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1.  Introduction

Nonequilibrium low-temperature atmospheric pressure dis-
charges have a wide range of applications, from environmental 
purposes, over synthesis of high-value materials to the field 
of medicine. Atmospheric pressure plasma jets (APPJs) have 
been one of the most studied nonthermal discharges in the past 
decade [1, 2]. The most prominent applications of APPJ are 
in the field of plasma medicine, where numerous studies have 

been performed and still attract the attention of many research 
groups [3] in the fields of physics, chemistry and biology. 
Living tissue interaction with plasma is of key importance 
for the understanding and optimization of healing processes  
[2, 4]. Living tissue mainly consists of water, thus such a type 
of interaction could be approximated by plasma–liquid inter-
action. Recent studies revealed that the majority of the key 
chemical species for plasma medicine are generated in the 
gas phase [5] i.e. inside the capillary and in the effluent of 
the plasma jet. The production efficiency of a chemical spe-
cies is a direct consequence of the physical properties of the 
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Abstract
The article describes the complex study of the interaction of a helium plasma jet with distilled 
water and saline. The discharge development, spatial distribution of the excited species, 
electric field measurement results and the results of the Schlieren imaging are presented. The 
results of the experiments showed that the plasma–liquid interaction could be prolonged with 
the proper choice of the gas composition between the jet nozzle and the target. This depends 
on the gas flow and the target distance. Increased conductivity of the liquid does not affect 
the discharge properties significantly. An increase of the gas flow enables an extension of the 
plasma duration on the liquid surface up to 10 µs, but with a moderate electric field strength in 
the ionization wave. In contrast, there is a significant enhancement of the electric field on the 
liquid surface, up to 30 kV cm−1 for low flows, but with a shorter time of the overall plasma 
liquid interaction. Ignition of the plasma jet induces a gas flow modification and may cause 
turbulences in the gas flow. A significant influence of the plasma jet causing a mixing in the 
liquid is also recorded and it is found that the plasma jet ignition changes the direction of the 
liquid circulation.
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discharge itself. In addition, there have been recent articles 
presenting modeling outcomes of the influence of the liquid 
target on the plasma jet parameters such as electron density, 
electron temperature and the electric field distribution [6–8].

The aim of this work is to give a physical explanation of 
recent measurement results for chemical species produc-
tion and also to experimentally confirm the newest modeling 
predictions. The article presents results of the spatio-tem-
porally resolved imaging of the helium plasma jet–liquid 
target interaction. Distributions of the emissions of several 
excited chemical species are measured in order to identify 
the main excitation mechanisms. Utilizing the method of 
Stark polarization spectroscopy, the electric field strength 
distribution in a helium plasma jet interacting with a liquid 
target is also obtained and compared with the case of free 
expanding plasma jet. The electric field strength is proven to 
be one of the most important plasma jet parameters, which 
is recognized by many research groups who put effort into 
developing new or adopt existing methods for the electric 
field determination in various types of nonthermal plasma 
jets [9–14]. Measurements are supported by simultaneous 
Schlieren imaging of both the effluent of the plasma jet and 
the water target.

It was previously shown that, for a constant gas flow 
rate, the distance between the liquid target and the plasma 
jet nozzle influences the production of active chemical spe-
cies such as OH radicals [5]. In addition, for a fixed plasma 
jet–liquid target distance, a change of the gas flow rate influ-
ences the plasma jet structure and footprint on the liquid 
target [15]. After the exit from the dielectric tube, the ioniz
ation wave is developing at the interface between the helium 
flow and ambient air. It has a volume trajectory that follows 
the 98%–99% helium-air mole fraction line, the boundary 
of the so called ‘helium core’ [16–19]. The ionization wave 
has an annular structure, which contracts during the propaga-
tion due to the air diffusion into the helium and shift of the 
mentioned 98%–99% helium-air mole fraction line towards 
the plasma jet axis. The ionization wave propagation is influ-
enced by the presence of the target and the nature of the 
interaction depends on the target properties, the distance of 
the surface from the tube exit and the position of the elec-
trical ground [20–22]. A metallic target present downstream 
from the helium flow may increase the maximal velocity of 
the streamer up to four times and double the peak electric 
field strength [23]. When the target is made of a dielectric 
material, it was shown that an increase of the permittivity 
of the material causes an increase of streamer parameters 
such as velocity, electric field strength, electron temperature 
and electron impact ionization source [6]. In the vicinity of 
the surface, a luminous sheath appears, probably as a con-
sequence of the electric field enhancement, as was shown 
in the case of a solid dielectric target [24, 25]. The present 
work focuses on a detailed study of the plasma jet impinging 
the liquid surface. In order to emphasize the complexity of 
the plasma jet–liquid target interaction, two parameters were 
changed: the distance between the plasma jet and the liquid 
surface and the gas flow rate.

2.  Experimental setup

The atmospheric pressure helium plasma jet used in this study 
has been described in detail in our previous articles [10, 25–
27]. The plasma jet is configured coaxially with a high-voltage 
electrode centered inside a Pyrex tube (2.5 mm inner diameter, 
4 mm outer diameter) and a grounded ring electrode (3 mm 
width) placed around the glass tube, positioned 5 mm down-
stream from the powered electrode. The distance from the 
grounded electrode to the exit of the glass capillary is 19 mm 
[26]. Helium (Messer, 99.996% purity) is introduced through 
the inner tube electrode made of stainless steel (0.8 mm inner 
diameter, 1.6 mm outer diameter). The gas flow is controlled 
by a Bronkhorst® mass flow controller in the range of 700–
2000 standard cubic centimeters per minute (SCCM). The jet 
is powered by a sinusoidal high voltage with amplitude of 2 kV 
and 30 kHz frequency. Electrical parameters are measured with 
the oscilloscope Lecroy Waverunner 610Zi (1 GHz, 20 Gs s−1), 
which operated in sample mode. The voltage was measured 
with a Tektronix P6015A high-voltage probe and the current 
was measured via a 100 Ω non-inductive resistor connected in 
series with the grounded electrode. Liquid samples are set in a 
Petri dish and three distances are used between the glass capil-
lary and the liquid surface, i.e. 5, 7 and 10 mm, see figure 1. 
Distilled water and physiological saline (NaCl solution 0.85%) 
are used as targets. The liquid surface acts as a floating elec-
trode during the interaction with the plasma jet.

The dynamics of the propagation of the ionization waves in 
the tube, air and its interaction with the liquid surface is moni-
tored with an iCCD (Andor iStar) camera with a 1024  ×  1024 
pixel chip. For space-resolved spectroscopic measurements, 
the plume of the plasma jet is projected with an achromatic 
lens (150 mm focal length) on the slit of a 1 m spectrometer 
(Solar MSDD 1000) with a 1200 g mm−1 diffraction grating in 
a 1:1 ratio. Emitted light is polarized in the axial electric field 
direction (π polarization) by a plastic polarizer and detected 
using an iCCD (PI-MAX2, Princeton Instruments) with 
1024  ×  1024 pixels. The slit width was kept at 70 µm, which 
resulted in an instrumental half width of 0.051 nm, and the 

Figure 1.  Schematics of the measurement setup for Stark 
polarization spectroscopy [26].
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spatial resolution was 12.5 µm/pixel. The iCCD was synchro-
nized with the current signal using an external trigger unit and 
each image was obtained with 90 accumulations and 100 000 
exposures per accumulation. Stark polarization spectroscopy, 
a non-perturbing method based on the Stark effect of helium 
lines developed by Kuraica and Konjević [28], is used for 
the measurements of the electric field strength distribution. 
Basically, Stark splitting and shifting of the allowed He I 
line at 492.19 nm (21P-41D) and forbidden He (21P-41F) line 
depend on the value of the external electric field. Measurement 
of the distance between these lines enables evaluation of the 
electric field. More details about this method and the applied 
procedures can be found in our previous publications [9, 23, 
26, 29].

For Schlieren imaging, a simple two-lens system is used 
[30], with two lenses of 45 cm focal length, a high-power LED 
source at 625 nm, a knife edge blade and an Andor iStar iCCD 
camera for recording the Schlieren images. In addition, two 
lenses and a diaphragm were used for focusing and adjust-
ments, as shown in figure 2. The images are taken with the 
blade at the focal point of the second lens with an exposure 
time for every image of 33 µs i.e. one voltage period. Two ori-
entations of the blade enabled the observation of the change 
of gas density in two directions. In order to observe the inter-
action of the gas flow and the plasma plume with the liquid, 
a rectangular glass vessel with plane-parallel sides was con-
structed as a liquid container.

3.  Results and discussion

3.1. Time-resolved plasma development in the APPJ and the 
influence of the liquid target

Electrical properties of the investigated plasma jet interacting 
with the distilled water positioned 7 mm from the capillary 
tube nozzle and with a helium flow of 1000 SCCM are pre-
sented in figure 3. As shown in figure 1, the current is mea-
sured at the ground. Every positive voltage half-cycle is 
characterized by one strong current peak, marked as ‘1’ in 
figure 3, originating from the primary asymmetric dielectric 
barrier discharge ignition between the bare high-voltage elec-
trode and glass-covered grounded electrode [25, 27]. A nega-
tive current peak, marked as ‘2’ in figure 3, is much smaller, 
but substantially wider [25]. Besides these usual appearances, 
a small current peak is observable about seven microseconds 
after the positive current peak, marked as ‘3’ in figure 3. Such 
an occurrence does not appear in the case of a free expanding 
plasma jet [27], but it is noted when the target is made of a 

solid dielectric [25]. The sign of current peak ‘3’ is opposite 
to the main current peak and corresponds to the moment when 
the ionization wave reaches the target. Similar electrical char-
acteristics are recorded for all sets of conditions and the only 
notable difference is in the position of current peak ‘3’ due to 
the different velocities of the ionization waves for different 
target distances and flows. The yellow-colored rectangle in 
figure 3 corresponds to the interval of the spatio-temporally 
resolved measurements of the plasma jet emission develop-
ment. A different recording interval is selected for every 
experimental condition, i.e. different gas flows and target 
distances. The results are presented in figures  4–7. Spatio-
temporally-resolved emission measurements that correspond 
to the smaller rectangle window in figure 3 are presented in 
figure  5. A smaller patterned rectangle matches the ioniz
ation wave propagation between the end of the nozzle and the 
target. The ionization wave starts its development under the 
grounded electrode during the moment of the positive current 
peak maximum.

The following figures  in the subsection demonstrate 
the tremendous differences in discharge properties caused 
only by nonelectrical parameters: gas flow rate and distance 
between the capillary and the target. All figures are recorded 
with 100 ns temporal resolution and show the ionization wave 
transfer through part of the capillary, along the gap and finally 
the sheath development on the surface of the liquid. Every 

Figure 2.  Experimental setup for Schlieren imaging.

Figure 3.  Applied voltage and current measured at the ground for a 
target distance of 7 mm and a gas flow of 1000 SCCM. The colored 
rectangle marks the period of the discharge development in the part 
of the tube and in the gap and the interval of the spatio-temporally 
resolved measurements of the plasma jet emission development. 
The smaller, patterned rectangle corresponds to the ionization wave 
propagation and represents the gate width of the spectroscopic 
measurements.
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discharge development is recorded with more frames and 
here we present only the characteristic ones. Thus, the reader 
should be aware that the presented frames are not temporally 
equidistant. Figure 4 gives the recorded plasma jet luminosity 
development for a target distance of 7 mm and a gas flow of 
700 SCCM. The discharge resembles many free expanding 
plasma jet characteristics; ionization wave is much faster in 
the gap than in the tube, it consists of a bright head and much 
less luminous channel behind it, while its radius decreases as 
it moves away from the nozzle. It crosses the gap for approxi-
mately one microsecond. When the streamer crosses the gap, 
a strong and luminous reconnection channel instantaneously 
forms between the target and the high-voltage electrode at 
t  =  2200 ns, emphasizing the conductivity of the streamer 
channel. Then, a very weak and short cathode glow is observ-
able in the following few hundreds of nanoseconds. Finally, the 
whole discharge in the observed space window lasts about 2.7 
µs and radial spreading of the streamer over the water surface 
is not observed, which is in line with modeling predictions [7]. 
Namely, there is no surface charging for higher permittivity of 
the target, which would induce a horizontal component of the 
electric field that would promote a surface ionization wave. In 
contrast, a small permittivity enables fast charging of the sur-
face and high electric field strength in the horizontal direction, 
which governs the surface ionization wave [6].

A slight alteration of the discharge conditions may con-
siderably change the discharge properties, as presented in 
figure 5. Figure 5 shows the discharge development when the 
target is posted at the same distance as in figure 4, 7 mm away, 
but the gas flow is increased from 700 SCCM to 1000 SCCM, 
i.e. helium velocity at the exit of the tube increased from 2.4 
to 3.4 m s−1. Such a change increased the discharge duration 
from 2.7 to 9.6 µs, and the pure plasma liquid interaction dura-
tion from less than 0.5 µs to more than 7.4 µs. The develop-
ment of the discharge presented in figure 5 is rather complex. 
A cathode-directed ionization wave strikes the liquid surface 
approximately 1 µs after leaving the capillary, similar to the 
ionization wave in figure 4, and in the exact moment when 
current peak ‘3’ is detected in a current signal 7 µs after the 
main discharge current peak ‘1’. When the streamer reached 
the water surface, the first reconnection channel occurs, fol-
lowed by a weak and short cathode glow. This occurrence cor-
responds to the 2900–3200 ns frames in figure 5 and roughly 
10 µs in figure 3. At first sight, an irrelevant increase of the 
gas flow enables prolongation of the plasma liquid interaction 
through a second stronger reconnection channel, the 3300 ns 
frame in figure 5, and the formation of a longer and brighter 
cathode glow. In addition, a slow backward discharge front 

starts to propagate towards the tube and lasts about 5 µs. At 
the end, the discharge vanishes through 2–3 µs of the cathode 
glow. Higher gas flow obviously enabled higher purity of the 
helium in the vicinity of the water surface for the development 
of a kind of transient glow discharge between the high-voltage 
electrode and the water surface, similar to an atmospheric dc 
glow discharge using a liquid electrode [31, 32]. The inten-
sity of the cathode sheath emission is evidently weaker than 
the emissivity of the ionization wave head or reconnection 
channel, probably due to a small value of the secondary emis-
sion coefficient, which is 2–3 orders of magnitude smaller 
than for a metal electrode [33, 34].

In order to confirm previously presented results, additional 
measurements are performed with a flow of 1000 SCCM for 
different gaps: 5 mm, figure 6 and 10 mm, figure 7. The first 
conditions correspond to the low air content in helium, i.e. 
more extreme conditions than in figure  5. The results pre-
sented in figure  6 are indeed very similar to the results in 
figure 5. The discharge consists of a streamer, reconnection 
channel and a cathode glow with an evident slow backward 
discharge front. The total duration is about 10 µs. The dis-
charge conditions of the results shown in figure 7 are similar 
to those presented in figure 4, i.e. they resemble higher intru-
sion of air in helium. As expected, the results are similar, the 
discharge consists of a streamer, weak reconnection and very 
short and weak cathode glow. The discharge development 
lasts about 1.9 µs. The results presented in this subsection 
once again underline the decisive role of the gas composition 
in the development of the plasma jet discharge in contact with 
a liquid target.

As can be seen from figure 5, the development of the plasma 
jet discharge in contact with the target is qualitatively similar 
to the single microdischarge development in a dielectric bar-
rier discharge [35–37]. Accordingly, the plasma jet represents 
a suitable experimental arrangement for investigations of the 
discharge interaction with liquid. Namely, DBD in contact 
with liquid, which is widely used for the decomposition of 
various pollutants dissolved in water, consists of numerous 
temporally and spatially unstable microdischarges and their 
diagnostics is challenging. On the other hand, the plasma jet–
liquid interaction starts with a guided ionization wave that is 
reproducible and stable. Its development is within the time 
scale that is three orders of magnitude longer than in the case 
of a microdischarge in air, so the use of conventional diag
nostic tools, such as an iCCD camera is convenient. Also, the 
ionization wave develops in a much longer, centimeter scale, 
discharge gap. The differences between an air microdischarge 
and the plasma jet in contact with a target are mainly due to 

t=600ns 900ns 1200ns 1300ns 1400ns 1500ns 1600ns 1700ns 1800ns 1900ns 2000ns 2100ns 2200ns 2300ns 2400ns 2500ns 2800ns
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Figure 4.  Spatio-temporal development of the plasma jet emission during the positive half cycle for a gas flow of 700 SCCM and a 
distance of the distilled water target of 7 mm. Please note that the frames are not temporally equidistant.
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the different values of the first Townsend ionization coef-
ficient, which causes lower electric fields and velocities of 
noble gas ionization waves.

3.2.  Spatial distribution of some excited species

Electric field measurements are performed utilizing the 
spectroscopy of the allowed He I (21P-41D) and the forbidden 

He (21P-41F) line at wavelengths around 492 nm only during 
the ionization wave propagation between the jet nozzle and 
liquid target. Obtaining the spatial development of these lines 
enabled the investigation of the development of several trans
itions appearing in the same 10 nm-wide spectral window of 
the iCCD, see figure 8. Beside helium lines, it was possible to 
observe: Hβ line at 486.14 nm, the nitrogen molecule second 
positive system (SPS) transition N2 (C 3Πu)ν′=1  →  (B3Πg)ν″=7 

ca
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m
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t=700ns 1000ns 1300ns 1600ns 1900ns 2000ns 2100ns 3000ns 2200ns 2300ns 2400ns 2500ns

2600ns 2700ns 2800ns 2900ns 3000ns 3100ns 3200ns 3300ns 3400ns 3500ns 3800ns 4100ns

4400ns 4700ns 5000ns 5300ns 5600ns 5900ns 6200ns 7200ns 8200ns 9200ns 10200ns

Figure 5.  Spatio-temporal development of the plasma jet emission during the positive half cycle for a gas flow of 1000 SCCM and a 
distance of the distilled water target of 7 mm. Please note that frames are not temporally equidistant.
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Figure 6.  Spatio-temporal development of the plasma jet emission during the positive half cycle for a gas flow of 1000 SCCM and a 
distance of the distilled water target of 5 mm. Please note that frames are not temporally equidistant.
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at 491.68 nm and the nitrogen molecular ion first nega-
tive system (FNS) transition N+

2  (B2Σ+
u )ν′=4  →  (X2Σ+

g )ν′′=7 
at 495.79 nm [38]. It should be noted that the polarizer was 
present during all spectroscopic measurements, but in the case 
of the emission intensity analysis, it acts only as a neutral 
density filter and does not affect the quality of the obtained 
information.

According to the dominant excitation mechanisms, four 
optical emissions studied in this subsection could be divided 
in two groups [39, 40]. The He line and the second positive 
system band belong to the group where direct excitation by 
energetic electrons is dominant, while the Hβ line and the first 
negative system band belong to the group where metastables 
play a significant role in the excitation. The excited state of 
the nitrogen molecular ion (EN+

2 (C)  =  18.7 eV) is efficiently 
produced through the resonant reaction channel between met-
astables of helium (E2 3S  =  19.8 eV and E2 1S  =  20.6 eV) and 
nitrogen in the ground state in the so-called Penning ioniz
ation process. Hβ appears due to energy transfer from the He 
metastable atoms [He(23S)] and molecules [He2(a3Σu)] [41], 
which was also confirmed experimentally for the helium 
plasma jet [39]. The exposure time, number of exposures and 
accumulations were the same for different conditions, so it 
was possible to compare intensities of the observed emissions 
and qualitatively analyze the production of excited species 
with dependence on the discharge conditions. The results of 
the space-resolved optical emission measurements of these 
four transitions during the ionization wave propagation are 
presented in figure 9. The dependencies of the spatial intensity 

distributions on the gas flow for the free expanding plasma 
jet and the plasma jet in contact with a liquid surface, pre-
sented in figure 9, give a rough picture of the target and gas 
flow influence on the electric field distribution, metastable 
densities and finally on the production of active chemical 
species in the ionization wave. Also, the results of the target 
conductivity influence on these distributions are presented in 
figure 9. Similar results are obtained for target distances of 5 
and 10 mm, but not presented here.

For the free expanding plasma jet, top values of all emis-
sions are similar, but shifted in space due to the different gas 
compositions caused by the different helium flows. The emis-
sions follow the trend of the electric field strength distributions 
published in one of our previous articles, where the maximal 
values of the electric field are also similar, but shifted away 
from the tube as the gas flow increases [26].

When the liquid target is placed 7 mm downstream from 
the nozzle, two scenarios are observed depending on the 
gas flow, see figures 4 and 5. The plasma liquid interaction 
is weak for the flow of 700 SCCM, and the discharge con-
sists of a streamer and a short-living reconnection channel. 
The emission intensity of the He I 492.19 nm line, figure 9(a), 
is similar to the free expanding plasma jet case. The differ-
ence between the free expanding plasma jet and the plasma 
jet interacting with a liquid target is notable in the vicinity of 
the target when intensities of the observed transitions drop. 
Emissions of helium line and the SPS of nitrogen give the 
information about the convolution of electron density, elec-
tron energy and the density of the atoms in the ground state. 
The intensity of the N2 SPS has an increase in comparison to 
the free plasma jet for the flow of 700 SCCM, and a maximum 
closer to the nozzle, which could be understood through a 
much lower excitation energy (11 eV) in comparison with the 
He line (23.7 eV). Much more interesting are the emissions 
of N+

2  FNS and especially the Hβ line, as these emissions are 
increased two and four times, respectively, only by the intro-
duction of the target. A maximum of the intensity of these 
two emissions is positioned in the center of the gap, similar to 
the emission of the N2 SPS. Based on the intensities of these 
emissions, one can conclude that the presence of the target 
induced an increase of the density of helium metastables. 
Detailed study of the influence of the conductive target on the 
helium metastable production is offered in [42]. It was shown 
that the presence of a conductive target induces an increase 
of the helium metastable density for one order of magnitude. 
These results are also in accordance with the results presented 
in [43], where a correlation between the N+

2  density with the 
metastable density is confirmed for the positive polarity of the 
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Figure 7.  Spatio-temporal development of the plasma jet emission during the positive half cycle for a gas flow of 1000 SCCM and a 
distance of the distilled water target of 10 mm. Please note that frames are not temporally equidistant.

Figure 8.  Part of the optical emission spectra observed during the 
plasma jet–liquid target interaction.
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plasma jet in contact with a metallic target. The behavior of the 
OH band emission is shown to be very similar to the Hβ line 
intensity distribution in the helium plasma jet interacting with 
a conductive target [39]. The presence of the target caused a 
high growth of Hβ emission, which leads to the conclusion 
that the OH density also increases, which is in agreement with 
the OH density laser-induced fluorescence measurements for 
the free expanding plasma jets and jets in contact with dif-
ferent targets, including liquid ones [44]. The increase of the 
gas flow to 1000 SCCM causes stronger interaction between 
the streamer and the target, according to the intensity of most 
of the emissions. Also, most of the emissions are shifted 
towards the liquid target, which makes this set of conditions 

more convenient for applications. The plasma jet properties 
at two gas flows, 700 and 1000 SCCM, are comparable with 
‘touching’ and ‘not-touching’ plasma jet situations studied in 
recent publications dealing with the modeling of the plasma 
jet-liquid target interactions [7, 45]. These studies predicted a 
slight decrease of the ionization wave velocity and ionization 
source due to the increase of liquid conductivity. This is also 
observable in figure 9, where the intensities of all observed 
emissions decrease when a distilled water target is substituted 
by a physiological saline solution. Finally, a drastic increase 
of gas flow, 1500 and 2000 SCCM, leads to a drop of inten-
sities of all emissions far below the free expanding plasma 
jet, probably due to the increased helium content and the 

Figure 9.  Spatial distributions of different emissions for the free expanding plasma jet and the plasma jet in contact with a liquid target. 
The target was placed 7 mm downstream from the end of the glass tube, and gas flow was changed in the range of 700–2000 SCCM. On the 
x-axis, z represents the distance from the tube end.
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turbulences in the space between the nozzle and target. Based 
on all mentioned observations in this subsection, very simple 
spectroscopic measurements can give basic information of the 
activity and efficiency of plasma jet–liquid target interaction, 
which could be used for a feedback loop system to control the 
plasma jet properties, as suggested in [46].

3.3.  Electric field measurements

The electric field profiles in the plume of the plasma jet 
obtained for different helium flows when the jet interacts with 
distilled water placed 7 and 10 mm below the glass capillary 
are presented in figure 10. The graphs show an evident increase 
of the electric field along the jet axis for all the flows. The dra-
matic influence of the gas flow rate on the electric field value 
represents a unique feature of the plasma jet. Such an influ-
ence of a non-electrical parameter on the electric field profile 
in the plasma jet was also found in a freely expanding jet [26]. 
In the area 1–2 mm above the liquid there is an increase and 
saturation of the electric field for lower gas flows, compared 
to the profile in the major part of the gap.

For higher gas flows, no particular change in the electric 
field profiles could be observed in the area just above the 
liquid. The value of the electric field strength at the contact 
point increases by a factor of 3 for a change of the gas flow 
from 2000 SCCM to 700 SCCM. For all gas flows, the electric 
field reaches a peak value close to the liquid surface ranging 
from 8–30 kV cm−1, with a distinct feature—the lower the 
helium flow, the higher the electric field strength. Similar pro-
files of the electric field are observed for 7 and 10 mm dis-
tances, but the slope of the field increase is a bit faster with 
a shorter distance. Electric fields in the range of 30 kV cm−1 
measured in the head of the ionization wave near the liquid 
surface under some of the examined conditions may be suffi-
cient for the electroporation of cells if their duration is higher 
than 60 ns [47], which is fulfilled in the case of the examined 
plasma jet. After the analysis of the figures  that present the 
discharge development spatial emission of different species 
and the electric field strength in the head of the ionization 
wave under various conditions, it is clear that high electric 
field in the streamer head does not always mean the strongest 

and longest plasma liquid interaction. From these figures, one 
can conclude that there are optimal conditions that can bring 
high electric field with high production of reactive species and 
an increased interaction length. In our experiment, it was for 
a flow of 1000 SCCM with a target placed 7 mm downstream 
from the nozzle. Higher helium flow means lower electric 
field in the streamer head. That is due to the much higher 
values of the first Townsend coefficient for a certain electric 
field in pure helium than in helium with the addition of air [26, 
48, 49]. Furthermore, nitrogen ions are the main constituents 
of the space-charge layer and a lack of nitrogen in the flow 
reduces the space-charge density, and consequently the elec-
tric field strength. On the other hand, a higher He/Air ratio is 
favorable for a glow-like discharge development, similar to 
the conventional dielectric barrier discharge in helium [50]. 
Thus, the discharge duration extends due to the high purity 
helium as a medium gas. That is why a higher electric field of 
the ionization wave does not mean a stronger overall plasma 
jet–liquid target interaction.

In order to determine which parameter, gas flow or a liquid 
target presence, has a decisive role in the electric field distri-
bution in the streamer head, the electric field distributions for 
the free expanding plasma jet and the plasma jet impinging 
the water surface for different gas flows are presented in 
figure 11. It is clear that the liquid target influences the elec-
tric field values in the case of a low gas flow and further target 
distances, figure  11(a)–(c). In contrast, the target does not 
impact the electric field strength values for higher gas flows, 
figures 11(d)–(f), but it obviously affects the stability and the 
reproducibility of the discharge according to the scattering of 
the experimental points. There are two types of influences of 
the target on the plasma jet. The first is an elongation of the 
plume and the second is an increase of the electric field in 
the vicinity of the water surface. The elongation of the plume 
is the consequence of the plasma–gas flow interaction, which 
is observed in this kind of discharge. More discussion about 
this phenomenon is given in the following subsection. The 
enhancement of the electric field strength in the vicinity of 
the surface layer, which is especially noticeable for the gas 
flow of 1000 SCCM, is a consequence of the electric poten-
tial compression against the high permittivity water layer 

Figure 10.  Electric field strength distributions in the plume of the plasma jet touching the surface of the distilled water positioned at (a) 
7 mm and (b) 10 mm downstream from the glass tube for different gas flows.
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and charging of the surface, as argued in [45]. For higher gas 
flows, there is no visible contraction of the jet on the liquid 
surface, thus there is no effect of the smaller volume, and the 
electric potential compresses on a relatively large surface, 
which causes less electric field enhancement. Furthermore, 
there is a higher scattering of the experimental points for 
higher gas flows and a more pronounced dimpling effect at the 
jet striking point to the water surface, which could block the 
optical path of the light, so that electric field increase detec-
tion is more challenging.

The electrical conductivity influence of the water target on 
the electric field distribution is also a focus of interest of this 
article. The dielectric constant of a solution decreases with the 
salt concentration and for a 0.85% NaCl solution the dielectric 
decrement is less than 2%, with a relative permittivity of 80 
for water and 78.6 for the solution [51, 52]. The computational 
study of the plasma jet touching dielectric and metal surfaces 
showed that an increase of relative permittivity from 2 to 80 
leads to an increase of the electric field which saturates by 
εr  =  80 prior to striking the surface with a peak magnitude of 
28 kV cm−1 [6]. The model predicts there is little difference in 
peak magnitudes and spatial distribution between εr  =  80 and 
a metal surface. As was noted in the previous subsection, the 
increase of the water conductivity caused a slight drop of the 
intensity of all observed optical emissions. Modeling of the 
plasma jet interaction with a liquid target predicts a slightly 
slower ionization wave when the conductivity of the target is 
substantially higher than the distilled water conductivity [45]. 
The increased conductivity of the liquid distributes the poten-
tial along the surface more uniformly, which then reduces the 
vertical electric field. Nonetheless, the predicted reduction of 
the value of the electric field strength is not large, 10% or less 
at the surface of the liquid target.

In order to study the influence of the liquid conductivity on 
the electric field strength, the distilled water is substituted by 

a 0.85% NaCl solution. The electric field distributions when 
the plasma plume touches distilled water and NaCl solution 
placed 5, 7 and 10 mm downstream from the glass tube are 
shown in figure 12, for the 1000 SCCM flow rate. Despite the 
fact that the initial conductivity of distilled water was 2.5 µS 
cm−1, while that of physiological saline was 14.94 mS cm−1, 
measurement results for these two liquids gave the values 
of the electric field that are similar within the experimental 
errors. Thus, one can conclude that the conductivity of the 
liquid target does not substantially change the electric field 
strength in the ionization wave, which is in fair agreement 
with modeling outcomes.

Taking into account discrepancies between the com-
putational configuration and experimental conditions, the 

Figure 11.  Comparison of the electric field strengths in the streamers of free expanding plasma jets and plasma jets interacting with targets 
for different gas flow rates and target distances.

Figure 12.  Electric field strength distributions in the plume of 
the plasma jet touching the surface of the distilled water and 
physiological saline solution placed at different positions from the 
glass tube, with a 1000 SCCM He flow.
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results of this study (electric field of 26 kV cm−1 for a 7 mm 
distance) are in good agreement with the modeling invest
igation. Modification of the electrical properties of water 
with the addition of sodium chloride is not reflected on the 
electric field measurements. On the other hand, the presence 
of a target significantly increases the electric field strength in 
the area just above the target, compared to the free expanding 
jet, as was previously shown for a metal target [23]. At first 
glance, it could seem that the presence of the target and gas 
flow rate are of secondary importance for the discharge con-
ditions. However, further considerations point out that the gas 
flow rate influences the gas composition, the medium where 
the ionization wave propagates. Streamer propagation is gov-
erned by the value of the first Townsend coefficient, which is 
determined by the gas composition. Subsequently, it is clear 
why gas flow rate dominantly affects electric field strength. 
The presence of a target changes the applied potential and the 
type of the target also has great influence on the electric field 
strength, as shown in the study of Norberg et al [6].

3.4.  Schlieren imaging

As was mentioned earlier, the bulk of the reactive species are 
produced in the gas phase of the plasma jet [5]. Moreover, it 
was shown that the distance between the target and the plasma 
jet nozzle, for a fixed gas flow, affects the production of the 
reactive species. These facts are in line with the outcomes of 
this article. The electron energy, electron density and the reac-
tion rates of the production of the active chemical species are 
a function of the electric field strength [17, 48]. The electric 
field strength in the ionization front of the streamer acts as a 
good candidate for the modification and comparison of dif-
ferent plasma jet configurations. Our previous study of the 
same type of jet operating without a target demonstrated that 
the electric field profile and length of the plume are governed 
to a large part by the gas mixing and the change in the molar 
fraction of gases induced by an increase of gas flow and the 
onset of turbulences and vortices [26]. The molar fraction of 
air in helium flow increases with an increase of distance from 
the capillary [26]. For low flows, this leads to a constriction of 

Figure 13.  Schlieren images of the jet without a target for different gas flows. The exit of the vertically installed plasma jet is visible on 
the top in all images. Horizontally positioned blade permits visualization of the vertical gradient of the refractive index, i.e. gas mixing. 
Vertically positioned blade enables visualization of the changes in the refractive index in the horizontal direction.
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the plasma bullet, which collapses into a point just at the liquid 
surface. Constriction is observed by the naked eye, while for 
high flows a formation of vortices and branching of the plume 
above the liquid surface appears. In order to visually connect 
electric field strength with helium flow rate and consequently 
helium mixing with air, a Schlieren setup is arranged.

Visualization of the fluid-dynamics of the jet both freely 
expanding and in configuration with a water target are pre-
sented in figures 13 and 14, respectively. The set of images 
are selected from among numerous recordings to reflect the 
overall behavior noted in every studied case. A subtraction 
with images obtained without flow and plasma is done in 
every situation to obtain the proper contrasts. In the gas phase, 
the visualized contrast is due to density changes because of 
the mixing of helium in air and possible heating. In the liquid 
phase, most likely the temperature is causing the density to 
change, creating the contrast.

The influence of the discharge on the gas flow is clearly 
notable for all conditions of the free expanding plasma jet, 
see figure 13. Namely, as the plasma jet is pointed down, the 
effect of buoyancy is conspicuous when the discharge is not 
ignited and it is especially visible for lower gas flows using the 
vertical blade when the mixing region is wide, which is repre-
sented by a wide gray region. The observation of the buoyancy 
effect for the presented configuration is in accordance with the 
theoretical prediction. Namely, the buoyancy can be consid-
ered as negligible if the Richardson number (Ri) is in the range 
of 10−3 or smaller, see [53] and references therein. For the free 
expanding plasma jet studied in this article, Ri is in the range 
of 0.027 for the gas flow of 700 SCCM to the 0.0033 for 2000 
SCCM. Thus, the buoyancy effect could not be neglected in 
all our experiments. Calculated Reynolds numbers (Re), for 
the same conditions are in the range of 50–144. When the gas 
flow is increased, the gas mixing region constricts because the 
dynamic pressure force exceeds the buoyancy force. For the 
whole examined gas flow range, the flow is laminar when the 
plasma is switched off. When the plasma is switched on, the 
mixing region constricts immediately for all flows. Thus, the 
force induced by the plasma has the same direction as the gas 
flow. Qualitative analysis of the Schlieren images recorded for 
the vertical blade position leads us to the conclusion that the 
plasma affects the flow in a similar way to an increase of the 
gas flow for 500 SCCM, due to the similarity of images for 
2000 SCCM without plasma and 1500 SCCM with plasma. 
The plasma–flow interaction is more observable at a high gas 
flow, i.e. 2000 SCCM, when the plasma ignition induces a gas 
flow modification in the form of a turbulent propagating front 
in the gas phase. Turbulences are visible for both orientations 
of the blade. According to [53], the flow remains laminar 
for Re  <  200 when it comes into the transition regime and it 
becomes fully turbulent for Re  >  650. In the case of a studied 
plasma jet, Re  =  200 for a helium flow of 2770 SCCM, and 
thus the minimal influence of the plasma on the gas flow cor-
responds to the flow increase of about 800 SCCM.

When the liquid target is placed downstream from the 
glass tube, the gas flow induces a small dimpling effect 
with a diameter similar to the tube diameter, observable by 
the naked eye. The Taylor cone appearance described in the 

literature [54, 55], which could appear as a consequence of 
the high electric field in the streamer head in front of the 
liquid surface when the plasma is turned on, has not been 
observed, probably due to the compensation by the dimpling 
effect, similar to the atmospheric pressure glow discharge in 
a needle-to-liquid electrode configuration with a downstream 
helium flow [31, 32].

In the impinging configuration with a liquid target, a tur-
bulent wave front propagating from the jet axis along the sur-
face of the water appears and vortices can be seen close to 
the intersection point of the jet and surface. Similar effects 
have been noted with a metallic and dielectric substrate in the 
work of Boselli et al [56]. The addition of NaCl to the distilled 
water does not induce any apparent difference to the gas flow 
dynamics compared to distilled water alone. For this reason, 
only images displaying plasma-distilled water interaction are 
presented in figure 14.

The fluid dynamic instabilities and promotion of the trans
ition of the laminar gas flow to the turbulence have been 
recently studied in detail [56, 57]. Due to the interaction with 
a liquid surface, the gas flows along the surface of the water 
and restrikes upstream making a mushroom-like shape, see 
the images using a horizontal blade position with the water. 
The spreading of the helium flow in radial and axial directions 
(horizontal and vertical blade positions, respectively) leads to 
an incremental expansion of this shape with an increase of 
the gas flow rate up to 2000 SCCM, see the dashed lines on 
the left side of figure 14. An interesting action of the plasma 
on the gas flow is also observed when the target is present. 
The discharge ignition expands the helium flow and keeps the 
mixing region spreading to a constant distance for all laminar 
flows, as marked by the dashed lines at the right-hand side of 
figure 14. The intersection of the plasma with the water results 
in a spreading of the sheath just above the liquid as long as 
there is a laminar flow, while an onset of turbulence with 
plasma at 2000 SCCM non-uniformly constricts this structure.

The mixing of the helium flow with air and the lateral 
extension of the flow above the liquid surface when plasma is 
formed could explain the low value of the field measured all 
the way to the surface for the high values of the flow. Namely, 
if Schlieren images for 5, 7 and 10 mm are compared (not 
shown here), it is clear that the lateral extension of the flow 
increases with an increase of the distance between the tube 
and the surface. This suggests that the higher slope of the elec-
tric field profile at a 7 mm relative to a 10 mm distance is due 
to differences in gas mixing. A similar effect of the spreading 
of the plasma on the surface of the water was found in the 
modeling of plasma jets interacting with liquid-covered tissue 
[7] and this is important for the production of charged aqueous 
species.

Images acquired with the vertical blade reveal a regular 
structure in the flow dynamics in the water, which resembles 
the structures in the gas phase and expand from the axis with 
an increase of the gas flow. Such behavior and structures are 
not found in a 100 mm-deep vessel (results not shown here), 
which implies a large impact on a solid surface at the bottom 
of the liquid layer (bottom of the vessel at around 6 mm), as 
can be seen with particle image velocimetry measurements in 
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[58]. Also, these effects in the liquid are more apparent when 
the water surface is at 10 mm from the tube rather than for dis-
tances of 5 and 7 mm. The helium flow alone induces water cir-
culation in the opposite direction to the one that a gas jet would 
normally induce due to the friction at the interface [59], see red 
curved arrow in the 1500 SCCM flow figure for the jet without 
plasma in figure 14. The observed effect may be due to a colder 
helium gas that is cooling down the water at the impact point 
and therefore induces a sinking flow of colder water.

The movement and pattern in the liquid become much more 
pronounced with the ignition of the plasma. The plasma action 
on the flow in gas and liquid phase extends radially to the same 
distances. The plasma reverses the water circulation direction. 
The reverse of circulation direction with the discharge ignition 
can be either due to a higher gas flow speed at the liquid gas 
interface and higher friction or due to the heating of the surface 
at the impact point, as suggested in [59] and [60].

The nature of the plasma–flow interaction is not com-
pletely understood. There are two leading opinions about the 
possible mechanism of this kind of interaction. The first is the 
ionic wind due to the acceleration of the ions by the electric 

field and the other is the acoustic wave, which starts from the 
heated high-voltage electrode.

In the recently published experimental study, Darny et al 
argued that the electrohydrodynamic of negative ions causes 
the main effect of the plasma on the helium flow [61]. This 
parametric study, mainly based on Schlieren imaging, 
revealed that the helium front expansion velocity depends on 
the applied voltage amplitude and on the target electrical char-
acteristics, which suggests an ionic wind-type action mech
anism. According to this study, ions are accelerated by the 
electric field and then they transfer their kinetic energy to the 
surrounding neutrals by collision. The authors found that the 
effective gas flow increases for negative voltage pulses, which 
is in agreement with the operating mechanism of plasma 
actuators where 97% of momentum transfer occurs in the 
negative voltage half cycle [62]. Indeed, the geometry of the 
investigated plasma gun is asymmetric, similar to the geom-
etry of the discharge studied in this article, which is required 
for ionic wind generation [57, 63, 64]. Momentum transfer 
from the negative ions to the neutrals is much more effective 
than the momentum transfer from the positive ions. The ion 

Figure 14.  Schlieren images of the jet with a liquid target for different gas flows. In the first image, the blue arrow indicates the gas–liquid 
interface and the red arrow shows the bottom of the liquid container. Exit of the vertically installed plasma jet is visible on the top in all 
images.
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densities were measured by mass spectrometric methods and 
the plasma jets produce heavy negative ions and ion clusters 
with the lifetime of about 150 µs, which is three times longer 
than the lifetime of lighter positive ions [65, 66].

The other possible mechanism of the influence of the 
discharge on the gas flow may be the acoustic wave that 
propagates from the fast-heated tip of the high-voltage elec-
trode. The modeling of this process showed that the pow-
ered electrode heating occurs on the time scale of voltage 
pulse (100 ns) and that the temperature of the tip can reach  
800 °C [67]. Acoustic wave exits the tube and influences the 
gas flow. When the gas heating was turned off in the model, 
the acoustic wave and change in the flow did not develop. In 
contrast, including or excluding momentum transfer due to 
the charged species did not have a significant effect on the gas 
flow. The obtained effects in this article were similar to the 
experimentally obtained results [56, 68]. There are also exper
imental evidences of the shock wave emission from the high-
voltage electrode of the pin to plate pulsed corona discharge 
[69, 70] and the modeling outcomes that are in line with these 
claims [71].

It is difficult to decide which mechanism is dominant and it 
may vary in dependence on the discharge geometry and con-
ditions. Also, it is possible that both mechanisms contribute 
to the plasma–flow interaction. Thus, further, more detailed 
studies that will take into account different plasma jet geom-
etries and discharge conditions are necessary in order to sys-
tematically answer these questions.

4.  Conclusion

The results of the article emphasized the complexity of the 
plasma–liquid interaction on the plasma jet example. Using 
several diagnostics methods, it was shown that a slight change 
of the non-electrical parameters, such as the target distance 
and gas flow rate can completely change the nature of the dis-
charge, such as the duration of the plasma–liquid interaction, 
distribution of the excited species and the value of the electric 
field strength in the ionization wave. The gas flow rate influ-
ence dominates over the target influence in the case of a liquid 
target, but the target presence is not negligible.

ICCD recordings of the discharge development revealed 
that the discharge interaction with the target can be elongated 
several times, up to 10 µs with the proper choice of flow rate 
and target distance, i.e. specific gas composition between the 
nozzle and target. High gas flows and high helium content 
medium in the gap decrease the production of chemical spe-
cies and the electric field strength in the ionization wave.

The influence of the liquid target on the electric field in 
the ionization front has been studied. It is shown that just the 
presence of the target changes the properties of the plasma jet. 
The influence of the liquid target is double. It influences the 
gas composition and changes the potential in the gap, espe-
cially in its vicinity, which is notable in the measured electric 
field values. These values are in the range of 8–30 kV cm−1, 
depending only on the gas flow and target distance, and they 
are in reasonable agreement with the modeling outcomes.

Schlieren imaging demonstrated strong interaction between 
the gas flow and the plasma itself, both for the free expanding 
plasma jet and the jet in contact with a liquid. A special out-
come of this article is the influence of the plasma jet discharge 
on the mixing within the liquid.

All measurements are compared with the results of the 
free expanding plasma jet. This comparison leads us to the 
conclusion that the diagnostics of a plasma jet intended for 
applications should be performed during the contact with the 
target, because the free expanding plasma jet and the plasma 
jet in contact with the target represent two essentially different 
discharges.
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