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High-resolution electric field and
temperature distributions in
positive streamers

Siebe Dijcks'!, Lukas Kusyn?!, Jesper Janssen'?*, Petr Bilek*,
Sander Nijdam** and Tomas Hoder®

'Eindhoven University of Technology, Eindhoven, Netherlands, ?Department of Physical Electronics,
Faculty of Science, Masaryk University, Brno, Czechia, *Plasma Matters BV, Eindhoven, Netherlands,
4Institute of Plasma Physics of the Czech Academy of Sciences, Prague, Czechia

In this work, we aim to take a detailed experimental picture of the positive
streamer. We apply optical emission spectroscopy to the first negative system
(FNS, B®S), — X°x¢) of N3 and the second positive system (SPS, C*TI, — B*I) of N».
Large, centimeter wide, and highly reproducible streamers are created in pure
nitrogen and synthetic air, at pressures ranging from 33 to 266 mbar. Direct time
resolved spectral imaging of the space charge layer resulted in spatiotemporal
maps of the calculated reduced electric field strength (E/N) and rovibrational
temperature in sub-nanosecond and sub-millimetre resolution. The E/N peaks at
approximately 540 and 480 Td, directly in front of the space charge layer, for
synthetic air and pure nitrogen respectively, as determined by using the intensity
ratio method of FNS and SPS. A global model for pure nitrogen in PLASIMO uses
the experimentally determined E/N distribution to draw a picture of the gas
kinetics around the space charge layer passage. In addition, the results of the
global model serve as a reference to interpret the rotational and vibrational
temperatures obtained from experimental FNS and SPS emissions.

KEYWORDS

plasma, streamer discharge, reduced electric field, optical emission spectroscopy, OES,
nanosecond pulsed discharge, non-equilibrium

1 Introduction

Streamers are a discharge type that can develop when strong local electric fields are
applied to a gaseous medium. The paths of these growing and ionizing “fingers” are paved by
a space charge layer, locally enhancing the electric field strength, ionizing the species ahead of
this layer and thereby propagating the streamer [1]. Generally, these streamer discharges
develop into complex morphological structures due to the stochastic branching they
experience while propagating.

Since streamers can be a precursor to short-circuits, a streamer-initiated breakdown [2],
they are undesirable in high voltage engineering and therefore something to actively avoid
[3]. However, the non-equilibrium nature of streamers and their strong local electric fields
make them of interest in various gas treatment applications [4]. Example applications range
from creating high energy species like ozone in air purification plants to nitrogen fixation in
plasma activated water where it acts as a fertilizer. Basic experiments like in this work where
streamer morphologies and energetics are studied in tandem are valuable for validating
modelling efforts.

Two of the main parameters of interest when characterizing streamer discharges are the
reduced local electric field strength (E/N) and the electron energy distribution function
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(EEDF) which describe the electrons accelerated by this field. There
are methods of measuring these properties directly and indirectly for
plasmas and streamer like discharges [5-8]. However, it has been
proven very difficult to apply these measurement techniques to
transient and stochastic phenomena like a streamer discharge, which
is exacerbated by the low active species densities found in these types
of plasmas. A method to measure the electric field which has become
popular in recent years is Electric Field Induced Second Harmonic
generation (E-FISH). method
complications which make it very hard to use for the quantitative
fields  with

However, this suffers from

determination of electric unknown
distributions [5, 9].

In this work, the method of the intensity ratio of the FNS and
SPS optical emissions is applied to quantify the electric field in

the streamer head. The method was typically used in millimetre

spatial

sized barrier discharges and short gaps at atmospheric pressure,
see, e.g., the pioneering works of Kozlov, Shcherbakov and their
coworkers [10, 11]. A detailed study concerning the uncertainty
of the method, which is the basis for this work, was performed by
Obrusnik, Bilek and coworkers [12, 13]. Recently Lepikhin et al
[14] have applied the same method for the determination of
reduced electric field with a comparison of the field from a
capacitive probe, demonstrating a significant discrepancy of
the reduced electric field in the first few nanoseconds of the
discharge. The work is focused on nanosecond capillary
discharge at 27 mbar and discusses the importance of detailed
investigation of the temporal development of used FNS and SPS
emission bands and population/depopulation channels of their
upper states.

In this contribution, we enhance the experimental analysis
further and achieve a unique spatio-temporal high-resolution
insight into the electric field distribution in the streamer head by
using optical emission spectroscopy (OES). This is achieved,
firstly, by designing the electrostatic electric field distribution
in the discharge gap, such that streamers cross the electrode gap
on cue without branching in a very repetitive manner. And
secondly, by performing the streamer discharge experiments at
reduced pressures, which gives relatively large, centimeter-sized,
cylindrically symmetric single streamer filaments. This allows for
spatially and temporally spectral imaging of the streamers’
optical emission fingerprint, from which the reduced electric
field is calculated. The added advantage of experimenting at
reduced pressure is that the observer is essentially zooming in,
both spatially and temporally, to the streamer discharge,
following the scaling laws described by Ebert et al [15]. Our
reduced electric field profiles determined for synthetic air are
compared with numerical results obtained by Babaeva and Naidis
[16] and Li et al [17]. Moreover, we apply a spectral fitting
procedure to obtain the distributions of rotational and
vibrational temperatures in the streamer head and tail with
similar resolution, which is directly compared to the
numerical simulation presented in this work. Comparison to
the global model enables a better insight into the processes taking
place around the streamer head passage.

In the next sections, the experimental setup and methods are
described in detail as used for the streamer analysis. In the fourth
section, the results are presented and discussed. The conclusions are
presented in the final fifth section.
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2 Experimental setup

The setup revolves around the discharge volume where the
streamers propagate in a repetitive manner. The identical repetitive
streamers make the phase resolved image sequence, synchronised to the
voltage waveform, into a time resolved sequence. Figure 1 depicts the
cylindrical vacuum vessel, with inside the electrodes between which the
streamers propagate. A large electromagnetic compatibility (EMC) box
is attached to the vessel flange on the right, which contains the electronic
circuit producing the high voltage pulses. The powered electrode is
directly connected to the pulse source via the feedthrough pictured on
the right side of Figure 1.

The experimental setup is designed to create repetitive single
streamer discharges at reduced pressures, in this work from 33 to
266 mbar, for synthetic air and pure nitrogen. At reduced pressure, the
spatial length scales are blown up and temporal scales are stretched due
to the increased mean free path and reduced collision frequencies at
reduced pressures. This effectively allows for zooming in to the streamer
[15].
experimentally fixed by the used equipment (Imaging lenses and

discharge Since spatial and temporal resolutions are
intensifier gating), the increased size results in a relatively higher
resolution when studying the transient and filamentary streamers.
The filaments of the streamer created with this setup at 8 kV and
33 mbar are optically around 1 cm thick, see Figure 2A. The space
charge layer is imaged spectrally resolved with a time resolution of
500 ps while it propagates the gap with a velocity of around 5 - 10° m/s.

The high reproducibility of the streamer discharges is achieved
by placing two disk electrodes 10 cm opposite of each other, creating
a fairly homogeneous field between them, see Figure 3 where the
electrostatic field lines are drawn between the electrodes. The
homogeneousness of the electric field is disturbed by a short 1 cm
needle (1 mm diameter and 60° tip angle) that protrudes from the
powered disk electrode. The needle serves as the origin of the
spatially well-defined streamer. The vessel itself, with a diameter
of 32 cm is relatively far away and has no noticeable effect on the
discharge. When the diameter of the streamer is large compared to
the gap distance (in this work Lg,y/Dsireamer = 10) the branching is
effectively suppressed [18]. The strong field enhancement at the
needle also helps to reduce the inception jitter of the streamer
discharge. By using an overvolted gap, the streamer inception
always occurs during the rising flank, which, when steep enough,
results in low streamer inception jitter. The inception jitter directly
affects the temporal resolution of the accumulated phase-resolved
OES measurements, therefore it is essential to keep the inception and
voltage waveform jitters to a minimum. Solid state pulsers, both the
Behlke push pull switch (Behlke HTS 651-15-SiC-GSM) and the
custom in-house built pulser [19] have excellent stability and
repetitiveness in their output waveform. The output voltage jitter,
respectively <1nsand 175 ps and the rise time, 10 and 48 ns, show
that the in-house pulser gives better streamer stability. However, the
in-house pulser was limited to 10 kV, meaning that for the pressure
varying experiments, where higher voltages are required, the Belhke
was used. The high voltage source, a Spellman 205B is also very
stable, with a <0.01%/hour stability.

The pulse width of the voltage pulse is adjusted according to the
propagation time of the streamer, such that there is no time for a
streamer-to-spark transition. This greatly reduces the total energy input
into the gas and thereby the gas heating. For a gap distance of 9 cm and
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FIGURE 1

On the left a 3D render of the discharge vessel, including a representation of a streamer propagating through the discharge gap, shown propagating
from right to left. The image is rendered from the viewpoint of the monochromator entrance slit and ICCD camera, viewing the discharge and electrodes
through a large quartz window. On the right the unmounted electrodes, with the grounded electrode screwed to the vessel flange and the powered

electrode with rod and PEEK KF 40 feed though.
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(A) False colour images with linear intensity scaling of the phase resolved downward propagation of single streamers in synthetic air at 66 mbar and

8 kV. The side by side exposures are cut from the original image to only show the streamer area. The time between images is 20 ns and each image has a
2 ns gate. (B) False colour images with logarithmic intensity scaling of streamers crossing the gap at various N,/O; ratios, where the number at the top
describes the percentage of oxygen admixed to pure nitrogen. All images are taken in 66 mbar and 8 kV at identical delays related to the voltage
pulse rise and all images consist out of 50 accumulations, except for the images in the inset, which depict single shots for the 0 and 20% oxygen.

streamer velocities of approximately 5 - 10° m/s this means that voltage
pulse widths of around 200 ns are used. Because the streamer has a quite
fixed cylindrically symmetrical shape and a roughly constant
propagation velocity in the center of the gap, a time-resolved radial
measurement can be used to determine the entire 3D structure.

For all the experiments the vessel is continuously flushed during
the experiments with 2 L/min, with gasses from 6.0 purity cylinders.
The synthetic air is pre-mixed and contains 80% nitrogen and 20%
oxygen. Based on this the purity of the nitrogen within the vessel is
estimated to be between 3.0 and 5.0. The 0% and 20% mixtures are
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premixed from a 6.0 purity cylinder, while the other ratios are
manually mixed. 33 mbar was near the lowest pressure available to
the setup with 10 cm opposing disks, taking maximum benefit of the
pressure scaling, while also giving the most stable streamers in pure
nitrogen. Single streamer discharges for synthetic air and pure
nitrogen under identical conditions are then possible.

The imaging and spectroscopy are performed using a Lavision
PicoStar HR ICCD with UV photocathode. For regular imaging, a
105 mm quartz lens is used and for OES the ICCD is attached to a 1 m
Jobin Yvon monochromator with a UV-blazed 1200 lines/mm grating.
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FIGURE 3

Schematic overview of setup, with dimensions in centimeters. Between the opposing disk electrodes calculated electrostatic field lines of the field
before streamer inception are drawn. The total propagation length of the streamer is 9 cm (10 cm between the opposing electrode disks minus the 1 cm
protruding needle length). The magenta bar shows the region which is imaged on the monochromator entrance slit. The voltage waveforms for the two
pulse circuits are shown, and the time axis is synchronized to the first streamer light captured at the center of the discharge gap; the actual amplitude

and width are adjusted between experiments. Only one of the two circuits (the Behlke push-pull circuit) is shown.

In this work, there are two settings used to capture the spectral data for
OES. Firstly, for the high time resolution (500ps gate) acquisition, from
which the E/N is calculated, the entrance slit of the monochromator was
set to 50 ym. Secondly, for the high spectral resolution (5ns gate)
acquisition, the slit was set to 12 ym. The first setting allows for a
maximum signal while sacrificing spectral detail, while for the second a
spectrum with a good signal to noise ratio is obtained, which is required
to perform an Abel inversion.

The central trigger comes from a function generator, sending
triggers to both the pulse source and camera intensifier. The ICCD
uses a gate and step of 500 ps to acquire the high temporal resolution
spectra. Around 10° discharges are accumulated per time step to ensure
that the signal to noise ratio is good enough for our spectral fitting
methods, which at a discharge repetition rate of 200 pps takes around
10 minutes. The streamer behaviour was verified at the beginning and
the end of each approximately 4 hour measurement campaign and no
change in inception or propagation was observed.

In Figure 2B, the streamer crossing for various N,-O,
mixtures is depicted. Higher oxygen contents lead to later
streamer inception, but also to a much faster streamer
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propagation velocity which more than compensates for this at
the time of imaging, resulting in longer streamers at the time of
imaging, for higher oxygen concentration streamers. For
streamer discharges where branching does occur, the
morphological structure of streamers in synthetic air versus
pure nitrogen differ greatly, mainly due to the large difference
[20].
efficiency suppresses branching by supplying free electrons

ahead of the space charge layer, causing many overlapping

in photoionization efficiency High photoionization

avalanches, which for positive streamers grow towards the
space charge layer. This results in smooth hemispherical
streamer fronts for effectively photo-ionizing gas (mixtures),
see also the single shot streamers depicted in the inset of
Figure 2B, and non-smooth ‘feathery’ looking streamer fronts
[20] in gas (mixtures) where photo-ionization is not a good
source for free electrons. The single shot imaged streamers for
both pure nitrogen and synthetic air show a relatively smooth
front. For pure nitrogen this is probably due to the low pressure
and small oxygen contamination. A good estimate of the oxygen
contamination in ‘pure’ nitrogen gasses can be made by
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Fundamentals of the used intensity ratio method. (A) Energy diagram [23] for the most relevant electronic states of nitrogen with their vibrational
levels, showing the pumping of the FNS and SPS upper states from the groundstate and their emissions. (B) Integral electron-impact excitation cross
section [24] for the N»(C°I1,) and NE(BZZL) electronic states, combined with the EEDF's for various reduced electric field strengths in 33 mbar pure

nitrogen.
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The calibration curves, relating the ratio of FNS (0—0) and SPS (2—-5) emissions to reduced electric field strengths, for Paris [26] divided by a factor of

2 and Bilek [13, 25] for synthetic air and nitrogen at 33 mbar.

the
contaminations

These
events,

observing streamer  discharge morphology.

cause significant photo-ionizing
creating free electrons ahead of the streamer, resulting in
observable changes in the discharge morphology. Note that
the pure nitrogen streamer is not propagating completely
straight downward, but shows some curvature at the moment
of imaging. This will manifest itself in a small lateral offset when

performing the spectral imaging.

3 Methods

The method described below enables us to measure and quantify
the response of the gaseous medium to the strong locally enhanced

Frontiers in Physics

electric field and estimate the reduced electric field. This is achieved
by deploying the intensity ratio technique which uses the emission of
specific vibronic transitions (SPS, FNS) obtained by OES
measurements.

3.1 Intensity ratio method

The electric field in nitrogen-containing plasmas can be
determined from the intensity ratio of specific nitrogen
spectral bands. Due to their radiative power, excitation energy
and spectral positioning, the most used bands are the first
negative system (FNS, BZZ§—>X22;’) of Nj and second
positive system (SPS, C’II, — B’II,) of N,. By far most of the
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emission radiated by streamer discharges comes from the SPS,
making it the obvious first candidate for OES. To simplify the
acquisition and calibration procedures, the dimmer vibrational
transition SPS (2-5) was selected because the most intensive FNS
transition, 0-0, is located spectrally in its vicinity, see also Section
3.2. Figure 4A shows the energy diagram of the most relevant
nitrogen electronic states including their vibrational levels, with
the transitions from and to the FNS and SPS upper levels
indicated. The upper states of the FNS and SPS have different
excitation thresholds for the population from the ground state,
11.3 and 18.7 eV respectively. In order to have a line ratio which
is sensitive to the local electric fields in the discharge, their
radiative upper states population mechanisms need to be
susceptible to the EEDF. Figure 4B shows the electron impact
cross sections for the population of the FNS and SPS upper states
from the ground state. In the same figure the EEDF’s for various
electric field strengths are depicted with their associated mean
electron energy, these are calculated using a Bolsig+ [21]
implementation in PLASIMO [22] for 33 mbar of nitrogen,
see Section 4.1. The intensity ratio for these species is
therefore valid for field strengths where both species are
readily produced, but the mean electron energy of the EEDF
is not so high that the sensitivity reduces, see the slope for the
lines in Figure 5.

The use of the intensity ratio method is limited by the
fulfilment of the following conditions [25]. Firstly the electron
impact excitation of N (BZZK) and N, (C’I1,) states from level v =
0 of the ground N, (XIZE) state should be dominant. This
requires limited gas heating and the majority of the nitrogen-
ground-state molecules to be in the zeroth vibrational level while
there is a limited density of meta-stable species. Experimentally
this means avoiding the spark transition since this is where most
gas heating takes place. To minimize the effect of meta-stables, a
compromise is used for the repetition rate in our experiments. A
value is chosen such that there is enough signal accumulated
within a reasonable time frame, the streamer is stable and has low
inception jitter, but is still not too affected by meta-stables.
Secondly, the gas temperature should be around 300 K. The
reaction rates are usually measured at 300 K, when used at
elevated temperatures, temperature dependencies of these rates
need to be determined.

When the previous conditions are satisfied, the dependence R
(E/N) relating the intensity ratio and the reduced electric field is
given by [5, 10]:

dlIens o Iens
PSKE, (E/N)eyS _ oiys U5 + 10

R(E/N) =" ——— == TR (1)
PR, (BN~ o Ll

dt

where kP are electron-impact rate constants for population of
N3 (BZZD and N,(C’I1,) states. pf,lj,s’sps is the emission line radiative
power:

Py = (W] 2)

Av’v” TE)’
Where Tf)[s] is the lifetime of spontaneous emission, i defines the

excited state, in our case i € {FNS,SPS}, and A, is the
characteristic wavelength of emitted radiation during the
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transition between the upper (v') and the lower (v'’) vibronic
states. The I; are the measured intensities of respective spectral
bands. The effective lifetimes 7°; of the excited state in synthetic
air and nitrogen can be expressed as

Tiﬁ = Tlgf N(frokly, + fo.k o, ) 3)
With f the fraction of gas components: fy, = 0.8, fo, =0.2 for
synthetic air and fy, = 1.0, fo, = 0.0 for pure nitrogen. N defines
the volumetric gas particle density of the mixture.

The ratio R(E/N) can be obtained by either using a Townsend
discharge setup [26] or by using a kinetic model with appropriate
kinetic data [25]. Within this work, we use the intensity ratio of the
FNS (0-0) and SPS (2-5) to determine the electric field in synthetic
air and pure nitrogen at 33 mbar. A calibration curve for FNS (0-0)/
SPS (2-5) in synthetic air at atmospheric pressure was determined
experimentally by Paris [26] and has the following form:

Rexs (0-0)/sps 2-5) (E/N) = aexp [-b(E/N )_0‘5] with
a=460, b=89.0. 4)

According to recent research [27], the parameter a of this equation
should be divided by a factor of two. For use in reduced pressure
experiments the R(E/N) is extended with the effective lifetimes as
follows:

FNS N SPS N
R(E/N,N) = :Fffgs—((No)) %R(E/N, No), (5)

Where Nj is the gas density at atmospheric pressure.

The calibration curve can be calculated from a simple kinetic
model based on the most important processes as listed in Table 1.
The processes R1 and R2 are electron-impact excitations, R3 and
R4 spontaneous emissions and R5-R8 quenching reactions
depopulating the upper states by collisions with N, and O,.
The calibration curves, shown in Figure 5, were calculated
using the reaction rate constants as defined in the third
column of Table 2. These reaction rates were used to calculate
the calibration curves as presented in Eq. 1. In order to establish
the uncertainty of the electric field determination, we define
uncertainties of the reaction rates used in the kinetic model,
see the fourth column of Table 2. The defined uncertainty ranges

TABLE 1 The processes used for the theoretical calculation of the FNS (0-0)/
SPS (2-5) intensity ratio.

\[o} Reaction

R1 e+ N, (XIZ;)VZO — NI (B’Z}), g + 2e
R2 e+ No (X'E0),p = No (C'TL)y + e

R3 Nj (B*%}),— — Ni (X2E) + hv (FNS)
R4 N, (C*1y),y — N, (BTLg) + hv (SPS)
R5 Nj (B°Z{),—0 + N, (XIZ;)V:Q — products
R6 N3 (B2Z!),- + O, — products

R7 N, (C’T1L), + Ny (X! Zg)v:o — products
R8 N, (C*I1,),-, + O, — products
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TABLE 2 Reaction rate constants and their uncertainties as used in the kinetic model.

Characteristic constant Values for curve

Rate uncertainty

RI KE, KB (EIN)(™) EEDFs x CSs [em’s”] )
R2 kS, K, (BIN)(*) EEDFs x CSs [em’s™'] [7]
R3 5 65.8 (58.0 + 68.0) [ns] [52]
R4 T 36.8 (35.1 + 44.1) [ns] [53]
R5 kg,Nz 8.84 (6.6 +9.8) x 107" [cm®s™'] [52]
R6 ks,Oz 10.45 (10.0 = 11.0) x 1071 [cm®s7!] [52]
R7 k;:,Nz 4.4 (3.7 + 5.2) x 107" [cm®s™'] [53, 54]
R8 kgoz 3.7 (3.2 +4.2) x 1071 [cm®s7!] [55]

(*) kim(x = E/N) = 10° x exp(A+ Blog(x) + C/x + D/x* + E/x®), the parameters. A to E for air and pure nitrogen can be found in [7]. Ref. Denotes to the source of values for the curve.

TABLE 3 Calibration curves of Paris (multiplied by factor 0.5) and Bilek, both at
a pressure of 33 mbar, described by function R(E/N) = aexp (-b (EIN)™*5) as
plotted in the Figure 5.

Paris curve Bilek curve

o]
air 28.8 89.0 59.7 106.2
pure nitrogen 159 89.0 25.9 105.2

are discussed in detail in [12, 13, 25]. The final uncertainty
calculation of the calibration curves is now performed by
Monte-Carlo-based uncertainty quantification, where rate
constants were varied within the range as defined in the
fourth column of Table 2. The uncertainty of the electron
impact rate coefficients (R1, R2) was obtained by combining
the electron-impact cross-sections (denoted CS in Table 2) of
RI and R2 with different electron-energy distribution functions
(EEDFs) obtained from the cross-section libraries (Biagi [28],
Phelps [29], Triniti [30], IST Lisbon [24]). This approach is
described in detail by Obrusnik et al. [12].

The calibration curves of Paris divided by a factor of 2 and the
calibration curves obtained by the kinetic model from the
previous paragraph, can be described by Eq. 4 for 33 mbar.
The parameters of this equation are listed in Table 3 and are
plotted in Figure 5. The Paris calibration curve including the
correction factor of 2 for synthetic air is adjusted to use pure
nitrogen instead of air, using identical rate constants for electron-
impact excitation.

The synthetic air calibration curves lie above the pure
nitrogen calibration curves, see Figure 5. This is due to the
quenching of the N,(C’II,, v = 2) state by O,, which is about
8 times higher in air than in pure nitrogen. This change reduces
the effective lifetime of the N,(C’II,) state, which is in the
denominator of Eq. I, and therefore shifts the calibration
curve of air upwards compared to pure nitrogen. This leads to
the important implication that the FNS (0-0)/SPS (2-5) intensity
ratio has a higher value in air than in pure nitrogen at the same
reduced electric field, which is also visible in Figure 6 where the
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peak field is plotted for synthetic air and pure nitrogen with
otherwise identical conditions.

3.2 Spectral fitting

The spectral ‘fingerprint’ of the propagating space charge layer,
is depicted in Figure 6. The spectrum, centered around 394 nm with
a window of 14 nm shows features of both the SPS and FNS. The raw
spectral images from the ICCD are firstly wavelength calibrated
using an HgAr source, additionally the raw 2D images are shear-
corrected for symmetry. Secondly, the intensity of the 2D image is
corrected using a broadband white light source. Lastly, some light
pixel noise filtering and smoothing is applied. Additional smoothing
is applied for the spectra where an Abel inversion is performed. The
Abel inversions themselves are performed using an implementation
of Dribinski [31] in PyAbel [32]. The specific states used for the
calculation of the ratio method are the SPS (2-5) and FNS (0-0):

N, (C°IL,),_, — NZ(B3Hg)v,,:5 +hy, A=3943nm
Ny (B°2)),., = N3 (X°%)),_ +hv, A=39L4nm

where v' is a vibrational upper state and v/ is a vibrational lower state.
Since both species are captured together, no additional calibration
needs to be performed. All features in the aforementioned measured
spectral window are fitted, Figure 7 shows the individual
contributions to the visible spectrum. The figure illustrates the
simulation of our measured spectral range with separated FNS and
SPS components. The simulation has increased spectral resolution for
illustrative purposes and includes individual rotational states for every
vibrational transition, it should be noted that only the major
rotational branches (R: AJ] = 1 and P: AJ = —1) are displayed for
the sake of clarity. The rotational branches demonstrate the density of
rotational states in N, and suggest the reason why optical diagnostics
of nitrogen is generally challenging and requires substantial spectral
resolution together with a comprehensive evaluation approach.

For the determination of rovibrational temperatures and the
intensities of the SPS and FNS bands with the high spatio-temporal
resolution, a routine based on massiveOES software was deployed
[37]. The used fitting routine assumes thermal equilibrium
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clarity, the relative intensity and rotational number of FNS have been shifted

up by 6 and 35, respectively. Where the numbers in brackets represent higher (v') and lower (v'') vibrational states, respectively. MassiveOES databases

used for the simulation are based on [33-36].

(Boltzmann distribution) of rotational and vibrational quantum
states and allows batch processing of spectra, achieving a time-
efficient calculation. For an experiment consisting of 100 radial bins
and 25 temporal steps, 2500 spectra are fitted. The rotational and
vibrational temperatures are determined from vibrational bands
SPS(1-4), (2-5), (3-6) and FNS(0-0), (1-1) and their entire
rotational manifold.

It should be emphasized that the thermal fitting used for the
determination of rovibrational temperatures by definition assumes a
Boltzmann distribution, that is the distribution of rotational and
vibrational states can be described by using single rotational and
vibrational temperatures. In cases where the distribution is non-
thermal, meaning that the distribution cannot be described by a
single temperature, more sophisticated approaches are required. In
the case of partial thermalization, it is often favourable to use a two
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or higher-term Boltzmann distribution (assuming two or three
temperatures), see, for example, [38, 39] or take a more general
state-by-state approach.

This latter approach considers individual quantum states as
separate species and as such the temperature as a parameter that
defines the ratio of the populations of individual states loses its
meaning. On the other hand, the state-by-state approach allows us to
determine the populations of individual states separately and
investigate the distribution
assumption of a thermalized system. Based on the distribution of

of populations without any
the resulting populations it is then relatively easy to determine if the
investigated system is thermalized, partially thermalized or has some
local overpopulation of specific states. This approach is not only
time-efficient, but also the precision of population determination is

enhanced in comparison to traditional methods. For more
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information about this approach see the work of Vorac et al. [37, 40].
The semi-automated state-by-state temperature-independent fitting
of molecular spectra is also part of the massiveOES software. The
fitting routine based on the state-by-state approach was used to
investigate the equilibrium of rovibrational quantum states
presented in Figure 7.

The intensities used for the intensity ratio calculation of the
reduced electric field are determined from the fitted spectra. In
Figure 6 examples of fitted spectra are shown for synthetic air and
pure nitrogen. The figure illustrates the effect of quenching of SPS
states by O,, while FNS states are seemingly unaffected.

By fitting the spectra and using the total intensities of all rotational
branches belonging to a specific transition, accurate relative intensities
are determined for the intensity ratio. An alternative option is to
determine the peak values of band heads as intensities. Nevertheless,
this approach can lead to several issues. Firstly, the detected signal can
differ significantly for different stages of the investigated discharge, as
the rotational structure of molecular spectra is not necessarily the
same for every stage [41]. Secondly, the intensity of a band head is
often not proportional to the total vibrational transition radiation
intensity. Instead, the use of the surface under the measured
vibrational band results in more precise values as it includes all of
the rotational states. Therefore, the intensities used in Eq. 1 are
determined as the surfaces of the SPS(2-5) and FNS(0-0)
vibrational transitions. Another benefit of using the surfaces of the
simulations is the suppression of the overlap in the measured FNS and
SPS spectra, which can cause a small error in the determined ratio,
especially if the higher rotational states are dominant. This effect can
be seen in Figure 7, where even states with the rotational number J =
20 of SPS(2-5) are beginning to influence the total intensity of
FNS (0-0). More information and more detailed comparison
regarding the use of peak values or integral values can be found in
[25] together with a discussion regarding the adjustment of Eq. 1 for
the use of peak values for the determination of intensities.
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A different experimental approach for determining the reduced
electric field from the intensity ratio method is by using photo
multipliers instead of an ICCD. Time correlated single photon
counting [10, 42, 43] has the advantage of a much improved
temporal resolution, going down to tens of picoseconds,
compared to the hundredths of picoseconds generally attained by
an ICCD, this matters especially for the time derivatives in the ratio
calculation. However, interpretation-wise, the ICCD provides
directly correlated spatial and spectral dimensions to the
measurement, allowing the spectral fitting of the captured data
and spatial verification of the 2D single-shot imaging.

4 Results and discussion

In Figure 8 the intensity ratio variables are presented for
synthetic air and pure nitrogen. Figure 9 contains heat maps of
intensity ratio variables including the radial axis, from which the
spatially central data bin is shown in Figure 8. The figure shows the
intensity of streamer emissions accumulated as line integrals at
sequential time delays. The smoothed data and its time derivative are
plotted on opposite sides of a symmetry axis in the same figure, as
the discharge is generally symmetric over the axial axis. The time
derivatives displayed on the right-hand side of the figure are
calculated from the right-hand side of the data. The data for the
pure nitrogen experiment is radially slightly shifted off-axis, since
the streamer path for this experiment was slightly off-center. This is
also visible in Figure 2B, where the pure nitrogen streamer shows
some lateral movement near the centre of the gap before it
straightens when nearing the grounded electrode. The intensities
and their derivatives show the hemispherical nature, see the curved
signal distributions in Figure 9, of the imaged space charge layer. The
intensities and their derivatives underwent Gaussian smoothing
with sigma parameters of 0.75ns and 210 ym in temporal and
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Heat maps of downward facing streamers, showing the spatial and temporal profiles of the variables used in calculating the reduced electric field and
of the resulting reduced electric field. Abel inversion was not applied to the data displayed in this figure. Only half of the data is shown due to the assumed
symmetry, the dashed line indicates this symmetry axis, which is shifted off center for the pure Nitrogen results. For the reduced electric field the full
spatial data range is displayed, while the field is cut off at 420 Td. Intensities are divided by their respective effective lifetimes (left side) and their
derivatives (right side) for SPS (2-5) and FNS (0—-0). The upper row is for synthetic air and the lower row is for pure nitrogen. All of the presented data

underwent Gaussian smoothing.

spatial (radial) dimensions. The resulting reduced electric field
further
Gaussian smoothing with a parameter of 210 yum for the x-axis

determined from smoothed intensities underwent

(radial component) and 0.25 ns for the y-axis (temporal
component).

Because the accumulated signals are line integrals, the
discharge is cylindrically symmetric and we are interested in
the radial distribution, an Abel inversion is applied to the fitted
Itns and Isps. In Figure 8A the Abel inverted data (solid line)
plotted alongside the smoothed non-Abel inverted data (markers
with error bars) shows that Iryg decreases more strongly after its
peak. This is due to the line integral accumulation of Ipys
emission from the hemispherical streamer head and thus
of the
hemisphere are accumulated into the data. This means that
behind this peak the calculated reduced field strengths are
overestimated when no Abel inversion is applied while for

significant emissions from around the equator

earlier time steps, the Abel inversion has less effect due to the
small width of the discharge. The calculations of derivatives and
E/N are performed on the non-Abel inverted data due to the
amount of smoothing needed to apply a proper Abel inversion.

The calculated reduced electric field is only shown for a
restricted window. For earlier time steps the low total intensity
causes a large error in the derivatives, resulting in inaccurate
calculations. The calculated data is only shown for the region
where enough signal is accumulated. The upper limit is set at the
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maximum of the Irys derivative, since this point in time coincides
roughly with the position of the space charge layer, after which the
local electric field strongly decreases and an Abel inversion should be
applied, see also Figure 10A and Shcherbakov et al [44]. The
calculated reduced electric field data for the non-Abel inverted
data is therefore cut off at this limit. The error bar markers show
the error in fitting the spectra, while the error region, marked as the
shaded area between the black lines, depicts the error margin in
the calculation of the reduced electric field due to the
uncertainty of reaction rates and lifetimes as discussed in Section
3.2 and [25].

As a comparison, firstly the field calculated with the methods by
Babaeva and Naidis [16] is plotted in Figure 8A. There, a peak field
E/6 of 200 kV/cm for atmospheric pressure air is mentioned, where §
is the pressure fraction. This peak field corresponds with the field
directly adjacent to the space charge layer, in order to plot the field as
a function of time for the central axis plotted in Figure 8, the
experimentally determined velocity and diameter of the streamer are
used. This is because the electric field distribution is affected by the
local field enhancement and thus the diameter of the streamer and
the velocity of the streamer affects the elongation of this curve. For
the 33 mbar streamer in synthetic air a 0.5 x 1.7 cm (0.5 as the ratio
between the optical diameter and the high field diameter [16]) thick
streamer propagating with 5.3 - 10°m/s is used derive the time
dependency. Secondly, the simulated electric field profile of a
streamer based on modelling from Li et al. [17] is plotted. The
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transparent bar plots show the total FNS and SPS emission and their temporal binning.

conditions of Li’s work are adapted to the used experimental setup
and for this comparison, the simulation was re-run for the voltage
and pressure used in this experiment. The calibration curve data for
Paris mentioned in 5 give nearly identical results for the ratios, and
thus fields, around 500 Td, since this is where both calibration
curves intersect.

For the results in pure nitrogen, shown in Figure 8A direct
comparison with model results was unfortunately not yet available,
due to issues with simulating cylindrically symmetric streamers
without a dominant free electron source like photoionization.
However, Kulikovsky [45] also mentions a peak electric field
strength of 200 kV/cm for a streamer in atmospheric pressure
nitrogen, which is identical to the value given by Babaeva et al
[16] for air.

The peak reduced electric fields derived from the measurements
for synthetic air and pure nitrogen at 33 mbar are approximately
540 and 480Td respectively, which is very close, especially
considering the uncertainties in both the experiment and the
calculation. Especially the uncertainty in the calibration curve,
due to the scatter of literature data on cross-sections for nitrogen
and air kinetics is large. While the experiments are performed using
identical conditions except for the used gas mixture, there are
observable changes in the streamer due to the admixture of
oxygen. The main observable difference is the optical diameter of
the streamers, 1.7 and 1.1 cm at 33 mbar for synthetic air and pure
nitrogen respectively, which would suggest more field amplification
and thus a higher peak field for pure nitrogen. Additionally, the
higher efficiency of photoionization in the synthetic air mixture
lowers the field needed for streamer propagation [20]. In synthetic
air free electrons are created further ahead of the space charge layer,
and those can avalanche towards the streamer, while in pure
nitrogen nearly all ionization takes place closer to the space
charge layer. The ionization coefficient for air is slightly higher
than for pure nitrogen, i.e., it can also ionize (and thus avalanche)
more efficiently than pure nitrogen [18]. All these differences would
suggest a higher peak E/N for pure nitrogen, which is not what we
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observe. This could be due to the assumption of completely smooth
space charge layers, which might not be the case for pure nitrogen
[20] at the pressure and level of oxygen contamination in the
experiment. In other words, the line integrated spectra of fitted
FNS and SPS species might originate from multiple local electric
field maxima, over the more stochastic or irregular looking
hemispherical space charge layer, see Bagheri et al [46].

Figure 11 contains an array of images representing the fitted
parameters of the spectral space charge layer. Each column
represents a different discharge condition, the first four show
different pressures and voltages in synthetic air, the last three in
pure nitrogen. The experimental pressures range from 33 to
266 mbar, doubling between experiments. The voltages are set
to the minimal value for which each experiment has a stable
crossing streamer. At pressures below 30 mbar, the streamer
diameter became so large compared to the gap distance that it
can no longer be regarded as a free moving streamer in bulk gas.
At pressures above 400 mbar, in the used electrode geometry,
streamer discharges always branch, which is already the case in
266 mbar pure nitrogen, which is why these are omitted from this
overview. The first two rows show the fitted Izyg and Ispg values
measured in the middle of the gap as a function of time and radial
position. In the bottom row, the fitted rotational and vibrational
temperatures from Abel inverted data of the SPS are shown.
Contrary to the Abel inversion applied to the 500ps
measurements discussed above and shown in Figure 8, first
the Abel inversion is applied to the spectrum and then the
inverted spectrum is fitted. Each spectral bin of approximately
0.02nm is individually Abel inverted, to create the radially
resolved heat maps.

What is clearly visible from these heat maps is the shrinking
diameter of the streamer when increasing the operating pressure.
While the voltage is increased along with the pressure, it is not
increased proportionally to maintain a constant V/p (applied voltage
over pressure) and therefore background E/N. However, while the
streamer diameter decreases, the local field amplification will
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Array of heat maps, streamers are shown propagating to the left, showing the intensities of SPS and FNS as well as the rotational and vibrational
temperatures of SPS for various pressures in synthetic air and pure nitrogen. Spectra are captured with a 5 ns temporal gate and step. FNS intensities are
normalized to the SPS intensities. The bottom row shows temperatures fitted to the Abel inverted spectra.

compensate for this in a way that E/N at the streamer head will be
roughly constant across pressures, in accordance with the similarity
laws stated by Briels et al. [47]. It should be noted that in Briels et al. the
minimum diameter of the streamer is defined. The streamers created for
our experiments are tuned for repetitiveness, always crossing the gap
and not branching. This means their diameter can be shrunk by
decreasing the applied voltage at a certain pressure, but this causes
the streamer to not necessarily cross the gap, inducing stochastic effects.

In addition to the parameter variations discussed above, we also
varied the repetition rate of the discharge from 20 to 200 and 1000 Hz, but
only at 1000 Hz significant additional heating was measured: a few Kelvin
between 20 and 200 Hz and up to around 10 K for 1000 Hz. For this
research, it was decided to stay well below the 1 kHz.

4.1 Comparison to global model

To get a better picture of the full kinetics in a streamer discharge
and to gain a reference for the rotational and vibrational
temperatures from the fitted spectra, a global model for pure
nitrogen is set up in PLASIMO [22]. This model uses the
reduced electric field acquired from the 33 mbar pure nitrogen
results, see Figure 8B and the Plasimo E/N curve therein, as an
input and the data is extrapolated according to the velocity diameter
relation from Babaeva and Naidis [16] for the 66 mbar streamer
shown in Figure 2A. The 33 mbar pure nitrogen streamer was larger
than the monochromator slit entrance, preventing the proper Abel
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inversion needed for this analysis. After the maximum, the field
decreases to 1/20th of its value for the conductive channel.

Something to note regarding the initial boundary conditions.
The simulation is setup with initial densities according to their room
temperature thermal distributions, except for N3 and n, which are
both set to 1 - 10° m ™. This means the model simulates using the
initial conditions of a virgin background gas, in contrast to the
experimental discharges which are performed with repetition rates
and flushing of the vessel. The cross section data from the Lisbon
[24] database, with some additions from [25], namely, the excitation
of the vibrational states of N,(C’II,), have been used in the
calculations. The remainder of the model is largely based on the
vibrationally resolved model of Simek [48]. In order to capture the
losses of N,(CI1,) processes P632-P635, which represent quenching
processes with N, (XlZg), are taken from Bilek [25]. Additionally,
processes P331 and P364-P367 include ion conversion processes of
N3 (B°Z}) and N3 (Xzzg).

In Figure 10A some species densities of interest, i.e., the densities
of the first couple of electronic states and the upper states of the FNS
and SPS, BZZ: and C’I1,, are plotted as a function of time for times
around the space charge layer passage. The input E/N curve is varied
by +5% to show the sensitivity of the model, the error bars and
shaded regions in Figure 10 reflect these variations. A 5% change in
input E/N affects the resulting electron density in the channel by an
order of magnitude. This is because the direct E/N simulation has no
self-consistency where the E/N reduces when the gas becomes
conductive, like in the streamer simulation of Li et al [17].
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Figure 10B shows the temperature fits from these upper level species,
for both the simulation and the experiment.

Experimental values are fit values from the radial center of the
Abel inverted 66 mbar pure nitrogen spectra, shown in Figure 11.
It should be noted that the distribution of vibrational states was
investigated by a state-by-state approach. The Boltzmann plot of
vibrational SPS states, where only three out of five vibrational
states are tracked (namely, the (1-4), (2-5) and (3-6)
transitions), was fit to obtain the vibrational temperature of
the N,(C’II,) the N,(C’II,) vibrational
temperature does not have any direct relation to other

state. Despite
parameters of the discharge, we used it to perform the
comparison of the model results with the experimental data.
In the high field region, the vibrational distribution is dominantly
populated by electron impact [49], resulting in a distribution
directly related to the Franck-Condon factors. The Franck-
Condon-like distribution from the zeroth vibrational level of
molecular nitrogen ground state is related to the following

istribution: Ne(CH, v=D)] . [N(CIL, v=2)] . [N;(CIl,, v=3)] _ .
distribution: (G =) * (@ ool | N (@ e = 036 ¢
0.19:0.05 [50]. This distribution corresponds with the
vibrational temperature of approximately 2300K, and

obtaining a similar vibrational temperature in the experiment
can signify the dominant electron-impact excitation. The
vibrational distribution corresponding to the electron-impact

excitation of the upper state of the FENS is
NGBS, v=0)) | NGB!, w=D)] _ )
[NE(BZE;, =k [Ni(wz;, = = 1.0: 0.13 [50] and corresponds

with the vibrational temperature of approximately 1700 K. The
experimental vibrational distribution was investigated from the
FNS (0-0) and (1-1) transitions. To contrast these vibrational
temperatures of the excited states, the temperature related to the
first two vibrational levels of the ground state N, (XIZg) is plotted
in Figure 10B.

Figure 10A shows that NI (B*Z?) is quenched much faster than
the neutral excited states (N,(CTI,), Ny(B'ILy). Only for a brief
moment in time is the electron impact excitation from N, (Xlzg)
strong enough to balance the radiation and quenching losses of the FNS
upper state. The sharp decrease in the Nj (B2Z}) vibrational
temperature of the model coincides with a decrease in signal
strength in the experiment, where the emission intensity is too low
to fit the parameters with any certainty, see the overlap between SPS and
ENS emissions and the temperatures in Figure 10B.

For the N,(C’I1,) states, the trends are similar. At the beginning
10°K is
obtained. The subsequent decay of the vibrational temperature (t

(80-90 ns) the vibrational temperature of order 2.5 -

> 90 ns) is accurately reproduced due to the vibrational relaxation
within the N,(CI1,) state:

N> (CTL),y, + N2 = No(X)5 + N2 (CTL),,— (6)

where w < v, meaning the relaxation from the upper vibrational

V'=1-4

levels to the lower ones.

Regarding the rotational distributions, which are only available
from the experimental data, since no rotational resolution/manifold,
or gas heating, was included in the model: The SPS displays a very
thermal distribution but it should be pointed out that such a thermal
distribution in the SPS is commonly disturbed by an overpopulation
of the higher rotational states which are located in spectral areas
where noise is comparable or even stronger than the signal in our
measurements (for SPS(1-4) = 394.7-397 nm), see, for example,
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[38]. Therefore, we expect complete thermalization of rotational
states of SPS or at least partial thermalization. In both of these cases,
the distribution of initial rotational states (J < ~ 30) can be used as an
estimation of gas temperature with an error up to 9% according to
Bruggeman et al. [51]. The rotational distribution of the FNS
strongly suggests overpopulation of higher states, which points to
additional heating of the ions in the strong electric field. However,
no definite conclusion can be made as the signal to noise ratio in the
tail of FNS (0-0) is good enough to estimate a rotational temperature
but not sufficient for state-by-state fitting.

5 Conclusion

Streamers cause transient and spatially localized non-equilibrium
heating of the gas, in this work the degree of all is explored. The
excitation and ionization due to electron impact collisions creates highly
energetic species in the avalanches, but has a very limited effect on the
gas temperature. Two of these species, NI (B2Z}) and N,(CI1,,), when
investigated with OES, can characterize the electric field responsible for
creating these species in the head of the streamer.

The measured reduced electric fields peak around 500 Td at the
streamer head in both synthetic air and pure nitrogen with the latter
being slightly lower. In order to obtain the E/N from the measured
FNS and SPS intensities we use two approaches; an experimental
(according to the modified Paris curve) and a theoretical (as
obtained according to Bilek) approach.

Both give very similar results and show the high sensitivity of
the method for the E/N in streamer discharges. The gaseous
medium only experiences this field locally for a few nanoseconds
and it depends strongly on the diameter and velocity of the
streamer, which in turn both depend strongly on pressure,
discharge geometry and applied voltage. In this experiment,
the streamers effectively turned the global applied voltage
pulse of 8 kV and 100ns into a few nanoseconds long local
pulse with an electric field of 4 kV/cm.

Apart from the determination of E/N by two distinctive
approaches and their comparison to models, the spatial and
temporal evolution of rotational and vibrational temperatures for
NI (B2Z!) and N,(C’I1,) is determined for a series of different sub-
atmospheric pressures. The presented global model expands this to
the kinetics in the streamer discharge and gives a reference to
interpret the experimental results while showing good agreement.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found below: https://doi.org/10.5281/zenodo.7419141

Author contributions

SD: Experimental setup, experiment execution, data Analysis,
main paper text. LK: Data analysis, experiment execution,
MassiveOES spectral fitting, main paper text. JJ: Plasimo global
model setup and simulations. PB: Making the calibration curve

frontiersin.org


https://doi.org/10.5281/zenodo.7419141
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1120284

Dijcks et al.

applicable to the experiments and writing the Methods section. SN:
Experimental and processing supervision, full text redirection. TH:
Processing supervision, full text redirection. All authors contributed
to the article and approved the submitted version.

Funding

This publication (SD& SN) is part of the project ‘Let CO, Spark’
(with project number 15052) of the research programme Open
Technology Programme which is (partly) financed by the Dutch
Research Council (NWO). LK and TH were supported both by the
Czech Science Foundation under contract no.21-16391S and Project
LM2018097 funded by the Ministry of Education, Youth and Sports
of the Czech Republic.

Acknowledgments

The thank; Jan the
MassiveOES software support, Mahdi Azizi for the in-house

authors want to Vorac for

References

1. Nijdam S, Teunissen J, Ebert U. The physics of streamer discharge phenomena.
Plasma Sourc Sci Technol (2020) 29(10):103001. doi:10.1088/1361-6595/abaa05

2. Cernédk M, Hoder T, Bonaventura Z. Streamer breakdown: Cathode spot formation,
trichel pulses and cathode-sheath instabilities. Plasma Sourc Sci Technol (2019) 29(1):
013001. doi:10.1088/1361-6595/ab5051

3. Seeger M, Votteler T, Ekeberg J, Pancheshnyi S, Sanchez L. Streamer and leader
breakdown in air at atmospheric pressure in strongly non-uniform fields in gaps less
than one metre. IEEE Trans Dielectrics Electr Insul (2018) 25(6):2147-56. doi:10.1109/
tdei.2018.007246

4. Adamovich I, Agarwal S, Ahedo E, Alves LL, Baalrud S, Babaeva N, et al. The
2022 plasma roadmap: Low temperature plasma science and technology. J Phys D: Appl
Phys (2022) 55(37):373001. doi:10.1088/1361-6463/ac5elc

5. Goldberg BM, Hoder T, Brandenburg R. Electric field determination in transient
plasmas: In situ & non-invasive methods. Plasma Sourc Sci Technol (2022) 31(7):
073001. doi:10.1088/1361-6595/ac6e03

6. Laux CO, Spence TG, Kruger CH, Zare RN. Optical diagnostics of atmospheric pressure
air plasmas. Plasma Sourc Sci Technol (2003) 12(2):125-38. doi:10.1088/0963-0252/12/2/301

7. Simek M. Optical diagnostics of streamer discharges in atmospheric gases. ] Phys D:
Appl Phys (2014) 47(46):463001. doi:10.1088/0022-3727/47/46/463001

8. Engeln R, Klarenaar B, Guaitella O. Foundations of optical diagnostics in low-
temperature plasmas. Plasma Sourc Sci Technol (2020) 29(6):063001. doi:10.1088/1361-
6595/ab6880

9. Chng TL, Pai DZ, Guaitella O, Starikovskaia SM, Bourdon A. Effect of the electric
field profile on the accuracy of E-FISH measurements in ionization waves. Plasma Sourc
Sci. Technol. (2022) 31(1):015010. doi:10.1088/1361-6595/ac4592

10. Kozlov KV, Wagner HE, Brandenburg R, Michel P. Spatio-temporally resolved
spectroscopic diagnostics of the barrier discharge in air at atmospheric pressure. J Phys
D: Appl Phys (2001) 34(21):3164-76. doi:10.1088/0022-3727/34/21/309

11. Shcherbakov YV, Sigmond RS. Subnanosecond spectral diagnostics of streamer
discharges: II. Theoretical background. ] Phys D: Appl Phys (2007) 40(2):474-87. doi:10.
1088/0022-3727/40/2/024

12. Obrusnik A, Bilek P, Hoder T, Simek M, Bonaventura Z. Electric field
determination in air plasmas from intensity ratio of nitrogen spectral bands: I.
Sensitivity analysis and uncertainty quantification of dominant processes. Plasma
Sourc Sci Technol (2018) 27(8):085013. doi:10.1088/1361-6595/aad663

13. Bilek P, Obrusnik A, Hoder T, Simek M, Bonaventura Z. Electric field
determination in air plasmas from intensity ratio of nitrogen spectral bands: II
Reduction of the uncertainty and state-of-the-art model. Plasma Sourc Sci Technol
(2018) 27(8):085012. doi:10.1088/1361-6595/aad666

14. Lepikhin ND, Popov NA, Starikovskaia SM. On electric field measurements
based on intensity ratio of 1- and 2+ systems of nitrogen in discharges with high
specific deposited energy. Plasma Sourc Sci Technol (2022) 31(8):084002. doi:10.
1088/1361-6595/ac61a6

Frontiers in Physics

14

10.3389/fphy.2023.1120284

pulser, Xiaoran Li for the air comparison model results, Eddie
van Veldhuizen for proofreading the draft and the referees
and George Naidis for their useful input on our preprint
manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

15. Ebert U, Nijdam S, Li C, Luque A, Briels T, van Veldhuizen E. Review of recent
results on streamer discharges and discussion of their relevance for sprites and
lightning. J Geophys Res Space Phys (2010) 115(7). doi:10.1029/2009ja014867

16. Babaeva NY, Naidis GV. Universal nature and specific features of streamers in
various dielectric media. J Phys D: Appl Phys (2021) 54(22):223002. doi:10.1088/1361-
6463/abe9e0

17.Li X, Dijcks S, Nijdam S, Sun A, Ebert U, Teunissen J. Comparing simulations and
experiments of positive streamers in air: Steps toward model validation. Plasma Sourc
Sci Technol (2021) 30(9):095002. doi:10.1088/1361-6595/ac1b36

18. Raizer YP. Gas discharge Physics. Berlin, Heidelberg: Springer (2011). ISBN
364264760X. Available from: https://link.springer.com/book/9783642647604.

19. Azizi M, van Oorschot JJ, Huiskamp T. Ultrafast switching of SiC MOSFETs for
high-voltage pulsed-power circuits. IEEE Trans Plasma Sci (2020) 48(12):4262-72.
doi:10.1109/tps.2020.3039372

20. Nijdam S, H van de Wetering FMJ, Blanc R, van Veldhuizen EM, Ebert U. Probing
photo-ionization: Experiments on positive streamers in pure gases and mixtures. ] Phys
D: Appl Phys (2010) 43(14):145204. doi:10.1088/0022-3727/43/14/145204

21. Hagelaar GJM, Pitchford LC. Solving the Boltzmann equation to obtain electron
transport coefficients and rate coefficients for fluid models. Plasma Sourc Sci Technol
(2005) 14(4):722-33. doi:10.1088/0963-0252/14/4/011

22. van Dijk J, Kroesen GMW, Bogaerts A. Plasma modelling and numerical simulation.
] Phys D: Appl Phys (2009) 42(19):190301. doi:10.1088/0022-3727/42/19/190301

23. Gaydon AG. The identification of molecular spectra. Dordrecht: Springer (2011).
ISBN 9789400957602.

24. Alves LL. The IST-LISBON database on LXCat. ] Phys Conf Ser (2014) 565:012007.
doi:10.1088/1742-6596/565/1/012007

25. Bilek P, Simek M, Bonaventura Z. Electric field determination from intensity ratio
of and N, bands: Nonequilibrium transient discharges in pure nitrogen. Plasma Sourc
Sci Technol (2019) 28(11):115011. doi:10.1088/1361-6595/ab3936

26. Paris P, Aints M, Valk F, Plank T, Haljaste A, Kozlov KV, et al. Intensity ratio of
spectral bands of nitrogen as a measure of electric field strength in plasmas. J Phys D:
Appl Phys (2005) 38(21):3894-9. doi:10.1088/0022-3727/38/21/010

27. Hoder T, Simek M, Bonaventura Z, Prukner V, Gordillo-Vézquez FJ.
Radially and temporally resolved electric field of positive streamers in air
and modelling of the induced plasma chemistry. Plasma Sourc Sci Technol
(2016) 25(4):045021. doi:10.1088/0963-0252/25/4/045021

28. Biagi SF. Fortran program, magboltz, versions 8.9 and after (2023). Available from:
www.lxcat.net/Biagi (Accessed December 7, 2022).

29. Phelps AV. Fellow Adjoint of JILA A.V. Phelps. http://jilawww.Colorado.edu/avp/
(2023). Available from: www.Ixcat.net/Phelps (Accessed December 7, 2022).

30. TRINITI database. TRINITI database. www.Ixcat.net, retrieved on december 7,
2022 (2022). Available from: www.Ixcat.net/TRINITI (Accessed December 7, 2022).

frontiersin.org


https://doi.org/10.1088/1361-6595/abaa05
https://doi.org/10.1088/1361-6595/ab5051
https://doi.org/10.1109/tdei.2018.007246
https://doi.org/10.1109/tdei.2018.007246
https://doi.org/10.1088/1361-6463/ac5e1c
https://doi.org/10.1088/1361-6595/ac6e03
https://doi.org/10.1088/0963-0252/12/2/301
https://doi.org/10.1088/0022-3727/47/46/463001
https://doi.org/10.1088/1361-6595/ab6880
https://doi.org/10.1088/1361-6595/ab6880
https://doi.org/10.1088/1361-6595/ac4592
https://doi.org/10.1088/0022-3727/34/21/309
https://doi.org/10.1088/0022-3727/40/2/024
https://doi.org/10.1088/0022-3727/40/2/024
https://doi.org/10.1088/1361-6595/aad663
https://doi.org/10.1088/1361-6595/aad666
https://doi.org/10.1088/1361-6595/ac61a6
https://doi.org/10.1088/1361-6595/ac61a6
https://doi.org/10.1029/2009ja014867
https://doi.org/10.1088/1361-6463/abe9e0
https://doi.org/10.1088/1361-6463/abe9e0
https://doi.org/10.1088/1361-6595/ac1b36
https://link.springer.com/book/9783642647604
https://doi.org/10.1109/tps.2020.3039372
https://doi.org/10.1088/0022-3727/43/14/145204
https://doi.org/10.1088/0963-0252/14/4/011
https://doi.org/10.1088/0022-3727/42/19/190301
https://doi.org/10.1088/1742-6596/565/1/012007
https://doi.org/10.1088/1361-6595/ab3936
https://doi.org/10.1088/0022-3727/38/21/010
https://doi.org/10.1088/0963-0252/25/4/045021
http://www.lxcat.net/Biagi
www.lxcat.net/Phelps
www.lxcat.net/TRINITI
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1120284

Dijcks et al.

31. Dribinski V, Ossadtchi A, Mandelshtam VA, Reisler H. Reconstruction of Abel-
transformable images: The Gaussian basis-set expansion Abel transform method. Rev
Scientific Instr (2002) 73(7):2634-42. doi:10.1063/1.1482156

32. Gibson S, Hickstein DD, Yurchak R, Ryazanov M, Das D, Shih G. Pyabel/pyabel:
v0.8.4. Zenodo (2021). doi:10.5281/zenodo.4690660

33. Luque J, Crosley DR. Lifbase: Database and spectral simulation program (version
1.5). SRI international report MP (1999). p. 99.

34. Nassar H, Pellerin S, Musiol K, Martinie O, Pellerin N, Cormier J-M. N,+/N, ratio
and temperature measurements based on the first negative N,* and second positive
N, overlapped molecular emission spectra. ] Phys D: Appl Phys (2004) 37(14):1904-16.
doi:10.1088/0022-3727/37/14/005

35. Laux CO, Kruger CH. Arrays of radiative transition probabilities for the N, first
and second positive, no beta and gamma, N*, first negative, and O, schumann-runge
band systems. ] Quantitative Spectrosc Radiative Transfer (1992) 48(1):9-24. ISSN
0022-4073. doi:10.1016/0022-4073(92)90003-M

36. Faure G, Shkol’nik SM. Determination of rotational and vibrational temperatures
in a discharge with liquid non-metallic electrodes in air at atmospheric pressure. J Phys
D: Appl Phys (1998) 31(10):1212-8. doi:10.1088/0022-3727/31/10/013

37. Vorac J, Kusyn L, Synek P. Deducing rotational quantum-state distributions from
overlapping molecular spectra. Rev Scientific Instr (2019) 90:123102. doi:10.1063/1.
5128455

38. Wang Q, Doll F, Donnelly VM, Economou DJ, Sadeghi N, Franz GF. Experimental
and theoretical study of the effect of gas flow on gas temperature in an atmospheric
pressure microplasma. J Phys D: Appl Phys (2007) 40(14):4202-11. doi:10.1088/0022-
3727/40/14/015

39. Bruggeman P, Schram D, Gonzalez MA, Rego R, Kong MG, Leys C.
Characterization of a direct dc-excited discharge in water by optical emission
spectroscopy. Plasma Sourc Sci Technol (2009) 18(2):025017. doi:10.1088/0963-0252/
18/2/025017

40. Vorac J, Synek P, Prochdzka V, Hoder T. State-by-state emission spectra fitting for
non-equilibrium plasmas: OH spectra of surface barrier discharge at argon/water
interface. ] Phys D: Appl Phys (2017) 50(29):294002. doi:10.1088/1361-6463/aa7570

41. Hoder T, Lofthagen D, Vora¢ J, Becker M, Brandenburg R. Analysis of the electric
field development and the relaxation of electron velocity distribution function for
nanosecond breakdown in air. Plasma Sourc Sci Technol (2016) 25:025017. doi:10.1088/
0963-0252/25/2/025017

42. Hoder T, Cernak M, Paillol J, Lofthagen D, Brandenburg R. High-resolution
measurements of the electric field at the streamer arrival to the cathode: A unification of

the streamer-initiated gas-breakdown mechanism. Phys Rev E (2012) 86:055401(R).
ISSN 1539-3755. doi:10.1103/PhysRevE.86.055401

Frontiers in Physics

15

10.3389/fphy.2023.1120284

43. Kusyn L, Synek P, Becker M, Hoder T. Remote streamer initiation on dielectric
surface. Plasma Sourc Sci Technol (2021) 30:03LT02. doi:10.1088/1361-6595/abe4e2

44. Shcherbakov YV, Sigmond RS. Subnanosecond spectral diagnostics of streamer
discharges: I. Basic experimental results. ] Phys D: Appl Phys (2007) 40(2):460-73.
doi:10.1088/0022-3727/40/2/023

45. Kulikovsky AA. Two-dimensional simulation of the positive streamer in
n2 between parallel-plate electrodes. ] Phys D: Appl Phys (1995) 28(12):2483-93.
doi:10.1088/0022-3727/28/12/015

46. Bagheri B, Teunissen J. The effect of the stochasticity of photoionization on 3D
streamer simulations. Plasma Sourc Sci Technol (2019) 28(4):045013. doi:10.1088/1361-
6595/ab1331

47. Briels TMP, van Veldhuizen EM, Ebert. U. Positive streamers in air and nitrogen
of varying density: Experiments on similarity laws. ] Phys D: Appl Phys (2008) 41(23):
234008. doi:10.1088/0022-3727/41/23/234008

48. Simek M, Bonaventura Z. Non-equilibrium kinetics of the ground and excited
states in N,-O, under nanosecond discharge conditions: Extended scheme and
comparison with available experimental observations. J Phys D: Appl Phys (2018)
51(50):504004. doi:10.1088/1361-6463/aadcdl

49. Dilecce G, Ambrico PF, Martini LM, Tosi P. On the determination of the
vibrational temperature by optical emission spectroscopy. Plasma Sourc Sci Technol
(2022) 31(7):077001. doi:10.1088/1361-6595/ac7f54

50. Gilmore FR, Laher RR, ] Espy P. Franck-condon factors, r-centroids, electronic
transition moments, and einstein coefficients for many nitrogen and oxygen band
systems. J Phys Chem reference Data (1992) 21(5):1005-107. doi:10.1063/1.555910

51. Bruggeman PJ, Sadeghi N, Schram DC, Linss V. Gas temperature determination
from rotational lines in non-equilibrium plasmas: A review. Plasma Sourc Sci Technol
(2014) 23(2):023001. doi:10.1088/0963-0252/23/2/023001

52. Dilecce G, Ambrico PF, De Benedictis S. On the collision quenching of by N,
and O, and its influence on the measurement of E/N by intensity ratio of nitrogen
spectral bands. J Phys D: Appl Phys (2010) 43(19):195201. doi:10.1088/0022-3727/
43/19/195201

53. Dilecce G, Ambrico PF, De Benedictis S. OODR-LIF direct measurement of
N,(C’I1,, v=0-4) electronic quenching and vibrational relaxation rate coefficients by N,
collision. Chem Phys Lett (2006) 431(4):241-6. doi:10.1016/j.cplett.2006.09.094

54. Kirillov AS. Intermolecular electron energy transfer processes in the quenching of
N,(C’I1,, v= 0-4) by collisions with N, molecules. Chem Phys Lett (2019) 715:263-7.
doi:10.1016/j.cplett.2018.11.048

55. Pancheshnyi SV, Starikovskaia SM, Starikovskii AY. Collisional deactivation of
N,(CI1,, v= 0, 1, 2, 3) states by Ny, O,, H, and H,O molecules. Chem Phys (2000)
262(2):349-57. doi:10.1016/s0301-0104(00)00338-4

frontiersin.org


https://doi.org/10.1063/1.1482156
https://doi.org/10.5281/zenodo.4690660
https://doi.org/10.1088/0022-3727/37/14/005
https://doi.org/10.1016/0022-4073(92)90003-M
https://doi.org/10.1088/0022-3727/31/10/013
https://doi.org/10.1063/1.5128455
https://doi.org/10.1063/1.5128455
https://doi.org/10.1088/0022-3727/40/14/015
https://doi.org/10.1088/0022-3727/40/14/015
https://doi.org/10.1088/0963-0252/18/2/025017
https://doi.org/10.1088/0963-0252/18/2/025017
https://doi.org/10.1088/1361-6463/aa7570
https://doi.org/10.1088/0963-0252/25/2/025017
https://doi.org/10.1088/0963-0252/25/2/025017
https://doi.org/10.1103/PhysRevE.86.055401
https://doi.org/10.1088/1361-6595/abe4e2
https://doi.org/10.1088/0022-3727/40/2/023
https://doi.org/10.1088/0022-3727/28/12/015
https://doi.org/10.1088/1361-6595/ab1331
https://doi.org/10.1088/1361-6595/ab1331
https://doi.org/10.1088/0022-3727/41/23/234008
https://doi.org/10.1088/1361-6463/aadcd1
https://doi.org/10.1088/1361-6595/ac7f54
https://doi.org/10.1063/1.555910
https://doi.org/10.1088/0963-0252/23/2/023001
https://doi.org/10.1088/0022-3727/43/19/195201
https://doi.org/10.1088/0022-3727/43/19/195201
https://doi.org/10.1016/j.cplett.2006.09.094
https://doi.org/10.1016/j.cplett.2018.11.048
https://doi.org/10.1016/s0301-0104(00)00338-4
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1120284

	High-resolution electric field and temperature distributions in positive streamers
	1 Introduction
	2 Experimental setup
	3 Methods
	3.1 Intensity ratio method
	3.2 Spectral fitting

	4 Results and discussion
	4.1 Comparison to global model

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


