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Abstract
The present report is devoted to the study of distinct ionizationwaves in terms of temporally-,
spatially-, andwavelength-resolved analyses. The study is based on the technique of two-dimension
fast imaging. However, appropriately selected ultraviolet to near infrared optical filters are employed
to capture the propagation of specific species and digital image processing techniques are applied to
explore the recorded snapshots. N2(SPS), +N2 (FNS), He I, OH(A–X), andO I, i.e., emissive neutral and
ionic species, are investigated. On the other hand, the propagation of theNOγ species is studied by
means of laser-induced fluorescence spectroscopy, since the light intensity due to spontaneous
emission of this specieswas not readily detectable. Digital image processing techniques are also applied
for theNOγ case. The crucial role of the above species infields like plasma biomedicine andmaterial
processing is extensively recognized, and the present work: (i) provides gathered information on the
propagation of these species within the atmospheric air; and (ii) introduces image processing
algorithms to extract informationwhich otherwise would remain hidden or uncorrelatedwith other
plasma parameters. The present results unveil specific emission patterns due to the propagation of the
N2(SPS), +N2 (FNS), He I, OH(A–X), andO I species. The intensity patterns consist of afirst peak
located in the vicinity of the reactor orifice, a second peakmoving away from the reactor orifice, and a
continuumwhich couples the two peaks.However, the detailed features of each pattern depend on the
type of species considered. Thefluorescence of theNOγ species also suggests the division of the area
downstreamof the reactor orifice into two regions where distinct ionization-excitation effects take
place. Propagation speeds of the species up to about 2× 105m s−1 weremeasured. Finally, qualitative
correlation between the species propagation (as it is pronounced by the emission patterns) and the
local electric field (as it was numerically calculated in a similar setup) is demonstrated.

1. Introduction

Atmospheric pressure plasmas in the formof plasma jets operate usually with noble gases in ambient conditions,
driven by either sinusoidal or pulsed high voltages. Being out of thermodynamic equilibrium, these plasmas
meet the criteria for various targeted applications,mostly due to the high yield of reactive oxygen and nitrogen
species (abbreviated to ‘RONS’) [1]. RONS are produced during the propagation of ultrafast ionizationwaves.
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The latter are pictorially described as ‘plasma bullets’, have a carrot-like shape, properties resembling inmany
ways to streamers, and typical propagation speeds ranging from104 to 106m s−1 [2]. Particularly, pulsed-driven
helium (He) plasma jets have gained extensive attention for a variety of applications, with a special focus on the
plasma biomedicine field [3]. The special interest in the helium gas arises from its high ionization coefficient at
relatively low reduced electric fields [4], while the interest in pulsed driven plasma jets is justified by their
efficiency in terms of chemical reactivity and power consumption [5].

In such cases, the study of the ionizationwaves and the producedRONS, in terms of identification, kinetic
reactions, and dynamics, are of critical importance. Therefore, optical emission spectroscopy (OES) and fast
intensified charge-coupled device (ICCD) imaging are usually employed to probe thesewaves. On the other
hand, laser-induced fluorescence (LIF) represents a non-intrusive, species-specific, temporally- and spatially-
resolved approach to probe plasmas. LIF operates on the principle that when a particle in a lower energy state
absorbs a photon and rises to a higher energy state, it will de-excite and emit another photon. Laser-excited
particles will decay by collision, spontaneous emission, or stimulated emission. This spontaneous emission, or
fluorescence, radiates isotropically away from the particle and it can be detected as a footprint of the probed
particle [6].

Consequently,manyworks have focused on the dynamics of heliumpulsed plasma jets. Ultimate aims of
theseworks are the enhancement of the reactive species production and the understanding of their propagation
mechanisms. Cases of plasma jets that expand freely in air or impinge on substrates [7–12], have both been
considered. Key results based on (i) ICCDand bandpass opticalfilters [8, 12–14], (ii) LIF [7, 8, 15–17], (iv) ICCD
and LIF combination [9–11, 18–21], ICCDand two-photon absorption LIF (TALIF) combination [11, 21], and
(v)OES [9, 12, 22–24] have been reported. These works highlight the interest and progress in thefield.

Accordingly, our group has studied ionizationwaves triggered by atmospheric pressure heliumplasma jets
[2]. In that preliminarywork, the plasma jet was driven by sinusoidal high voltage, and themain topicwas the
demonstration of the uncertainties introduced during the use of ICCD fast imaging by the inherently erratic
propagation of thewaves. Thewavelength integrated emission had then been considered only. On the contrary,
the present work refers to pulsed heliumplasma jet, and presents a systematic combination of wavelength
filtered fast imaging and LIF fast imagingwith digital image processing techniques. It is admitted that both
techniques have been applied to plasma jets since at least one decade (see for instance [8, 12–14] and [9–11,
18–21], respectively), but their combinationwith image processing algorithms becomes themain claim of the
present work. It is argued that the naked eye observations of the ICCD snapshots—raw images of ‘plasma
bullets’, regularly presented in the literature—may lead to loss of information or evenmistaken conclusions. It is
here demonstrated that image processing toolsmaymitigate such issues, allow the accurate evaluation of
different physical parameters (e.g., ionizationwave speed, reactive species relative density, etc), and facilitate the
correlation of experimental and numerical data. ICCD fast imaging, opticalfilters, LIF, and digital image
processing algorithms are coupled, and a conclusive picture on the spatiotemporal evolution ofmanyRONS is
obtained. The results are presented in detail and eventually discussed.

2. Experimental setup

2.1. Plasma jet system
Figure 1 depicts the concept of the experimental setup used for the plasma production and characterization. The
design of the plasma jet reactor is based on a coaxial dielectric-barrier discharge (DBD) configuration.

This reactor has been successfully employed for bacterium inactivation [25], human skin treatment [26],
liposome disruption [27, 28], and other studies in thefield of plasma biomedicine. It comprises of: (i) a capillary
alumina tube (Øout= 2.5mm;Øin= 1.14mm; length of 80mm) acting as the dielectric barrier; (ii) a thinwire
internal electrode (made of tungsten;Ø= 0.125mm) inserted into the tube and terminated 20mmbehind the
tube orifice; and (iii) a cylindrical hollow external electrode (made of brass; Øout= 10mm; length of 10mm)
tightly fixed around the tube. Its outer edge is placed 20mmbehind the tube orifice, thus forming a 10mm in
length coaxial DBDwith the internal electrode. The internal electrode is the driven onewhile the external is
grounded directly. Thus, two selfsustained discharges are formed, as figure 1 depicts. Thefirst one is a radial
DBD inside the dielectric barrier and the second one refers to a plasma jet, i.e., ionizationwaves propagating
between thewire pin and any virtual ground in the reactor vicinity. The ionizationwaves are guided by the
dielectric tube and thefluid channel formed by the helium gas [29–31].

Theworking gas is high purity helium (He; 99.999%) and it is introduced into the dielectric tube through a
massflowmeter (set at 2 standard liters perminute). The distance between the reactor orifice and the surface of
the grounded optical table hosting the experimental set up is set at 190mm.

The driving voltage is generated by a custom-made pulsed power supply based onmetal-oxide-
semiconductor field-effect transistor (MOSFET) technology [32, 33]. The pulsed high voltage is constantly
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measuredwith a voltage divider (1000:1; DC-75MHz) and it refers to an amplitude of+5 kV, a repetition
frequency of 2 kHz, and a pulse plateau of 420 ns. Two current transformers (400Hz to 250MHz) are employed
to record both the radial and axial currents, as it is shown infigure 1 (monitors#1# and#2#, respectively).
Monitor#1# records the sumof two current components, i.e., the displacement current due to the reactor
capacitance and the drift current due to theDBD itself. Thefirst component is subtracted from the total current,
yielding theDBD current, as it is explained in the appendix.Monitor#2# is removed during any optical
measurement since otherwise it intervenes in the field of view.

Furthermore, a photoelectronmultiplier tube (PMT;Hamamatsu R928; 185–900 nm) is used for routine
optical observations as a function of time. The optical emission from a cone of base diameter of 22mm (figure 1)
is captured by a high-grade fused silicafiber optic bundle (MKS-Newport; 77576) and guided to the PMT.Case-
by-case, pinhole diaphragms are added to prevent photocathode saturation and obtain linear response. Optical
filters allow for the selective detection of emissive species, according to the transitions and the specifications of
table 1. It is noted that, the data of table 1 are indicatively given by the providers, and they do not correspond to
any further calibration. All waveforms aremonitored on a digital oscilloscope (400MHz; 5GSamples s−1).

Special attention is paid to the voltage, current, and PMT signal shifting. Shifting corrections are carried out
bymeasuring the propagation delay imposed by the coaxial cables of these units to a reference TTL pulse. In

Figure 1.Conceptual diagramof the plasma reactor and the installed diagnostics. The plasma jet immersed in the air is the object of
the present study. See section 2 for experimental details.

Table 1. Indicative specifications of the optical components used for the PMT experiments.

Transmittance (approx.)

Species FilterModel Transition Wavelength Filter Fiber PMT Total

N2 Thorlabs FB340 C3Πu→B3Πg 337.1 nm 25% 58% 25% 3.6%
+N2 Thorlabs FB390 B2Σu

+→X2 S+
g 391.4 nm 30% 59% 24% 4.2%

He Thorlabs FB710 33S1→23P0,1,2 706.5 nm 50% 54% 5% 1.3%

O Thorlabs FB780 3p5P→3s5S 777.3 nm 50% 54% 3.5% 0.9%

OH Edmund 34–976 A2Σ+→X2Π 309 nm 60% 57% 25% 8.5%
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addition, the delay of the voltage-probe head itself, and the PMT transit time plus its anode rise time, are
considered. Any delay due to the current transformer head itself is ignored (useable rise time 1.5 ns).
Furthermore, due to the ns-rising part of the high voltage pulse, background noise is induced and disturbs the
PMT signals. This background is recorded bymasking the PMT and it is then subtracted from the raw signal. A
typical latency of 5 ns is also assumed for thefiber optic bundle.

A portable spectrometer of low resolution (AvaSpec; ULS4096CL-EVO-UA-10) serves to explore the optical
emissionwide spectrumof the plasma jet (22mmfield of view; figure 1). It is equippedwith a 300 groovesmm−1

grating (200–1100 nm; blaze 300 nm) and aCMOSphotodetector (4096 pixel). The light is led to the unit by
means of a fused silica optical fiber (200–2500 nm;NA0.22).Wavelength calibration is carried outwith an
Hg(Ar)pencil-style lamp. Attention is given to calibrate the relative spectral efficiency of the entire optical
system. This is accomplishedwith a quartz-tungsten-halogen lamp (250W) operated at the color temperature of
3400K.

2.2. Fast imaging—opticalfilters
The spatiotemporally resolved detection of the emissive species is carried out withwavelengthfiltered fast
imaging. The transitions under consideration and the spectral features of the associated filters are given in table 2
(see reference [34] for further details). These species are selected as the principal ones, based on previous [35–37]
and current (see section 4.1)OES experiments of our group. The detector is an ICCD (Princeton Instruments;
PI-MAX4 1024i; Gen II Intensifier; RB Fast Gate), equippedwith a suitable lens (SODERN;UVCerco® 2178).
Table 2 provides approximated values of the relative optical transmittance due to the ICCDand the lens, based
on themanufacturers’ datasheets without any further calibration. The last columnof the table gives roughly the
aggregated attenuation involved in the detection of each species.

The probed zone is 22mmvertically, starting from the reactor orificewhich is arbitrarily defined as the
position of xo = 0mm (figure 1). A 4-channel digital delay/pulse generator (Stanford Research Systems Inc.;
DG645) triggers the power supply and the ICCDcamera. The ICCDgate is thus triggered at different instants
(DtDG)with respect to the rising part of the high voltage pulse.DtDG is accuratelymeasured by observing the
ICCDgate-monitor output on the oscilloscope. The shifts imposed by the high voltage probe, the ICCD transit
time, and the coaxial cable connecting the ICCDgate-monitor output to the oscilloscope are offset. Following
various tests, the ICCDgain ismaintained at the level of 100, and the gate width (DtWG) ismaintained at 10 ns as
a compromise between increased spatiotemporal resolution and increased signal-to-noise ratio in the
snapshots. Previously published practical and theoretical considerations on the use of ICCD imaging [38]have
been taken into account.

2.3. Fast imaging—laser-inducedfluorescence
Contrary to the abovementioned species, theNOγ species is not readily detectable in plasma jets while it is
strongly dependent on the gas additives [36]. However, its role in biochemical applications is decisive [39]. Thus,
LIF is employed for its spatiotemporal detection.

For the excitation of theNOγ species, a dye laser (Sirah; Cobra) usingCoumarin 450 is used. It is pumped at
355 nmby aNd:YAG laser (Spectra-Physics; Quanta-Ray Lab-series). The resultant laser pulse has a frequency of
10Hz, width of 10 ns, wavelength at 226.803 nm, and energy of about 800μJ. The latter is continuously
monitored to bemaintained as constant as possible, thusmaking the acquired LIF signals comparable in terms
of relative units. The laser beam is guided bymirrors and focused onto the plasma jet vertical axis by a biconvex
lens (laser spot less than 1mm in diameter). The laser pulse signal is recorded by a fast photodiode placed behind
the plasma jet. The inducedNOγ transition is the X

2Π(v′= 0)→A2Σ+(v″= 0) [40, 41] and the subsequent
fluorescence light (250–260 nm) is detected perpendicular to the laser beam. The detector is the previously
mentioned ICCD,masked by a band pass optical filter (252–268 nm; see table 2).

Table 2. Indicative specifications of the optical components used for the ICCD experiments.

Transmittance (approx.)

Species FilterModel Transition Wavelength Filter Lens ICCD Total

N2 Thorlabs FB340 C3Πu→B3Πg 337.1 nm 25% 95% 11% 2.6%
+N2 Thorlabs FB390 B2Σu

+→X2 S+
g 391.4 nm 30% 90% 13% 3.5%

He Thorlabs FB710 33S1→23P0,1,2 706.5 nm 50% 30% 4% 0.6%

O Thorlabs FB780 3p5P→3s5S 777.3 nm 50% 30% 3% 0.45%

OH Edmund 34–976 A2Σ+→X2Π 309 nm 60% 90% 12% 6.5%

Noγ (LIF) Semrock

FF01–260

Χ2Π→A2Σ+(excitation)A2Σ+→Χ2Π

(fluorescence)
252–268 nm 60% 90% 5% 2.7%
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The 4-channel digital delay/pulse generatormentioned above is again employed.Hence, the power supply,
the laser lamp, the laserQ-switch, and the ICCDgate are cross-triggered at a frequency of 10Hz. Since the
driving voltage is set at 2 kHz, LIF records are acquired every two hundred (200) periods of the driving voltage.

2.3.1. LIF on the plasma bullet front
The desired spatial resolution along the vertical position x is chosen (2mmhere).DtDG is adjusted, with respect
to the rising part of the high voltage pulse, to capture the vicinity of the lower contour of the bullet front (figure 2)
at any considered vertical position x .i The laser lamp andQ-switch are triggered so that the 10-ns laser pulse
overlaps the ICCDgate pulse; in other words, the 10-ns photodiode signal is seenwithin theDtWG gate width.
The laser beam is thenmoved (micro-stepping bymeans of a translation stage)until it is focused on the
considered vertical position x .i Eventually, the laser lamp/Q-switch triggering isfine-tuned until the LIF
intensity ismaximal locally. The above procedure is repeated asmany times as the number of the vertical
positions of interest = ¼i 0, 1, 2, .( ) The ICCDgain ismaintained constant at the level of 100 and the gate
width (DtWG) at 30 ns.

2.3.2. LIF on the plasma bullet tail
The desired spatial resolution along the vertical position x is chosen (1mmhere).DtDG is adjusted to capture the
vicinity of the upper contour of the bullet front (figure 2)—i.e., the vicinity of the lower contour of the bullet tail
—slightly before it leaves the field of view of the camera. Thereafter,DtDG isfixed at this value. The laser lamp
andQ-switch are triggered so that the 10-ns laser pulse overlaps the ICCDgate pulse. Thereafter, the laser lamp/
Q-switch triggering remains unchanged. The laser beam is thenmoved to be focused on each of the considered
vertical position xj progressively = ¼j 0, 1, 2, .( ) The ICCDgain is set at the level of 100 and the gate width
DtWG at 30 ns.

3. Image and signal processing

3.1. Fast imaging—opticalfilters
For the efficient exploitation of the captured snapshots, digital image processing techniques are applied. All
images are converted tomatrices of size 1024× 1024 pixels, with a lab-made Python code. Each pixel carries out
a value between 0 (black) and 65535 (white), indicating grayscale images. For consistency reasons and noise
reduction, 3 series of experiments are carried out. This provides 3 snapshots at each time point which are then
averaged to generate a singlematrix. This is accomplished by adding thematrices of the individual images and

Figure 2.Plasma bullet pattern, recorded through a neutral density filter, and definition of the different parts along it.
D =t 310 ns.DG D =t 10 ns.WG
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subsequently dividing themby 3 (figure 3(a)). The background noise is removed by subtracting 3 averaged
snapshots capturedwith the plasma being ‘off’. A representative resulting image is shown infigure 3(b).

To visualize the emission, once the background has been subtracted, the contrast is enhanced by a certain
factor (figure 3(c)). This factor is different for each emissive species, but it ismaintained constant among all the
snapshots of the same species. Threshold filters (one sharped threshold per emissive species) are then applied to
further reduce the noise (e.g., stray gray pixels) in the inert area (figure 3(d)). The threshold level is determined as
a compromise between high noise reduction and lowdata distortion. Finally, snapshots fromdifferentDtDG are
combined (figure 3(e)).

On the other hand, for the emission presentation bymeans of plots, images are averaged, the background is
subtracted, and threshold filters are applied (figure 4(a)). Subsequently, the entries of each imagematrix are
averaged along each row and the light intensity as a function of the vertical distance x is obtained (figure 4(b)).
The resulting datamay demonstrate some fine-scale value variations (see stray peaks in figure 4(b)). Thus, they
are smoothed out using amoving average filter (averagingwindow of 10) (figure 4(c)). This smoothing process is
necessary, especially in the cases of low signal-to-noise ratio such as the images from the atomic oxygen
detection.

3.2. Fast imaging—laser-inducedfluorescence
A similar approach is followed to obtain images and plots corresponding to the fluorescence of theNOγ species.
In this case, 10 snapshots are captured at each position x, which are subsequently averaged. The background
noise is removed using 10 averaged snapshots capturedwith the plasma being ‘off’. The rest processing steps are
the same to the onesmentioned above (section 3.1).

4. Results

4.1. Electrical and optical features
Figure 5 presents representative waveforms of the driving voltage pulse and the inducedDBDcurrent. TheDBD
current is evaluated from the signal of themonitor#1# infigure 1 and according to the notions discussed in the
appendix. The plasma jet currentmay be found by the signal of themonitor#2# [42]. However, in our case it
was comparable to the noise produced by the high voltage burst. Thus, its waveform is not shownhere.
However, routine filtering of the noisy signals implied a current peak less than 3mA.

Figure 6 shows the temporal correlation between the high voltage pulse and the emission of the different
species, based on thewavelength filtered PMT signals. The latter are reduced to theirmaximal value. In addition,
thewavelength-integrated light (total light; TL) is recorded. All signals lag the high voltage pulse by about 200 ns.

Figure 3. Image processing steps shown for the case of theHe I emission. (a) Snapshot averaging. (b)Background subtraction. (c)
Contrast enhancement. (d)Threshold filter (stray pixel removal). (e) Snapshot combination.
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This delay corresponds to the time needed for the plasma bullet to propagate along the 20-mmpath between the
inner electrode tip and the dielectric tube orifice (figure 1). This leads roughly to amean speed of about 105m
s−1. Besides, the alumina tube is not transparent. Hence, any optical emission study, either inside or outside the
alumina, earlier than about 200 ns is beyond consideration.Moreover, the falling part of the high voltage pulse is
associatedwith relatively negligible optical emission (figure 6). Thus, these constraints guide the present study
over the plateau of the voltage pulse only. This timewindow is implied infigure 6 by the patterned area.

According to the ICCD fine triggering, the above delay is 180 ns.Namely, the emission in the vicinity of the
reactor orifice becomes detectable forDt 180 ns,DG  independently of the filter used. This valuewas also
confirmedwhenwe focused on the beginning of the TL signal of the PMT. The signals offigure 6 are plotted as

Figure 4. Intensity plotting steps shown for the case of theHe I emission. (a) Snapshot averaging, background subtraction, and
threshold filter application (stray pixel removal). (b)Averaging of entries alongmatrix rows. (c) Filtering (moving average).

Figure 5.Measured voltage and current waveforms. For theDBD current see appendix.
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normalized since they are not calibrated in terms of emission intensity, but they have different signal-to-noise
ratios. Thismaymislead to the above discrepancy (i.e., 200 ns instead of 180 ns). In any case, apart from the
filters, the components involved in the PMT and ICCDexperiments have different specifications (tables 1 and 2,
respectively), making the direct comparison of the corresponding results tricky.Hereafter, the plasma bullets is
assumed to emerge from =x 0 mm0 whenD =t 180 ns.DG

Figure 7 provides a wide scan of the optical emission spectrumof the plasma jet under the present
experimental conditions. In the same figure the detected species are identified. The choice of the species
considered in the present work is thus justified.

4.2. Emissive species
Figure 8 illustrates the plasma bullet propagation as it ismirrored on the corresponding emission. The time
points refer toDt .DG Asmentioned previously,DtWG = 10 ns. Figure 8(a) corresponds to the propagation
pattern producedwhen thewavelength-integrated emission (TL) is considered. On the contrary, infigures 8(b)
to (f) the emission of specific species is considered, i.e., OH,N2,

+N ,2 He I, andO I, respectively. In all cases, an
ionizationwave confined in a quasi-cylindrical channel is initially formed, whereas it is progressively
transformed to a ‘front - tail’ structure as it propagates. The front is gradually separated from the tail and the
latter fades out for increasing propagation times.However, figure 8(f) (where the emission is weak, and pixels of

Figure 6.Correlation between the high voltage pulse and the timewindow studied bymeans of fast imaging. Thewindow encloses the
PMT signals corresponding either to the total light (TL) or the emission of distinct species.

Figure 7.UV-to-NIR optical emission spectrumof the plasma jet andmain species identification. The spectrum is calibrated in terms
of relative intensity (section 2.1).
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low values are not veiled) reveals that the tail forms a residual channel between the reactor orifice and the bullet
front. This is better demonstrated by further image processingwhich leads tofigures 9–14.

Figure 9 refers to the plots obtained by averaging the values across each rowof pixels infigure 8(a) to obtain
the distribution of the light intensity along the vertical axis. All values are reduced to themaximal one. These
plots unveil information that could hardly be extracted by naked eye from the ICCD snapshots. Three distinct
features are predominant along the propagation path: (i) a first peak closely connected to the reactor orifice at all
times; (ii) a second peak emerging from thefirst andmoving away from the reactor orifice; and (iii) a continuum
which couples the two peaks as far as they there exist. It is reminded that the plots refer to the emission induced
by different species and not to the direct observation of electron avalanche propagation.However, if species
excitation ismainly attributed to electronic collisionswith neutrals, the plots imply hidden information on the
distribution of the space charge or/and the local electric field, as discussed further in section 5.

The distinct featuresmentioned above are also observable in the plots describing theOH(A–X) (figure 10)
andN2(SPS; C–B) (figure 11) emissions. However, it is underlined that, despite the qualitative information that
is gained from the numerical processing of the ICCD images, a one-to-one comparison between the results
obtained for different species is not permissible for twomain reasons: i) the optical system employed (ICCD
sensor, lens, andfilters) is not calibrated in terms of absolute spectral efficiency; and ii) thefiltering threshold
depends on the specific species under consideration. Back tofigures 10 and 11, the propagating (second) peak
achieves itsmaximumat 290 ns forOH(A–X) and 310 ns forN2(SPS; C–B), which implies that different
reactions are responsible for the production and the destruction of those species (section 5).

Apart from the neutral emissive species, i.e., OH(A–X) andN2(SPS; C–B), the ionic species +N FNS; B X2 ( – )
is probed. Figure 12 presents the corresponding emission intensity. It is worth noticing that the continuum
which couples the two distinct peaks demonstrates some fluctuations, and even a third intermediate peak there
exists. This can be easily noticed, for instance, in the plots between 270 to 310 ns. Thesefluctuations aremirrored
on the TL plots too (figure 9). On the top of that, the propagating peak ismaximized at 250 ns, as in the TL signal
case.More comments on signal features are deferred until section 5.

The last twoneutral emissive species studied areHe I at 706.5 nmoriginating in the carrier gas andO I at
777.3 nmoriginating in the surrounding air. Figures 13 and 14 give the respective plots. In the case ofHe I, the
first peak is not relatively intense, and the second peak ismaximal at 220 ns. In the case ofO I, themoving peak
appears relatively weak, while the second peak ismaximal at 240 ns. It ismentioned that the signals are
normalized before themoving filter application to avoid distortions asmuch as possible. This explains the
relatively high deviation from the value of 1.0 wherever the raw data have a low signal-to-noise ratio.

Figure 8. Spatiotemporally resolved patterns of the emission induced during electron avalanche propagation. (a)Wavelength-
integrated emission (TL). (b)OHemission. (c)N2 emission. (d) +N2 emission. (e)He I emission. (f)O I emission. Thementioned times
correspond toDt ;DG D =t 10 ns.WG
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Figure 9. Spatiotemporally resolved intensity of thewavelength-integrated emission (TL). Thementioned times correspond toDt ;DG

D =t 10 ns.WG

Figure 10. Spatiotemporally resolved intensity of theOH(A–X) emission. Thementioned times correspond to Dt ;DG D =t 10 ns.WG
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Figure 11. Spatiotemporally resolved intensity of theN2(SPS; C–B) emission. Thementioned times correspond toDt ;DG

D =t 10 ns.WG

Figure 12. Spatiotemporally resolved intensity of the +N FNS; B X2 ( – ) emission. Thementioned times correspond toDt ;DG

D =t 10 ns.WG
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Figure 13. Spatiotemporally resolved intensity of theHe I emission. Thementioned times correspond toDt ;DG D =t 10 ns.WG

Figure 14. Spatiotemporally resolved intensity of theO I emission. Thementioned times correspond toDt ;DG D =t 10 ns.WG
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Aprincipal parameter that can be estimated by the above dynamic analysis is the propagation speed of the
plasma bullets which is characterized by the front propagation speed.Nevertheless, the front covers a certain
surface-volume and the distance that it traversesmust be defined explicitly. This issue is not sufficiently
discussed inmost of the publishedworks, with a few exceptions [43]where time-resolvedOES has been
employed for the accuratemeasurement of the plasma bullet speed. In the present study, different tests are
conducted, and figure 15 provides indicative results.

Figure 15(a) refers to thewavelength-integrated emission (TL). It compares the distance covered by the
plasma bullet versus the propagation timewhen two different points of the bullet pattern are processed, i.e.: (i)
the edge of the lower contour of the front (figure 2) and (ii) the spot of themaximal emission intensity inside the
front pattern. The resultant curves have the same tendency and close values. Similar trends and values are
obtained for the individual species. Figure 15(b)makes such a comparison for the cases of the TL,He I, and

+N FNS; X B .2 ( – ) Thus, wemay evaluate the plasma bullet instantaneous speedwith reference to point ii).
Indicative results are shown infigure 15(c). Values in the order ofmagnitude 105m s−1 are obtained.

4.3. Fluorescent species
Figure 16(a) depicts the LIF intensity from the plasma bullet front (lower contour in figure 2) at various position
xi (section 2.3.1), downstreamof the reactor orifice. All the successive vertical positions are increments of 2mm.
To facilitate the interpretation of these ICCD images, infigure 17(a) the LIF intensity is averaged across each row
of pixels offigure 16(a) and normalized to the corresponding overallmaximal value. The obtained pattern
suggests a localminimumof theNOγ relative intensity within the first about 5mm,whereas it decreases
thereafter in a quite linearmanner. This fact reminds the distinctionmade above between the two emission
peaks, close to and far from the reactor orifice.

Infigure 16(b) the bullet is left to propagate for the first 320 ns to capture thewhole tail within the viewfield
of the camera and it is then scanned bymeans of LIF (steps of 1mm; section 2.3.2.). Following a similar
treatmentwith that applied to the front (figure 17(a)),figure 17(b) displays the LIF relative intensity of theNOγ

species along the bullet tail. Once again, a localminimum is clearly seenwithin thefirst 5mm.

5.Discussion

According to the image processing results, at the dielectric/helium/air interface electric charge is built-up
during about 30–40 ns, within a region of about 5mmdownstreamof the reactor orifice, and a distinct
ionizationwave emerges and propagates thereafter. The electric charge continues to expand in terms of density,
but there exist practically in a confined space, whereas the ionizationwave expands and propagates. Both pass by
individualmaximal densities, at different times, and eventually decay. In addition, figure 15(c) shows a trend of
the ionizationwave speed. That is, it passes also from amaximumduring thewave propagation. This fact has
been previously observed by combining an ICCD and a dispersion grating [44], under conditions close to the
present ones.

The ionizationwave speed in the helium/air channel found to be in the order of 105m s−1. Streamermodels
based on photoionization have been proposed to explain such high speeds under low electric field [45]. The
ionizationwave found also to propagate inside the dielectric tubewith amean speed in the same order of
magnitude, i.e., 105m s−1; similar towhat previous studies have shown [46].

Figure 15.Distance covered by the plasma bullets as a function of the propagation time. Thementioned times correspond toDt .DG (a)
The distance is evaluated from two different features of the plasma bullet pattern (figure 2):● edge of the lower contour of the front;+
spot of themaximumemission intensity inside the front. The case of TL is here shown. (b)The distance is evaluated from the spot of
themaximumemission intensity inside the front. The case of TL alongwith the cases of two different species are here shown:ΔTL;d

+N ;2 ,He. (c) Instantaneous speed evaluation based on the data of (b):ΔTL;d +N ;2 ,He. The driving voltage pulse is also shown for
comparison.
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In a rough qualitativemanner, figure 18 compares the experimentally recorded emission induced by the
ionizationwave propagation (TL case) and the numerically calculated electric field across the propagation path
[4] at conditions approaching the present ones. Themodelmain conditions refer to [4]: ring driven electrode in
contact with the gas (here, internal wire electrode in contact with the gas); He gas (here,He); pulsed voltage
plateau 5 kV (here, 5 kV); pulse rising time 50 ns between 1 and 5 kV (here, 31 ns); tube diameter 3mm (here,
1.14mm). Based on this comparison, we deal with an interplay between a propagating electric fieldwhich
accounts for the ionizationwave propagation, and vice versa. This leads to enhanced species production,
enriching the plasma chemistry.

Starting with He I atoms, they are excited by electrons and can be depleted through various channels
including spontaneous emission (e.g., 3 S 2 P;3

1
3 Einstein coefficient: = ´ -A 1.54 10 s7 1 [47]), electron

impact excitation to higher levels, collisionwith airmolecules (N2 andO2) and helium atoms [48].
Besides, O I atoms can be also excited by electrons. Their de-population is due to radiative relaxation to

lower states (e.g., 3p P 3s S;5 5 = ´ -A 3.69 10 s7 1 [47]), excitation tomore energetic levels, quenching by
N O ,2 2/ and production of ozone: + +  +O 3p P O H O O H O5

2 2 3 2( ) (rate constant:
= ´ - -k 9.9 10 e cm s ,T34 510 6 1 for a temperatureT in the range 300 to 800K [49];T is expected to be slightly

higher than 300K in the present study [37]).
The population of OH A( ) in the present plasma jet should be due to electron-impact dissociative excitation

of H O2 (present in the formof vapour in the surrounding air): +  + +- -e H O OH A H e2 ( ) [37]. Then,
depletion of OH A( ) takes place via radiative relaxation to its ground state (i.e.,  + hvOH A OH X ;( ) ( )

= ´ -A 1.25 10 s6 1 [50]) and through collisional quenching by N O ,2 2/ as follows:
+ OH A N O products2 2( ) / with = ´ - -k 3.2 10 cm sN

11 3 1
2

and = ´k k7O N2 2
[37].

The excitation of nitrogenmolecules to the N C2( ) level is done through electron impact andmetastable
pooling reactions ( +  + = - ´ - -kN A N A N C N X ; 1.5 3 10 cm s2 2 2 2

10 3 1( ) ( ) ( ) ( ) ( ) [51, 52]). On the other
hand, the N C2( ) depletion is due to spontaneous emission (i.e.,  + hvN C N B ;2 2( ) ( ) = ´ -A 2.74 10 s7 1

[50]) and quenching by He and N O2 2/ according to the following channels:

Figure 16. LIF patterns along the propagation path. (a) Lower contour of the plasma bullet front.ΔtDG= 180, 190, 203, 215, 225, 235,
242, 256, 268, 282, 292, and 304 ns, respectively; D =t 30 ns.WG (b) Scanning of the bullet tail.D =t 320 ns;DG D =t 30 ns.WG
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+  = ´ - -kN C He products 9.3 10 cm s ,He2
12 3 1( ) ( ) + N C N O products2 2 2( ) /

( = ´ = ´k k k1.17 k ; 0.47N O HeHe2 2
[37]), and +  + +N C O N A O O S2 2 2

1( ) ( ) ( )
( = ´ - -k 3 10 cm sO

10 3 1
2

[53]).

Figure 17. LIF intensity averaged across each rowof pixels offigure 16 and normalized to the correspondingmaximal value. (a) Front
edge of the plasma bullet. (b)Tail slices of the plasma bullet.

Figure 18. (a)Evolution of the TL intensity downstreamof the reactor orifice. (b)Evolution of the axial electricfield downstreamof
the reactor orifice; the data are digitized andReproduced from [4]. © IOPPublishing Ltd. All rights reserved.Thementioned times
are givenwith respect to the beginning of the driving, high voltage, pulse.

15

Phys. Scr. 98 (2023) 055609 DKAthanasopoulos et al



Furthermore, nitrogen ions can be produced via electron impacts, Penning ionizationwith helium
metastables (Hem) and charge transfer reactions with heliumdimer ions ( +He2 ), as follows:

+  ++He N X N B Hem
2 2( ) ( ) ( = ´ - -k 7.1 10 cm s11 3 1[51]) and +  ++ +He N X N B 2He2 2 2( ) ( )

( = ´ - -k 8.3 10 cm s10 3 1 [54]). On the other hand, the +N B2 ( ) state is depleted through spontaneous emission (
i.e.,  + = ´+ + -hv AN B N X ; 1.5 10 s2 2

7 1( ) ( ) [54]) and quenched by N O :2 2/ + +N B N O products2 2 2( ) /

with = ´ - -k 2.1 10 cm sN
10 3 1

2
and = ´k k2.43O N2 2

[37]. Particularly, Penning ionization is a crucial
ionization process for N X2( ) in heliumplasma jets leading to the creation of +N B2 ( ) ions along the jet axis. These
are unambiguously present here as revealed by their fingerprint, i.e., +N FNS2 ( ) emission at 391.4 nm. Thus, an
enhanced creation of nitrogen ions after the exit of the tube takes place. It leads to an enhancement of the local
electric field as it is suggested by the increasing speed of the ionizationwave up to a certain distance after the
tube’s exit. The particular structure of the continuumof the +N B2 ( ) emission, e.g., between 270 and 310 ns in
figure 12,may be attributed to this enhancement of the local electricfield.

Finally, the OgN fluorescence is studied infigures 16 and 17, following laser-induced excitation of NO X( ) to
the NO A( ) state. Besides, in the present plasma jet NO A( ) should be populated via electron impacts with NO X( )
(i.e., +  +- -e NO X NO A e ;( ) ( ) = ´ - -k 2 10 cm s10 3 1 [55]) and is depleted through the following
channels:  + hvNO A NO X( ) ( ) ( = ´ -A 4.59 10 s6 1) and + NO A N O products2 2( ) / with

= ´ - -k 4.7 10 cm mol sN
10 3 1 1

2
and = ´ - -k 9.09 10 cm mol sO

13 3 1 1
2

[56].
From the abovementioned spontaneous emission coefficients A ,i the natural lifetime (t = A_ 1nat i i) of

He 3 S3
1( ) is t =_ 64.6nat He ns. Similarly, for O 3p P ,5( ) OH A ,( ) N C ,2( ) +N B2 ( ) and NO A( )we obtain

t =_ 27.1nat O ns, t =_ 800nat OH ns, t =_ 36.4nat N2
ns, t =+_ 66.6nat N2

ns and t =_ 217nat NO ns, respectively.
If we also consider the rate constants (k) for quenching of these states by atoms andmolecules, their lifetimes
become even lower [37]. This is due to additional depletion processes, leading tomuch lower effective lifetimes
t ,eff with t t= + ´k C1 1 ,eff nat q[ ] Cq[ ]being the density of a quencher such as N2 or O .2

Based onfigures 11–14, and as it was indicated in section 4.2, themaximum intensity of the propagating
(second)peak of N SPS ,2( ) +N FNS ,2 ( ) He I, and O I, is obtained at 310, 250, 220, and 240 ns, respectively, while
all emissions are still detectable for times equal or higher than 320 ns. For the case of the N C ,2( ) +N B ,2 ( )
He 3 S ,3

1( ) and O 3p P5( ) species, it would be expected that t 40eff  ns [37]. Thus, the results offigures 11–14
suggest that additional production channels of these excited states should be present up to at least 20mmaway
from the reactor orifice. This observation agrees withfigure 18(b))where the local electric field is sustained for
long times. For the case of the OH A( ) and NO A( ) species, the optical emission and LIF intensity extinguishes at
much shorter times (figures 10 and 17) as comparedwith their natural lifetimes, being 800 and 217 ns
respectively. Thismirrors the complex depletion paths that should be considered in a dedicated relative study.

6. Conclusions

Over the last decades, fast imaging haswidely been combinedwith bandpass optical filters and laser-induced
fluorescence for the study of dynamic effects occurring at atmospheric pressure cold plasmas.However, the
present work claimed that these diagnostics should be coupledwith image processing numerical techniques to
elicitmore informative data. The proof of this concept was achieved by considering a heliumpulsed plasma jet
and probing the spatiotemporal evolution of various species (N2,

+N ,2 He,OH,O, andNOγ), along the
propagation path of ionizationwaves. Twodistinct regions of reactive species formation along the propagation
pathwere found. Thefirst regionwas located close to the reactor orifice and the second region referred to the
variable position of ionizationwaves. The latter achieved a propagation speed up to 2× 105m s−1. Finally, it was
demonstrated that the emission patterns of representative speciesmay contain inherent information related to
the profile of other physical quantities, like the local electric field.
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Appendix

Many reports consider equivalent electrical circuits for theDBD-based reactors [57–60]. Figure A1 provides a
representative such circuit for the present experimental setup, including stray electrical components. In the
frames of ‘Dielectric Barrier Discharge’—‘Current Probe’, both v tmeas ( ) and i tmeas ( ) are experimentally
determined (figures 1 and 5). Thus, the drift current of the discharge, i t ,drift ( ) can be evaluated by considering
rational values of the capacitances formed by the air gap and the dielectric barrier (Cair and C ,diel respectively).
These capacitances have coaxial geometry, defined radii (section 2.1), and knowndielectric constants
(e =_ 1r air and e = _ 9.5 7%r diel ). Furthermore, the length of these capacitances is about 10mm (figure 1),
while the radii involved in the geometry are between 0.0625 to 1.25mm (section 2.1). Consequently, the
traditional formula for a coaxial capacitance of infinite length can fairly be used, leading to the values

=C 0.25 pFair and = C 6.74 7% pF.diel

On the other hand, by ignoring the stray impedance ‘seen’ by the primary winding of the ‘Current Probe’ and
the stray impedance due to the short ‘GNDCable’ (figure A1), and solving for theDBD current, the following
equation is obtained:

= + -i t
C

C
i t C

v t

t
1

d

d
1drift

air

diel
meas air

meas
⎜ ⎟
⎛
⎝

⎞
⎠

( ) ( ) ( ) ( )

The last termof equation (1) is calculated by taking numerically the derivative of themeasured voltage
waveform, while the rest terms are known. The result is illustrated infigure 5.
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Figure A1.Representative equivalent circuit of the experimental setup.
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