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Periodic inhomogeneities in the glow of a diffuse plasma jet during a

discharge in low-pressure air
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Experimental data on the inhomogeneous glow of pulsed discharge plasma at air pressures of 0.4 and 1 Torr
were obtained. The breakdown was carried out in quartz tubes with internal diameters of 1.8 and 8.4 cm, which
were arranged in series. A transition from the regime of plasma diffuse jets (PDJs) with a uniform distribution of
radiation intensity to a regime with the formation of a periodic structure has been discovered. It is shown that the
second mode is caused by the appearance of additional peaks of microsecond duration on the main voltage and

current pulses of the discharge.
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Atmospheric discharges in the stratosphere and the meso-
sphere are fairly diverse and attract a considerable amount
of research attention [1-4]. Column red sprites are the most
well-studied at present. However, high-speed photography
data from terrestrial laboratories, aircraft, satellites, and the
International Space Station revealed that they also have a
complex structure [3-5]. Tt was established that column
sprites are normally initiated from the lower part of the
halo by streamers directed toward the Earth’s surface. The
region of the sprite’s primary column adjacent to the halo
has the greatest radiation intensity. Regions of bright glow
(beads) arranged periodically in linear chains are observed
in the lower part of streamer channels [5,6]. However,
the physical nature of their formation has not yet been
established unambiguously.

The aim of the present study is to create red plasma
diffuse jets (PDJs), which are miniature equivalents of
column red sprites and consist of streamers, with a periodic
structure during propagation in air.

Note that reports on miniature equivalents of red
sprites [7-10], atmospheric pressure discharges with a bead
structure [11,12], and low-pressure glow discharges with
striations [13,14] have already been published.

The experimental setup shown in Fig. 1,a was con-
structed for the planned research.

The capacitor capacitance, charging resistance Rj, and
the air pressure were varied to probe different glow modes.
Dielectric (left) and metal (right) flanges were installed at
the ends of tube 6 to fit thin quartz tubes 3. Capacitor
C charged from DC voltage source U through resistance
R; was used for excitation. The duration of the interval
between breakdowns of the gap with electrodes 2—7 could
be adjusted from 30ms to 1s by varying the capacitor
capacitance and (or) R; and supply voltage U. The variation
of capacitor capacitance, resistances R; and R4, and the

37

pressure also allowed one to alter the duration of the
discharge current pulse. Tubes 3 and 6 were filled with
air to a pressure of 0.4 or 1 Torr.

The voltage across the discharge gap was measured
by an AKTAKOM ACA-6039 divider, and the discharge
current was measured by a shunt constructed from TVO
resistors. Signals from the shunt and the divider were fed
to a Tektronix MDO 3104 oscilloscope (bandwidth: 1 GHz;
sample rate: 5 GS/s). The discharge was photographed with
a Canon 2000D camera.

Typical oscilloscope records of discharge voltage and
current pulses in the pulse-periodic steady-state mode are
shown in Fig. 1,b. A different breakdown voltage was
recorded when source U was switched on for the first time;
therefore, the discharge was photographed in the steady-
state mode. When the breakdown voltage was reached,
a discharge in the form of a PDJ formed in tube 6, the
voltage at electrode 2 decreased, and the discharge current
was interrupted. Capacitor C was then charged again, which
led to subsequent breakdown between electrodes 2—7.

The measurement results revealed that PDJs may be
produced in tube 6 in a wide range of experimental
conditions. With short current pulses (~ 50 us at the level of
0.1 or shorter), the plasma jet had a uniform glow (Fig. 2, a).

The discharge was photographed in the steady-state
mode. The repetition rate of discharge current pulses was
~40Hz. The intensity of plasma jet emission and its
distribution along the length of tube 6 depended on the
capacitance of capacitor C, resistance Rs, the air pressure,
and the U source voltage. The breakdown of air was
initiated in tube 3 by a single-barrier capacitive discharge
between electrodes 2 and 4, the latter being at a floating
potential. Metal electrode 7 was the cathode. Therefore,
the glow at electrode 7 was purple (PG). Just as in [8-10)],
the PDJ was colored red, and its length in tube 6 exceeded
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Figure 1. ¢ — Diagram of the setup for PDJ generation in low-pressure air with a half-amplitude duration of discharge current pulses
varying from 1us to 20ms. /, 8 — End flanges made of caprolon; 2 — steel electrode with a small radius of curvature (~ 0.5 mm);
3 — quartz tubes with an internal diameter of 1.8 cm; 4 — 1-cm-wide ring electrodes made of stainless steel; 5 — end flange made of
caprolon with an aperture for the first tube 3; 6 — KU quartz tube 28 cm in length with an internal diameter of 8.4 cm; 7 — end flange
made of duralumin with an aperture for the second tube 3; and 9 and /0 — open ends of quartz tubes 3 that protruded a distance of
1 cm into tube 6. U — Positive-polarity DC voltage source; R; and R, — voltage divider resistances; R3 — charging resistance of 1, 18,
or 43 MQ; Ry — 10k<2 resistance limiting the discharge current; C — capacitor with a capacitance of 10, 65, or 238 nF; and Rsp — shunt
resistances of 24 Q. b — Oscilloscope records of discharge voltage (/) and current (2) pulses from the right (relative to the reader) shunt

at a capacitor capacitance of 10nF, R; = 1 M€, and pressure p = 1 Torr.
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Figure 2. a — Photographic image of discharge glow at a capacitor capacitance of 10nF, R; = 1 M, and pressure p = 1Torr.

Designations I, 3, 4, 5, 7, and 10 are the same as in Fig. 1,a. LRC — discharge in tube 3, PDJ — plasma diffuse jet in tube 6, and
PG — purple glow of discharge plasma near electrode 7. The frame exposure time is At = 0.5s. b — Oscilloscope records of discharge
voltage (/) and current (2) pulses from the right shunt obtained in the same conditions as in panel a.

20cm. The discharge in thin left tube 3 was also red, but
the color was more intense.

Figure 2,b presents the oscilloscope records of voltage
and current pulses of the discharge from Fig. 2,a plotted
with a higher time resolution than in Fig. 1, 5. It is evident
that air breakdown occurs when a voltage of ~ 2380V is
reached at electrode 2. The discharge current amplitude
was ~ 66 mA, and its half-amplitude duration was 20 us.
The minimum voltage across the gap at which the discharge
current decreased to zero was ~ 550V, within ~ 26 ms,
it increased again to ~ 2380V (Fig. 1,5). This mode was
a quasi-steady-state one and persisted for a long time (in
the present case, for several minutes at the least). There
were no additional short peaks in the oscilloscope records
of current and voltage.

Figure 3,a shows the photographic image of discharge
glow obtained with the duration and amplitude of discharge

current pulses increased due to the use of capacitor C with
a capacitance of 65nF.

The discharge glow pattern has changed. A periodic
structure of bright and dark bands emerged in the PDI.
Short peaks P with a duration of < 1um, which is similar
to that of current pulses observed in the formation of
streamers in a PDJ [8], were found in the oscilloscope
records of discharge current and voltage (Fig. 3,b). The
length of the time interval between these peaks depended
on several parameters (primarily on the discharge current in
the main pulse) and was ~ 30us at the maximum current
magnitude. Air breakdown occurred in this mode when a
voltage of ~ 3000 V was reached at electrode 2. The voltage
across the gap decreased to ~ 660V and then increased
smoothly to ~ 3000V within 32ms. The amplitude of
the main discharge current pulse increased to ~ 167 mA,
and its FWHM was ~ 0.68ms. Thus, the photographic
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Figure 3. a — Photographic image of discharge glow at a capacitor capacitance of 65nF, R; = 1 MQ, and pressure p = 1Torr.

Designations 1, 3, 4, 5, 7, and 10 are the same as in Fig. 1,a. LRC — bright discharge column, PDJ with striations — plasma diffuse jet
with a periodic glow structure in tube 6, PG — purple glow of discharge plasma near electrode 7. At = 0.8s. b — Oscilloscope records
of discharge voltage (/) and current (2) pulses from the right shunt obtained in the same conditions as in panel a.

image in Fig. 3,a was obtained within three current pulses.
The photographic image in Fig. 2,a was obtained within 20
current pulses.

As the current in the main pulse decreased, the pause
between peaks P became several times longer. When
the current in the main pulse was reduced to ~ 20mA,
short peaks P in the oscilloscope records vanished. They
were also lacking at the front of the main current pulse
within ~ 70 us of the onset of breakdown (Fig. 3,5). This
suggests that the emergence of a periodic structure in PDJ
glow is associated with the formation of short discharge
current peaks on the main pulse. Peaks of current and
voltage and the periodic structure in discharge emission
were also recorded at a reduced air pressure of 0.4 Torr,.
The reason for the increase in breakdown voltage compared
to the experiment with a capacitor capacitance of 10nF
(Figs. 1,b and 2,b) will be investigated in future studies.
The breakdown voltage in our experiments depended on
a number of parameters. For example, it decreased when
the pressure was reduced to 0.4 Torr, but the breakdown
voltage obtained with a capacitor capacitance of 65 nF was
greater than the one corresponding to 10nF. When the
power supply was switched on, the breakdown voltage of
the first pulse was lower than that of the second one (with
the rate of voltage rise across the gap remaining unchanged).
Therefore, the measurements of electrical parameters and
photographic recording of the discharge were performed in
the steady-state pulse-periodic mode. The energy input into
the discharge with a capacitor capacitance of 65 nF is greater
than the one with 10 nE. The repetition rate of current pulses
and the shape and duration of voltage decay across the gap
differed in these cases.

Having analyzed the conditions of PDJ formation, we
found that a periodic structure in discharge glow emerges
with an increase in amplitude and duration of the discharge
current pulse. When microsecond and nanosecond voltage
and current pulses were used, the PDJ glow lacked a
periodic structure. However, when two opposite streamers
with different front polarities were initiated and collided,
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isolated bright glow regions were observed even with
microsecond voltage pulses [9,10]. We believe that with
an increase in duration and amplitude of the discharge
current, these experiments established the conditions for
formation of subsequent streamers from electrode 2, which
is evidenced by the presence of coincident short peaks of
current and voltage. The propagation of secondary streamers
and their collision with previous ones led to the emergence
of a periodic structure of red glow regions in the PDJ.
The presence of bright spots (beads [5]) in propagation of
column sprites to the Earth’s surface may also be attributed
to the formation of secondary streamers and their collision
with primary ones.

Thus, the transition from uniform glow of plasma diffuse
jets, which are miniature equivalents of column red sprites,
to the emergence of a periodic structure in them was
observed. It was found that this mode is associated with
the emergence of short (with a half-amplitude duration of
< lus under the examined conditions) peaks, which are
apparently induced by the formation of secondary streamers,
in the oscilloscope records of current and voltage.
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