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I. INTRODUCTION 
In recent years, much attention has been paid to the study 

of transient luminous events (TLEs), in particular red sprites, 
caused by electric discharges occurring in the upper layers of 
the Earth’s atmosphere [1]–[15]. To date, many articles and 
reviews have been published, which present the results of 
experimental and theoretical studies of various types of TLEs. 
Red sprites have been visually seen for a long time. However, 
these observations have not been documented. They are 
usually observed over areas of thunderstorm activity. The 
hypothesis about their existence was first put forward in 1925 
[16]. The first color images of these phenomena were 
published only at the end of the twentieth century [17]. 
Sprites occur at altitudes of 70–80 km and consist of red 
colored jets propagating in both towards and away from the 
Earth’s surface [2], [8], [15]. At the altitude of ~50 km from 
the Earth’s surface the color of sprites changes from red to 
blue [3], [15]. The progress that is currently being observed 
in the field of TLEs research, in particular red sprites, is due 
to the use of modern high-resolution devices installed on 
board aircraft [17] and on the International Space Station 
[11]. 

It has been known that the red color of sprites is due to 
radiation emitted by nitrogen molecules due to spectral 

transitions of the first positive system (FPS) [1]–[10], [14]. 
Sprites’ propagation velocities and a duration of their 
radiation pulse have been measured. According to [8], they 
are (2-5)∙106 m/s и ~20 ms, respectively. First red sprites 
usually move down, towards the region of lightning 
discharges near the Earth’s surface, and then up. In this 
regard, an issue on reasons of the observed sprite propagation 
process requires additional research. 

It is well known, see e.g. [4], [18], [19], that the direction 
and velocity of propagation of an ionization wave (streamer) 
depend on the direction of an electric field and its strength E. 
Red sprites are also formed by large ionization waves 
(streamers) [1]–[14], [16]. The strength required for the 
formation of a cathode-directed streamer upon breakdown in 
a non-uniform electric field is 2-3 times lower than for an 
anode-directed one [18], [19]. This peculiarity has been 
confirmed in many studies, including those dealing with low-
pressure air. 

The purpose of this paper is to develop an experimental 
setup for the formation and study of red colored ionization 
waves propagating in opposite directions, corresponding to 
those occurring in low-pressure regions where red sprites are 
observed.  
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II. EXPERIMENTAL SETUP AND TECHNIQUES 
Breakdown in long tubes has been studied before [2], [20]–

[23]. The difference of this study is that here an electrodeless 
system is used to initiate ionization waves. A 120-cm-length 
quartz tube was filled with atmospheric air with a humidity 
of ≈23%, but first, it was pumped out to a residual pressure 
of 10-2 Torr. The air pressure p in the tube was varied in the 
range of 0.1-10 Torr. The inner diameter and the wall 
thickness of the tube were 5 cm and 2.5 mm, respectively. 
Quartz grade GE 214, from which the tube was made, 
provided a high transmittance in the ultraviolet (UV) and 
visible regions of the spectrum. Two annular electrodes were 
installed in the central part of the tube on its outer surface. 
The ends of the tubes were mounted with caprolon flanges. 
One of the electrodes (left, relative to the reader, Fig. 2) was 
grounded through a current shunt. The second ring was a 
high-voltage electrode. An interelectrode distance d was 6 
cm. To excite the air inside the tube, voltage pulses of positive 
or negative polarity are formed by a high-frequency generator 
applied across the electrodes. A voltage pulse amplitude |U0| 
could be varied in the range of 1-7 kV. A voltage pulse rise 
time tf and its duration τ (FWHM) were ≈350 ns and ≈2 µs, 
respectively. A pulse repetition rate f was 21 kHz. 

In a number of experiments, an additional electrode made 
of 1-mm-diameter wire was mounted on the left flange, which 
was either grounded or connected to a constant voltage 
source. Thus, it was possible to change the electric field 
between the capacitive discharge plasma between the rings 
and the left end of the tube. In most experiments, the tube was 
placed parallel to the surface of the stand and the Earth. This 
contributed to the convenience of measurements. Installing it 
perpendicular to the Earth’s surface or at other angles did not 
significantly affect the morphology and characteristics of the 
discharge. 

The voltage U across the gap and the discharge current Id 
were measured with an ASA-6039 divider (AKTAKOM) and 
a hand-made current shunt, respectively. Electric signals from 
the probes were recorded with an MDO 3104 oscilloscope 
(Tektronix) with a bandwidth of 1 GHz and a sampling rate 
of 5 GS/s. 
A spectral energy distribution of the discharge plasma in the 
range of wavelengths Δλ = 190-1100 nm was registered with 
an HR2000+ES spectrometer (OceanOptics Inc.) with known 
spectral sensitivity characteristic and an instrumental 
function Δλinstr ≈ 0.9 nm. In addition, to estimate main 
parameters an emission spectrum of the plasma in Δλ = 300–
400 nm was recorded with an HR4000 spectrometer 
(OceanOptics Inc.) with known spectral sensitivity 
characteristic and Δλinstr ≈ 0.2 nm. Integral images of the 
discharge plasma glow were captured with a digital camera 
A100 (Sony). A velocity of ionization waves was determined 
in experiments with a high-speed photodiode PD025 (Photek) 
with an LNS20 cathode. It allows to register light pulses in 
Δλ = 200-900 nm (maximum sensitivity is in Δλ = 200-500 
nm) with subnanosecond temporal resolution (~0.8 ns). In 
this case, the time behavior of a radiation intensity from 4-
cm-width regions was recorded. The centers of the regions 
were located at the distance of 3, 13 and 23 cm from the 
annular electrode(s). During these measurements, the 

remaining part of the tube was covered with an opaque 
screen. Plasma emission spectra were also recorded from 
these regions. 
 

III. EXPERIMENTAL AND SIMULATION RESULTS 
Waveforms of U and Id are presented in Fig. 1a. In the 

pressure range Δp = 0.4-9 Torr and at U0 = 7 kV, the 
breakdown occurs within the voltage pulse rise time. For the 
same values of the product of pressure and the gap width pd, 
the nature of the dependence of the breakdown voltage Ub on 
pd differed from the Paschen curve. So, in the range Δ(pd) = 
54-9 Torr×cm experimental curves Ub(pd) first increase, then 
they decrease (Fig. 1b). The Paschen curve in this Δ(pd) is 
monotonically decreasing and Ub is essentially lower ( ≈6 
times for pd = 9 Torr∙cm). This circumstance can be 
explained by the pulsed nature of the supply voltage and the 
presence of dielectric barriers. 

Integral images of the discharge plasma glow at various air 
pressures are in Fig. 2. An exposure time texp was 0.2 s. 
During texp, about 4200 discharges occur in the tube. Thus, 
each integral image is formed by accumulating individual 
low-intensity images, which makes it possible to study the 
dynamics of the development of the discharge at various 
pressures. 

 

 

 

Fig. 1. Waveforms of the voltage U across the gap formed by annular 
electrodes (black) and discharge current Id (red) (a). Amplitudes of the 
breakdown voltage Ub (1, 2) and discharge current Id0 (3, 4) at positive 

(1, 3) and negative (2, 4) polarities of the high-voltage annular electrode 
(b). p = 1 Torr, |U0|= 7 kV. 
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Fig. 2. Integral images of the discharge plasma glow in the tube at air pressures of 0.4 (a), 1 (b) and 1.5 Torr (c). 1 – glow near caprolone flange at the 

tube end; 2 – ionization waves (streamers); 3, 4 – grounded and high-voltage annular electrode. U0 = +7 kV; no additional electrode; texp = 0.2 s; 
diaphragm is 5.6. 

 
For this experimental setup the highest E is achieved near 

the annular electrodes and in the space between them. 
Therefore, with an increase in p to 6-9 Torr and/or a decrease 
in |U0|, a diffuse plasma was implemented in the 
interelectrode region only and no ionization waves observed 
away from the electrodes. 

Decreasing p or increasing |U0| leads to the propagation of 
ionization waves from the region occupied by the capacitive 
discharge plasma in both directions from the annular 
electrodes. With decreasing air pressure in the tube, the 
distance over which the ionization waves propagate 
increased. For p ≤ 1 Torr it was several dozens of centimeters.  

At p in the range of 0.4-3 Torr the glow in the region where 
the ionization waves propagate is red colored. That is their 
color corresponds to that of red sprites observed at altitudes 
of 50-100 km over the Earth’s surface [1]–[12], [14], [15]. 

The additional electrode mounted on the left (Fig. 2, 
towards the reader) flange, as well as its polarity and potential 
affect the distance the waves travel. In the case of the 
grounded additional electrode, the length of the glowing zone 
from the side of the grounded annular electrode 3 (see Fig. 2) 
increased and reached the additional electrode with 
decreasing air pressure. Connecting a constant voltage source 
to this electrode made it possible to change the length of the 
ionization wave. In addition, this length depended on the 
voltage applied across the annular electrodes. 

Emission spectra of the plasma were recorded from the 
interelectrode region, as well as at different distances to the 
left and to the right from the annular electrodes. Fig. 3 shows 
a survey emission spectrum in the range of wavelengths of Δλ 
= 280-900 nm captured from the ionization wave propagation 
region. At p = 1 Torr, the largest spectral energy density Wspec 
of the radiation in Δλ = 280-900 nm is concentrated in 
vibrational-rotational (V-R) UV bands formed by the second 
positive system (SPS) of N2 (Fig. 3a). The band with λ = 
337.13 nm has the highest intensity. As the pressure 
decreased to 0.4 Torr, the distribution of the radiation energy 
in the spectrum was generally preserved, however, there was 

a noticeable increase in the intensity of the band with λ = 
391.4 nm of the molecular nitrogen ion N2+ belonging to the 
first negative system (FNS). The intensity of the latter could 
be comparable with that of the band with λ = 391.4 nm of the 
SPS. 

The red colored glow of the discharge plasma observed 
visually and in photographs is associated with a relatively 
high radiation energy density contained in the FPS bands at 
low pressures. The absolute radiation energy density of these 
bands also increased. The inserted image in Fig. 3a 
demonstrates the spectral energy distribution in Δλ = 500-900 
nm, where radiation is formed predominantly by spectral 
transitions of the first positive system (FPS) of a nitrogen 
molecule N2. 

Ratios P337/P775 of the intensities of the radiation of the 
most intense bands in the SPS and FPS, respectively, at 
various distances L from the outer edge of the grounded 
annular electrode are shown in Fig. 3b. Despite the fact that 
this ratio increases by a factor of 5 with increasing pressure 
from 0.4 to 9 Torr, the red component dominates in the color 
of the plasma glow. 

Using better resolved spectra in Δλ = 300-400 nm recorded 
with the HR4000 spectrometer equipped with a fiber optic 
cable (Fig. 4a) and methods of the optical emission 
spectroscopy (OES) [24]–[28] time averaged main plasma 
parameters were estimated. This procedure was performed 
for the discharge in the tube filled with air at p = 1 Torr. The 
plasma parameters were determined for the interelectrode 
region, as well as at L = 3, 13 and 23 cm from the annular 
electrodes. 
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Fig. 3. Emission spectra of the discharge plasma in Δλ = 280-900 nm at p = 
1 Torr (a). The spectrum in Δλ = 500-900 nm (inserted image) was 

recorded with a filter with absorption in the spectral range shorter than 500 
nm. Ratios of the radiation intensities of the most intense bands in the SPS 

(λ = 337.13 nm) and FPS (λ = 775.32 nm), respectively, at various 
distances L = 3 (1), 13 (2) and 23 cm (3) from the grounded annular 

electrode (b). 
 
Using better resolved spectra in Δλ = 300-400 nm recorded 

with the HR4000 spectrometer equipped with a fiber optic 
cable (Fig. 4a) and methods of the optical emission 
spectroscopy (OES) [24]–[28] time averaged main plasma 
parameters were estimated. This procedure was performed 
for the discharge in the tube filled with air at p = 1 Torr. The 
plasma parameters were determined for the interelectrode 
region, as well as at L = 3, 13 and 23 cm from the annular 
electrodes. 

Applying the Boltzmann method [27], [28] to the SPS 
bands (spectral regions 1, 2 and 3 in Fig. 4a) rotational Trot 
and vibrational Tvib temperatures were determined. Their 
values are, correspondingly, Trot = 340-360 K и Tvib = 2700 
K. The larger value of Trot corresponds to the interelectrode 
space. As for Tvib, this value remains practically unchanged 
over the entire length of the discharge tube. Using the known 
ratio Tg = 1.09∙Trot, the temperature of heavy particles Tg in 
the discharge plasma was determined. This temperature is in 
the range of 370-390 K. 

 

 

Fig. 4. Experimental (Exp, solid) and obtained in simulation (Sim, dotted) 
spectral energy distribution in Δλ = 300-400 nm of the radiation of the 

capacitive discharge plasma between electrodes. 1 – V-R band of the SPS 
with λ = 337.13 nm used for determination Trot and Tg; 2, 3 – sequences of 
V-R bands of the SPS in Δλ = 350-360 nm and Δλ = 370-380 nm used for 

determination Tvib; 4 – spectral range containing V-R bands of the FNS (λ = 
391.4 nm) and SPS (λ = 394.3 nm) used for determination Te and E/p: a) Te 
and E/p at various distances L from the grounded annular electrode; b) The 
point L = -4 cm corresponds the center between the annular electrodes. p = 

1 Torr. 
 
The spectral region 4 (see Fig. 4a) containing radiation 

bands of a molecular ion N2+ (391.4 nm, FNS) and molecule 
N2 (394.3 nm, SPS) of nitrogen, as well as method based on 
the determination of peak intensities of these bands [24]–[26] 
made it possible to estimate electron temperature Te and 
reduced electric field strength E/p (initially E/N, where N is 
gas concentration). Fig. 4b demonstrates how these plasma 
parameters change with the distance from the interelectrode 
region (the point L = -4 cm is the interelectrode region). In 
this case, there was no additional electrode at the tube’s end. 
It is seen that the highest Te and E/p values are achieved in 
the space between annular electrodes and then they decrease 
with increasing L. Despite this, their absolute values remain 
quite high. This fact confirms the assumption that the glow 
regions directed to both sides from the annular electrodes are 
the result of the propagation of ionization waves. This version 
of the formation of the discharge is also supported by the 
shape of the plasma emission spectra in different regions at p 
= 0.4 Torr. In this case, the intensity of the molecular ion band 
at 391.4 nm exceeds that of the molecule band at 394.3 nm 
over the entire length of the tube, i.e. under these conditions, 
much larger Te and E/p values take place. 
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It should be noted that the correctness of the estimation of 
the above values of the plasma parameters is confirmed by 
the results of modeling the plasma emission spectrum in this 
wavelength range using the SPECAIR code [29] – the 
calculated curve Sim (points) very accurately describes the 
experimental curve Exp (solid) when using the values of 
temperatures obtained from the experimental data. 

For clarity, the plasma emission spectrum in Fig. 4a is 
presented for the interelectrode region only. With L, the shape 
of the spectrum does not change as a whole, only the ratio of 
the peak intensities of the nitrogen ion (391.4 nm) and 
molecule (394.3 nm) bands changes, which, taking into 
account the values of such parameters as Te and E/N, is fully 
described. 

It should also be noted that when modeling the emission 
spectra, it was also possible to estimate the electron density 
Ne. In this case, a curious fact is that as the distance from the 
interelectrode zone increases, its value increases from ~4∙1011 
to ~2∙1012 cm-3. This, in turn, can be explained by the fact that 
with increasing L, the diameter of the ionization wave, which 
is the area of the current flow zone, decreases at a constant 
value of the flowing current. 

 

IV. DISCUSSION 
Let’s analyze the obtained results and compare them with 

the known data on the development of red sprites. In our 
experiments, the formation of ionization waves propagating 
to opposite directions from the capacitive discharge region 
was observed. For the formation of red sprites, it is also 
necessary that the concentration of electrons and ions in the 
plasma be sufficiently high. It can be assumed that diffuse 
discharges between regions of noctilucent clouds with 
charges of different polarity are the source of dense plasma. 
It is known that noctilucent clouds, consisting of ice crystals, 
form approximately at the same altitudes as red sprites [30]. 
The separation of charges in them occurs similar to how this 
process occurs in thunderclouds near the surface of the Earth 
[16], [31]. In the case of low-pressure diffuse discharges at 
high altitudes, the plasma glow is quite weak. Therefore, their 
radiation has not yet been experimentally registered. 
Nevertheless, we believe that such discharges near notilucent 
clouds initiate, with sufficient E/N, the formation of 
ionization waves – sprites. In should be noted that in some 
cases, at high altitudes, sprites are initiated by micrometeors 
[32], [33]. At the initial stages, the direction of downward 
movement of sprites is set by E, which should be directed 
from the place where a sprite appears to a negatively charged 
surface. Such a surface can be the upper part of 
thunderclouds. Although the upper layer of thunderclouds is 
usually positively charged [2], [4], [19], [31], positive 
lightning carries the Earth’s negative charge into this region. 
As follows from the experiments on the created setup, the 
length of the left ionization wave (propagating from the 
grounded ring) increases when negative voltage is applied to 
the additional electrode or when it is grounded. When 
forming downward sprites, their length can be limited either 
by decreasing E or by increasing p. First, downward sprites 
propagate into a denser medium. In addition, the electric field 
strength above thunderclouds changes due to the presence of 
lightning and the sprite development. 

Apparently, a change in E affects the direction and length 
of the propagation of upward red sprites [2], [5], [6] Thus, the 
chaotic direction of sprite propagation observed at altitudes 
of about 70 km can be explained by the uneven distribution 
of charges in the region of noctilucent clouds. 

During the formation of sprites, the primary direction of 
their movement towards the Earth is determined by the 
electric field of the negative charge, which is concentrated in 
the upper part of the clouds during lightning. At the next 
stage, this field decreases, and sprites are formed, which 
move up to the layer of excess negative charge. This can lead 
to a delay in the appearance of upward-facing sprites. 

 

V. CONCLUSION 
Thus, we report on the creation of a setup that allows to the 

formation, at low pressures of atmospheric air, two ionization 
waves propagating in opposite directions and to measure their 
propagation velocities. It has been established that the 
velocity of the front of ionization waves (streamers) 
corresponds to the average velocity of propagation of red 
sprites. As with sprites, this velocity decreases as these waves 
propagate. Thus, at p = 1.5 Torr at distances of 13 and 23 cm 
from the ring grounded electrode, its value was 0.17 and 0.12 
cm/ns, respectively. It has been shown that under the given 
conditions of formation of ionization waves in Δp = 0.4-3 
Torr, their color is determined by the radiation of the FPS and 
corresponds to the radiation color of red sprites. At the same 
time, the radiation spectral energy density concentrated in the 
bands of the SPS and FNS of nitrogen in the region of a high 
electric field between the annular electrodes, is an order of 
magnitude or higher than that concentrated in the bands of the 
FPS. Thus, this setup makes it possible to simulate the 
conditions and the process of formation of red sprites in a 
laboratory. 
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