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Abstract. Cold plasma jets at atmospheric pressure have become the standard reactors used for treatment
of various biosamples and other application. The object of this experimental study is one such reactor
powered by a short-pulse voltage with a rise time ≈400 ns, operating with helium gas. The main aim of the
investigation was to obtain the data on the jet streamer space–time development and plasma parameters
near the target. Axial and radial structure was examined along with gas temperature and electric field
above the target. Results show a comparably fast streamer progression (105 m/s) with strong electric field
in the period of maximum current (33 kV/cm). These characteristic features can be attributed to the fast
rise of the voltage pulse.

1 Introduction

In the last decade, nonthermal, atmospheric pressure
discharges have been adopted as the future of plasma
application due to their many advantages, see for
instance [1, 2]. A subtype of these plasma reactors
are low-temperature plasma jets, commonly known
as atmospheric pressure plasma jets (APPJs), usually
obtained in the flow of inert gases [3–5]. In a num-
ber of publications, helium plasma jets are especially
investigated as candidates for treatment of biomedical
and other samples, see for instance [4–7]. The efficiency
of APPJs in interaction with various types of samples
has so far been confirmed in: wound healing, pollutants
removal, antimicrobial effects, treatment of cancer cells,
etc. [6, 8, 9]. These effects on biosamples are mostly
realized via intensive production of reactive oxygen and
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nitrogen species (RONS), [4, 9, 10]. Transient electric
field, generated in the plasma, was also found to be
important for treatment of biomedical samples [11–14].

The APPJs have also been extensively studied from
the standpoint of plasma investigation, both through
modeling and experiment, see for instance [3, 15–21].
Knowledge of plasma parameters and understanding of
involved processes is important for successful optimiza-
tion and control of its action on the samples. The jet
discharge is commonly based on a flow of an inert gas
passing through a dielectric tube, where a barrier dis-
charge is formed. Then, a plasma plume emerges from
the tube nozzle into ambient air, with or without a
grounded target. Due to its rapid progression, this type
of plasma was perceived as a “plasma bullet.” Presently,
it is well explained and successfully modeled as a guided
streamer propagating rapidly via a strong ionizing front
at the head of the streamer—a narrow, strong electric
field region [17, 21, 22]. Specifically, it was concluded
that the ionization front maintains the connection with
the DBD ignition zone via a recombining plasma col-
umn [23–25].

Interesting feature of the atmospheric plasma jets is
the mixing of the propagating feeding gas with the sur-
rounding air, within the plasma plume. This effectively
changes the gas composition with distance. Addition-
ally, it was found that that electro-hydrodynamic and
thermal mechanisms play a role in the rare gas flow
and its mixing with environment, see [26] and refer-
ences therein.
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Plasma parameters were shown to depend on: plume
length, working gas, gas flow rate, target material,
shape of voltage waveform, etc. It was found that pulse
voltage rise time strongly influences the streamer veloc-
ity and electric characteristics of the jet [22].

One of such sources, with and accompanying power
supply, has been developed as an integrated device at
the Zhejiang University [27, 28]. This cold plasma jet
has so far been used for treatment of various biosamples
at different conditions. It operates with a microsecond
voltage pulse characterized with a relatively fast rise
time (< 500 ns). In this work, the primary aim is the
spectroscopic investigation of this plasma source to the
purpose of studying the streamer space–time develop-
ment, morphology, and plasma parameters near the tar-
get. Optical emission spectroscopy was accompanied by
electrical measurement.

2 Experimental setup

The cold plasma jet source, which is the subject of
investigation, is devised as a complete device, consisting
of a pulsed power supply and a dielectric barrier dis-
charge (DBD) jet reactor—see the details in [28]. The
electrode configuration along with image of the formed
plasma plume is given in Fig. 1. The grounded elec-
trode is a metal nozzle with its inner surface covered
by a quartz tube, 6 mm in diameter. Inside the nozzle,
at its center axis, a smaller quartz tube is placed, 4 mm
in diameter. The high-voltage wire electrode is inserted
in the smaller quartz tube. In this way, a barrier dis-
charge is formed between the two quartz tubes having
0.5 mm thickness. The low-temperature plasma jet then
protrudes from the nozzle with the diameter of ˜ 4 mm
and length of 1–7 cm depending on the voltage. In this
experiment, it was necessary to obtain a spatially sta-
ble plasma for spectroscopic measurements; therefore, a
copper plate was used as a grounded target to increase
the jet stability. The target was placed at a distance of
13.5 mm from the jet nozzle, though test measurements
were also made with 19 mm distance.

The applied voltage on the electrode was supplied by
a pulsed power source with a pulse width of ≈0.8 μs,
amplitude voltage of 2.6 kV and a repetition rate of
f = 21 kHz. Helium flow of 99.996% purity was con-
trolled by means of a mass flow controller at a rate of
3 l/min. The voltage was measured using the Tektronix
P6015A high-voltage probe, and current is determined
from the voltage drop over 200 Ω non-inductive resistor,
connected in series with the discharge.

A quartz lens was used to project the jet image
onto the entrance slit of the spectrometer. The over-
all time-integrated emission spectra in a wide range
of 200–900 nm were recorded using a low-resolution
spectrometer Ocean Optics USB4000. The spatiotem-
porally resolved measurements were done using the
Solar MSDD 1000 spectrometer with the focal length
of 1 m and the grating of 1200 grooves/mm. At the
exit of the monochromator, the light was detected using

the ICCD camera (PI-MAX2, Princeton Instruments)
with 1024 × 1024 pixels. The camera was triggered
using a time-delayed pulse signal, initially generated
by the rising slope of the discharge voltage pulse. The
delay camera triggering system enabled precise setting
of the gate width and the delay time for the record-
ing. The used spectrometer system has an instrumental
halfwidth FWHM = 0.04 nm, with pixel to pixel-to-
pixel wavelength difference 0.0108 nm/pixel.

This detection system (spectrometer with ICCD
camera in the gate mode) was used for the measure-
ment of streamer development. Gate exposure time was
20 ns, with 250,000 exposures divided into 5 on-chip
accumulations. Electric field strength near the target
was estimated from Stark polarized spectroscopy of
He I 492.2 nm using a plastic polarizer mounted at the
entrance slit of the spectrometer. The latter measure-
ment required much longer time of exposure of 200 ns.

3 Results and discussion

Several spectroscopic methods, typical for examin-
ing atmospheric pressure discharges, were employed in
this experiment. Namely, axial distributions of various
species emissions were used to examine the jet spatial
structure. Helium and oxygen atomic line emission were
used to examine the discharge axial development in
time and measure the streamer velocity. By measuring
the transverse light intensity distribution and apply-
ing the Abel transform, the radial distribution of light
intensity was obtained. The N2

+ first negative system
emission band was used to measure the molecule rota-
tional temperature. Stark polarization spectroscopy of
He I 492.2 nm line was used to estimate the electric
field above the target.

3.1 Electric measurements

Voltage and current waveforms for a typical applied
voltage pulse are given in Fig. 2a. The maximum volt-
age of 2.6 kV is reached after a relatively fast rise time of
390 ns. It can be seen that the current increase starts
at the time of voltage maximum. It will be shown in
the next subsection that this moment corresponds to
the time when the guided streamer is initiated near the
nozzle (here marked as t = 0 ns). The maximum current
of 36.5 mA is reached after 330 ns from its onset. The
displacement current was measured by measuring the
current passing through the reactor without the helium
gas flow, i.e., without plasma. It was found that the dis-
placement current is lower than 1 mA and therefore has
negligible contribution to the measured current. The
impedance at current maximum is estimated as volt-
age to current ratio at 60 kΩ—a value corresponding
to the DBD reactor inside the nozzle. Figure 2b shows
the change in instantaneous power obtained as volt-
age–current product, while its integral gives the energy
of ε = 34 μJ per pulse. Such low energy should provide
safe treatment of biosamples. The average power can be
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Fig. 1 Experimental setup
for spectroscopical
observation, image of the
jet and diagram of reactor
configuration (OF optical
fiber, L lens)

Fig. 2 a Measured voltage and current waveform, b dissipated power in time

obtained as by multiplying energy per pulse with the
repetition rate P = fε = 0.71 W.

3.2 Streamer development

To examine the streamer formation and dynamics,
emission space–time intensity from atomic helium and
oxygen was recorded. Figure 3a shows the space–time
development of He I 706.5 nm (33S-23P) line intensity.
Since this line is excited via direct electron impact, this
contour graph can be taken as representation of dynam-
ics of the jet streamer. As can be seen, the graph shows
typical features of the positive guided streamer [16,
29]. Specifically, the streamer is initially formed near
the nozzle, about the time of voltage maximum, and
then propagates in a “bullet-like” manner toward the
cathode during the current rise. The grounded target is
reached at the moment of current maximum—160 ns.
After reaching the target, a weak counter-propagating

plasma ionization front is formed toward the jet nozzle
[30, 31]. In continuation, during the high current value,
a long-lived atmospheric pressure glow discharge above
the target is formed, lasting ≈600 ns. This period, after
the 180 ns time instance, is characterized by almost sta-
ble, but weak, light intensity in the region above the
target.

On the other hand, the oxygen O I 777.4 nm (35P-
35S) development given in Fig. 3b, shows a different
picture. This can be expected at high pressure, since
oxygen atomic lines must be excited in a two-step pro-
cess, which firstly requires dissociation of O2 molecule
and subsequent electron excitation. Additionally, unlike
He I 706.5 nm, its intensity is not determined only by
electron density and electric field but by the presence of
oxygen from the surrounding air. These effects explain
the delay of the O I excitation and the time spread of its
emission compared to He I line. Nevertheless, both lines
show a similar time of streamer propagation. Therefore,
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Fig. 3 Spatiotemporal contour plot of streamer dynamics
from atomic line emissions: a Helium He I 706.5 nm and
b Oxygen triplet O I 777.4 nm. Gate time width = 25 ns

Fig. 4 Velocity of streamer front obtained from emission of
two atomic lines in Fig. 3

we have used both lines to obtain the guided streamer
velocity. The obtained velocity along the axial coordi-
nate is given in Fig. 4 from both atomic lines.

It can be seen from the graph that velocity varies
from 2·104 to 11·104 m/s. The velocity increases with
distance from the nozzle up to 11 mm and then reduces
near the target. This behavior was also reported for

Fig. 5 Overall emission spectrum at three axial positions

other jets, see for instance [22]. It is interesting to note
that the velocity reached in this experiment is higher
by a factor of 3 compared to the typical sinusoidal jet
streamer velocity, see for instance [16, 29]. This effect is
caused by the short rise time of the voltage in our case.
Namely, it was shown in [22, 32] that the short voltage
rise time crucially increases the streamer velocity. The
velocity obtained here agrees with the trends given in
the mentioned papers.

3.3 Overall spectra survey

To identify the atomic and molecular species, the over-
all emission spectrum was recorded at different axial
positions. The low-resolution time-integrated spectrum
is given in Fig. 5. Three characteristic positions are cho-
sen. It can be seen that near the nozzle the helium
atomic emissions are present across the spectrum. The
N2

+ first negative system (FNS) and N2 second posi-
tive system (SPS) are the strongest emissions. At the
middle of the jet plume and near the target, there is
a reduction of concentration of reactive OH molecule
and nitrogen molecular emission. Near the target, the
presence of OH is clearly seen. The presence of reactive
species (RONS) is important for treatment of biosam-
ples. The persistent atomic oxygen line is strong in the
entire jet while hydrogen Balmer series emerges from
the noise only near the target. It should be noted that
we did not observe NO molecular bands in the spec-
trum at present conditions. Similar result was obtained
by Wu et al. [32] also with fast voltage rise.
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Fig. 6 Axial distribution of emission from different species
after t = 200 ns. The gate time was 100 ns for all emissions
except for N2

+ at 200 ns

3.4 Emissions axial distributions

As shown in Sect. 3.2, the very fast jet propagation
requires a very short gate time of exposition for the
camera, specifically at least 25 ns. For this reason, the
weaker lines and bands of the spectrum could not be
analyzed in the sense of development, since they require
a much longer gate time to be recorded. Therefore, com-
parison of axial distributions of different emissions was
only possible in the late stage of streamer development,
when a stable emission pattern is formed above the tar-
get, see Fig. 3. Figure 6 shows the spatial distribution
of different species emission, in the time when streamer
has reached the target and a stable atmospheric pres-
sure discharge is formed, lasting for several hundreds of
ns. The light emissions of different species show simi-
lar patterns. Especially interesting is the formation of
light and dark zones, typical for glow discharge in the
vicinity of the target, see He I and O I distributions.
In upper region, near the nozzle, all emissions show the
trail of low intensity from the back streamer, formed
in the late stage, see Fig. 3. The distributions resemble
those reported in [33] for sinusoidal voltage jet.

The exception to the shape of the distribution is
hydrogen Hβ line. It is well known that at atmospheric
pressure, the hydrogen Balmer lines have a delayed
excitation due to the necessity of molecule dissocia-
tion and additional excitation from helium metastables
[34]. This behavior was also observed in our experiment,
since Hβ did not show any intensity in the early stage
of the streamer development. The shape of O I 777 also
shows comparably stronger intensity in the upper part
due to the delayed excitation, caused by preceding dis-
sociation of O2 molecule, as shown in Sect. 3.2. While
the time-integrated spectra in Fig. 5 show appearance
of hydrogen Balmer lines only near the target, Fig. 6
shows relatively stronger intensity of Hβ in the middle
of the jet plume. This apparent discrepancy is caused by

the prolonged excitation of Hβ in the zone of glow dis-
charge above the target, which is accumulated in time-
integrated spectrum, while the short-lived intensity in
the middle does not contribute significantly to the time-
integrated spectrum. It is well documented in barrier
discharges at atmospheric pressure that Hβ is weakly
excited at the time of current maximum, and that it has
a delayed and prolonged excitation by helium metasta-
bles [34, 35]. It should be noted that Hβ was chosen to
represent the hydrogen Balmer series emission because
it could be recorded in the same wavelength window
with the He lines used for Stark spectroscopy, see 3.7.

3.5 Gas temperature near the target

Rotational temperatures of nitrogen N2 molecule and
N2

+ molecular ion are commonly taken as a measure of
translational gas temperature, presuming equilibrium
between the two degrees of freedom. Specifically, the
rotational temperature obtained from the SPS transi-
tion N2 (C3Πu–B3Πg) (0–0) in most cases yields the
gas temperature, and it is the most used band for
gas temperature determination [36]. The drawback of
its use may occur in the case of a thin plasma chan-
nel, where intensive excitation in the cold region, that
surrounds the active plasma, could interfere with the
result [36]. On the other hand, the ion’s FNS N2

+

(B2Σu–X2Σg) (0–0), is emitted within the plasma
channel but can suffer from non-equilibrium distribu-
tion. If the N2

+(B) level is populated purely via electron
excitation, the FNS rotational distribution yields gas
temperature [36]. In the case of excitation via Penning
ionization with He metastables, the rotational temper-
ature is typically higher 30–50 K than gas temperature
[36, 37]. The FNS was successfully used for gas tem-
perature determination in DBDs [38–40] including jet
[33].

Due to the sensitivity curve of our spectrometer drop-
ping rapidly at short wavelengths, we were not able to
measure the N2 SPS at 337 nm with sufficient signal-
to-noise ratio. Consequently, we chose the N2

+ FNS at
391 nm which could be detected with higher intensity.
Additionally, lower spectral resolution is sufficient for
line separation of FNS. Due to the high velocity of the
streamer, valuable measurements were only possible in
the region up to 3 mm above the target, in the period
after the streamer reached the target (t > 200 ns). We
have applied the massiveOES software [41, 42] for fit-
ting with simulated spectrum and for forming a Boltz-
mann plot.

In Fig. 7, the measured FNS band 1 mm above target
is shown together with the best-fit simulation. The dis-
crepancy of the fit at shorter wavelengths comes from
the low intensities of these lines but also from par-
tially established equilibrium. By fitting the stronger
lines (lower rotational levels), a Boltzmann plot was
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Fig. 7 Left: measured N2
+ FNS fitted with simulated spectrum 1 mm above the target. Right: Boltzmann plot from the

measured band. “massiveOES” was used

created, using the option in the massiveOES. The sim-
ulated curve shows T rot = 350 K, while the Boltz-
mann plot gives the T rot = (340 ± 20) K. These tem-
peratures are significantly higher than room temper-
ature, which is not expected for our low-temperature
plasma source. This exceed may be explained by the
use of a highly conductive target, see [43], but also by
the above-mentioned excitation of N2

+(B) in the Pen-
ning processes. To additionally estimate the gas tem-
perature, we have measured the widths of atomic lines
He I 667 nm and 728 nm. Recently, a method was sug-
gested for precise measurement of gas temperature via
Van der Waals and resonant broadening of these lines in
Ref. [44]. From the Lorentz widths of the spectral pro-
files, we estimate the gas temperature near the target
in the interval 320–330 K. This estimation agrees with
the presumption of Penning excitation of N2

+ near the
target. Accurate determination of T gas from He lines
broadening requires more careful experimental exami-
nation and is planned for future studies.

3.6 Radial structure of the streamer

By rotating the reactor by a right angle in front of the
high-resolution spectrometer, the transverse intensity
was measured at two positions and two time instances:
at an early stage of streamer development (50 ns), and
when it has reached the target (200 ns). Again, the
line He I 706.5 nm was chosen due to electronic impact
excitation of this transition.

The Abel transform was applied in order to obtain
the radial intensity distribution from the line of sight
transverse recording. We have used a Fourier-based
Abel inversion procedure provided by Carsten Killer
[45], utilizing the method given in Ref. [46]. The
obtained light intensity distributions are shown in Fig. 8
for two above-mentioned times at positions z = 1 mm

and z = 12 mm. It can be seen that in the early stage
of development, the streamer has a homogeneous den-
sity near the nozzle (z = 1 mm). At a later time,
the tail of the streamer at the nozzle becomes slightly
more structured, see Fig. 3 for reference. On the other
hand, near the target (z = 12 mm) the development
of streamer structure is clearly seen. Namely, as the
streamer reaches the grounded target, a ring-shaped
distribution is formed at 200 ns. In other words, a
distinct maximum is formed at the plume periphery.
The streamer diameter is also reduced toward the tar-
get. Similar conclusions can be drawn from the jet
appearance in time-integrated photography (Fig. 1),
i.e., a seemingly radial structure, narrowing toward the
target. Since the intensity of He I line depends on
local electron density and electric field strength, it may
be concluded that these quantities are higher at the
periphery obeying a ring-shape. Our results agree well
with the results of radial investigation of a sinusoidal
voltage jet in Ref [33].

3.7 Electric field above the target

The macroscopic electric field of the streamer was
investigated using Stark polarization spectroscopy. The
method is based on the Stark shifts of two helium
lines in the presence of strong electric field: the
allowed He I (41D-21P) at 492.2 nm, and the forbid-
den He I (41F-21P) at 492.06 nm, see Refs. [47, 48].
The method used here is already well established and
applied in various discharges both at low and atmo-
spheric pressure [48–50], including plasma jets [16, 19,
51, 52]. Namely, the jet radiation polarized in the field
direction (π-polarization) is recorded and then the mea-
sured spectrum is fitted in the vicinity of 492 nm. The
fitting function includes the forbidden and allowed line
with their shifts correlated to the field using tables in
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Fig. 8 Radial distributions of He I 706.5 nm intensity at two positions and two time instances: left near the nozzle (z =
1 mm), and near the target (z = 12 mm)

Fig. 9 Example of the fitted π-polarized spectrum in the
vicinity of He I 492.2 nm. Dots experimental points; full
lines fit

[48]. Additionally, the fitting function in some cases
must include a field-free component emitted by excited
atoms out of the strong-field region, see the details [50].
In our case, the fitting function included all of the three
above-mentioned He line components as pseudo-Voigt
profile functions. In addition, the N2 molecular band
(SPS) at 491.68 nm was included, with position and
shape taken from massiveOES [41] and tables [53]. An
example of measured π-polarized profile with accom-
panying fit is given in Fig. 9. The profile clearly shows
that the allowed line is much broader than the expected
value: allowed is FWHM = 0.25 nm, compared 0.1 nm
for field-free. Furthermore, the allowed line shows an
asymmetric shape with a strong red tail, which could
not be fitted with the utilized function. All this clearly
indicates the presence of a strong electric field, with
inhomogeneity along the line of sight. Consequently, the
electric field calculated from the fit carries high uncer-
tainty. More precise field value, and a clearer picture,
could be obtained using Abel inversion and/or detailed

Fig. 10 The obtained electric field distribution above the
target with intensity of forbidden and allowed He I line.
Shaded rectangle is the target surface

analysis of the spectrum, similar to the ones in Refs.
[54, 55]. However, this was not possible due to the very
low intensity of He I 492.2 nm and its forbidden coun-
terpart.

The estimated electric field distribution above the
target is given in Fig. 10. It should be noted that
it was not possible to measure the required He lines
with short gate width; therefore, we were not able to
measure the field during the rapid propagation of the
streamer, but only in the vicinity of the target, when a
quasi-stable glow discharge is formed. The centered field
strength, within the uncertainty interval, varies from 23
to 33 kV/cm. The field reaches significantly higher val-
ues than those obtained in sinusoidal voltage jet [16,
19], while it is close to the value reached in nanosecond
pulse jet with grounded glass target [52]. The shape of
the distribution is not clear due to high uncertainty,
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but corresponds well to the distributions near the tar-
get given in [16, 52]. Furthermore, our results of electric
field strength agree well with the modeling and experi-
mental study of a microsecond pulse helium jet by Bour-
don et al. [56]. Specifically, the authors have obtained
a peak field of 45 kV/cm compared with 33 kV/cm in
Fig. 10, but using a much higher voltage amplitude than
the present.

4 Conclusion

A cold helium plasma jet reactor, devised as a device
for treatment of biosamples, is studied experimentally
to obtain the knowledge of its streamer parameters and
structure. The key feature of this setup is a microsec-
ond pulse voltage supply with a rise time ≈400 ns. The
experimental study was based on several methods of
optical emission spectroscopy accompanied with electri-
cal measurement. The spatiotemporally resolved spec-
troscopy showed a fast propagating guided streamer
with velocity reaching 105 m/s near the target. The
axial intensity of different spectral transitions, after the
current maximum is reached, revealed a quasi-stable
glow-like discharge formed above the target with a
reconnection channel. Gas temperature, obtained from
rotational spectra, was higher than expected probably
due to the use of conductive target. Radial radiation
distributions, obtained by Abel inversion, displayed a
ring-shaped streamer structure, in accordance with pre-
vious experiments. Electric field distribution could only
be measured above the target and showed an expected
shape, reaching 33 kV/cm. Compared to the sinusoidal
jet, this experiment showed a much higher streamer
velocity and significantly higher electric field strength.
These effects can be attributed to a fast rise time of the
applied voltage pulse. It can be concluded that variation
of pulse voltage rise time of the order of hundreds of ns
could be used to control the streamer plasma parame-
ters.

Acknowledgements Preliminary results of this study
were partially presented at the conference SPIG 2020 as
a poster presentation, and published in the conference pro-
ceedings. This work was supported by the Ministry of Edu-
cation and Science of the Republic of Serbia within the
projects 451-03-47/2023-01/ 200162 and /200128.

Author contribution

All authors contributed equally to this work.

Data Availability Statement This manuscript has asso-
ciated data in a data repository. [Authors’ comment: The
datasets generated during and/or analyzed during the cur-
rent study are available from the corresponding author on
reasonable request.]

References

1. G. Fridman, G. Friedman, A. Gutsol, A.B. Shekhter,
V.N. Vasilets, A. Fridman, Applied plasma medicine.
Plasma Process. Polym. 5, 503–533 (2008)

2. R. Brandenburg, A. Bogaerts, W. Bongers, A. Fridman,
G. Fridman, B.R. Locke, V. Miller, S. Reuter, M. Schior-
lin, T. Verreycken, K. Ostrikov, White paper on the
future of plasma science in environment, for gas conver-
sion and agriculture. Plasma Process Polym. 16, 1–18
(2019)

3. J. Winter, R. Brandenburg, K.D. Weltmann, Atmo-
spheric pressure plasma jets: an overview of devices and
new directions. Plasma Sources Sci, Technol. 24, 64001
(2015)

4. K.D. Weltmann, T. Von Woedtke, Plasma
medicine—current state of research and medical
application. Plasma Phys. Control. Fusion 59, 014031
(2017)

5. S. Reuter, T. Von Woedtke, K.D. Weltmann, The kIN-
Pen—a review on physics and chemistry of the atmo-
spheric pressure plasma jet and its applications. J. Phys.
D Appl. Phys. 51, 233001 (2018)

6. Y. Lu, S. Wu, W. Cheng, X. Lu, Electric field measure-
ments in an atmospheric-pressure microplasma jet using
Stark polarization emission spectroscopy of helium
atom. Eur. Phys. J. Spec. Top. 226, 2979–2989 (2017)

7. A.V. Nastuta, I. Topala, C. Grigoras, V. Pohoata, G.
Popa, Stimulation of wound healing by helium atmo-
spheric pressure plasma treatment. J. Phys. D. Appl.
Phys. 44, 105204 (2011)

8. M. Laroussi, X. Lu, M. Keidar, Perspective: the
physics, diagnostics, and applications of atmospheric
pressure low temperature plasma sources used in plasma
medicine. J. Appl. Phys. 122, 020901 (2017)

9. T. Von Woedtke, S. Emmert, H.R. Metelmann, S.
Rupf, K.D. Weltmann, Perspectives on cold atmospheric
plasma (CAP) applications in medicine. Phys. Plasmas
27, 070601 (2020)

10. A. Khlyustova, C. Labay, Z. Machala, M.P. Ginebra,
C. Canal, Important parameters in plasma jets for the
production of RONS in liquids for plasma medicine: a
brief review. Front.Chem. Sci. Eng. 13, 238–252 (2019)

11. V. Vijayarangan, A. Delalande, S. Dozias, J.M. Pou-
vesle, C. Pichon, E. Robert, Cold atmospheric plasma
parameters investigation for efficient drug delivery in
HeLa cells. IEEE Trans. Radiat. Plasma Med. Sci. 2,
109–115 (2018)

12. V. Vijayarangan, A. Delalande, S. Dozias, J.-M. Pou-
vesle, E. Robert, C. Pichon, New insights on molecular
internalization and drug delivery following plasma jet
exposures. Int. J. Pharm. 589, 119874 (2020)

13. T. Chung, A. Stancampiano, K. Sklias, K. Gazeli,
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