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1. Introduction

Much attention is paid to the study of atmospheric dis-
charges. They affect human life, and physical processes
occurring in many types of these discharges still require
further study. Over the past three decades, many scien-
tific groups have intensively studied Transient Luminous
Events (TLEs) such as which include red sprites, blue jets,
elves, and others "), Simulations of TLEs are carried out
in laboratory conditions; see for example . Figure 1 is a
widely known image """, which presents various types of
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Over the past three decades, research of high-altitude atmospheric
discharges has received a lot of attention. This paper presents the results
of experimental modeling of red sprites during a discharge in low-pressure
air. To initiate ionization waves in a quartz tube, an electrodeless pulse-
periodic discharge fed by microsecond voltage pulses with an amplitude
of a few kilovolts and a repetition rate of tens of kHz were formed. In this
case ionization waves (streamers) have a length of tens of centimeters.
The main plasma parameters were measured at various distances along the
tube. The measurements confirm the fact that ionization waves propagate in
opposite directions from the zone of the main electrodeless discharge, just
as it happens during the formation of red sprites.

atmospheric discharges.

One of these types of discharges, which is initiated at
altitudes of 70 km ~ 80 km from the Earth’s surface and
is observed above thunderclouds, are red sprites, see the
first color photo !". They propagate at altitudes of 40 km ~
100 km (air pressure varies within 3-2.4-10"* Torr) and
their color can change from red to blue one at the altitude
of about 50 km. It is known that red sprites can be com-
pared with streamers (ionization waves), which, due to
low pressures at high altitudes, have a length of tens of
kilometers. It is believed that the red color of sprites is de-
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termined by the emission of bands formed by spectral tran-
sitions of the first positive system (FPS; 1+) of a nitrogen
molecule ***""""*] Important data on the radiation charac-
teristics of sprites were obtained by observing them from
an aircraft " and from space ***. In particular, a glow
duration, emission spectra, and propagation velocities of
red sprites were measured and analyzed ">, However,
many of the processes that are observed during the for-
mation of red sprites require further research, including
in a laboratory. One of such properties of sprites is their
propagation both towards the Earth’s surface and in the
opposite direction "'>'”. The mechanism for initiating red
sprites also remains beyond understanding. In particular,
it is assumed that their development is initiated by plasma
inhomogeneities in the D-region of the ionosphere **',

Transient Luminous Events
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Figure 1. Different types of TLEs. Photo used with per-
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The purpose of this work is to study in details the radia-
tion of a plasma formed by an electrodeless pulse-periodic
streamer discharge in air at pressures of 0.4 Torr ~ 9 Torr.
Preliminary experiments have shown that such a discharge
are red colored due to the emission of bands formed by
spectral transitions of the 1+ system of a nitrogen mole-
cule and are can be classified as a streamer discharge. This
paper, unlike others dealing with laboratory modeling of
red sprites in low-pressure air "***", has a significant dif-
ference in the form of an electrodeless discharge.

2. Experimental Setup and Measuring Techniques

For these studies, a setup was used that had two mod-
ifications, which made it possible to study the optical
characteristics of a discharge plasma at air pressures cor-
responding to altitudes where red sprites arise. The setup
consisted of a quartz tube (GE 214 grade) with the high
transmission in the ultra violet (UV) and visible spectral
regions equipped with 1-cm-width ring-shaped electrodes
made of aluminum foil, as well as a high-frequency volt-

age pulse generator (U,), which was connected to them
(Figure 2). A length, an inner diameter and a wall thick-
ness of the tube were 120 cm, 50 mm and 2.5 mm, respec-
tively. The electrodes were located in the center of the
tube. A distance between the electrodes was 6 cm.

Generator
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4 L 5 and air inlet

Figure 2. Experimental setup consisting of a quartz tube
with ring-shaped electrodes. 1 - flanges; 2 - quartz win-
dow; 3 - quartz tube; 4, 5 - ring-shaped electrodes.

In the most experiments, the U, generator produced
voltage pulses with a rise/fall time of ~350 ns, an am-
plitude of 7 kV, a full width at half-maximum (FWHM)
of =2 us. A pulse repetition rate f was 21 kHz. The ends
of the tube were closed with caprolon flanges. The right
flange had a 5-mm-diameter central hole that served for
pumping out and filling the chamber with air A quartz
window (2 on Figure 2) or two additional pointed elec-
trodes made of nichrome wire were installed from the side
of the left flange (A and C on Figure 3a).
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Figure 3. Integral photographs of the gap formed by two
additional pointed electrodes (A and C) made of 1-mm—
diameter nichrome wire (a), discharges without the
streamer formation (b) and with it (c), as well as an ICCD
image of a streamer (d). Air pressure is p = 10 (b) and 3
Torr (c, d). Amplitude of the voltage applied across the
additional pointed electrodes is Uy = +5 kV.
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A gap width between the additional electrodes was
10 mm. A radius of curvature of these electrodes
was ~0.1 mm. DC voltage was applied across the addi-
tional electrodes from a DC voltage source (Upc) and a
discharge was formed at various pressures p and voltages.

The additional electrodes and high-voltage source Uy
in a number of cases were used in experiments with the
U, generator and the ring-shaped electrodes. In this case,
these electrodes were interconnected outside the chamber
and grounded or fed by the U, source via 100 MQ resist-
ance. Polarities of the U, generator and Uy, source could
change. It was also possible to change the voltage ampli-
tude. Note that the U, source and additional electrodes
are not shown in the Figure 2, however the additional
electrodes are shown in the Figure 3a. The voltage across
the ring electrodes and the discharge current was meas-
ured, correspondingly, by an ACA-6039 (AKTAKOM)
voltage divider and a hand-made current shunt. Signals
from these probes were recorded with a MDO3104 os-
cilloscope (Tektronix) with a bandwidth of 1 GHz and a
sampling rate of 5 GS/s. The optical characteristics of the
discharge plasma radiation were measured with an A100
(SONY) digital camera, an HR2000+ES spectrometer
(OceanOptics Inc.) with known spectral sensitivity char-
acteristic, and a four-channel ICCD camera (HSFC-PRO).
The HR2000+ES spectrometer (OceanOptics Inc.) allows
to record a spectral energy distribution in the range of
wavelengths of AA = 190 nm ~ 1100 nm. Its instrumental
function is Ak, = 0.9 nm. In addition, to estimate the
main parameters of the formed plasma, an HR4000 spec-
trometer (OceanOptics Inc.) with known spectral sensitiv-
ity characteristic and A\, = 0.2 nm was used to record
the plasma emission spectrum in the wavelength range
A\ =300 nm ~ 400 nm. In experiments with the U, gen-
erator, a streamer velocity was determined with a PD025
photodiode (Photek) with subnanosecond time resolution
and the maximum sensitivity in the region of 250 nm ~
500 nm (LNS20 cathode). Using the photodiode, we re-
corded the time behavior of the radiation intensity 4-cm-
width discharge regions, the centers of which were located
at the distance of 3 cm, 13 ¢m, and 23 cm from the edge
of the grounded ring-shaped electrode. The rest of the tube
was covered with an opaque screen.

A quartz tube was filled with atmospheric air with a hu-
midity of =23%, but first it was pumped out to a residual
p =107 Torr.

3. Experimental Results

3.1 Characteristics of the Discharge Implemented
between Additional Electrodes

The experiment was aimed at determining the influ-
ence of the polarity of a high-voltage (HV) electrode on
the formation of streamers at low air pressures, as well
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as fixing their color at pressures of 1 Torr ~ 3 Torr, at
which the sprites still remain red. However, the color of
the pulsed discharge at low pressures can be either blue or
violet "****" DC voltage of positive or negative polarity
from the U, source was applied via a 3-m-long cable
equipped with a 100-MQ resistor to the additional elec-
trodes mounted on the left flange (Figure 3a). The bottom
electrode in Figure 3a was grounded through the cur-
rent shunt. In this case, ring-shaped electrodes were not
mounted on the tube, and the length of the tube was 20 cm
or 120 cm. As experiments have shown, see below, in a
number of cases, the length of the tube affected the char-
acteristics of the discharge.

Intense discharge plasma radiation at p = 6 Torr or
higher with additional electrodes shown in the Figure 3a
was observed only at their tips (Figure 3b). The discharge
current and voltage across the gap (less than U,.) were
constant during the discharge. Voltage was applied to the
additional electrodes via a 100-MQ-resistance. If there
was no breakdown in the tube, the voltage at the elec-
trodes and at the output of the source (Uj.) was the same.
In the case of air breakdown, a discharge plasma resist-
ance was connected in series with the 100-MQ-resistance,
and the voltage was redistributed between these two re-
sistances in inverse proportion to their values. According-
ly, the voltage across the electrodes decreased. Streamers
(ionization waves) usually were not observed under these
conditions.

The formation of streamers in a quasi-stationary regime
was recorded at p = 1 and 3 Torr with a relatively low
Upc. An integral photograph of the discharge plasma glow
is shown in Figure 3c. Here we can see the glow near the
electrodes and a streamer propagating from the HV anode.
An image of a streamer obtained with an ICCD camera
under these conditions is shown in Figure 3d. Reducing
the frame duration made it possible to register only the
streamer glow without stationary plasma radiation at the
opposite electrode. The length of streamers arisen under
these conditions was less than d, and they were generated
in the repetitively pulsed mode. The voltage across the
gap in the period between current pulses slowly increased
and quickly decreased (the source provided DC voltage).
A discharge current waveform had both constant and al-
ternating components (Figure 4).

Under these conditions, the gap breakdown voltage was
almost an order of magnitude lower than that supplied
from the source. The discharge current was =0.65 mA.
The repetition rate of the current pulses increased due to
increasing Upc. This discharge regime is due to the for-
mation of cylindrical streamers, which do not have time
to bridge the gap. Due to the high resistance (100 MQ),
as well as the small capacitance of the interelectrode gap,
the voltage across the latter rapidly decreases during the
streamer formation process. This leads to the cessation
of the development and propagation of a streamer that
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has not reached the opposite electrode, as well as to the
recombination of a dense streamer plasma in the gap.
Accordingly, a pulsed discharge current mode is imple-
mented, in which the current value rapidly increases and
then decreases by more than an order of magnitude. The
increase in current is due to the charging of the increasing
capacitance between the streamer front and the opposite
electrode. It was proposed to call dynamic displacement
current (DDC) the current flowing through a gap in this
mode "”. The streamer dimensions and its front velocity,
as well as the voltage determine the DDC amplitude across
the gap. The latter in these experiments, due to the large
value of the charging resistance and small interelectrode
capacitance, rapidly decreased with increasing conductiv-
ity current. This leads to an increase in the plasma resist-
ance after the streamer stops in the gap and the dense plas-
ma recombines. Then, the voltage across the gap increases
again. When the threshold voltage is reached, a streamer
is formed again. Moreover, at low air pressures, streamers
are formed from the positive electrode, and this electrode
could be either HV or grounded. At the air pressure of
several of Torr, cylindrical streamers near the positive tip
begin to form at lower voltage values than at the negative
one. An increase in U, in this case, will lead to a gap
breakdown **). The data are in agreement with the results
obtained with corona and diffuse discharges from a metal
tip ***, as well as with an apokampic discharge from a
positive charged bent plasma channel between two point-
ed electrodes . When a pointed electrode is a cathode
(a negative tip) electrons move to a region where an elec-
tric field strength is lower, i.c. they move away from the
cathode tip. There they attach to oxygen molecules. Due
to this, the electric field strength at the tip decreases and
higher voltage is required to form a streamer. With a posi-
tive tip, electrons move to the tip, and positive ions, due to
their greater mass, accumulate at the tip and amplify the
electric field in this area. This facilitates the formation of
a positive cylindrical streamer *”. As a result, breakdown
in an inhomogeneous electric field occurs at a positive
polarity of an electrode with a small radius of curvature
at a voltage 2-3 times lower than at a negative one (see,
e.g., °). At nanosecond voltage pulses and low pressures,
the color of the discharges was blue or violet *****" (with-
out taking into account the influence of the interelectrode
material °”). Under the conditions of the experiments, the
color of plasma emission both in the region where stream-
ers propagate and in the region near the electrodes was
red, including at the air pressure in p = 6 Torr ~ 9 Torr, at
which streamers were not observed.

At p =1 Torr, with a decrease in the length of the quartz
tube to 20 cm, red plasma formed not in the short gap

(d =10 mm, Figure 3a) formed by the tips of the addition-
al electrodes, but in the longer gap (d = 36 mm, Figures
3a and 5a) between the parallel wire electrodes. In this
case, there was no plasma at the tips and between them in
the gap with d = 10 mm (Figure 5a). However, red color-
ed plasma is visible in the gap with d = 36 mm formed by
the parallel parts (wires) of the additional electrodes, as
well as near these wires. With a decrease in p to 0.1 Torr,
a violet colored glow appears near the cathode wire (Fig-
ure 5b), although red sprite emission is observed in this
pressure range. The purpose of the description of this ex-
periment is to show that discharge modes at low pressures
can differ significantly under different conditions. In the
future, we plan to study in detail the detected discharge
mode.

00r -350

-0,1F
2 0.2} -400 =
‘% o3 450 3
2 04 2
O o5t -500 g

-0,6F

o7) -550

7100 50 0 50 100
Time (us)

Figure 4. Waveforms of the voltage across the gap and
discharge current at the air pressure p = 3 Torr. Upe = +5
kV.

0.1 Torr
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Figure 5. Integral photographs of the discharge plasma
glow in the gap (d = 36 mm) formed by the parallel parts
(wires) of the additional electrodes at p = 1 Torr (a) and
p = 0.1 Torr (b) in the 20-cm-length tube. U, =+5 kV.

Thus, the experiment with additional electrodes con-
firmed that the formation of streamers leading to gap
breakdown from a positive polarity electrode with a small
radius of curvature occurs at lower voltages than from
an electrode of negative polarity. Herewith, this positive
electrode can be either HV or grounded.

However, it should be noted, that the formation of red
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sprites occurs without metal electrodes. This explains why
we used an electrodeless high-frequency discharge be-
tween two ring-shaped electrodes (Figure 2).

3.2 Characteristics of the Discharge Implemented
between Ring-shaped Electrodes

To provide no plasma contact with electrodes, a re-
petitively pulsed mode was used. The U, generator oper-
ated at /= 21 kHz provided the formation of a streamer
discharge between ring-shaped electrodes mounted on
the outer surface of the quartz tube. The main discharge
zone was located in the tube center. The distance between
the electrodes was d = 6 cm, while their width was 1 cm
each. As noted above, the left electrode was grounded,
and the right one was HV. The source provided voltage
pulses of both positive and negative polarity. The voltage
pulse amplitude was U, = 7 kV. The rise time of voltage
pulse ¢, and its duration z (FWHM) were = 350 ns and ~2
us, respectively. The experimental setup made it possible
to obtain extended streamer discharges at pressures in
p = 0.4 Torr ~ 3 Torr. Figure 6 shows photographs of the
discharge plasma glow at p = 0.4 Torr with additional
electrodes, which were either short circuited or grounded,
and without them. In the latter case, a quartz window was
installed at the left side of the tube, see Figure 2.

(a) 1 2 8°m 3 Minus 1 0.4 Torr
KD* iL-J‘ /

0.4 Torr

Figure 6. Integral photographs of the electrodeless dis-
charge in the quartz tube (horizontal arrangement) with the
additional electrodes (a) and without them (b). p = 0.4 Torr.
D - grounded additional electrodes. 1 - ionization waves
(streamers), 2 - ring-shaped electrode (grounded), 3 - high
voltage (HV) ring-shaped electrode of negative polarity.
U, = TkV. Shutter speed 0.05 s, lens aperture /5.6.

The discharge was initiated in the region characterized
by the highest electric field, i.e. between the ring-shaped
electrodes and near them. This electrodeless discharge
is a capacitive one. The color of the discharge plasma in
the tube on both sides of the ring-shaped electrodes was
red and depended on whether contact with the addition-
al electrode occurred or not. At p = 0.4 Torr, ionization
waves (streamers) reached the left end of the tube. This
affected the color of the discharge plasma glow and led to
an increase in the transverse dimensions of the discharge
region (Figure 6a). A further decrease in p, even with-
out additional electrodes, contributed to the fact that the
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streamers were in contact with both ends of the tube.

Changing the polarity of the HV ring-shaped electrode
(3) did not have a strong effect on the discharge morphol-
ogy. Integral photos of the discharge plasma glow at p =1
Torr and both polarities of the HV ring-shaped electrode
are shown in Figure 7.

Figure 7. Integral photographs of the discharge plasma
glow in the quartz tube without an additional electrode
filled with air at p = 1 Torr: positive (a) and negative (b)
polarity. U, =7 kV. 1 - ionization waves (streamers), 2 -
ring-shaped electrode (grounded), 3 - high voltage (HV)
ring-shaped electrode of positive polarity. U, =7 kV.
Shutter speed 0.05 s, lens aperture /5.6.

As we can see, the morphology and color of the dis-
charge without an additional electrode(s) on the left flange
weakly depend on the polarity of the HV ring-shaped
electrode. The main differences can be seen at the fronts
of the ionization waves, photographs of which are demon-
strated in Figure 8.

1 Torr

Figure 8. Integral photographs of the discharge plasma
glow in the quartz tube (without additional electrodes)
to the left (a) and to the right (b) of the ring-shaped elec-
trodes at the positive polarity of the HV electrode, as well
as a photograph of the discharge plasma glow (c) captured
through the quartz window embedded to the left flange (see
Figure 2) at p = 1 Torr. U, = +7 kV.

The ionization wave on the left side has a pointed end.
The photo captured through the quartz window embedded
to the left flange shows that there is a bright spot in the
center, which, apparently, is due to the emission of a part
of the ionization wave with a small diameter near the win-
dow (Figure 8a). The color of the discharge regions in all
photographs is the same.

A decrease in the amplitude of a voltage pulse pro-
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duced by the generator leads to a decrease in the length
of an ionization wave on both sides of the ring-shaped
electrodes. This is demonstrated in Figures 9a,b,c at air
pressure of 1 Torr.

(a)

U; =5.7kV

L]

Us=3.2kV

(b)

Figure 9. Integral photographs of the discharge plasma
glow in the quartz tube (without an additional electrodes)
placed horizontally (a, b, ¢) at various generator voltages
and placed vertically at U, =7 kV and p = 1 Torr (d). The
polarity of the right ring-shaped electrode (a, b, ¢) and the

upper one (d) is positive.

With a decrease in U, the length of an ionization wave
on the left and right sides of the ring-shaped electrodes
decreased, which was to be expected from a decrease in
the reduced electric field strength (U/pd). However, the
red color of the discharge plasma was preserved. A similar
shortening of the streamer length and color preservation
were observed with a further increase in p to 3 Torr. Atp =
6 Torr and 9 Torr and U, = 7 kV, a red colored discharge
was formed only between the ring-shaped electrodes.
There was no discharge in other zones of the quartz tube.

Figures 6 ~ 9a,b,c show the streamer discharge when
the quartz tube is placed parallel to the Earth’s surface.
This position was easy-to-measure of current, voltage,
etc. In addition, in a number of experiments, the tube was
placed transversely to the Earth’s surface (Figure 9d).
From the comparison of Figure 7a and Figure 9d, it is
seen that the tube position did not affect the formation of
ionization waves, as well as their appearance and color.
lonization waves were photographed at the same pres-
sure p = 1 Torr, positive polarity of the high-voltage ring-
shaped electrode, and U, = 7 kV.

The emission spectra of a plasma formed in the region
where ionization waves propagate recorded from both
sides of the ring electrodes were also the same and did not
depend on the position of the quartz tube.

Figure 10 shows the spectral energy distribution W,
obtained from the plasma region located at the distance of
13 cm from the left ring-shaped electrode.

The emission spectra of ionization waves at the distance
of several centimeters from the ring-shaped electrodes is sim-

ilar to those of red sprites '"'****"!, Nitrogen bands belonging

to the 2+ and 1+ system contribute predominantly to the
spectral energy distribution. Although under these conditions
the spectral energy density of radiation of individual bands
of the 2+ system exceed that of the 1+ system by more than
an order of magnitude, the discharge plasma glow in integral
images are red colored (Figures 6 ~ 9). When visually ob-
served, their color is also red.
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Figure 10. Emission spectrum of the discharge plasma in
air at p = 1 Torr recorded at the distance of 13 cm from
the left ring-shaped electrode. U, = +7 kV. 2+ - the second
positive system (SPS) of a nitrogen molecule, 1+ - the
first positive system (FPS) of a nitrogen molecule.

Figure 11 shows a discharge plasma emission spectrum
obtained at the distance of 13 cm from the left ring-shaped
electrode at the same air pressure as in Figure 10, but with
a light filter (ZhS-12) that cuts off radiation in the wave-
length range shorter than 450 nm.

15000

p=1Torr

500 600 700 800 900
A (nm)

Figure 11. Emission spectrum of air plasma at p = 1 Torr

recorded at the distance of 13 cm from the grounded ring-

shaped electrode to the left with a light filter (ZhS-12) that

cuts off radiation in the wavelength range shorter than 450
nm obtained. U, = +7 kV.

The use of the filter, which has a transmission of ~90%
in the region of 500 nm ~ 1800 nm and a strong absorp-
tion in the region shorter than 450 nm, made it possible
to identify the main nitrogen bands belonging to the 1+
system, which coincided with good accuracy with the
emission spectra of red sprites I''%**?!,

The emission spectra from the ionization wave regions
obtained to the right and left of the ring-shaped electrodes

(starting from a few centimeters from them) practically
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coincide and do not depend on air pressure. The spectra,
as we noted before, show, that the radiation of the 2+
system dominates. The spectral energy density of this
radiation in individual bands is more than an order of
magnitude higher that of the 1+ system. As the pressure
increases, the ratio of the intensity of the bands belong-
ing to the 2+ system to the intensity of the bands of the
1+ system can exceed two orders of magnitude. As the
pressure decreases to 0.4 Torr, this intensity ratio differ-
ence decreases to one order of magnitude. It follows from
the data obtained that the emission spectra of ionization
waves that propagate in opposite directions are the same.
This, as well as their other properties, confirms that it is
possible to form two ionization waves from one region,
propagating in opposite directions.

Figure 12 shows the spectrum recorded at lower air
pressure from the region of an enhanced electric field near
the ring electrodes and between them. It is seen, that the
spectral energy density of radiation of the first negative
band (1-) of a nitrogen molecular ion increases signifi-
cantly. Wherein, the spectral energy density of their in-
dividual lines can be the highest. So, in the area between
the electrodes at p = 0.4 Torr, the most spectral radiation
energy density at U, = 7 kV had an ion line of the nitrogen
molecule with a wavelength of 391.4 nm (Figure 12). This
is explained by an increase in the reduced electric field
strength E/N (E is the electric field, N is the concentration
of air particles) in this region. The radiation spectrum of
dark areas in electrodes (see, e.g., Figure 6) was similar
to that in Figure 12 and at p = 1 Torr. Herewith, the width
of the dark areas decreased with increasing p. This indi-
cates an increase in the average electron energy. As can be
seen from the images in Figure 6, the color in these areas
changes. On the other hand, the radiation spectrum of an
ionization wave at p = 0.4 Torr at the distance of 10 cm
and more from the right ring-shaped electrode was similar
to that in Figure 10.

_ 60 04 [391Hm
2L 50t
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Figure 12. Emission spectrum of the discharge plasma
glow from the region between the ring-shaped electrodes.
2+ - the second positive system of a nitrogen molecule,
1+ - the first positive system of a nitrogen molecule, 1- -
the first negative system of a nitrogen molecular ion.
U, =T7kV. Air, p=0.4 Torr.
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Red colored glow regions, which are directed in oppo-
site directions from the main capacitive discharge between
the ring-shaped electrodes, are formed due to the prop-
agation of ionization waves. This is confirmed by meas-
urements of the main parameters of the discharge plasma
along the tube. The main parameters of the plasma formed
at the air pressure in the tube of 1 Torr were measured
with optical emission spectroscopy (OES) methods "%,
We used plasma emission spectra recorded from the mid-
dle part of the tube (the middle of the distance between
the inner edges of the ring-shaped electrodes), as well as
at distances of 3 ¢cm, 13 cm, and 23 cm to the right and
left of the outer edge of the electrodes. First of all, using
a method based on measuring the ratio of the peak in-
tensities of the ion (391.4 nm) and molecular (394.3 nm)
nitrogen bands ">, we estimated the integral values of
the electron temperature 7, and the reduced electric field
strength E£/N. The measurements show that an increase
in the distance from the central part of the tube leads to
a change in these values from 4.5 eV to 2.5 eV and from
600 Td to 350 Td (which is still quite high), respectively,
which is characterized by a relatively small change in
the ionization wave front velocity (see the measurement
results below). The vibrational temperature 7, and the
gas temperature 7, were also estimated by applying the
Boltzmann method "****” to the emission spectra of the
discharge plasma. We would also like to note that these
temperatures are practically unchanged over the entire
length of the tube and their average values are ~2700
and ~380 K, respectively. The reliability of the given val-
ues is confirmed by modeling the emission spectra of the
plasma using the SPECAIR code ', where these values
are used as input data. Despite the fact that the experi-
mentally measured values of the main parameters make it
possible to obtain an almost complete coincidence of the
simulated spectral distribution of the radiation energy with
the emission spectrum recorded by the HR4000 spectrom-
eter, a feature associated with the discharge morphology
appears during the simulation. Thus, the simulation data
show some increase in the electron density with increas-
ing distance to the tube ends. At a distance of 1 cm from
electrode, the electron density was ~4-10"' cm™, and at a
distance of 23 cm it became ~2-10'* cm . As follows from
Figures 6, 7 and 9, the diameter of the ionization waves
(streamers) decreases with distance from the electrodes in
both directions. The area of the ionization wave increases
in proportion to the square of it diameter. The discharge
current in part of ionization wave does not decrease sig-
nificantly and the current density increases. Although the
plasma parameters for air pressures below 1 Torr have not
been estimated for this case, it can be confidently claimed
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that 7, and E/N should be much higher in this case. This is
confirmed by the large values of the peak intensity of the
nitrogen molecular ion band relative to the intensity of the
molecular band (see Figure 12).

Evidence for the implementation of the streamer dis-
charge regime outside the ring-shaped electrodes is also
high plasma velocities at various distances from the region
where the discharge is initiated. The measurements were
carried out using a photodiode. The calculations showed
that the average velocity of the glow front between the
first (3 cm from the grounded ring-shaped electrode, Fig-
ure 6) and the second (13 cm) points was 0.17 cm/ns, and
between the second and third ones (13 cm and 23 cm) was
0.12 cm /ns. These values correspond to the propagation
velocities of streamers at low pressures "**"** and red
sprites "7l Dyring measurements with the photo-
diode, the bands of the 2+ nitrogen system was mainly
recorded. The radiation energy density in individual bands
of the 2+ system (UV region, Figure 10) is significantly
greater than that for 1+ bands. In addition, the lifetime of
the upper level C° I1, of a nitrogen molecule is more than
an order of magnitude shorter than that of B3Hg. The pho-
todiode also had the highest sensitivity in the UV region
of the spectrum.

4. Discussion

When comparing the results obtained in the laboratory
and those recorded during observations of red sprites, the
following important point should be taken into account.
The pressure at altitudes where red sprites propagate var-
ies from 2.5-10"* Torr (100 km) to ~0.8 Torr (50 km). At
the same time, when the altitude changes from 55 km (p =
0.4 Torr) to 55.3 km (p = 0.42 Torr) relative to the Earth’s
surface, the pressure increases by only 5%. Therefore, the
streamer front propagates a few meters at almost constant
pressure p and particle concentration N. Based on this
fact, we can assume that the change in air pressure at dif-
ferent altitudes should not lead to significant differences
in the properties of the ionization wave in the laboratory
and red sprites when moving over short distances. Their
velocities, color, as well as emission spectra should be
similar. The studies carried out confirm this conclusion.

Table 1 shows the main properties of red sprites and ioni-
zation waves, which were obtained in our studies. You can
see their correspondence.

Let us analyze the obtained results again, compare
them with the known data on the development of red
sprites, and propose a model for the sprites formation.
In experiments, we observed the formation of ionization
waves from the plasma of a capacitive discharge. For
the formation of red sprites, it is also necessary to have a
plasma with a sufficiently high concentration of electrons
and ions. We assume that diffuse discharges between
different areas of noctilucent clouds are the source of the
preliminary plasma. It is known that noctilucent clouds
are formed approximately at the same altitudes as red
sprites occur . The charge separation in noctilucent
clouds, which may consist of ice crystals, occurs similar-
ly to the separation of charges in thunderclouds near the
Earth’s surface ", During diffuse discharges, plasma has
a relatively low radiation intensity due to low air pressure
at high altitudes. Therefore, this radiation has not yet
been experimentally detected. We assume that in a num-
ber of cases diffuse discharges in noctilucent clouds at a
sufficient value of the reduced electric field £/N initiates
the formation of ionization waves - sprites. However,
we do not deny the possibility of the appearance plasma
inhomogeneities and red sprites in the D-region of the
ionosphere .

The direction of downward sprites at the first stage gen-
erates the electric field, which should be directed from ap-
pearing place to the negative charge surface. This may be
the Earth’s surface or the upper surface of thunderclouds.
Although, the latter usually has a positive charge **"**7,
but during cloud-to-ground lightning from the upper layer
of clouds, the negative charge of the Earth is transferred
to this region. As follows from the experiments, the length
of the left ionization wave increases when a negative
voltage is applied to the additional electrode or when it
is grounded (Figure 6a). When sprites that are directed
downwards are formed, their length, in addition to reduc-
ing the electric field, limits the increase in gas pressure at
large distances. It should also be taken into account that
the magnitude of the electric field above thunderclouds

Table 1. Comparative characteristics of sprites and ionization waves.

Research Main spectral

Electron Reduced electric

R Color Front velocity, m/s  Pressure, Torr Refs.
object bands temperature, eV  field strength, Td
Sprite Red FPS (14);SPS; (2+)  (0.4-1.7)-107 (3-2.4)10°* 12 15-1000s Td [4,12,20-22, et al.]
Tonizati .
Omzalon - ped  FPS (14): SPS; 24)  (1.2-1.7)107 3-04 25 ~350 Td This paper

wave
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changes due to the presence of lightning and the devel-
opment of the sprite. Apparently, a change in the electric
field leads to the propagation of red sprites upward from
the Earth’s surface, and can also lead to the propagation
of sprites in different directions '"'****", The observed
chaotic direction of sprites at altitudes of about 70 km ~
80 km can also be explained by the uneven distribution of
charges in the region of noctilucent clouds.

5. Conclusions

It was shown that using a high-frequency electrodeless
discharge, it is possible to simulate the properties of red
sprites in a laboratory. This possibility was achieved by
recording the integral radiation of tens of thousands of in-
dividual pulses. At the air pressure of =1 Torr or less, the
radiation intensity of the streamer discharge plasma with
centimeter dimensions is low. Registration of red sprites
in the Earth’s atmosphere is simple due to their large size.
Using the methods of formation of streamer discharges, a
plasma formation with a length of more than 1 m was re-
alized with properties corresponding to those in the plas-
ma of discharges occurring in the natural environment.
The air pressure range, observed emission spectra, veloc-
ities of ionization wave propagation, as well as visually
observed and imprinted color of the discharge plasma
glow confirm this. Thus, the length of ionization waves
in free space reached 50 cm and was limited by the size
of the chamber used as the pressure decreased. As in the
sprites, bands 1+ and 2+ systems of a nitrogen molecule
dominate in the emission spectrum of the discharge plas-
ma. Moreover, the spectral energy density of the bands
of the 2+ system on individual lines was greater than that
of the most intense emission bands of the 1+ system. The
velocity of ionization wave under laboratory conditions
reached 2 mm/ns, which also agrees with the sprite front
velocity ">'7***1_ The color of the generated ionization
waves in a wide range of experimental conditions at ap-
propriate pressures was red, as in sprites. In addition, the
paper shows the possibility of generating two streamers
that propagate in two opposite directions from a diffuse
electrodeless plasma of a capacitive discharge.
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