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Abstract—Results are presented from experimental studies of autonomous long-lived plasma objects in free
atmosphere with a visible afterglow lasting 2 s. The experimental setup is described, and the energy conditions
ensuring the generation of such plasma objects are determined. © 2005 Pleiades Publishing, Inc.
INTRODUCTION

Studies of long-lived plasma objects (LPOs) are
mainly related to the problem of ball lightning (BL).
This problem has been actively studied over a long time
both theoretically and experimentally [1–12].

Studies of LPOs that are remote from both the dis-
charge chamber wall and energy sources are important
for understanding the nature of BL, testing lightning
protection systems, plasma chemistry, creating high-
power pulsed open sources of optical radiation, and
accumulation and transportation of electromagnetic
energy.

Experimental studies aimed at generating plasma
objets possessing some properties of BL (shape, size,
color, velocity, lifetime, and decay) under laboratory
conditions are reviewed in [13]. There are various
means for generating LPOs: an erosion discharge
[14, 15], a capillary discharge [16, 17], a microwave
discharge and its modifications [18], etc. Since natural
BLs occur in free atmosphere, most of the experiments
were performed with atmospheric air.

Experiments in which the working medium is air
saturated with water vapor seem to be the most promis-
ing, because such a medium most closely models natu-
ral conditions for the origin of BL. Using an erosion
discharge, one can produce glowing objects with a
diameter of 7–19 cm and lifetime of 0.5–1.0 s [19, 20].
It is shown experimentally that LPO lifetime depends
on many parameters: the size and shape of the central
electrode, the discharge voltage, the amplitude and
duration of the current pulse, and the temperature and
conductivity of the water deposited on the electrode
[21].

In most experiments, a capacitor bank was used as a
power supply (e.g., in [14], the capacitance was varied
from 650 µF to 5 mF and the stored energy was varied
from 50 to 200 J, while in [15], these quantities were
216 µF and 100 kJ, respectively) and the current pulse
duration was a few microseconds. Over such a short
1063-7842/05/5003- $26.000380
time, an LPO decays before it transforms into a stable
structure.

The aim of this study was to produce LPOs with an
afterglow time of up to 2 s in free atmosphere at normal
pressure. For this purpose, an inductive energy storage
unit with a current pulse duration of ~100 ms and high
stored energy (of about 500 kJ) was used. No additives
to the discharge plasma other than the products of elec-
trode material erosion were used.

EXPERIMENTAL FACILITY FOR GENERATING 
LPOs

The experimental setup for producing and studying
LPOs consisted of four main parts: a power supply,
switches, a generator, and a system for monitoring the
LPO parameters [12, 22, 23]. A schematic of the exper-
imental setup is shown in Fig. 1. The storage induc-
tance was fed from nine VAKG-12/6-3200 rectifiers
connected in parallel. The parameters of the power sup-
ply were as follows: the input circuit voltage was 380 ±
38 V, the circuit frequency was 50 Hz, the rated output
power was 38.4 kW, the rated rectified current was
3200 A, and the rated rectified voltage was 12 V (mode I)

1

2 3

4

5 6

7

L0

Fig. 1. Schematic of the experimental setup: (1) block of
nine VAKG-12/6-3200 rectifiers, (2) MGG-10-U3 switch,
(3) VMG-10 switch, (4) plasma gun, (5) program mecha-
nism, (6) recording system, (7) 75ShSMUZ shunt, and (L0)
storage inductance.
 © 2005 Pleiades Publishing, Inc.
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or 6 V (mode II). Electric energy (about 500 kJ at a
feeding current of 3000 A) was stored in the inductive
storage with a total mass of 4000 kg. The power circuit
was switched by an MGG-10-U3 switch (with a break-
ing current of 45 kA, turn-on time of ≤0.4 s, and clear-
ing time up to arc extinction of 0.14 s) and a VMG-10
switch. LPOs were produced using a plasma gun made
of nonmagnetic materials.

The facility operated as follows: After switch 2 was
turned on, the storage inductance L0 = 6.5 × 10–4 H was
connected to rectifier bank 1. When the stored magnetic
energy reached a necessary value, the storage induc-
tance was switched to load 4 (plasma gun) by switch 3.
After 0.07 s, switch 2 was turned off and the diaphragm
of the plasma gun exploded under the action of the
break induced current. The 0.07-s time interval was
chosen in order for the diaphragm to remain unde-
stroyed at a feeding voltage of 4 V and, at the same
time, for switch 2 to provide a quite reliable contact.
The switches, rectifiers, and recording system 6 were
controlled by program mechanism 5. The current in the
discharge circuit was measured using shunt 7.

The main component of the facility was a plasma
gun used to generate autonomous LPOs in free atmo-
sphere with an afterglow time of up to 2 s. A schematic
of the plasma gun is shown in Fig. 2. The discharge was
initiated with the help of 100-mm-diameter conducting
diaphragm 4 composed of seven 8-µm Al foils. This
number of foils was experimentally shown to be opti-
mal. The diaphragm was placed on dielectric plate 3
(textolite, Plexiglas, cardboard, etc.), to which it was
pressed by ring electrode 2, made of a nonmagnetic
material (stainless steel or brass). Electrode 1, made of
two to eight (depending on the experimental condi-
tions) stranded wires with diameters of 1.0–2.4 mm,
was connected to the diaphragm center. The opposite
ends of the wires were connected (over a circle) to elec-
trode 6. To reduce the effect of the magnetic field gen-
erated by electrode 6 on the formation of LPOs, elec-
trode 6 was placed below the discharge gap, whereas
the current was supplied to electrode 5 via guide racks 7.
All the elements were made of nonmagnetic materials
and set on support 8. It was shown experimentally that
the use of magnetic materials hindered the formation of
stable LPOs; this was indicated by the fact that, in this
case, the afterglow time was as short as a few tenths of
a second. The design of the gun was rather compact and
allowed one to vary the LPO size by changing the inner
diameter D of the ring electrode from 60 to 150 mm.

The parameters of the experimental setup and LPO
were simultaneously recorded on a UF-67-135 photo
paper using a K-115 oscilloscope. Figure 3 shows typ-
ical waveforms of the current I, voltage U, and visible
radiation intensity P recorded with the K-115 loop
oscilloscope. The discharge current was recorded by
the oscilloscope indirectly, using the voltage drop
across the 75ShSMUZ shunt. The discharge voltage,
including the electrode voltage drops, was measured
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between the axial and ring electrodes. The discharge
current and voltage were recorded by the oscilloscope
with the help of MO14-1200 galvanometers with an
accuracy of 5%. The optical characteristics of LPOs
were recorded using an AIETs2-S photometer with an
F-2 vacuum photodetector. The operating spectral
range of the photocathode (at a half-maximum level)
was 320–600 nm. Special measurements showed that
the time constant of the photometer was no more than
5 ms.

EXPERIMENT

Figures 4 and 5 show photographs of the experimen-
tally obtained autonomous LPOs. The photographs
were taken manually from a distance of 4 m on the
Kodak-400 color film using a Zenit ET photo camera
equipped with an MIR-1V lens (with a relative aperture
of 8 and an exposure of 1/125 s). At the bottom of the
photographs, parts of the plasma gun can be seen. In the
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Fig. 2. Plasma gun: (1) central electrode, (2) ring electrode,
(3) dielectric plate, (4) conducting diaphragm, (5, 6) elec-
trodes, (7) guide racks, (8) support.
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Fig. 3. Waveforms of the discharge current I, voltage U, and
radiation intensity P.
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initial stage, the LPO has a mushroom shape (Fig. 4),
and by the end of the formation process, it transforms
into a sphere (Fig. 5) with a diameter of 35–40 cm. It
should be noted that the above photographs present the
results obtained in different discharges. The dark verti-
cal structure overlapping the periphery of the sphere is
the holder of the measurement system. One second
after the termination of the energy supply, the distance
from the center of the sphere to the plasma gun was
70 cm. In the case at hand, the current amplitude was
10.2 kA and the current pulse duration was 100 ms.

Revealing physical processes responsible for the
prolonged afterglow of the observed LPOs is beyond
the scope of this study. Note, however, that photometric
measurements of the LPO glow showed that the total
radiation energy emitted by an LPO exceeds the sum of
the thermal energy of particles, the ionization energy,
and the energy of phase transformations in the con-
densed disperse phase. Depending on the experimental
conditions, the radiated energy varied from 1.6 ± 0.7 to
10.8 ± 4.4 kJ. Hence, a fraction of the energy might be
stored in, e.g., an electromagnetic field; i.e., an autono-
mous LPO can be regarded as a mirrorless photon trap.

10 cm

Fig. 4. LPO in the initial stage of formation.
This is confirmed by the fact that, in about one-tenth of
the experiments, the LPO glow intensity somewhat
increased prior to its decay (a “hump” in the radiation
intensity in Fig. 3). Such behavior cannot be explained
using a cooling plasma concept.

Experiments showed that there were certain thresh-
old parameters (or critical experimental conditions)
under which LPOs arose in free atmosphere and existed
for a rather long time. It was found in [19] that the dura-
tion of the LPO afterglow depended nonlinearly on the
discharge energy (as well as on the discharge current).
As a first approximation, the duration of the LPO after-
glow on the discharge energy was assumed to be linear
and was determined by the least squares method. The
intersection of this linear dependence with the abscissa
(where the lifetime is zero) gave an energy of 40 kJ,
which corresponded to the discharge energy at a current
of 10.4 kA. However, there is no sufficient reason to
seek for the dependence of the LPO lifetime on the dis-
charge energy in such a form. The actual behavior is
more complicated, and the criterion for the formation
of LPOs is still unknown. The observed statistical rela-
tionship between the LPO lifetime and the deposited
electric energy can be regarded as fairly appropriate
(the correlation factor is 0.32 for a significance of χ2 =
0.1). This means that the statistical relationship is deter-
mined by a more complicated combination of the
parameters, which has yet to be found.

Fig. 5. LPO at the end of the formation stage.
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CONCLUSIONS
Experiments on the generation of autonomous

LPOs with energy densities comparable to those typical
of natural ball lightnings have been carried out. For
autonomous LPPs with a diameter of 30 cm and stored
energy of 10 kJ, the calculated energy density is
~0.7 J/cm3, which agrees with the data for BLs [9]. In
BLs, the energy density varies from 2 × 10–3 to 2 ×
102 J/cm3, the average energy density being relatively
low, on the order of 1 J/cm3.

An analysis of the video and photo information, as
well as the waveforms of the glow intensity, shows that
it is possible to obtain autonomous LPOs with a diam-
eter of 30–35 cm and a visible afterglow lasting 2 s.
Depending on the experimental conditions, the radiated
energy varies from 1.6 ± 0.7 to 10.8 ± 4.4 kJ.

REFERENCES
1. A. I. Grigor’ev and T. N. Dunaeva, in Ball Lightning:

Problems, Hypotheses, Discoveries. Bibliographic
Index from 1972 to 1992 (Odessa, 1992), Issue 41.

2. I. P. Stakhanov, On the Physical Nature of Ball Light-
ning, Ed. by A. A. Rukhadze and M. M. Fiks (Nauchnyi
Mir, Moscow, 1996) [in Russian].

3. B. M. Smirnov, Problems of Ball Lightning (Nauka,
Moscow, 1988) [in Russian].

4. O. A. Sinkevich, Teplofiz. Vys. Temp. 35, 651 (1997).
5. O. A. Sinkevich, Teplofiz. Vys. Temp. 35, 968 (1997).
6. I. M. Imyanitov and D. I. Tikhiœ, Beyond the Laws of Sci-

ence (Atomizdat, Moscow, 1980) [in Russian].
7. S. Singer, Nature of Ball Lightning (Plenum, New York,

1971; Mir, Moscow, 1973).
8. Y.-H. Ohtsuki, H. Ofuruton, N. Kondo, et al., in Pro-

ceedings of the 5th International Symposium on Ball
Lightning, Tsugawa-Town, 1997, p. 167.

9. J. D. Barry, Ball Lightening and Bead Lightening:
Extreme Forms of Atmospheric Electricity (Plenum,
New York, 1980; Mir, Moscow, 1983).

10. V. L. Bychkov, A. V. Bychkov, and S. A. Stadnik, Phys.
Scr. 53, 749 (1996).
TECHNICAL PHYSICS      Vol. 50      No. 3      2005
11. A. I. Grigor’ev, I. D. Grigor’eva, and S. O. Shiryaeva,
Khim. Plazmy, No. 17, 218 (1992).

12. V. N. Kunin, Ball Lightning on Testing Ground
(Vladimir Gos. Univ., Vladimir, 2000) [in Russian].

13. Ball Lightning in the Laboratory: Collection of Articles,
Ed. by R. F. Avramenko, V. L. Bychkov, A. I. Klimov,
and O. A. Sinkevich (Khimiya, Moscow, 1994) [in Rus-
sian].

14. R. F. Avramenko, V. I. Nikolaeva, and L. P. Poskacheeva,
in Ball Lightning in the Laboratory: Collection of Arti-
cles, Ed. by R. F. Avramenko, V. L. Bychkov, A. I. Kli-
mov, and O. A. Sinkevich (Khimiya, Moscow, 1994),
pp. 15–56.

15. A. F. Aleksandrov, Yu. Bakhgat, M. G. Skvortsov, et al.,
Zh. Tekh. Fiz. 56, 2392 (1986) [Sov. Phys. Tech. Phys.
31, 1431 (1986)].

16. D. L. Kirko, P. V. Samonchev, and A. A. Martynov,
Pis’ma Zh. Tekh. Fiz. 21 (10), 78 (1995) [Tech. Phys.
Lett. 21, 388 (1995)].

17. V. L. Bychkov, A. V. Bychkov, and A. B. Timofeev, Zh.
Tekh. Fiz. 74 (1), 128 (2004) [Tech. Phys. 49, 128
(2004)].

18. V. M. Shibkov, A. F. Aleksandrov, and A. A. Kuzovnikov,
in Ball Lightning in the Laboratory: Collection of Arti-
cles, Ed. by R. F. Avramenko, V. L. Bychkov, A. I. Kli-
mov, and O. A. Sinkevich (Khimiya, Moscow, 1994),
pp. 136–150.

19. A. I. Egorov and S. I. Stepanov, Zh. Tekh. Fiz. 72 (12),
102 (2002) [Tech. Phys. 47, 1584 (2002)].

20. A. I. Egorov and S. I. Stepanov, Preprint No. 2558/2004,
PIYaF RAN (St. Petersburg Institute of Nuclear Physics,
Russian Academy of Sciences, Gatchina, 2004).

21. G. D. Shabanov, Pis’ma Zh. Tekh. Fiz. 28 (4), 81 (2002)
[Tech. Phys. Lett. 28, 164 (2002)].

22. V. N. Kunin and L. V. Furov, Izv. Vyssh. Uchebn. Zaved.
Fiz., No. 6, 119 (1990).

23. L. V. Furov, in Proceedings of the 12th Scientific Confer-
ence of Ukrainian, Russian, and Belarussian Scientists
on Applied Problems in Mathematics and Mechanics,
Sevastopol, 2003, pp. 57–61.

Translated by N. Ustinovskiœ


