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At present, studies of various atmospheric discharges in the stratosphere and mesosphere are ongoing.
Considerable attention is paid to the study of the spectral characteristics of the radiation of red sprite plasma,
including columnar ones. However, field studies require large material costs. Therefore, in parallel, work is being
carried out on experimental modeling of the properties of high-altitude discharges in laboratory conditions at low
atmospheric air pressures. The article presents the results of studies of the spectral properties of plasma diffuse
jets (PDJs), which are analogs of columnar sprites. PDJs were formed using a pulse-periodic barrier discharge in
quartz tubes at pressures of 0.2—2Torr in air and nitrogen. In the spectral range from 120 to 1000 nm, data were
obtained on the relative spectral density of radiation energy on three bands of the nitrogen molecule and one band
of the molecular nitrogen ion both from the end of the quartz tube and from its side surface. It was found that in
the emission spectra of the PDS from the end of the tube and its side surface near the electrodes, the intensity ratio
of the bands of the second positive (2+) and first negative (1-) nitrogen systems changes in favor of the 1-system.
Radiation was recorded in the vacuum-ultraviolet region of the spectrum on the aIHg—XIZJ band of nitrogen
molecules and on the lines of atomic nitrogen, the intensity of which increased with decreasing air pressure. It was
confirmed that in the PDS, the spectral density of the radiation energy W of the 24 nitrogen system bands exceeds
the W of the 1+ nitrogen system bands.

Keywords: plasma diffuse jets, air, nitrogen, low pressure, emission spectra, VUV lines and bands, intensity ratio.
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Introduction

Currently, studies of electrical discharges in the strato-
sphere and mesosphere which are called ,transient luminous
events“ (TLE) are continued [1,2]. In particular, the
emission spectra of various types of discharges are studied
in detail, for example, red sprites (specific type of lightning
occurring in the upper layers of Earth atmosphere during
large thunderstorm at high altitudes), blue jets, elves, halo
and other more rare kinds of discharges [3,4]. Research
is carried out both in the ground-based laboratories on
Earth [5] and in the airborne ”flying” laboratories [6].
In addition, spectral instruments are installed on the
satellites [7] and the International Space Station [8]. The
greatest attention is paid to the study of column red sprites,
photographs of which, as well as their emission spectra, can
be found in many papers [9-11]. Red sprites are observed
at altitudes 40 to 100 km above the sea level. The column
sprites occur at an altitude of 85 km and have a more simple
structure [1-4]. Their length exceeds 10km and they may
change their shape and color when propagating towards the
Earth surface [11]. To date, it has been established that
the formation of column sprites occurs during lightning
discharges due to streamers, which are usually initiated
at the bottom of the halo. Sprites are formed mainly
when positive lightning occurs between the cloud and the
Earth. A streamer (a movable gas ionization area generated
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by high electric current at the front of a dense plasma),
which induces the major sprite channel, by propagating
downwards may generate a glow, and beads below this
area. Further, it can be divided into several streamers with
a smaller channel diameter. It has been found that the glow
region, which is located in the upper part of the sprite, has
the highest intensity in the red sprites radiation [3].

It has now been unambiguously established [1-3,11]
that the red color of the sprites is explained by radiation
of bands of the nitrogen molecules first positive system
(14). The blue hue in the sprites bottom region emission
at an altitude of less than 50 km above sea level is
provided by the bands of the first negative system (1-) of
molecular nitrogen ion and the second positive system (2+)
of nitrogen molecules [3,6,12]. Changes in the emission
spectra of red sprites are usually observed in areas when
their shape changes. So, in paper [12] it was shown when
the altitudes go down from 60 to 50 km the intensities ratio
of the band with a wavelength of 427.8 nm (1-) to the band
with a wavelength of 337.1nm (2+) increases. However,
there is currently no or very little experimental data on
the ratio of emission intensities in the vacuum ultraviolet
(VUV), ultraviolet (UV), visible and near-infrared (IR)
spectral regions obtained with high spectral resolution for
column red sprites and other TLE. One of the reasons is the
significant absorption of atmospheric gases [13], as well as
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clouds and aerosols. This makes it much more difficult to
register the emission spectra of natural discharges.

From theoretical modeling, it follows [11,14] that when air
is excited in a quasi-static electric field, at least five bands
of molecular nitrogen in the region of 120—1000 nm should
be present in red sprites radiation. The study [14] describes
the synthetic spectra for the systems of 14, 2+, 1-, Lyman-
Birge-Hopfield (LBH) and Mendel bands at N3 transitions,
and also radiance analysis at four given values of electrical
field strength (E/N = 20, 100, 200 and 400 Td, where E —
electrical field strength, N — particles concentration). It is
assumed that the data obtained will be useful in measuring
the energy put in red sprites.

Paper [15] provides the calculated data on the lumines-
cence intensity of LPH bands, as well as 2+ band of the
nitrogen system under air excitation by an electron beam
with an energy from 10keV to 10 MeV. It has been found
that as the electron energy increases, the contribution of
quenching the aIHg state goes high in molecular collisions.
This leads to a lower ratio of the integral luminescence
intensities of LBH bands and the second positive system
with the electron energy rise.

In parallel with the in-situ measurements of the radia-
tion spectra in red sprites and theoretical computations,
their analogues were experimentally simulated in labora-
tories [16-18]. However, in these studies, the generated
plasma came into contact with metal electrodes, and the
LBH band was not detected.

The properties of column red sprites were reproduced
most closely to the real ones in studies [19-22], where
red diffuse plasma jets (PDJ) with a length of more than
one meter were created using a repetitively-pulsed barrier
discharge. The PDJ were shown to be initiated from
plasma that doesn’t have any contact with metal electrodes
due to both, positive and negative streamers [22]. It was
also found that the red color of the discharge, which
is visually observed and obtained by photographing with
standard digital devices, is detected at the spectral emission
energy density of the most intense bands 14 of nitrogen
system by 2orders less than the energy density of bands
2+ of the nitrogen system. [19-21]. Experiments described
in [19-22] were specially carried out at a high pulse
repetition rate. This apparently made it possible, due to
axial compression of the plasma by a surface charge, to
obtain a cylindrical-shaped, meter-long PDJ at low voltages.
Charges accumulated on the inner wall of the quartz tube
due to operation in a repetitively-pulsed mode and stabilized
the transverse dimensions of PDJ. Moreover, gas heating
is influencing the PDJ diameter in the repetitively-pulsed
mode. However, in these studies, spectral studies in VUV
wavelength range were not carried out, and the emission
intensity of LBH band of the nitrogen molecule was not
compared with other bands.

The purpose of this study is to examine the emission
spectra of PDJ (which are miniature analogues of red
sprites) in the range of 120—1000 nm, and to obtain data on
the ratio of molecular nitrogen bands intensities in various

wavelength ranges, and also to detect VUV emission of
LBH bands.

Experimental setup and measurement
techniques

To get PDJ emission spectra in VUV spectrum an
experimental setup was organized shown in Fig. 1,a.
The discharge was formed in the tube 2 when a high-
voltage generator with an amplitude of no-load voltage
pulses U ~ 10kV was connected to the annular external
electrodes 3, 4. In the repetitively-pulsed mode (f = 1kHz
and higher) with the voltage pulse duration at half maxi-
mum ~ 1.5us U was reduced to ~ 7kV. The duration U
of the pulse front and droop were the same and during
formation of PDJ were ~ 350ns. Either electrode 4,
or electrode 3 could be used as high-voltage electrodes
made of 100 um thick aluminum foil. The width of these
electrodes was 1cm. The generator generated high voltage
pulses of both negative and positive polarity. The emission
spectra were usually recorded at a pulse repetition rate
of 2 kHz. The discharge tube was made of GE-214 quartz
glass featuring a high transmittance in UV, visible and near-
infrared regions of the spectrum. The length of the tube,
its inner diameter and walls thickness were 64cm, 5cm
and 2.5 mm, respectively. The axis of the tube was located
at a distance of 18 cm from the flat metal surface of the
experimental stand. To obtain the emission spectra in VUV
spectra, the right end (if looking straight) of the tube 2
was connected to a stainless steel transition chamber 5
with a window 6 of MgF,. The transition chamber was
grounded and connected to a monochromator, the entrance
slit of which received radiation from the axial part of the
discharge. The left end of the quartz tube was closed with
a flange I made of a dielectric with a fitting 9, through
which the air was pumped out from the tube and pumped
in from the laboratory room. High-purity nitrogen was used
instead of air in some experiments. Upon receiving data
for each set of conditions, the tube was pumped out by a
pre-vacuum pump to p = 1072 Torr, and then filled with air
or nitrogen to the desired pressure. Relative air humidity in
the room before it was pumped into the tube was ~ 23%
at a temperature of 22°C.

Discharge plasma emission spectra in the region of
120—550nm were recorded using a vacuum monochro-
mator VM-502 (Acton Researcher Corp.). The temporal
characteristics of the radiation in individual spectral ranges
were determined using PMT monochromator (EMI 9781 B)
with a temporal resolution of ~ 3ns for the signal front
edge and ~ 30ns for its trailing edge. To register
the radiation spectra through the lateral surface of the
quartz tube, HR2000+ES and HR4000 spectrometers (both
manufactured by OceanOptics Inc.) equipped with a light
guide were used. The sensitivity of the spectrometers
and the transmission of the optical fiber in the range of
ALl = 250—1000nm were known. Spectral resolution of
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Figure 1.

Photos of a setup for detection of PDJ (a) and discharge emission at negative generator polarity and air pressure

p = 0.3 Torr (). 1 — left end-face caprolon flange of the tube, 2 — quartz tube, 3 — grounded electrode, 4 — high-voltage electrode,
5 — end of transition chamber for connection to the monochromator, 6 — window from MgF,, 7 — hose for air pumping out from the
transition chamber, § — voltage divider, 9 — nozzle to pump air in and out of the tube 2. Pulse repetition rate was f = 2kHz.

the optical system fitted with VM-502 monochromator was
no worse than ~ 0.4nm at the width of the entrance
slit of 100um, and that of the optical system with
HR2000+ES and HR4000 spectrometers no worse than
~ 0.9 and ~ 0.2nm respectively. Shooting of the integral
glow of the discharge plasma was carried out with a
Canon 2000D digital camera (CANON). The recording of
the radiation spectra, as well as shooting the glow of the
discharge plasma, was carried out in the dark.

The voltage across the discharge gap was measured
using a TT-HVP 2739 high-voltage probe with a bandwidth
of 220 MHz (8), and the discharge current — using a shunt
based on TVO brand resistors having a resistance of 0.1 €.
The signals from the voltage divider and current shunt
were detected by a digital oscilloscope Tektronix MDO 3104
(1GHz, 5GS/s).

Measurement results

A photograph of the integral glow of the discharge in air
at a pressure of 0.3 Torr is shown in Fig. 1, b. Plasma diffuse
jets, as in papers [19,21,22], propagate in both directions
from the plasma of the capacitive discharge between the
electrodes 3, 4. Their occurrence is practically independent
of the polarity and position of the high-voltage electrode
(left or right). However, their brightness and shape are
significantly affected by the gas pressure, the distance to the
ends of the quartz tube and the material of the flanges, as
well as the presence of grounding at the metal flange and
the inductance of this grounding. In experiments with a
vacuum monochromator, the PDJ had a higher brightness
(in Fig. 1,5 it is indicated as right PDJ), which propagated
towards the transition chamber 5. This is due to an increase
in the discharge current in this circuit after passing through
the front of the streamer, which formed the PDIJ, due to
the grounding of the transition chamber 5. The streamers
propagation in PDJ is described in detail in papers [21,22].
It should be noted that PDJ glow is relatively uniform in
length, as is the glow of most column sprites. The air
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pressure and length of the quartz tube for the conditions in
Fig. 1,b were chosen relatively small and the PDJ reached
both ends, while their diameter in these conditions was
equal to the inner diameter of the quartz tube. However,
as already noted, the intensity of discharge plasma radiation
between the electrode 4 and the transition chamber 5 was
significantly higher due to the grounding of the chamber.
Intensity of the discharge plasma glow for the high-voltage
electrode 4 was higher (Fig. 1,5) than that of the grounded
electrode 3. When changing the connection point of the
generator’s high-voltage output from the electrode 4 to
the electrode 3, the emission intensity at the electrode 3
increased, and that at the electrode 4 decreased. Also,
it should be stressed that between the bright glow at the
electrode 4 and the right PDJ, as well as on its left side
between the electrodes 3 and 4, the discharge glow areas
have a lower radiation intensity. In addition, the color of
the discharge between the dark area and the electrode has
a blue color. It was found that in these areas, the color
of the discharge is determined by the magnitude of the
induced electrical field. The change in the reduced electric
field was determined from the emission spectra of these
regions, where the ratio of the intensity of 2+ and 1- bands
of nitrogen systems from different parts of the quartz tube
was measured. As known, see papers [20,21], in the region
of an enhanced electric field, the spectral emission energy
density W of 1- bands of the molecular nitrogen ion system
(the most intense bands 391.4 and 427.8 nm) goes up. At
the same time, the ratio of the intensities of nitrogen ion
bands with a wavelength of 391.4 nm to the band 2+ of the
nitrogen molecule system with a wavelength of 394.3 nm
also increases, which indicates a higher electron temperature
in the regions near the sharp edges of the ring electrodes.
Figure 2 shows the oscillograms of voltage pulses be-
tween the ring electrodes, as well as the discharge current
when connecting the high-voltage output of the generator
with a negative polarity to the electrode 3. Distances
between the electrode 3 and flange 7, as well as between
the electrode 4 and transition chamber 5 were almost the
same (Fig. 1,a) and were equal ~ 28 cm. Changing the
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Figure 2. Oscillograms of voltage U pulses between the ring
electrodes and discharge current | in the generator grounding
circuit at the air pressure of 0.6 Torr and f = 2kHz.
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Figure 3. Spectral density of emission energy W when there’s a
discharge in the air from the axial part of the tube. p = 0.35 Torr,
f =2kHz. LBH — Lyman-Birge-Hopfield bands. The intensity
of emission in 100—260 nm was increased 25times. Entrance slit
of monochromator 100 um.

position of the high-voltage electrode did not significantly
affect the shape of these pulses. The breakdown between
the electrodes 3,4 occurred approximately in 150 ns after
supply of the voltage pulse. Capacitance current was
detected before the voltage breakdown. An increase in
the discharge current during the breakdown is indicated in
Fig. 2 as Br dot. At this point, the rate of discharge current
growth increased, and the voltage growth slowed down.
Since the discharge between the electrodes 3,4 was limited
by the walls of the quartz tube as a dielectric barrier, the
voltage across the gap continued to rise after the breakdown
and with the growth of plasma conductivity in the tube
area 2 between the electrodes. Note that when operating
in the repetitively-pulsed mode, the maximum voltage value

between the electrodes decreased compared to single pulses,
and the pulse duration increased at half maximum. The
measurements also showed that a change in the polarity of
the high-voltage electrode at constant frequency of voltage
pulses in units of kilohertz or more, as well as air pressure
in the range (0.2—2), Torr does not significantly affect the
shape of the voltage and current pulses.

The main purpose of this paper, as already mentioned,
was to study the emission spectra of a discharge and
determine the relative intensity of various bands during PDJ
formation, and also to detect LBH bands in VUV region
of the spectrum. Figure 3 shows the emission spectrum
of a discharge in air from the near-axial part of the tube
in the range from 120 to 550 nm, obtained using a VM-
502 monochromator. The short-wave boundary of the
monochromator was checked by studying the second argon
continuum, the detected band of which had a maximum at a
wavelength of 126 nm [23]. The emission spectrum in Fig.3
the bands 1- and 2+ of the nitrogen system are prevailing,
although most of the tube is filled with PDJ glow, which
has a red color. The intensity of PDJ glow on the right side
was significantly higher than on the left, which is due to
the short circuit of the discharge current to the grounded
transition chamber. As known, in sprites [4,11], as well
as in PDJ [19-21] the red color is defined by emission
1+ of the nitrogen system which was not included in the
sensitivity region of this monochromator. Further in the
article, the spectra will be presented, which will show the
emission bands 2+, 1- and 1+ of nitrogen systems obtained
with HR2000+-ES spectrometer, as well as the photograph
of a discharge with two PDJs. Formation of two PDSs
oriented in different directions from the plasma created
by a capacitive discharge between two external electrodes
is explained by the fact that there’s an approximately
equal potential in the area between the electrodes, and
the electrodes from both ends of the quartz tube are also
removed. As it was shown in paper [20], when installing
electrodes at the end of the quartz tube, the PDJ spread
only in one direction.

The LBH bands and atomic nitrogen lines in VUV
region of the spectrum, as well as NO bands in the
area of 200—300 nm, had a relatively low spectral energy
density W. Fig. 3 illustrates their intensity increased
in 25times. The main reason for low intensity of LBH
bands emission is the absorption of VUV emission by
oxygen molecules in the region shorter than 200 nm [24].
Therefore, it is somewhat difficult to detect these bands
in the emission spectra of red sprites. However, when
modeling the discharge of sprites, calculations show their
presence at low air and nitrogen pressure [14], In addition,
their presence is confirmed by experiments cited in [11].

Fig. 4 illustrates the air and nitrogen emission spectra
in the region of 120—200nm detected using VM-502
monochromator at the entrance slit width of 25um. The
emission spectrum in nitrogen was taken to show the effect
of oxygen on the intensity of PDJ emission in VUV region
of the spectrum. The LBH bands of nitrogen molecules and
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Figure 4. Spectral density W of charge emission in the air

(red lines) and in nitrogen (black lines) from the axial part of
the tube. p= 0.6Torr, f = 2kHz. Width of the monochromator
entrance slit 25um. Black wavelength designations are used for
the Lyman-Birge-Hopfield (LBH) molecular bands, blue for the
atomic nitrogen lines.

atomic nitrogen lines were recorded both in air and nitrogen.
However, they were less intense in the air compared to
nitrogen. The relatively small difference in the intensity of
bands and lines obtained in these experiments is due to
the admixture of molecular oxygen to nitrogen, which was
absorbed on the walls of the quartz tube and the pumping
hose, and then released after ignition of the discharge. In
the long-wavelength part of VUV spectrum (190—200 nm),
where the absorption of molecular oxygen is still relatively
low, the intensities at individual transitions of LBH band in
air and nitrogen practically coincided in these conditions.
The detected emission of atomic nitrogen lines is associated
with the effective dissociation of N, molecules when excited
by an electric discharge under conditions of a high reduced
electric field (over 100Td). It is known that in pulsed
discharges of atmospheric pressure with high overvoltage,
intense radiation of atomic lines and atomic nitrogen ions is
detected [25].

Figure 5 shows the dependences of W on air pressure
for an atomic nitrogen line with a wavelength of 174.3 nm,
which is produced in a discharge tube during the dis-
sociation of nitrogen molecules. For all three curves, a
decrease in air pressure led to an increase in the spectral
energy densities of nitrogen emission lines from PDJ. Such
dependencies were also true for LBH bands, where the
change in W occurred together with the change in W
for atomic nitrogen lines with the wavelengths 174.3 and
149.4 nm.

Spectral densities of emission energies in PDJ for 2+
and 1+ nitrogen systems, as well as for 1- and 24 were
compared with the use of a 220 cm long quartz tube with
the same wall thickness, diameter and grade of the quartz
glass GE-214. A photograph of the discharge in this series
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Figure 5. Curves of emission energy spectral density W for
atomic nitrogen lines with the wavelength of 1743 nm versus
pressure, obtained under positive (7, 2) and negative (3) polarities
of the high-voltage electrode when the high-voltage generator is
connected to electrode 4 (1, 3) and to electrode 3 (2). Width of
the monochromator entrance slit is 25 um. f = 2kHz.

of experiments is shown in Fig. 6. The ring electrodes 3, 4
similar as in Fig. 1 were placed at a distance of 6 cm from
each other. They were fabricated from a 100 um thick foil
and were 1 cm wide, but were placed at some distance from
the ends of the quartz tube. The electrode 3 was removed
from the left (relative to the reader) end flange by 63 cm and
from the right, which is located outside this photograph, at
a distance of 149 cm. The ends of the tube were closed on
the left with a flange made of dielectric, and on the right —
made of stainless steel. The electrode 4 was electrically
connected to a flat metal plate of the experimental stand. It
should be noted that the position of the quartz tube relative
to the experimental stand had no effect on the formation of
PDJ. When it was installed vertically relative to the Earth
surface and the flat plate of the stand, the PDJs were also
formed and propagated in both directions from the operating
ring electrodes (Fig. 9,in [19]).

This arrangement of electrodes and a long quartz tube
were chosen specifically for measuring the emission spec-
trum of PDJ, which was not affected by an increase in the
discharge current through the grounded right flange at the
end of the quartz tube. Under the conditions corresponding
to Fig. 6, only left PDJ reached the flange /, and the right
PDJ ended at a distance of ~ 80 cm from the electrode 4,
without reaching the right metal end. High voltage pulses of
positive or negative polarity were applied to the electrode 3.
The radiation spectra obtained for these conditions using
two spectrometers from PDJ region located on the right at a
distance of 21 cm from the electrode 4 are shown in Fig. 7.
For spectra shown in Fig. 7 the high-voltage electrode 3
had positive polarity and electrode 4 was grounded. The
change in the polarity of electrode 3 had no significant
effect on PDJ emission spectrum. It follows from the
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Figure 6. Photo of integral luminescence of plasma of the two plasma diffusion jets (PDJ) formed simultaneously in the 220 cm long
tube under air pressure of p = 1Torr. /1 — left flange made of dielectric, 2 — low luminescence in the quartz tube wall, 3 and 4 — outer
ring electrodes made of foil. Voltage amplitude between electrodes 7kV, f = 1kHz.

spectrogram in Fig. 7,a that the highest spectral energy
density in the wavelength range A1 = 250—1000 nm lies in
the bands of the second positive (2+) system C*I1,—B>Il
of molecular nitrogen N,. At that, similar to papers [19-
22], maximal W is detected in the band with 2 = 337.1nm
(vibration transition 0—0). For the strongest bands of
1+ nitrogen system (transition system B3Ilg—A’Z[), W
which is by an order of magnitude lower was detected.
However, as can be seen from Fig. 6, as well as from the
figures given in papers [19-22], the radiation of 1+ bands
of the nitrogen system gives a red hue to PDJ glow at
low air pressure (< 2Torr). For the left PDJ the emission
spectra at a distance of 21 cm from the electrode 3 had the
same distribution of energy spectral density. By changing
conditions of excitation, pressure, and decreasing relative
humidity, it is possible to improve the PDJ color consistency
with the color of the column sprites formed in the upper
layers of the Earth’s atmosphere.

The emission spectra when shooting from the discharge
region located at a distance of 1 cm from the left edge
of the high-voltage electrode 3 of negative polarity are
shown in Fig. 8. The polarity of the voltage pulses did
not significantly affect the emission spectra from the plasma
regions at short distances from the electrodes. In the near-
electrode area, as was expected, the emission intensity of
the first negative band (15 B2Z[—X?%j) of molecular
nitrogen ion system N (line with the wavelengths of 3914,
427.8 and 470.9nm) increased significantly. At that, the
ratios of R3o1/337 and Rsgr/394 of the peak intensities of
emission of molecular nitrogen ion N3 (4 = 391.4nm) and
nitrogen molecule N, (1 =337.1nm and 1 = 394.3nm)
are also rising. This indicates a high intensity of the reduced
electrical field in this region and, accordingly, a higher
electron temperature [19-21]. In this region, as well as
in PDJ, the difference between the most intense emission
bands of 2+ and 1+ of the nitrogen systems is very large,
only three times less than in Fig.7,a. However, the ratio
of the intensity bands (1-) of the emission of a molecular
nitrogen ion and a nitrogen molecule (2+) in the near-
electrode region has changed significantly. It followed from
the experiments that W of bands 1- of the nitrogen system
at both edges of the two ring electrodes were high and
could exceed W of bands 2+ of the nitrogen system at
short distances from the electrode edge, where the largest
reduced electric field occurs. Note that the near-electrode
discharge region does not belong to PDJ, it is a continuation
of the barrier discharge plasma region in the tube between
the outer ring electrodes, which initiates and forms PDJ.

Due to the high reduced electrical field in the discharge
region near the electrodes sharp edge, the lines of atomic
oxygen (777.1, 844.6 nm) and hydrogen (656.3 nm) appear
in the emission spectra with decreasing air pressure, as well
as CO, CO;, and other bands (see paper [20], which shows
the emission spectra at high electrical fields). These lines
and bands may also be observed in red sprites [11].

Discussion of the results

For clarity, when discussing the results obtained in this
paper, we use the photo of column sprites shown in
Fig. 9. Column red sprites are generally detected not as
one ,,column®, but as several parallel ,channels”, spreading
downward. In this case, the shape of a separate channel can
be very simple, as shown in Fig. 9. This form is close to
the form of PDJ, which we observe in experiments. It is
well known that the shapes of red sprites differ in variety
and size. In literature the following designations of different
sprites may be found: column [9-11], carrot [26], angel [27].
For comparison with our experimental data, we chose the
simplest column sprites in shape. As a rule, they originate
from the bottom of the halo and spread downward due to
the positive streamer [11,20]. The downward movement
of the streamer initiates a sharp increase in the electrical
field between the halo (prevailing positive charge) and the
upper layer of thunderstorm clouds (a sharp increase in
the negative charge). This usually occurs when lightning
develops from a positively charged cloud towards the Earth
after a bounced shock [1,2,20]. The positive streamer forms
a column sprite that is propagating downward. In later
stages, a negative streamer may be initiated from the upper
part of the ,,column® which is propagating upward from the
Earth’s surface [27]. Figure 9 shows sprites the development
of which ends before the formation of negative streamers.
However, for some of them, beads are visible after the
dark area at the bottom of the sprite 3. Moreover, some
»columns® have more bright stretching areas (glow areas) 4.

The performed studies made it possible to obtain, when
discharged in low-pressure air for analogues of red column
sprites, the relationship between the spectral energy density
of four different bands. It has been confirmed that the ratio
of intensities of individual bands during a repetitively-pulsed
discharge that initiates PDJ in a quartz tube depends on the
location of their emission and air pressure. It is shown that
the spectra and color of the discharge are mostly impacted
by the electric field strength, which reaches the highest
values at the ring electrodes [20]. Based on this, it can

Optics and Spectroscopy, 2025, Vol. 133, No. 1



Radlation of plasma diffuse jets in the wavelength range of 120— 1000 nm at... 9

- 20000 ~
1400001 |2 a & b
L Q v—:
120000 | =
_ 15000 @
2100000 | .
= s0000F |[[] 4, 510000_
E B > E
- 60000 - ~
= = 1%
40000 = so00l 7
I A S
20000 __A/ ) 1+ . 28
0

0
300 400 500 600 700 800 900 1000 310 320 330 340 350 360 370 380 390
A, nm A, nm
Figure 7. Spectral density of PDJ emission energy in the range of A1 = 250—1000 nm detected by HR2000-+ES spectrometer (a) and
in the range of 310—395nm when detected by HR4000 spectrometer (b) at a distance of 21 cm from the right edge of the grounded
electrode 4. Air pressure p = 0.3 Torr, f = 2kHz.

140000 ~ u 20000 | b
120000 & [= i & S
T et <
100000F & 15000 = ~
= [ 24 = i “ -
£ 80000 | < > g
£ I 0 510000 F
S 60000 = s
B = B - =
40000 < Q
5000 | .
20000 i X
on
0 f Al f | | .
300 400 500 600 700 800 900 1000 310 320 330 340 350 360 370 380 390
A, nm A, nm

Figure 8. Spectral density of PDJ emission energy in the range of A1 = 250—1000nm detected by HR2000-+ES spectrometer (a) and
in the range of 310—395nm when detected by HR4000 spectrometer (b) at a distance of 1cm from the left edge of the high-voltage
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Figure 9. A photo of column red sprites, which was obtained by a TLE researcher, a professional photographer, Frankie Lucena. The
photo was made on 1 October 2016 above the thunderstorm area in Cabo Rojo, Puerto Rico. / — column sprites, 2 — the most bright
stars used for calibration of atmospheric radiance of red sprites, 3 — beads, 4 — individual glow areas.
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be clearly stated that in paper [12], an increase in the ratio
of intensity of the band with a wavelength of 427.8 nm (1-)
to the intensity of the band with a wavelength of 337.1 nm
with the altitude going down from 60 to 50km is caused
by a higher electrical field strength. Sprites of blue color
were observed at altitudes below 50km as described in
papers [28].

The ratios of spectral energy densities in various wave-
length ranges, including VUV region, are also very im-
portant for determining the main processes occurring in
red sprites. The results show that these ratios vary in
different areas of the discharge primarily due to differences
in the reduced electrical field. Apparently, the main sprites
columns are incorporating the secondary streamers formed
in the near-sprite atmospheric regions. Because of their
formation the color and shape of sprite ,,columns® is
changed. In particular, the streamers may appear due to
the separation of charges in silver clouds, which consist
of ice crystals [29]. In PDJ at a distance from the
electrodes, the emission spectra and the color of PDJ do
not change significantly, which is due to preservation of
their propagation conditions. The change in spectra and
colors occurs in the areas near the electrodes and at the
end of PDJ.

Detailed measurements of the emission spectra during
formation of individual PDJ, as well as experimental mod-
eling of various conditions for simulation of glow regions
during collision of streamers [30] will help to clarify the
physical mechanisms of sprites formation. In particular, such
studies will be useful to explain the appearance of glow and
bead regions in red sprites, as well as the differences in their
shapes.

Conclusions

The emission of the four most intense nitrogen band
systems (24, 14, 1-, and LBH) was studied using a setup
designed to produce PDJ in air and nitrogen. The emission
was also detected on atomic lines of nitrogen, oxygen and
hydrogen. These bands and lines, as well as bands of
other molecules and ions, are present during low-pressure
discharges in the air and, with increasing sensitivity of the
measurement system, are likely to be detected in the spectra
of red sprites, as well as other TLE [1,2,11].

For 2+ and 1- bands of the nitrogen systems, as well
as for VUV transitions the LBH emission was detected for
both of them at a time. The data obtained also make it
possible to clarify the results of detailed computation for
different nitrogen bands, which are given in [14] for a wide
range of reduced electrical field strengths. At the same time,
both the consistency of calculated and experimental trends,
as well as their difference should also be emphasized.

It has been established that emission of LPH bands is
detected in PDJ at various air pressures, despite the strong
absorption of molecular oxygen. This result is consistent
with the conclusion of [31] that emission of this band plays

an important role in advancing the ionization wave into
unexcited gas due to photoionization. The presence of
VUV emission also explains the higher uniformity of pulsed
discharges in nitrogen compared to discharges in air, which
is observed with nanosecond high-pressure discharges [32].
We assume that the results obtained can be useful in
studying the spectral characteristics of red sprites and other
TLE.
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