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Abstract. A non-uniform distribution of the electric field along an atmospheric pressure helium plasma
jet has been determined using the Stark spectroscopy technique at the stepwise propagation of a guided
streamer in a free plasma jet and in the jet interacting with a grounded dielectric target. The plasma jet
with guided streamers in the stepwise propagation mode is generated by tailoring applied voltage bunches
consisting of a superposition of microsecond bipolar square pulses and damped oscillations. The guided
streamer head stops at the oscillating voltage falling slope and then propagates further on the next raising
voltage front. The electric field distribution along the jet reflects the dynamics of streamer propagation.
The electric field strength decreases at a streamer propagation stagnation phase. The field strengthening
at the subsequent raising voltage front accelerates the guided streamer at the second propagation step.

1 Introduction

Atmospheric pressure cold plasma jets are objects of
intensive scientific and practical research [1–3]. These
plasma sources are attractive due to their capability to
be used for processing temperature-sensitive objects in
atmospheric air at a distance from the powered elec-
trodes. Several medical devices based on the plasma
jets are being tested in clinical practice [4]. Dielectric
barrier discharge plasma jets in helium are sort of the
most common used cold plasma sources [5].
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The successful application of non-equilibrium plasma
sources in clinical medical practice is possible only with
the precise control of the action on the living object
[2,6]. Prospects for the use of plasma jets as ioniza-
tion sources in mass spectroscopy [7] for the analysis
of temperature-sensitive materials, such as biological
tissues, are also associated with precise control of the
impact of the jet on an object surface. Accordingly, the
tasks of the plasma jet design with definite parameters
and evaluation of the jet impact with these parameters
on the object of treatment arise from this needs [8,9].

A plasma jet in outer air environment is produced
by a sequence of ionization waves or guided stream-
ers along a gas flow [10]. The streamer head with a
large electric field is the production area for highly
active chemical components [11]. In itself, a high elec-
tric field can be one of the main acting factors in the
treatment of objects [12,13], including living ones. Cur-
rently, the combination of an electric field, plasma, and
chemical agents on biological objects is being actively
investigated by many scientific teams [13,14]. There-
fore, determining the electric field profile along the
plasma jet is an important task for practical applica-
tions. Additionally, it should be noted that the ability
to control the propagation of the streamer and, accord-
ingly, the position of the region with a high field is also
of considerable interest.
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The electric field distribution along a free plasma
jet in helium and for the jet interacting with a tar-
get has the universal nature for a wide range of helium
plasma jet sources [5] with nanosecond and microsec-
ond voltage pulses, as well as sinusoidal voltages of
various frequencies from several kilohertz up to sev-
eral tens of kilohertz. A guided streamer passes along
the jet length in one cycle without stopping. In case of
free expanding plasma jet, the field strength increases
monotonically with the jet length up to the certain
point where it decreases and diminishes [5,15], while
in case with the target the electric field rises monotoni-
cally with the additional field enhancement in the vicin-
ity of the target. The change in velocity and increase
of the electric field strength along the length of the jet
are associated with an increase in the air concentration
in the helium flow [15,16]. The propagation mode of
the streamer can be changed by using a specially tai-
lored voltage. The superposition of bipolar pulses with
damped oscillations in voltage pulse bunches makes it
possible to obtain a stepwise mode of streamer prop-
agation in a helium plasma jet [17,18]. The streamer
acceleration or its stagnation is directly related to the
field in the streamer head [16,19]. Thus, the behavior
of the streamer propagation should be associated with
the relevant field redistribution along the jet. In this
work, we show the features of the electric field distri-
bution along the free plasma jet and for the interaction
of the plasma jet with the dielectric target at stepwise
propagation of the guided streamer.

2 Experimental set-up

The plasma jet was directed vertically upward at the
helium (99.996%) flow rate of 6.5 l/min. The scheme of
the experimental set-up is shown in Fig. 1. The plasma
jet was generated by dielectric barrier discharge in a
quartz tube with the inner diameter of 4.6 mm and the
thickness of the wall of 1 mm. The inner electrode is
made of copper wire of 1.5 mm in diameter placed along
the tube axis at the distance of 7.5 mm from the edge of
the tube. The outer electrode is made of 5 mm wide cop-
per foil strip wrapped around the tube at the distance
of 5 mm from its edge and connected to the ground
through a measuring capacitor C1m.

The free plasma jet and the jet interacting with a tar-
get were studied. A quartz glass disk 22 mm in diameter
and 4 mm thick was used as a target. The distance from
the end of the discharge tube to the target surface was
3 cm. A copper plate was placed behind the disk and
connected to the ground through a measuring capaci-
tor C2m.

High-voltage tailoring signal is applied to the inner
electrode. The high-voltage signal was generated as
bunches repeated with a frequency of ≈ 1.8 kHz and
duty cycle of τbunch/Tbunch ≈ 55% (Fig. 2). Each bunch
was filled with ≈ 45 kHz bipolar square pulses superim-
posed on them by ≈ 350 kHz damped oscillations. The
time uniformity of the high-voltage bunches was evalu-

Fig. 1 Schematic overview of the experimental set-up

Fig. 2 Voltage signal across the discharge gap with duty
cycle τbunch/Tbunch ≈ 55%. The rectangle marks the second
pulse in which the electric field was determined from the
Stark spectroscopy

ated using 50 bunches. The variation in their durations
did not exceed 6 ns. The additional details about the
electrical arrangement can be found in [18,20].

The voltage signal across the gas discharge unit
was recorded by 1000:1 Tektronix P6015A high volt-
age divider (Tektronix, USA; bandwidth 75 MHz) and
with oscilloscope LeCroy 104Xi oscilloscope (Teledyne
LeCroy, USA; bandwidth 500 MHz). The transferred
charge through the discharge gap and the target circuit
was measured by measuring capacitors C1m = 480 pF
and C2m = 200 pF correspondingly, using 10:1 LeCroy
PP007-WR probes (Teledyne LeCroy, USA; bandwidth
500 MHz). Corresponding current signals were obtained
by differentiating the smoothed recorded charge wave-
forms.

The high-speed photochronography (streak imaging)
technique, optical emission spectroscopy, and Stark
emission spectroscopy were used in this work. A tech-
nical description of these techniques is given below
in the relevant sections. The high-speed photostreaks
presented below were recorded in the experimental
series simultaneously with spectral temperature mea-
surements. Stark measurements of field strength were
taken in other experimental series, but that the guided
streamer dynamics and the signal oscillograms were
completely matched together with the previous experi-
ments.
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Fig. 3 Voltage across the discharge gap (a) and photo-
streak of guided streamer propagation in free jet (b) and
jet with target (c) for the first five bipolar pulses in the
voltage bunch

3 Experimental results and discussions

3.1 Guided streamer dynamics

The behavior of the guided streamer in the jet was
determined using high-speed streak imaging. High-
speed optical photostreaks were recorded with K-
004 streak camera with image intensifier tube (BIFO,
Moscow, Russia; sensitivity range 380–800 nm, record-
ing sweep speed from 0.1 ns/cm to 300 ms/cm with
sweep length of 4 cm). High-speed photostreaks obtained
by the time strobing method, with 30 accumulations,
produced each in a new voltage bunch.

Features of the streamer propagation are clearly vis-
ible in photostreaks. Photostreaks in the full range of
camera sensitivity at the first five bipolar pulses syn-
chronized with the voltage signal for a free jet and a
jet with a target are shown in Fig. 3. A more detailed
streamer propagation to the surface target in the second
positive voltage pulse is presented in Fig. 4. Photograph
of the plasma jet is shown in Fig. 4c for comparison with
the streak image. A stepwise propagation of a guided
streamer is observed both for the free plasma jet and the
plasma jet interacting with target. At the positive front
of the voltage pulse, the guided streamer starts from the
tube along the helium flow. Further, the streamer head

stops at the voltage drop phase and then propagates
further on the next voltage oscillation front. Subframes,
inserted in Figs. 3b and 4d, demonstrate the streamer
dynamics near the position of the intermediate stop
of the streamer at a wavelength of the helium line of
706.5 nm. Streak images at 706 nm were obtained with
10,000 gate accumulations. Thus, the streamer moves in
two steps in each positive voltage pulse. At the applied
voltage, the streamer reaches the target surface at the
second propagation step for the jet with the target. In
this case, the plasma jet covers a greater distance in
the presence of the target than the length of the free
plasma jet. In the second step, the streamer head accel-
erates from less than 5 to over 30 km/s as it approaches
the target. The streamer touching the target matches
the current spike through the target and the character-
istic break slope in the charge curve. Time matching of
the target touching the current spike is marked by the
vertical arrow in Fig. 4c, d.

The streamer propagation dynamics is reproduced
from pulse to pulse, except for the first voltage pulse in
the voltage bunch. Measurements were taken for a long
time continuously for up to several hours. The streamer
dynamics is shown to be a regular process with high
repeatability.

3.2 Integral spectra and temperature profile along
plasma jet

Optical spectra were recorded along the length of the
plasma jet automatically. The radiation was collected
by a quartz lens onto the optical fiber connected to an
MS-257 spectrograph (LOT-Oriel, Germany; fiber optic
50 μm, 1800 gr/mm grating blazed at 500 nm, resolu-
tion of approx 0.1 nm, and 300 gr/mm grating blazed at
500 nm) with a CCD camera DU-420-UV-FK (Andor
tech., UK; pixels: 1024x256). The radiation-collecting
unit with the lens was moved along the jet by a microp-
ositioner with a step motor controlled by a microcon-
troller with computer management. The unit passage
was with intermediate interval stops determined by
the computer program, for recording spectra in the
stop positions. The spectra were taken from a spatial
region of 1 mm in diameter with exposure time of 1 sec
with averaging by 8 accumulations. The spectrograph
was calibrated using spectral lamps LOT-Oriel 60xx
series. The spectral intensities were corrected using
spectra records of the calibrated spectral irradiance
standard lamp LOT-Oriel 6358, geometrically placed
as the jet discharge. The irradiance corrected spectra of
the plasma jet with target in three position at 1, 2 and
3 (near target surface) cm from tube orifice are shown
in Fig. 5. The intensities in Fig. 5a were normalized to
the maximum at 391 nm, observed near the target sur-
face. The transverse size of the jet was comparable to
the size of the light collection area. The cross section
distribution of the jet parameters was not considered.

Molecular bands of N2, N+
2 , OH and oxygen, hydro-

gen, helium lines were observed in the plasma jet spec-
trum in range of 300–800 nm. The intensity profiles
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Fig. 4 The voltage across the discharge gap (a); current
and charge through the discharge tube circuit (b) and target
circuit (c); photostreak (d) of guided streamer propagation
to the target at the second positive voltage pulse in the
bunch. Integral photo of the jet (e). Time matching of the
streamer touching the target to the current spike through
the target is marked by the vertical arrow from (c) to (d).
Time marks in (a) show exposure time for Stark spectra
recording

with 30 data record points (10 recording positions per
1 cm) along the plasma jet, normalized to the maximum
at 391 nm near the target surface, are shown in Fig. 6 for
several plasma components. An increase in the intensity
of the oxygen and nitrogen radiation reflects a mono-
tonic increase in the air content in the gas flow. The
intensity of helium emission lines is strongly dependent
on the electron temperature in the range of 2–10 eV
[21], which is typical for helium plasma jet [5,10]. The
electron temperature in this range is a function of the
reduced electric field [22]. Adjusted for the violation of
the correspondence of the line intensity to the field due
to the interaction of helium molecules with impurity
molecules, the emission intensity of the He 706.5 nm
line can be interpreted as the qualitative behavior of
the averaged electric field in the streamer head as it
passes along the jet [23].

Fig. 5 Optical spectra (a) of plasma jet with target at
different positions 1, 2, and 3 cm from tube orifice. Example
of a fitted spectrum (b) for the spectrum at 3 cm in (a) for
temperature determination. The tube orifice is zero position,
and the target surface is set at 3 cm

Fig. 6 Normalized radiation intensity at 706.5(He),
777.4(O), 391(N+

2 ) and 337(N2) nm along the plasma jet.
The tube orifice is zero position, and the target surface is
set at 3 cm

The plasma temperature along the plasma jet was
measured by analyzing the profiles of the N2 Second
Positive System C3Π–B3Π (SPS). The data were pro-
cessed by the MassiveOES program [24,25]. The process
consists of approximating the experimental spectrum
with a model one (see Fig. 5b) taking into account the
contribution of N2 C–B and OH A–X bands in spec-
tral range 304–338 nm. The temperatures of the levels
of N2 molecules were chosen as simulation parameters.
The dependencies of the vibrational and rotational tem-
peratures in N2 C–B band versus position are shown in
Fig. 7. The errors in Fig. 7 were determined from statis-
tics using a nonlinear least squares solver in the Mas-
siveOES program. The rotational temperature profile
reflects the cooling of the gas downstream. The main
energy release occurs in the discharge tube. The energy
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Fig. 7 Rotational temperature in N2 SPS spectral band
along plasma jet for free jet and jet with target. The tube
orifice is zero position, and the target surface is set at 3 cm

released in the streamer channel is much lower than in
the discharge tube.

3.3 Electric field along plasma jet

For the electric field measurements [26], projection
optics was used to project the upper part of the plasma
jet onto the entrance slit of a 1 m spectrometer with
1200 gr/mm diffraction grating (Minuteman Lab. Inc.,
USA). Entrance slit width was 50 μm. Radiation from
the jet was polarized in the axial electric field direc-
tion (π-polarization) using polarizer and detected using
an ICCD (PI-MAX2, Princeton Instruments, USA; pix-
els: 1024x256). ICCD was triggered using time delayed
pulse signal from the start time of the high-voltage
bunch. The ICCD gate was triggered during the first
and second oscillation of the second positive pulse in the
bunch. The gate exposure time was 1.5 μs as marked in
Fig. 4a. This camera preset provided independent deter-
mination of electric field in the streamer at the first
streamer propagation step and at the second one. The
intensity of He line at 492.2 nm was very weak. Conse-
quently, each recorded image is made of 10 accumula-
tions, each of 50,000 or 100,000 gates per exposure.

The size of the observable image for 1 m spectrome-
ter was limited by the height of its entrance slit. Due to
this limitation, the electric field could not be measured
over the entire jet length, but only over a region 1.2 cm
long, see Fig. 1. The observed jet region (projected onto
the entrance slit) was chosen by shifting the jet verti-
cally, thereby keeping the plasma in the focal plane (see
Fig. 1). In such a way, to determine the field, two most
interesting regions were chosen for both jets. The first
is the position of the intermediate stop of the streamer,
and the second is at the end of the jet plume. The mea-

sured electric field value corresponds to the propagation
of the streamer head in the exposure time window. This
value should be close to the peak field value in partic-
ular position. An example of the ICCD spectral image
with subsequent spectra fitting is shown in Fig. 8.

The π-polarized spectrum in the vicinity of He I 492.19
nm was fitted in order to determine the electric field
strength from the wavelength shift of the allowed and
forbidden component. The method is used here, which
was already successfully applied on a various DBD dis-
charges, including jet discharge, see in [26] and refer-
ences therein. It uses an overall fitting function that
includes the allowed (4D), forbidden (4F) and the
non-shifted field-free component (ff). Here, specifically,
there is a significant intensity of nitrogen molecular
band C–B(1–7) at 491.68 nm, belonging to the second
positive system (SPS), and it had to be included in the
fitting function, see Fig. 8a. Due to the overlap of the
field-free and the wide allowed component, the mathe-
matical fitting procedure had to be adapted, so that
it relies predominantly on the forbidden component.
This was done because the forbidden line is only emit-
ted in the presence of strong electric field and therefore
it is not influenced by the excitation of the surround-
ing gas—out of the streamer head. Therefore, the posi-
tion of the forbidden component was set as the highest
dependable parameter while the position and intensity
of the allowed and field free component only increase
the quality of the fit and accuracy of the obtained field
value. Accordingly, this fitting procedure requires the
knowledge of exact position of the non-shifted (field-
free) line, and the position of N2 band in the measured
spectrum. The temperature value was used as param-
eter in calculation the nitrogen band shape. Similar
mathematical procedure had to be used in an atmo-
spheric pressure RF discharge due to its complex geom-
etry of the plasma sheath [27]. The Stark shifts of the π-
components were taken from [28]. The tabulated wave-
length and shape of N2 SPS were taken from software
MassiveOES [24,25] and data [29], while the positions
of N2 band and He I in the measured spectrum were
obtained using Geissler tube, geometrically placed as
the jet discharge. In the present case, the field is not
strong enough to induce a detectable splitting of the
spectral line [26,28]. Thus, the He I line shapes are
taken as Pseudo-Voigt, typical for DBD discharges, tak-
ing into account all important line broadening mech-
anisms: instrumental, van der Waals, resonant and
Doppler. From the numerical standpoint, the overall
fitting function is formed as a single function by adding
up spectral profiles of the four abovementioned com-
ponents: f(λ) = He4D(λ)+He4F(λ)+Heff(λ)+N2(λ),
see Fig. 8. Curve fitting was performed using Mat-
lab’s [30] nonlinear least-squares solver with the trust-
region reflective algorithm. Free parameters are the
components’ intensities and the electric field strength,
while line widths are allowed to vary only within the
expected values. It should be noted that in Fig. 8, sepa-
rate components are plotted only for illustration, while
the actual fitting is performed with a single function
f(λ). The uncertainty of the field value comes from the
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Fig. 8 Example of a fit (a) for spectral components at
492.19 nm in spectra (b) in the ICCD spectral image (c)
near the target surface

uncertainty of the fit. To increase the signal-to-noise
ratio, the fitting procedure was carried out for the sig-
nal obtained by averaging ten consecutive vertical pixel
strips in the original spectral image, see arrow from (c)
to (b) in Fig. 8.

The measured electric field distribution is given in
Fig. 9 for the case of the free jet and the jet with dielec-
tric target. It should be noted that the region for spec-
troscopic field measurement was limited only to a sec-
tion of the streamer, due to the relatively large length of
the jet compared to the entrance slit of the spectrome-
ter. Therefore, these regions for spectroscopic field mea-
surement are displaced by some distance relative to
each other for the free jet and the jet with the target in
Fig. 9. We turned our attention to measuring the field at
the instance where jet streamer stops and subsequently
propagates (transition from step 1 to 2). Specifically,
in both cases the region around the middle of the jet
was examined. It should be noted that in both cases
the experimental uncertainty of the electric field is sig-
nificant, due to the low intensity of the He I 492.19 nm
and the emission out of the strong field region. For the
jet with target the electric field development exhibits a
clear increase of the strength toward the target. Similar
values and distribution shape were obtained with PVC
target in [31]. It is evident in the graph that the elec-
tric field strength continues its distribution after the jet
stops with a slight increase of values from the first to
the second step. For the free jet, the field distribution is
different, but again, it is clear that the streamer devel-

Fig. 9 Electric field along free jet (a) and jet with tar-
get (b) at stepwise streamer propagation. The vertical dash
lines show the boundaries of the measurement regions

opment continues after the stop, with a small increase
of the electric field strength from step 1 to 2. This can
be expected as the streamer is reignited in a preionized
channel with a somewhat reduced electron density.

The admixture of air to helium and the electric field
in the streamer head mainly determine the streamer
dynamics [5,15,16]. The field is related to the head
potential and is indirectly determined by the applied
voltage value. At a pulsed voltage with a duration of
≈ 1μs, the potential of the streamer head at streamer
stagnation is indicated ≈ 2 kV for pure helium with an
increase proportional to the air impurity content [16].
In our cases, the mean air content of 2–4% at the inter-
mediate streamer stop position ≈ 2 cm [32] corresponds
to the stopping potentials of 2.2−2.4 kV in [16]. This is
very close to our voltage amplitude of 2.5 kV, especially
taking into account the voltage decrease in the voltage
oscillations. According to [5,15] the field required for
streamer movement must be higher than 5 kV/cm in
the guided streamer head in pure helium flow, with the
necessary increase for further propagation in the pres-
ence of an air impurity. This field value was also noted
as a threshold for a strong increase of helium line emis-
sion.

In our jet, the field in the head is close to the thresh-
old field required for the streamer propagation [22]. A
decrease in the field to 10–8 kV/cm corresponds to a
streamer deceleration in the stagnation phase at the
first step of the streamer’s propagation at the falling
slope of the applied voltage oscillation, see Figs. 3, 4,
and 9. At the growing voltage front, the field increases
to 10–12 kV/cm, which allows the streamer to move
further without stopping in the helium flow with air
content. The values of the field for deceleration and
acceleration of the streamer in the free jet and the jet
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with the target differ due to the significant difference
in the hydrodynamics of the flows, and the correspond-
ing distribution of the concentration of air impurity for
these two cases.

In this work, we have shown a specific case for the
given experimental parameters. But the applied volt-
age waveform, its amplitude, and the gas flow rate
change the dynamics of the guided streamer in the jet
[33]. A transition from stepwise propagation to propa-
gation in one pass is determined by the applied volt-
age and gas flow rate [32]. The streamer’s intermedi-
ate stop position in stepwise mode can be smoothly
moved by changing the oscillation frequency in volt-
age pulses [34] and the gas flow rate [32]. Apparently,
the field distribution along the jet follows the change
in the dynamics of the streamer propagation. The step-
wise guided streamer propagation at an applied voltage
with nanosecond pulses was also observed in [35], and a
non-monotonic field distribution along the jet was also
obtained for that case [35]. Thus, in plasma jets, it is
possible to change the electric field distribution by tai-
loring the applied voltage waveform. This may be useful
in practical applications.

4 Conclusion

The non-uniform distribution of the electric field along
the plasma jet was determined using the Stark spec-
troscopy technique at the stepwise propagation of the
guided streamer in the free plasma jet and in the jet
interacting with the grounded dielectric target. The
stepwise propagation of a guided streamer was recorded
with tailoring applied voltage bunches consisting of a
superposition of microsecond bipolar square pulses and
damped oscillations. The stepwise propagation mode of
the ionization wave in the gas flow was observed for pos-
itive voltage pulses in the bunches. The streamer head
stops at the oscillating voltage falling slope and then
propagates further on the next raising voltage front.
The electric field strength decreases at a streamer prop-
agation stagnation phase. On the contrary, the field
strengthening at the subsequent raising voltage front
accelerates the guided streamer at the second propaga-
tion step. In the presence of the target, an increase in
the field near the target surface is observed.
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Donkó, D.B. Graves, S. Hamaguchi, D. Hegemann, M.
Hori, H.-H. Kim, G.M.W. Kroesen, M.J. Kushner, A.
Laricchiuta, X. Li, T.E. Magin, S. Mededovic Tha-
gard, V. Miller, A.B. Murphy, G.S. Oehrlein, N. Puac,
R.M. Sankaran, S. Samukawa, M. Shiratani, M. Šimek,
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