograph

Fig. 5 Windowless VUV spectrograph: principle of coupling the plasma emitted VUV and UV
photons into the He-filled VUV spectrograph without necessity of having any window between the
plasma and the spectrograph. All the potentially absorbing species in the plasma (such as molecules
introduced into the plasma) are steered by the additional helium flow into the side and cannot enter the
spectrograph. Additionally, controlled atmosphere around the jet is used to prevent air to diffuse into
the light path.

Fig. 6 shows the measured spectrum of the pu-APPJ operated with helium gas in the 50 to 140 nm
wavelength range. Next to the few atomic oxygen lines, resulting from the excitation of the gas
impurities, the clear emission of the 1% and 2™ helium excimer continuum is visible.
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Fig. 6. VUV spectrum of the u-APPJ operated in the 5.0 grade helium gas.
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These photons can propagate through the helium gas without being absorbed, since the first photon
absorption by ground state helium is possible to the (1s)(2p) level corresponding to the wavelength of
58.44 nm only. The spectrum in Fig. 6 is very similar to the spectrum reported for a micro-hollow
cathode discharge in helium [10].

The windowless VUV spectrograph have been used to analyse emission spectra of several gases
admixed at concentrations below 1% into the helium in the u-APPJ. Three examples of the plasma
with O,, N, and Ar are compared to the spectrum of helium gas only from Fig. 6 in Fig. 7.
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Fig. 7. Exemplary VUV and UV spectra of u-APPJ with He, He/O,, He/N, and He/Ar.

The VUV spectra, and their dependence on the variety of plasma parameters, can be used as
an additional information for the analysis of the plasma-chemical processes in APPs. Special
feature of this high energy VUV photons is that they can photoionize species at larger
distances from the jet, which should be considered for example in the treatment of the
biological materials. We have reported the possible effect of protonated water cluster ions,
which formation was initialized through photoionization, on bacteria recently [11].

3. Summary
Some examples of application of advanced APPs diagnostics, namely molecular beam mass
spectrometry and windowless vacuum UV otpical emission spectroscopy, to atmospheric
pressure plasmas have been demonstrated and discussed above. The obtained data provide
information about plasma-chemical processes in the plasma and its effluent and can be used
for calculation/estimation of fluxes of detected species to the treated surface or for
benchmarking of the simulation results.
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A streamer-to-spark transition in a self-pulsing transient spark (TS) discharge of positive polarity
was investigated using a fast iCCD camera. The entire temporal evolution of the TS, including the
primary streamer, the secondary streamer, and the transition to spark was recorded with 2 ns time
resolution. Additionally, a streak camera like images were obtained using spatiotemporal
reconstruction of the discharge emission detected by a photomultiplier tube with light collection
system placed on a micrometric translation stage. With increasing TS repetition frequency f (from
~1 to 6 kHz), the increase of the propagation velocity of both the primary and the secondary
streamer was observed. Accelerating propagation of the secondary streamer crossing the entire gap
could explain short streamer-to-spark transition times t (~100 ns) at f above ~3 kHz. Acceleration
of the primary and secondary streamers and shortening of t with increasing f was attributed to the
memory effect composed of pre-heating, pre-ionization, or gas composition changes induced by
the previous TS pulses.

1. Introduction
Streamer-to-spark transition leading to the gas breakdown is a critical issue when working with
various atmospheric pressure electrical discharges, as well as in the design of high voltage (HV)
devices and switches. The most typical approach preventing the spark breakdown is to maintain the
low temperature plasma character and to prevent excessive discharge currents. On the other hand,
periodic streamer-to-spark transition with restricted spark phase can bring multiple benefits in various
applications of non-thermal plasmas, such as local and transient elevation of the gas temperature,
formation of hydrodynamic expansion, producing high concentrations of reactive species, etc. [1-5].
A relatively simple discharge operating with periodic streamer-to-spark transition and controlled spark
phase is the transient spark (TS) discharge [5-7].
The TS is typically generated in atmospheric pressure air or other gases between metal electrodes in
point-to-plane configuration with distance d = 4-10 mm, by a DC HV power supply connected to the
electrodes via a series resistor R = 5-10 MQ (Figure 1). Both polarities are possible, but here we
present a study of positive polarity TS discharge with anode as the HV point electrode. The TS is
initiated by a primary streamer creating a relatively conductive plasma bridge between the electrodes.
It enables partial discharging of the internal capacity C of the electric circuit, and a local gas heating
inside the plasma channel [7]. When the gas temperature T inside the plasma channel reaches ~1000 K,
a very short (~10-100 ns) high current (>1 A) spark current pulse appears (Figure 2).
During the spark phase lasting only a few tens of nanoseconds, the internal circuit capacity C
discharges completely and the potential V on the HV electrode drops to almost zero. Transition to
steady-state arc after the spark is restricted by the ballast resistor R, and the discharge starts to decay
after the V drop. Eventually, the potential V starts to gradually increase as the capacity C recharges.
A new TS pulse, initiated by a new primary streamer, occurs when V reaches the breakdown voltage
again. The TS is thus characteristic of the repetitive primary streamer formation transiting to the spark,
with the frequency f in the kHz range. The increase of f, achieved by increasing the generator voltage
[6], is accompanied by changes of several TS characteristics (decrease of the breakdown voltage,
smaller and broader spark current pulses). It also influences the breakdown mechanism via shortening
of the streamer-to-spark transition time (1) [7]. These frequency-dependent phenomena occur due to
the various 'memory" effects (especially pre-heating, pre-ionization and gas composition changes by
previous TS pulses) in the gap. The objective of this paper is to explore the changes of the breakdown
mechanism in the TS discharge due to the memory effects in greater detail.
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Fig. 2. Typical waveforms of transient spark discharge.

2. Experimental setup
Besides electrical measurements, various non-invasive optical spectroscopic methods are commonly

used to investigate the plasma characteristics. Due to fast changes of plasma properties in short pulsed
discharges such as TS, time-resolved techniques with ~1 ns time resolution must be used. This can be
accomplished by using intensified high speed CCD cameras [3, 7-9]. In order to achieve high spatial
resolution, iCCD microscopy technique can be employed [10]. Fast streak cameras and cross-
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correlation spectroscopy also provide valuable information about the evolution of transient discharge
events [11, 12]. We performed time resolved imaging of the TS using a fast iCCD camera Andor iStar.
Since the TS is a self-pulsing discharge, the synchronization between TS current pulses and the iCCD
camera cannot be provided by an external trigger generator. Instead, the current signal of the TS itself
was used to trigger the acquisition of the optical signal. The discharge current signal, linked to the
200 MHz digitizing oscilloscope Tektronix TDS2024, was measured on a 50 Q or 1 Q resistor shunts.
The measurement of the discharge current on these shunts enabled us to synchronize the acquisition of
the emission either with the beginning of the primary streamer (50 Q shunt), or with the beginning of
the spark (1 Q shunt). As the current pulse reached a specified value, a TTL generator sent a voltage
pulse to the iCCD camera to initiate the light acquisition. However, the initial ~45 ns of the emission
were impossible to acquire due to a delay caused by the trigger generator, the transmission time of the
signal by BNC cables, and the camera insertion delay. For this reason we built an optical system
consisting of two parabolic and five planar mirrors so that the light emitted by the discharge travels
~16 m before it reaches the iCCD camera (Figure 1). The disadvantage of this approach was a
complicated alignment of the optical system and weak signal. However, resulting delay of the optical
signal enabled us to visualize the entire evolution of the streamer-to-spark transition in the TS.
Additionally to the iCCD temporal imaging, the spatiotemporal evolution of the discharges was
analyzed by a photomultiplier tube (PMT). The light collection system was set on a micrometric
translation stage to enable mapping of the light emission along the electrode's axis (2 points/mm).
A cylindrical lens was used in the optical system to collect all the light in the plane perpendicular to
the electrode's axis to avoid missing any discharge channel. The waveforms of the discharge current
and PMT signal averaged over 128 individual discharges were recorded by the oscilloscope and
subsequently processed and visualized. Processing of the PMT signals in the gap space and in time
(2 ns resolution) enabled us to reconstruct the propagation of the streamer, secondary streamer and
spark, with the visual output equivalent to a streak camera.

3. Results and Discussion

When the iCCD camera was synchronized with the beginning of the primary streamer current pulse,
the propagation of the light from the anode to the cathode was observed. Figure 3 shows a sequence of
the iCCD images obtained for the TS with f = 4 kHz, gate width 2 ns, ~250 accumulations, d =5 mm.
The light propagation from the needle anode across the gap to the cathode in the time interval from 2
to 12 ns was appointed to the primary streamer. This streamer created a relatively conductive plasma
bridge that after a certain delay enables transition to the spark. The spark itself is preceded by another
light wave starting from t