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Experimental Radial Profiles of Early Time (<4 ps) Neutral
and Ion Spectroscopic Signatures in Lightning-Like Discharges
M. Passas-Varo! (2, F. J. Gordillo-Vazquez!, J. Sanchez!, and N. Kieu?

Instituto de Astrofisica de Andalucia (IAA), CSIC, Glorieta de la Astronomia s/n, Granada, Spain, *Physics Department,
Loyola University, Chicago, IL, USA

Abstract This study presents experimental results for the radial and temporal variation of neutral and

ion spectroscopic signatures emerging from the heated channel of lightning-like discharges diagnosed with

a high speed (900,000 fps) imaging spectrograph. Light emissions emanate from three regions: an inner

core (up to ~2 mm), an external sheath (up to ~4 mm) featuring a sudden temperature increase, and further
optical emissions forming a dim glow from 4 mm up to 16 mm. The optical emissions are initially (<1.11 ps)
dominated by the N, first positive system at 660.8 nm and by the N II ion line at 661.05 nm. Between 1.11 and
3.33 ps the optical emissions are dominated by H, (656.3 nm) and O II ion (656.54 nm) lines. The N II ion line
at 648.20 nm prevails in the outer dim glow region (9—12 mm) before 2.22 ps. Spectroscopic signals were used
to experimentally derive the time dynamics of the electron density and electron/gas temperature radial profiles,
which allowed the estimation of the early time overpressure pulse, electrical conductivity and concentrations of
key molecular species (N,, NO, O,, OH, H,, N,O, NO,, HO,, O,, and H,0) along the radial axis of the heated
air plasma channel. These populations were calculated from the overpressure pulse, assuming that they were
produced from humid (50%) air under thermal equilibrium conditions. OH is found to be the second most
abundant molecular species (after NO) directly generated by heated lightning-like channels.

Plain Language Summary The present work explores the temporal evolution (with submicrosecond
time resolution) of spectroscopic optical emissions along the radial dimension of lightning-like channels. Such
study can contribute to quantify the radial variation of the gas temperature and electron density, and to explore
their influence on the direct early production of important neutral (atoms and molecules) and ion species along
the heated channel. Our study has found that the gas temperature peaks at the edge of the channel and that early
(0.72 ps) radial optical emissions are dominated by molecules followed by ions and atoms that also prevail at
later times. The study also suggests that hydroxyl (OH) could be the second most abundant molecular species
(after nitrogen oxide) directly generated by heated lightning-like channels.

1. Introduction

Slitless spectroscopy is a well known technique to analyze the absortion and emission of light coming from a
narrow source, that consists of an optical system including a diffraction element and a sensor. It is a very useful
tool to analyze the spectrum of natural (Boggs et al., 2021; Orville, 1968; Prueitt, 1963; Uman, 1963) and triggered
lightning (Walker & Christian, 2019; Weidman et al., 1989) since it provides a wide field of view which usually
allows to capture the whole lightning stroke in the camera sensor, which not only permits to measure the electron
density and temperature in the lightning core (Prueitt, 1963; Uman, 1963; Walker & Christian, 2017, 2019), but
also vertical temperature profiles in natural lightning return strokes (Boggs et al., 2021). Unfortunately, slitless
spectroscopy makes difficult to discern wavelengths among nearly coincident lightning flashes, besides the seri-
ous limitations it presents for wavelength and, especially, for flux calibrations that could negatively affect spectral
data reduction. Moreover, to date, slitless spectroscopy studies do not provide a direct measurement of the radial
features of the lightning stroke channel, due to the low spatial resolution of the instruments in the radial dimen-
sion. Despite this inconvenience, recent studies have theoretically estimated the radial profile of the lightning
channel temperature from the direct quantification of the gas temperature in the core of the lightning channel
through the solution of the heat transfer differential equation (An et al., 2019; Bocharov et al., 2021; Ripoll, Zinn,
Colestock, & Jeffery, 2014; Ripoll, Zinn, Jeffery, & Colestock, 2014; Sousa-Martins et al., 2016, 2019).

On the other hand, slit spectroscopy includes a very narrow slit in the optical path so it is possible to analyze
a narrow area from wider light sources, becoming an ideal tool for the optical diagnosis of distant plasmas
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such as transient luminous events (Gordillo-Vazquez et al., 2018), emissions from meteor luminous trails
(Passas, Madiedo, et al., 2016; Passas, Sanchez, et al., 2016), natural lightning (Dufay, 1926; Slipher, 1917) or
lightning-like plasma channels (Kieu et al., 2020, 2021). This technique results especially useful to analyze labo-
ratory plasmas, since we can predict the plasma channel location and, therefore, we can aim the system so the
plasma channel can be easily imaged on the slit. It provides a higher radial and spectral resolution compared with
slitless spectroscopy, and allows a direct measurement of the radial profiles of electron density and temperature
in the plasma channel. Moreover, the wavelength and flux calibration of slit spectrographs are trustful and easy
to develop and reproduce (Fantz, 2006; Parra-Rojas et al., 2013; Passas, Madiedo, et al., 2016; Passas, Sanchez,
et al., 2016; Passas-Varo et al., 2019).

The analysis of the spectrum of distant plasmas allows to infer physical properties as the gas temperature or the
electron density. So far, the method to obtain a spectral curve from 2D spatial-spectral images, consists of inte-
grating the entire image in the spatial dimension, so the signal-to-noise ratio (SNR) is enhanced in the spectral
dimension (Kieu et al., 2020, 2021). However, this method usually ignores the spatial information that could
reveal the radial distribution of electron density and/or temperature from the core of the lightning-like plasmas
to its surface.

In this paper we focus on the radially resolved slit spectroscopy of 20 laboratory-produced lightning-like
discharges in air of ~30 mm length using the GrAnada Lightning Ultrafast Spectrograph (GALIUS) (Passas-Varo
et al., 2019) in the visible (645.0-663.0 nm) region operated at 900 kfps with 0.79 ps exposure time and spectral
resolution better than 0.38 nm. This allows us to experimentally quantify the profiles of electron density and
temperature along the radial dimension of the lightning-like plasma channels and their temporal dynamics. From
these measurements we also estimate the evolution of the radial profiles of the electrical conductivity and over-
pressure. Furthermore, by using the overpressure peak profile, we estimate the populations of important molecu-
lar species (N,, NO, O,, OH, H,, N,0, NO,, HO,, O,, and H,0) produced along the radius of the plasma channel,
assuming that they were produced from humid (50%) air under thermal equilibrium conditions.

2. Instrumentation and Experimental Setup

Figure 1 shows a schematic of the experimental setup we used. It consists of the above-mentioned GALIUS ultra-
fast imaging spectrograph, a photometer, a field camera and an electrostatic generator, both first being placed on
an optical rail that allows a correct alignment.

GALIUS is a portable, ground-based slit spectrograph able to record spectra of natural/triggered lightning or
lightning-like plasmas with submicrosecond time resolution thanks to a very high sensitivity Photron SA-Z
camera. GALIUS can be set up with a total of 22 configurations made of combinations of 10 collector lenses,
2 collimator lenses in the near UV and visible-NIR range and 4 high spectral resolution interchangeable
volume-phase holographic (VPH) grisms (Arns et al., 1999; Hill et al., 2003).

For the results presented here, GALIUS was set up in slit mode (50 pm X 3 mm) with a collimator lens of 50 mm
(F#11) combined with a collector lens of 60 mm (F#1.5) focal length, and a grism of 1,855 lines/mm with its
central wavelength at ~654 nm providing a spectral resolution better than 0.38 nm. We set up a recording speed
of 900 kfps combined with a exposure time of 0.79 ps, that allowed a maximum sensor area of 56 X 128 pixels,
providing a spectral bandwidth of 18 nm due to the spectral dispersion of GALIUS under this setup. We chose
the spectral range to be between 645 and 663 nm to simultaneously measure the N II ion lines at 648.20 and
661.05 nm, and the H I neutral line at 656.27 nm, which allowed us to calculate the radial profile and its variation
with time of the electron (gas) temperature and the electron density of the plasma channel, following the methods
explained in next section. Full description of GALIUS can be found in Passas-Varo et al. (2019). Table 1 summa-
rizes GALIUS setting parameters. The distance between every spark and the collector lens was 680 mm + 5 mm.

The photometer synchronizes the GALIUS Photron SA-Z camera with the initial stage of a luminous event. This
is done with a TTL trigger to avoid collapsing the internal buffer of GALIUS camera with empty images. It works
with a typical delay of 220 ns.

Voltage and current from the spark are measured by a TESTEC TT HVP 15HF high voltage probe and a Chauvin
Arnoux Miniflex MA200 insulated flexible AC current probe, respectively. Both probes are connected to a RS
PRO IDS-1104B oscilloscope, that also measures the photometer response through a BNC connector. The delay
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Table 1

GALIUS Setting Parameters

GALIUS COLLECTOR ELECTROSTATIC
LENS ) GENERATOR

PHOTRON .

sAZ = %@* =

TTL TRIGGER !

PHOTOMETER

N/\, OSCILLOSCOPE

Figure 1. Experimental setup that consists of the GrAnada Lightning Ultrafast Spectrograph (GALIUS) ultrafast imaging
spectrograph, a photometer and an electrostatic generator, both first being placed on an optical rail that allows a correct
alignment. The RS PRO IDS-1104B oscilloscope measures the photometer response, the voltage and the current from the
spark.

of the camera trigger is calculated from the mean time between the instant at half rising up of the photometer
response and the instant at half rising up of the current between electrodes.

The electrostatic generator is an automated Wimshurst machine of dimensions 360 x 250 x 400 mm? and
contra-rotating discs of 310 mm diameter, that generates lightning-like plasmas (sparks) of variable length,
depending on the distance between electrodes. The path between electrodes is placed perpendicular to the optical
rail so the spark plasma-channel is horizontal and also perpendicular to the optical rail. Figure 2 shows the area
of the plasma channel that projects on the slit.

The field camera is provided with a sensor of 1,280 x 720 pixels and a frame rate of 30 fps that records a video
of every discharge. A spatial pattern between electrodes is also recorded to estimate the spatial dimensions of
every spark.

3. Methodology

In this study we have analyzed the electric features, field images and 2D spatial-spectral images of 20 lightning-like
plasmas and their evolution in time.

We estimated the injected energy in the 30 mm sparks from the oscilloscope electric signals of current and
voltage; from the field images we characterized the dimensions of the lightning-like plasmas thanks to a cali-
brated pattern we placed between electrodes. Besides, the 2D spatial-spectral images allowed us to experimen-
tally derive the radial profiles of electron/gas temperature, electron density,
and from them to deduce the electrical conductivity and overpressure in the
air plasma discharge. Moreover, the concentrations of key molecular species
(N,, NO, O,, OH, H,, N,0, NO,, HO,, O,, and H,0O) along the radial axis of

Collector lens

Slit dimensions
Collimator lens
Grism

Camera lens
Sensor area
Recording speed
Exposure time
Central wavelength
Spectral range
Spectral dispersion
Spatial dispersion

Spectral resolution

the heated air plasma channel were calculated from the overpressure pulse,
assuming that they were produced from humid (50%) air under thermal equi-
S0pmx3mm  Jibriym conditions.

50 mm F#8

60 mm F#1.5

The typical time scale of our lightning-like discharge is much shorter than that
of a real and/or triggered lightning air plasma because, in real lightning, the
injected current can last for tens to hundreds of microseconds. However, this
56 x 128 pixels  does not invalid our results. We see a number of spectral (and derived

1,855 lines/mm

50 mm F#8

900 kfps magnitudes) similarities between our discharge (that we call lightning-like
0.79 ps discharge) and a real and/or triggered lightning plasma: (a) ionic lines domi-
656.2 nm nate over neutral lines (H, at 656.2 nm) in the early (sub-microsecond)
temporal stage (see also Figures le and 1f in Kieu et al. (2020), where the

645-663 nm . . . . .
same lightning-like discharge was used), (b) at later times (beyond 1 ps),
Ll ore the intensities of atomic lines (H, at 656.2 nm) are much more intense than
0.58 mm/px those of ionic lines, and (c) both temperature and electron density in our

<0.38 nm
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Vertical ax

discharge are similar to those obtained in natural lightning (Orville, 1968)
and/or in triggered lightning (Walker & Christian, 2019).

However, spectra of non lightning-like plasmas in air like, for instance,
laser-induced air plasmas (that also exhibit shorter times scales than the ones
in lightning air plasmas), show intensities of atomic lines that are similar to
those of ionic lines at times beyond 1 ps (Cen et al., 2022). Another inter-
esting feature is that in regular (non lightning-like) air plasmas at any time

o 5 10 15 20 25 30 35 40 L. . .
Horizontal axis (mm) scale (early or late), the H, line is much weaker than in the spectrum of light-
ning and/or lightning-like plasmas. This is well illustrated in the recent paper
Figure 2. Spark number 7. The non-shadowed area is the region of the by Cen et al. (2022) where time resolved spectra of a real natural lightning
spark projected on the GrAnada Lightning Ultrafast Spectrograph (GALIUS) is compared with time resolved spectra of a laser-produced plasma in air.

vertical slit.

Finally, early time temperatures in laser-produced plasmas in air are half of
those in lightning and/or lightning-like air plasmas, and early time electron
densities in laser-produced air plasmas are a factor of two lower than in light-
ning and/or lightning-like air plasmas.

All the above support our approach of using a type of electric (spark) discharge in air that shares many similarities
with real lightning and/or triggered lightning. Other types of air thermal plasmas should not be properly consid-
ered lightning-like discharges in air.

3.1. Time Resolved Spectra and Radial Profile of Brightness

Figure 2 shows a horizontal lightning-like discharge (spark) while the GALIUS slit is placed vertically. Hence, the
2D spatial-spectral images of the spark are the projection of the spectrum of a plasma slice on the CMOS sensor,
with the vertical dimension including the spatial information, whereas the horizontal dimension corresponds to
the spectral information. In other words, every column of pixels of the spatial-spectral image corresponds to a
different wavelength, and every row of pixels of the spatial-spectral image corresponds to a different radial posi-
tion of the investigated sparks.

After recording the raw spatial-spectral images, we reduced them as previously described in Kieu et al. (2020)
and Passas-Varo et al. (2019).

By analyzing the reduced spatial-spectral images row by row, we can estimate several physical parameters of
the lightning-like discharges, such as the gas temperature and the electron density in every radial position of the
region of the plasma discharge that is projected on the slit. To do so, we only consider those rows with an accept-
able SNR, that is, we only accept the rows that show values of intensity at 648.20 nm (N Il ion line), 656.27 nm (H
I'neutral line also known as H,) and 661.05 nm (N Il ion line) higher than three times the standard deviation of the
signal for that row. These are the lines used to quantify the electron density (H,) and the electron/gas temperature
(N II ions at 648.20 and 661.05 nm).

On the other hand, if we integrate the values of all columns of the reduced spatial-spectral images, we obtain
the radial profiles of the brightness of the region of plasma discharges that are projected on the slit, and their
evolution with time.

3.2. Electron/Gas Temperature

We calculated the radial profile and its variation with time of the electron/gas temperature of every lightning-like
plasma by following the procedure described in Prueitt (1963) and Uman (1963) for every row of the 2D reduced
spatial-spectral image, considering that (a) the channel of the lightning-like discharge is optically thin (there is
no light absorption through the line of sight), (b) the temperature is relatively uniform along the lightning-like
channel radial cross section (temperatures are similar at the edge and the center of the lightning channel), and
(c) that thermal equilibrium controls the concentration of the different atoms, molecules and ion energy levels
emitting light due to spontaneous radiative deexcitation, that is, the density of excited atoms, molecules and ions
follow Boltzmann's law. We also assume that local thermal equilibrium (LTE) applies so that the derived electron
temperature equals the gas temperature. Note that in LTE all quantities depend only on the gas temperature.
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Equation 1 is found in Walker and Christian (2019) and it is used to calculate the electron/gas temperature of the
lightning channel, from the ratio of the areas below N II ion lines at 648.20 nm (/) and 661.05 nm (Imp) of each
row of the 2D reduced spatial-spectral image. We only take into account those rows which values of intensity of
the N II ion lines that are three times higher than the standard deviation of the signal for that row (values over
3-sigma) (Thomsen et al., 2003). This ensures that we have real values of temperature instead of mathematical

artifacts. Notice that k is the Boltzmann constantand £, A

> Ap> 8 @0 v, are well-known constants associated

to the upper energies (E,, ) of excited electronic levels m and n of atoms, molecules and ions that can be found

in tables from the National Institute of Standards and Technology (NIST) atomic spectra databases (Kramida
et al., 2020).

T,=— En—E
kLn [IrxrAmpvmpgm] (1)

Lonp Ay Vir&n

3.3. Electron Density

We obtained the variation in time of the electron density radial profile of every spark by following the method
described by Gigosos et al. (2003), which analyses the full width at half area (FWHA) of the H I neutral line at
656.27 nm, the so-called H, spectral line, for every row of the reduced 2D spatial-spectral images, and connects it
with the electron density through Equation 2. This method is independent of any assumptions on the equilibrium
state of the air plasma.

FWHA\ 147135
—) cem™.

N, = 10‘7(
1.098

@)
First, we isolated the H, broadened spectral line from other emissions. To do so, we fitted every row spectrum
with the sum of three Lorentzian curves, each of them centered in the wavelengths of the strongest spectral lines
of the observed spectra: 648.20 nm (N II), 656.27 nm (H,), and 661.05 nm (N II). Then we calculated the FWHA
of the Lorentzian curve obtained from the H, fitting parameters. We only took into account those rows where
the peak value of H, was three times higher than the standard deviation of the signal for that row (values over
3-sigma) to ensure that we had real values of electron density instead of noise (Kieu et al., 2021).

3.4. Electrical Conductivity

We calculated the radial profile and its variation with time of the electrical conductivity of every spark using the
electron density and temperature radial profiles obtained before using the equations in Raizer and Allen (1991).
To do so, we assume isotropic collisions so that the momentum transfer cross section o, = o,, with ¢, being
the cross section for electron-neutral collisions. As the heated channel is highly ionized (N/N > 107%), we also
assume that the ion (V,) and electron (V,) densities are similar so the effective collision frequency for momen-
tum transfer v,, = Nvo,, + N,vocguomy = NV0couomy Where N is the gas density, v is the mean thermal velocity
of electrons, and 6., 1S the cross section of electron-ion collisions dominated by Coulomb forces. We can
consider that the electrical conductivity ¢ in the heated lightning-like channel is controlled by o ,m, as (Raizer
& Allen, 1991):
e’N, 4 15 -1 -1
OCooms = — = 1.9X 10*T.(eV)"* X In(A)™' (Sm™"), 3)

m

with e and m being the electron charge and mass, respectively, and

In(A) = 13.57 + 1.5log (Te(eV)) — 0.5log (Ne(em™) . 4)

3.5. Overpressure

We obtained the variation in time of the radial profile of the overpressure in the heated plasma channel with
respect to ambient pressure (5, = 1) by following the method described in Kieu et al. (2021). For this we use the
electron density and temperature radial profiles obtained, and compute the overpressure as
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20000 1 &t:m 200 where N:* is the electron density obtained experimentally and N: TE(T:)
2 | L 150 \E the electron density obtained when equilibrium is assumed at a certain gas
g 15000 4 = temperature.
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Figure 3. Voltage (blue) and current (red) used to generate spark number 7.
Dotted gray areas correspond to the exposure time (0.79 ps) of the correlative

spectral images.

at local thermal equilibrium (Kieu et al., 2020) by the J, factor (overpres-
sure) obtained for each time and radial position. The equilibrium calcula-
tions in the Supporting Information for Kieu et al. (2020) were performed in
the temperature range 1,000-35,000 K with a method based upon the mass
action law and the chemical base concept (Godin & Trépanier, 2004), assum-
ing a relative humidity (RH) of 50% that corresponds to the ambient RH measured in the laboratory during
experiments. The chemical species considered were 14 atomic, 24 diatomic, and 44 polyatomic species including
electrons, negative ions and single and double positive ions. Internal partition functions were also calculated for
atoms, diatomic and polyatomic molecules as well as for positive and negative ions.

As an example, we obtain the populations of OH as
OH(Ty) = 6,x OH ™5 (T,), ©)

where OH'*™LTE i the local thermal equilibrium of OH at atmospheric pressure. We estimate the populations of
all the mentioned molecular species in the same way.

4. Results

In this study we have recorded the electric features and the time-resolved images and spectra of 20 sparks of
30 mm length and 8 + 2 mm mean width, generated by a Wimshurst machine, in a synchronous way, being
their mean peak voltage and current 32.70 kV and 149.58 A, respectively, with an injected mean total energy of
~0.10 J/cm, calculated for 0.06 ps, which corresponds to the time that the current (intensity) pulse remains over
the half of its maximum.

We have chosen spark number 7 as an illustrative sample within the 20 measurements we have recorded. The
goal of this work is not the comparison between a rare spark and the rest, but to show a real observation and the
median value of a significant sample of sparks. Figure 2 shows the section of spark number 7 projected on the
GALIUS vertical slit. Figure 3 shows its voltage and current, with maximum values of 29,134 V and 315.24 A,
respectively. This provides an injected total electric energy of ~0.18 J/cm.

Figures 4 and 5 show the correlative spatial-spectral images and the correlative reduced spectra of spark number
7, respectively, where we can find six strong spectral lines corresponding to two singly ionized N II lines (648.20
and 661.05 nm), two singly ionized O II lines (648.65 and 656.54 nm), the H  line (656.27 nm) and the First
Positive System (FPS) of N, (6, 3) line (660.80 nm). Overlapping them, we also find several weaker spectral
lines of NI, O I, N I, N,, OF, Ar II, C I and Cu II. We can explain C I presence since, at typical temperatures
(4,000-6,000 K) of air in the edge of the expanding channel of a lightning-like discharge, ground state C (°P)
atoms can be efficiently produced through the reaction CO(X' o vl) + COX'Z » v2) - CO, + C (°P) (Carbone
et al., 2020). Cu II presence is due to the contamination from the Wimshurst machine copper brushes.

Figures 6 and 7 show the radial profiles of the brightness of the spectral lines of N II (648.20 nm), O II (648.65 nm),
H, (656.27 nm), O 1I (656.54 nm), N, FPS (6, 3) (660.80 nm), and N II (661.05 nm), at different sampling times,
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Figure 4. 2D correlative spatial-spectral images of spark number 7. The colorbar indicates brightness in arbitrary units (a.u.).
Note that in the first two images (0.72 ps, 1.83 ps) the brightness extends beyond ~7-8 mm.

for spark number 7 and for the median value of the 20 recorded sparks respectively. We obtained these radial
profiles by plotting the dimensionless brightness of the spectral image at each wavelength, for each radial posi-
tion. In order to better explain the radial evolution of these ions, atom, and molecule optical emissions we have
identified four different regions along the spark radius: an inner core of 2 mm radius that includes regions I and
II, wrapped by an outer sheath of up to 4 mm + 0.58 mm radius (region III) and a dim glow region from 4 up to
16 mm (region IV).

When analyzing the radial profile of the spectrum obtained through the median value of the aligned spatial-spectral
images of the 20 recorded sparks (Figure 7) we find the same behavior that Figure 6 shows for regions I to III.

The nondimensional radial profile of the brightness of spark number 7 and its evolution in time is shown in all
panels of Figure 8 as a purple, blue and greenish transparent shadowed area. We obtained these brightness radial
profiles from integrating all the columns of the correspondent spectral image, so the spectral information is lost
and the signal-to-noise ratio is maximized in the spatial dimension. Overlapping these radial profiles of bright-
ness, Figure 8§ also shows, in black, red and yellow solid lines, the evolution of the radial profile of (a) electron/
gas temperature, (b) electron density, (c) electrical conductivity, and (d) overpressure of spark number 7.
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Figure 5. Reduced spectra of spark number 7 and its evolution with time at different radial positions (0.00 mm, 1.16 mm, 2.32 mm, 3.48 mm). Strongest emission lines
are annotated in the top panel. Radial profiles and temporal evolution of bold emission lines (the six strongest ones) are shown in Figures 6 and 7.

From panel (a) of Figure 8, we notice that the electron temperature of spark number 7 remains almost constant
along the inner core of the spark whereas it increases in the external border of the spark sheath. This trend is
consistent with the results obtained for times <5 ps from 1D cylindrical radiation-hydrodynamic simulations using
an exact (i.e., the discrete-ordinates method [DOM-S12]) and approximate (i.e., the P1 model approach) solu-
tions of the radiation transfer equation, that are plotted in Figure 4 of Ripoll, Zinn, Jeffery, & Colestock (2014),
especially if we compare the radial profile of the temperature of spark number 7 at 2.94 ps, where the electron/
gas temperature ranges between 10,000 and 15,000 K. Notice that the modeling considers a lightning of 200 J/
cm. Hence, although the shapes of the radial profile of electron/gas temperature are comparable, both the radius
and the time scale are far different from the experimental results presented here. This trend is also found in
Sousa-Martins et al. (2016, 2019) where the radial profile of the electron temperature of high current pulsed arcs
is calculated from experimental data combined with the radiative transfer equation. Bocharov et al. (2021) also
predicts this trend through a 2D numerical simulation of high-current pulsed arc discharge in air, and compares
it to experimental results that provide the plasma temperature as a function of time and pressure, but not as a
function of the radius (Robledo-Martinez et al., 2008).

It is worthwhile to mention that the experiment does not provide valid values of temperature outside the outer
sheath of the plasma channel since the SNR of the 2D spatial-spectral image is not high enough in region IV, but
one might think that the radial profile of the electron/gas temperature would slowly decrease as we move away
from the inner core as the radiative transfer equation (Ripoll, Zinn, Jeffery, & Colestock, 2014; Sousa-Martins
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Figure 6. Left axes show the radial profile of the brightness (in arbitrary units) of N II (648.20 nm), O II (648.65 nm), H,
(656.27 nm), O II (656.54 nm), N, FPS (6, 3) (660.80 nm), and N II (661.05 nm), at different sampling times, for spark

number 7. Right axes show the radial profile of the temperature (black solid lines) and the expected decrease of temperature
up to the border of the plasma sheath (black dashed lines). Bluish shape represents the radial profile of the brightness,
normalized to the maximum brightness of the spectrum in the core of the spark. Left axes of the inner panels show a zoom in
the radial profile of the brightness between 5 and 16 mm. Four different regions are discerned along the spark radius: an inner
core of 2 mm radius that includes regions I and II, wrapped by an outer sheath of up to 4 mm =+ 0.58 mm radius (region III)
and a dim glow region from 4 up to 16 mm (region IV).

et al., 2016, 2019) suggests. We also found a decrease of the temperature in the inner core as time goes by. As
conductivity depends directly on the electron/gas temperature, we also found this same trend in the conductivity
radial profile, as panel (c) of Figure 8 shows. This increase of electron/gas temperature and electrical conduc-
tivity in the border of the outer sheath of the lightning channel has not been observed neither in previous slit
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Figure 7. Left axes show the radial profile of the brightness (in arbitrary units) of N II (648.20 nm), O II (648.65 nm),

H, (656.27 nm), O II (656.54 nm), N, FPS (6, 3) (660.80 nm), and N II (661.05 nm), at different sampling times, for the
median brightness of 20 spark spatial-spectral images. Right axes show the radial profile of the median temperature of the

20 sparks (black solid lines) and the expected decrease of temperature up to the border of the plasma sheath (black dashed
lines). Bluish shape represents the radial profile of the median brightness of the above-mentioned 20 spark, normalized to the
maximum brightness of the median spectrum. Left axes of the inner panels show a zoom in the radial profile of the median
brightness between 5 and 16 mm. Four different regions are discerned along the sparks radius: An inner core of 2 mm radius
that includes regions I and II, wrapped by an outer sheath of up to 4 mm + 0.58 mm radius (region III) and a dim glow region
from 4 mm up to 16 mm (region IV).

(Sousa-Martins et al., 2016) nor slitless (An et al., 2019, 2021) spectroscopy studies. An et al. (2019, 2021)
provide the estimation of the radial profiles of temperature and conductivity starting from ~1 cm from the center
of the plasma channel, while the spatial distribution of electron temperature and conductivity in the inner core
of the lightning remains unexplored. As for the physical interpretation of the temperature peak at the edge,
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Figure 8. Radial profiles and their time evolution of (a) electron/gas temperature, (b) electron density, (c) electrical
conductivity and (d) overpressure, in black, red, and yellow solid lines, for spark number 7. Right axes of all panels show the
brightness level in arbitrary units. The evolution of the radial profile of the brightness is plotted in purple, blue and greenish
shadowed areas. Dashed lines in panel (a) indicate the expected decrease of electron/gas temperature up to the border of the
plasma sheath.

radiative shocks can exhibit high temperature spikes as earlier reported (Mihalas & Mihalas, 1984; Zel’Dovich
& Raizer, 2002; Zinn & Anderson, 1973). According to Zinn and Anderson (1973) the peak temperature (or
spike) at the front of the shock is associated with irreversible compression of the preheated air. This behavior is
observed in Figure 5 (case of 5 ps) of Ripoll, Zinn, Jeffery, & Colestock (2014), and (b) in Figure 4 of Zinn and
Anderson (1973).

From panel (b) of Figure 8, we infer that the radial profiles of the electron density in spark number 7 follow the
radial profiles of brightness as time goes by. They show their maximum value in the inner core of the spark and
decrease gradually along the radial dimension and time. This trend of the radial profiles of the electron density is
also found in Sousa-Martins et al. (2016, 2019). This decreasing trend with time is also observed in lightning-like
discharges (Kieu et al., 2020), although it is not found to be that steep in natural (Orville, 1968) and triggered
lightning (Walker & Christian, 2019). We are not able to detect the electron density peak that should rise up in
region IV as predicted in Figure 5 of Ripoll, Zinn, Jeffery, & Colestock (2014) and Figures 5 and 6 of Bocharov
et al. (2021) due to the low SNR we have in that area.

The experimental values of the radial profiles of electron/gas temperature (10,000-34,000 K) and electron
density (2 X 10 cm™ -2 x 10'® cm™3) calculated in this study are very similar to those found in lightning-like
discharges (Kieu et al., 2020), in natural return strokes (Orville, 1968) and in triggered lightning return strokes
(Walker & Christian, 2019); the electrical conductivity values (2,500-17,500 S/m, see panel (c) of Figure 8) are
also comparable to those found in natural return strokes (An et al., 2021) and in lightning-like discharges (Kieu
et al., 2020; Sousa-Martins et al., 2016). Figure 8 panel (c) shows a peak of the electrical conductivity in region
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III directly related to the electron (gas) temperature peak in that region. No peak in the radial profile of the elec-
trical conductivity is found in the same region of the plasma channel in Figure 13 of Sousa-Martins et al. (2016).

Values in panel (d) of Figure 8 vary between 5, = 1 (ambient pressure) and 6, = 9, which is comparable to those
values found in lightning-like discharges (Kieu et al., 2020), and triggered lightning (Walker & Christian, 2019).
We can see an enhancement of the overpressure in the border of the inner core of the lightning-like plasma chan-
nel, being this shape in agreement with the radial profile of the pressure in a lightning stroke of 60 J/cm, modeled
in a previous research (Lacroix et al., 2019). Notice that the injected energy in the present work is 0.18 J/cm. One
might think that this fact is the reason to find the same shape, but at different times. The same shape is also found
in the radial profile of the electrical conductivity in Sousa-Martins et al. (2019) when they use the SuperDICOM
lightning high-current generator at 100 kA.

Left axes of Figure 9 show the evolution of the radial profiles of the electron density and the populations of some
chemical species (N,, NO, O,, OH, H,, N,O, NO,, HO,, O,, and H,O) produced along the radius of the heated
channel of a humid (50% relative humidity) air plasma and its variation with time for spark number 7, calculated
from the peak pressure (§,) and assuming that they were produced under equilibrium conditions. The right axes of
Figure 9 show the evolution of the radial profile of the electron/gas temperature (black dotted-dashed solid line)
of spark number 7. Panel (a) corresponds to 0.72 ps sampling time. In this first time stage the profiles follow a
constant trend through the inner core up to ~3 mm where the outer sheath region begins and the concentrations
start to decrease as a possible reaction to the enhancement of the electron/gas temperature through the outer sheath
of the plasma channel. Panel (b) of Figure 9 corresponds to 1.83 ps sampling time. In this stage the radial profiles
of the above-mentioned populations increase as electron temperature decreases, showing a small enhancement
in the inner core region, where the electron density remains constant and the electron/gas temperature decrease,
to finally decrease in the outer region, where the electron density decreases and the electron/gas temperature
increases. Finally, panel (c) of Figure 9 corresponds to 2.94 ps sampling time, and shows a significant increase
of the above-mentioned concentrations when compared to the initial stages, due to the drastic decrease in the
electron temperature for these radial positions at the final temporal stage of the lightning-like plasma discharge.

By looking at Figures 9 and 11 we can see that there are two groups of molecular species produced in the heated
lightning channel. The first group is formed by (in decreasing order of importance) N,, NO, O,, OH, and H,. The
second group is made of N,0, NO,, HO,, O,, and H,O. At the early time stages (0.72 ps, 1.83 ps) the two groups
are clearly separated. However, the two groups become closer as time progresses (see panel (c) for 2.94 ps). In
general, the concentration profiles of molecular species that we could estimate from 6, exhibit a flat radial shape
except for the very early time at 0.72 ps, decreasing in region III. Due to the low SNR, we are not able to estimate
the concentrations of these molecular species in the hatched-shadowed area, where they are predicted to rise up
and then decrease according to Figure 5 in Ripoll, Zinn, Jeffery, & Colestock (2014). Notice that concentrations
in panel (c) of Figure 9 are higher than in panel (c) of Figure 11. This is due to the lower temperature measured
in the last stage of spark 7 compared to the rest of sparks. Moreover, it is important to note that the trend shown
by the concentrations of key species such as electrons, NO, OH and HO, at the edge of the front (between 0.5 and
1 mm) at 2.94 ps in Figure 9c is in reasonable agreement with the model predicted concentrations at 10 ps shown
in Figure 5 (top panel) of Ripoll, Zinn, Jeffery, & Colestock (2014). As in Figure 5 (top panel) of Ripoll, Zinn,
Jeffery, & Colestock (2014), the electron density slightly decreases just before the edge while NO, OH and HO,
experimentally exhibit the start of a sharp rise that is not experimentally recorded (due to lack of SNR) though it
is predicted by the model.

Recent airborne observations (Brune et al., 2021) and laboratory experimental results (Jenkins et al., 2021)
confirm that considerable amounts of oxidant species (OH, HO,) could be directly produced by visible and
subvisible (corona) electrical discharges in thunderstorms. Our results for the early time (<4 ps) dynamics of high
temperature lightning-like discharges indicate that, at a constant pressure of ~940 hPa and ~50% relative humin-
ity, direct production of OH in the heated channel is the second most important after that of nitrogen oxide (NO),
but it is always considerable larger than that of HO,. In contrast to this, experimental results (Jenkins et al., 2021)
show slightly higher amounts of HO, than of OH. However, as also pointed out by Jenkins et al. (2021), this
could be due to the delayed measurements carried out 25 milliseconds after the flash. It could well be that at later
times (from a few to tens of milliseconds) the cooling and accompanying non-equilibrium kinetics occurring in
the lightning-like channel lead to similar, non-negligible (and probably measureable) concentrations of OH and
HO, at the edge of the lightning channel where the concentrations of NO and NO, are very small as predicted by
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Figure 9. Radial profiles of measured (dashed blue) and equilibrium (dashed orange) electron density and populations of

N,, NO, O,, OH, H,, N,0, NO,, HO,, O,, and H,0, at different sampling times, for spark number 7 (left axes, species in
legend). Radial profiles of the electron/gas temperature at different sampling times, for spark number 7 (right axes, black
dotted-dashed solid lines). Evolution of the radial profile of the normalized brightness (purple shadowed area, arbitrary units).
Hatched areas with oblique lines cover the region where the signal-to-noise ratio (SNR) is so low that the measurements of
electron density, electron/gas temperature and concentrations are not reliable.

1D (radial) time dependent models of the lightning channel for different input energies (Ripoll, Zinn, Jeffery, &
Colestock, 2014).

The production of OH and HO, recently reported by Jenkins et al. (2021) could also be due to air plasma stream-
ers in corona discharges occurring in thunderstorm anvils since thundercloud coronas (Li et al., 2021; Soler
et al., 2020) are now known to be more frequent (about 10 per second worldwide) (Soler et al., 2021) than
previously suspected. Corona discharges in thunderclouds are especially frequent in the Tornado alley in North
America (Soler et al., 2021) where the airborne observations (Brune et al., 2021) reporting important production
of OH and HO, were carried out. In addition, recent submillimeter-wave spectroscopy observations (Yamada
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Figure 10. Radial profiles and their time evolution of (a) electron/gas temperature, (b) electron density, (c) electrical
conductivity and (d) overpressure, in black, red and yellow solid lines, for the 20 recorded sparks. Right axes of all panels
show the brightness level in arbitrary units. The evolution of the radial profile of the brightness is plotted in purple

(0 <t<1.11 ps), blue (1.11 <1 < 2.22 ps), and greenish (2.22 <t < 3.33 ps) shadowed areas, for the 20 recorded sparks.
Dashed lines in panel (a) indicate the expected decrease of electron/gas temperature up to the border of the plasma sheath.

et al., 2020) indicate that streamer coronas in sprites (Gordillo-Vazquez, 2008; Gordillo-Vazquez et al., 2018;
Sentman et al., 2008) occurring in the mesosphere are responsible of mesospheric OH and HO, enhancements.
Previous observations (Bozem et al., 2014; Zahn et al., 2002) relate sudden O, enhancements found in thunder-
storms with the occurrence of subvisible (corona) discharges in thunderclouds. It is therefore quite possible that
the significant OH and HO, enhancements recently found in electrified anvil clouds (Brune et al., 2021) are due
to the non-equilibrium kinetics (Gordillo-Vazquez & Donkd, 2009) driven by streamers in corona discharges
(Simek et al., 2002). Our measurements and estimations in the present work indicate that, as expected, O, is
specially depressed by the high temperatures in the heated channel.

Finally, it is worth highlighting that the trends observed in Figures 8 and 9 for one spark are also observed in the
20 recorded sparks, as Figures 10 and 11 show. To generate Figure 10 we aligned the 2D spatial-spectral images
of the 20 sparks with respect to their inner core grouping them according to the sampling time of the sparks, that
is, below 1.11 ps, between 1.11 and 2.22 ps, and after 2.22 ps, so that we could calculate the median values of the
radial profiles of the electron/gas temperature (Figure 10a), electron density (Figure 10b), electrical conductivity
(Figure 10c) and overpressure (Figure 10d). We only considered valid median values at a certain radial position
when there were more than 5 sparks with a valid value of electron/gas temperature or electron density for that
radial position. As Figure 10 shows similar trends than Figure 8, we can conclude that the previous discussion is
valid for most sparks. The median radial profiles of the concentration of the above-mentioned species follow the
same trend as well if we compare Figures 9 and 11, but in this case we reach further radial positions that suggest
that these radial profiles somehow follow the shape of the brightness of the spark, excepting the latter time stages
of the sparks, when the concentrations seem to increase as we move away from the core of the spark.
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Figure 11. Radial profiles of the median value of the measured (dashed blue) and equilibrium (dashed orange) electron
density and populations of N,, NO, O,, OH, H,, N,0O, NO,, HO,, O, and H,0, at different sampling times, from the 20
recorded sparks (left axes, species in legend). Median value of the radial profiles of the electron/gas temperature at different
sampling times, from the 20 recorded sparks (right axes, black dotted-dashed solid lines). Evolution of the median radial
profile of the normalized brightness, from the 20 recorded sparks (purple shadowed area, arbitrary units). Hatched areas with
oblique lines cover the region where the signal-to-noise ratio (SNR) is so low that the measurements of electron density,
electron/gas temperature and concentrations are not reliable.

Studying the submicrosecond/microsecond time dynamics of small (a few centimeter long) lightning-like (arc)
discharges produced with small peak current impulses (of several hundred Amperes) allow to reproduce the
trends and values of the electron density and gas temperature found in natural (Boggs et al., 2021; Orville, 1968)
and/or triggered lightning strokes (Walker & Christian, 2019). Because the current (of several hundreds amperes)
and voltage (several tens of thousand volts) used are low, so is the input electrical energy (which is much lower
than in real lightning strokes). Still, the behavior (and the radial absolute values) of the concentrations of chemical
components during the early stages of the heated stroke channel can be reasonably reproduced experimentally
as we have seen by comparing with recent models for the expansion dynamics of lightning strokes (Ripoll,
Zinn, Jeffery, & Colestock, 2014; Ripoll, Zinn, Colestock, & Jeffery, 2014). However, a small dicharge cannot
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reproduce the real spatial (radial) dimensions of an expanding lightning stroke channel. In spite of this, we can
still consider small arcs as good analogs of real and/or triggered lightning but with the advantage of having an
easier access to them in the laboratory. The challenge ahead is to study the late temporal stages that, because of
the lower luminosity, complicates their optical diagnostics. The effort, however, could be worth because, accord-
ing to modeling (Ripoll, Zinn, Jeffery, & Colestock, 2014), the largest chemical production of NO,, OH, and HO,
in lightning strokes occurs during the cooling phase at lower gas temperatures (below 10,000 K).

5. Summary and Conclusions

In this work we analyzed the radial profiles of the spectral brightness of 20 lightning-like plasma discharges from
experimental spectroscopic data recorded at 900 kfps and 0.79 ps exposure time. This is the first direct meas-
urement of the radial profiles of gas temperature, electron density, pressure and conductivity in lightning-like
plasma channels. Previous works estimate these radial profiles from 1D (only spectral, no spatial) spectroscopy
combined with the radiative transfer equation and modeling. This is the first time that these radial profiles are
measured directly from 2D (spatial-spectral) images, without losing the spatial dimension of the spectra. Here we
propose a method able to confirm the reliability of such 2D theoretical modeling.

We found that the optical emissions of the sparks are initially (<1.11 ps) dominated by the N, first positive
system at 660.8 nm, while the N II ion line at 661.05 nm is very significant below 4 mm. N II ions at 648.20 and
661.05 nm start to prevail over the rest of emissions within the outer dim glow region (10-14 mm). A damped
oscillating behavior along the radius of the spark is detected for all emissions, with a variable period. After
1.11 ps and before 2.22 ps we find that H, and O II (656.54 nm) spectral lines dominate clearly over the rest of
emissions until 9 mm, where N Il ion line at 648.20 nm rises up. After 2.22 ps, H, and O II (656.54 nm) spectral
lines dominate also below 4 mm, and no spectral signatures are found beyond.

From these measurements we found that the electron/gas temperature remains almost constant along the inner
core of the spark whereas it increases in the external border of the spark sheath before 2.22 ps. This trend
is consistent with the results obtained from 1D cylindrical radiation-hydrodynamic simulations using an exact
(the discrete-ordinates method (DOM-S12)) and approximate (the P1 model approach) solutions of the radia-
tion transfer equations (Ripoll, Zinn, Jeffery, & Colestock, 2014). We also found a decrease of the electron/gas
temperature in the inner core (up to ~2 mm) of the spark as time progresses. The electrical conductivity also
follows this behavior. We found that the calculated trend of the radial profile of the electron density follows the
shape of the radial profile of the brightness of the spark. This translates into an enhancement of the overpressure
in the border of the inner core of the lightning-like plasma channel at the first (0.72 ps) and third time (2.94 ps)
stages of the plasma discharge.

Finally, we also estimated the evolution of the radial profile of the populations of NO, O,, OH, H,, N,0O, NO,,
HO,, O;, and H,0O produced along the radius of the lightning-like plasma channels from the peak pressure 6,
and assuming that they were produced from humid (50%) air under equilibrium conditions. At initial time stages
(0.72 ps), the radial profiles of the above-mentioned populations follow a constant trend up to the inner core (up
to ~2 mm), where the populations start to slightly decrease. Afterward, they show a small enhancement (up to
~3 mm) in between the inner and outer sheath regions to finally decrease in the outer region. We also found a
huge increase (compared to the initial time stages) of the chemical species concentrations in the inner core of the
plasma channel following the gas temperature decrease. Hydroxyl (OH) is found to be the second most abundant
molecular species (only after nitrogen oxide (NO)) directly generated by heated lightning-like channels, while
ozone is the least directly produced.

Data Availability Statement

Data sets for this research and related software for figure generation are available through GitHub (Passas-Varo
etal.,2022), under GNU General Public License. Figures were made with Matplotlib version 3.5.1 (Hunter, 2007),
available under the Matplotlib license at https://matplotlib.org/.
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