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Abstract

The Ball lightaing formation is considered as a process of self-
organization in a cold dust plasma with electrical-chemical active
dust particles. Such particles in their chemical reactions can gen-
erate electric and magnetic fields which can be responsible for the
resilience property of the gas bubble. Two types of plasma ball for-
mation are possible : electrostatic and magnetostatic cnes. Their
properties are discussed qualitativly.

Keywords : ball lightning, dust plasma, magnetic reconnection,
spheromacs.

1 Introduction

Ball lightning is a rare and unusual natural phenomenon. It was
observed many times over so that we can consider it as a real fact. Ball
lightning looks like a luminous sphere with a volume of one to several
liters. It can exist many seconds. Sometimes its life is finished by an
explosion. Observers estimate the energy of ball lightning at the order of
a few kilojoules, with a large spread from event to event.

Ball lightning floats in air, so that its mass density is not very much
different from the air density. It means that its temperature is not higher
than air temperature and its total mass is of the order of a few grammes.
The energy release in the form of a small-scale explosion is accompa-
nied sometimes by an electric discharge akin to a tiny flash of lightning.
Namely on this reason it was called a ball lightning.

We can assume that the energy carried by ball lightning is of chemical
origin. For instance, the energy of water vapour condensation is about 2kJ



per gramme, and the energy of explosives is about 4kJ per gramme. The
most striking feature of ball lightning is its stable spherical shape, which
is retained almost rigidly even in the presence of external perturbations.
This feature looks like the result of a kand of surface tension that forces
the conservation of the spherical shape with a minimum surface area. To
understand the physics of ball lightning we have to discuss its misterious
features.

We will proceed in this way step by step with the main attention to
the ball elasticity. Our starting idea is that the ball lightning matter is a
dust plasma with dust particles chemically active ones. We assume that
the corresponding chemical reactions can generate electric charges and
electric currents in such a plasma. Therefore electric and magnetic fields
can be generated and the generation of these fields looks like some kind
of selforganization.

We shall discuss the mechanisms of fields generation and the corre-
sponding properties of an gas cloud with the electric and magnetic fields.

2 (as battery phenomenology

To generate electric and magnetic fields by chemical reactions we need
something similar to the usual Galvanic battery. But in our case this is
not a solid-state but a gas battary. In the absence of fields it is completly
symmetical one. Hence we have to accept that such a gas is unstable in
respect to small initial perturbations of the charge and current densities.
We shall consider this instability with the help of pure phenomenological
approach.

Let us start with the passive cold plasma. We can assume that in
such a plasma there is no free electrons but only heavy positively and
negatively charged ions are present. Such ions can be aggregated in some
complexes together with the water molecules. But this is not soimportant
for us.

The electric properties of such gas can be described by a very simple
relation 7 = gy F between the current density j and electric field E. The
factor oo here is the plasma electrical conductivity. We can plot this

relation by a very simple linear dependence in Fig. 1.



Any initial perturbation of the charge density gy or the magnetic field
By of the plane-wave type decay according to laws :

p = poexp{—4mayt) ; B = Byexp{—e®k*t/dna;) (1)

where %? is the square of the wave number.

We have nused here the Gaussian units. In (1) expressions oy is positive
une. But if the plasma is chemically active the possibility for negative
values of conductivity is not exluded. Of course at large value of electric
field the plasma conductivity has to be positive again because an external
field produces the positive work in this case. But at small £ values
electric conductivity could be negative one giving rize to possibility for
small perturbations to be build up. Thus the j(F) characteristics of
active plasma could have the positive values of the derivative dj/dE at
high values of E and negative ones at low values of £.

There are two types of possibilities for such kind of characteristics {
Fig. 2a, b }. The first of them, Fig. 2a, can be called N —type of charac-
teristics and the second one, Fig. 2b, is called S—type of characteristics.
We shall see that both of them can lead to a self-organization but of
slightly different types.

It is clear from Fig. 2ab, that in both cases the point £ =0,7 =0
is unstable one because ¢ < 0 there and according to (1) relations both
electric and magnetic field perturbations increase with time.

Now we see that in the case of N—iype characteristics, Fig. 2a, the
current density 7 = 0 at £ = E; value. The absence of current means
the possibility for the steady state with the nonzero value of electric field.
Such a state can be called the electrostatic self-organized state. As for
the case of the S—type characteristics, Fig. 2b, the statationary current
7 = Js can be maintained here even in the absence of electric field £.
This current is produced by some driving force of the chemical nature .
Such a state can be called the magnetostatic self-organized steady state.

These two possibilities correspond to the different plasmas with the
different dust particle compositions. They have to be considered sep-
arately cne by one. The physics mechanisms for the characteristics of
Fig. 2a and Fig. 2b will be considered later. As for macroscopic gas be-
havior it can be considered without detailed analysis of the physics reason

for such characteristics, We start with the electrostatic self-organization.



3 Electrostatic field self-organization.

Electrostatic field self-organization for the case of N—type charac-
teristics was discussed by author in [1]. According to Fig. 2a any initial
perturbation of the electric charge and electric field is unstable due to the
negative value of the electrical conductivity. These small perturbations
increase up to the level when nonlinear effects start to play role.

Let the initial charge density perturbation looks like Fig. 2, a, b and
the corresponding electric field perturbation looks like Fig. 3c.  These
perturbations increase in time but only up to level £ = Ey. According to
Fig. 2a the ohmic power jE starts to be positive at electric field values
larger than Fj, so that the corresponding electric field patterns decay in
time. It means that the initial perturbation of Fig. 3 will rise very quickly
up to the level of an electric bubble formation ( Fig. 4 ). Inside this bubble
the electric field is equal to £ = E; and it is equal to zero outside this
ball. To maintain E = Ej relation the definite positive elecinic charge
density has to be provided:

11d,. E
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(2)

The total positive charge inside the ball is equal to go = rZEy. Exactly
the same but of negative sign value of the charge has to be maintained
at the ball boundary surface.

If to take into account the diffusion of ions-current carriers then the
ro boundary has to propagate in the radial direction with some velocity
vg [1]. Thus the bubble of Fig. 4 will expand in time trying to cover all
the active plasma volume. If we assume that the homogeneous plasma
is present only inside some spherical volume of radius r = R, while the
initial perturbation is placed at its center then the pattern of Fig. 4a
structure is extended over the all volume of the active dust plasma : we
have an electrostatically self-organized ball with E = E; inside and E' = 0
outside the active volume.

The radial electric field E = Ey inside the ball attracts the negative
charges at its surface so that the gas is compessed inside the ball up to the
value Ap = F3/87. As we see something like a surface tension appears :
the role of surface tension value is played by the RoEZ/16x expression.



The effective surface tension restores the spherical shape of ball at any
external perturbation of this shape. We can estimate the characteristic
time of the restoring process by a simple relation + & Ry/vg. Here vg
is the electrostatic analogue of the well known Aliven velocity : vz =
Eo/(4nmno) 2. Here ny  is the air molucle number density and m is
the average mass of air molecules. For a reasonable value of the spherical
shape restoring time of the order of lsec the value of Ey = lesu =
300 Volts fcm is sufficient { the air mass density mny = 10 3gem =2 when
the ball radius Ry = 10cm. The energy of the electric field E; in the
volume of the order of several liters is of the order of 1075joules.

For the active matter to maintain an electric field a driving force has
to be present. But if the electric field E = Ej exists in plasma an Ohmic
current ggFp has to flow inside the matter, where oy is the differential
conductivity at the point E = Ej of Fig. 2a : ¢y = (dj/dFE)g,- This
current leads to energy disipation with a rate

¢ = —8wooz, where ¢ = VEZ/87. (3)

Here V i1s the total plasma volume. If the ball plasma consists of neg-
atively and positively charged ions at room temperature ( the ball’s lu-
minosity is assumed to be produced by the chemical luminiscence rather
than by thermal }, its conductivity can be estimated at 0q = e*n/nemao,C,,
with n the plasma density, m the lon mass, o, the atomic collision cross
section, and C, the speed of sound. At m = 5-107%¢, g, = 107%em?,
C, = 3-10%cm/ sec the value of oy can be estimated as being of the order
of 10'*n/nysec™. If the plasma density is of the order 10%3cm™3
of the order of 10¥em ™2, the rate of energy decay & is of the order of
—10%. This is about 1;kW at the £y = lesu and the ball volume of the
order of several liters. Thus, for an initial energy capacity of the order
of several kilojoules the electric field energy dissipation yields a lifetime
of the order of several seconds. If the plasma density is below 10¥cm ™1,
the lifetime of ball lightning with electrostatic self-organization is greater

and ng

than this value.



4 Magnetic field self-organization

Now let us consider S—type characteristics of Fig 2b. In this case the
shortest wave-length perturbations grow with the higher rate. They reach
a saturation at the current density j = j; when no external Ohmic power
supply is needed. We can imagine that such a saturated state looks like a
set of many small-size current loops ( Fig. 5a ). Each elementary current
loop generates a magnetic field B =z {j5/c, where [ is the linear size of the
current loop { in esu units ). It can be considered as a small magnet with
some momentum M. If [ is not extremely small, the magnetic forces can
influence the plasma’s behavior. By magnetic forces tiny loops attract
each other and then can merge leading to the net magnetic momentum
increase { Fig. 5b ).

When a big current loop is produced by such merging it can swallow
small loops { Fig. 6ab ). At first it orients the small loops along the
magnetic field lines, then it attracts the small loops toward the median
plane and there it stretches out the small loop. Finally it swallowes a
small loop by reconnecting its magnetic field and joining it to the main
current loop.

The magnetic energy of this current loop decreases when its size
increases. Thus the current loop has a tendency to be stretched cut
(Fig.7a). But the narrow current filament is unstable in respect to the
kink-type MHD-perturbations. This instability leads to a toroidal mag-
netic field being generated, so that a tiny spheromak [3] is created (
Fig. 7b ).

If several spheromaks are formed inside the active plasma they will
again attract each other by their poloidal magnetic fields. Then they can
merge by the magnetic reconnection mechanism [4]. If two spheromaks
have different helicities they annihilate each other [4] transforming their
magnetic energy into heat. But if they have the same helicity they can
produce, by merging, a spheromak of somewhat larger size.

Thus we can say, that a mechanism exists which tends to combine all
the elementary spheromaks into a single large spheromak encompassing
the entire plasma. Similar configurations have been investigated by Koloc
[5], who, however, attempted to explain the entire ball lightning energy
as being solely of magnetic origin. It seemns more realistic to believe that




the magnetic energy is needed only for the ball lightning elasticity, while
the main energy stored is of chemical origin.

It is easy to see that at a given current density j = j; the spheromak
configuration tends to resotore its shape in spite of any external pertur-
bation. For instance, if to imagine a pertuarbation which occurs at the
frozen magnetic fluxes, then the toroidal flux ®1 and the poloidal mag-
netic flux @, can be considered as to be constant and the total magnetic

energy ¢ = et + &, can be represented in the form
e=er+¢, ~const{®TRa>+ IR} (4)

Here a is minor radius and R is major radius of the toroidal configuration.
At a given plasma volume V = 272a°R and &1 ~ @, the minimum of the
(4) expression is reached at a &~ R, i.e. for the case of compact sphero-
mak configuration. This configuration as a whole is maintained against
the expansion by the air pressure, so that the pressure inside the sphero-
mak is lowes than the external pressure by the amount of Ap= —B*/8r.
Thus, we can assume that the spheromak of almost spherical shape is
produced by the magnetic fields. At the value of the Alfven velocity
va = B(4mngm)™H? of the order of 10cm/ sec the ball’s stability is as-
sured. [t means that a value of the order B = 1Gauss is sufficient for the
spheromak elasticity. At such field values the elementary spheromak co-
alescence can be influenced but not eliminated completely by the Earth’s
magnetic field.

For a volume of several liters the magnetic-field energy is again of
the order of 10™°joule. Here, too, the plasma resistivity can lead to
energy dissipation. The rate of dissipation can be estimated as ¢ = —¢ -
¢?[4mooR? where op is the Ohmic resistivity and R is the major radius
of spheromak. Repeating our estimations we obtain ¢ = 10 °ny/nkW at
B w2 1Gauss for V = 1 liter. At n =~ 10Mem™ and ng = 10¥%m™> we
obtain £ &~ 1kW. If the amount of chemical energy stored in the lightning
is of the order of several kilojoules the lifetime of such a plasma ball is of
the order of several seconds.

Thus, we can say, very roughly, that the electrostatic self-organization
preveils at n < 10¥%cm™ whereas the magnetostatic self-organization is

preferred at n > 10tem™3.



5 Active dust plasma

Now we can discuss the problem of what kind of chemical reaction and
the dust particle structure can lead to the electric current generation. Let
us consider Fig. 2 once more. As we see at large values of electric field
the 7(E) dependence looks like 7 = oo E — Ey) in the case of Fig. 2a
and like ; = ¢o(E + jo/cq) dependence in the case of Fig. 2b. In other
words the driving force is directed opposite to the external field direction
is the first case and along the external field direction in the second case.
By analogy with magnetics we can say that the Fig. 2a case is similar
to diamagnetism and the Fig. 2b case is similar to paramagnetism. It is
evident that these two cases correspond to completely different plasmas
with different chemical reactions and different dust particle compositions.

Let us start with Fig. 2a characteristics. The chemical reactions in
this case have to generate the electric current which is directed oppositely
to the external electric field. I shall discuss here only one of the different
possibilities for such reactions.

To generate the current the corresponding chemical reactions have to
be accompanied by the electric charge exchange beiween reactants as in
an usual electric battary. In our case the cold plasma plays the 1ole of an
electrolyte and some dust particles can manifest themselves as electrodes.
Let us consider the concrete example of reactions shown in Fig. 8. We
assume that the cold plasma consists of heavy ion complexes, C; and C_.
When such complex ions collide with the chemically active dust particle
D the chemical energy can be teleased so that the complex ion can be
fragmentated in several, say Z, smaller-size ions of the same charge sign.
Of course, the charge (Z — 1)e is delivered to the dust particle. But in
average, if the ions of both signes, Cy and C_, are present the average
charge of D particle can be zero.

The ion current density to the dust particle can be estimated as j. =
envy,, where n is the ion density and vy, is the thermal velocity of the
ion complexes. The rejected current density is Z—times larger.

If to apply the external field F the ions of both kind start to drift
and the Ohmic current is generated with the density jo = ¢oE. If both
sign ions, positive and negative, have similar structures then their drift
velocity u is equal to u = jo/2en. Ions rejecting from the dust particle



provide the opposite current density near the dust particle being equal to
— 7% . This current density is produced in the vicinity of the dust particle,
i.e. in the volume V ~ r3 where ry is the dust particle radius. We can
assume that the small ions can be recombined and transformed into large
complex ions outside this volume. Thus, the total current density can be

estimated as
j = 0'0(1 — ZVD_ND)E. (5)

Here Vp is the volume near the dust particle where opposite sign currents
are generated and Np is the number of dust particles per unit volume.
We see that the effective electric conductivity can be negative cne at 2
very high dust density, when VpNp ~ 1. So that the electrical-chemical
reactions of such type can produce negative electric conductivity. At
large values of E the drift velocity increases and the dust particles start
to screen each other so that the mechanism for negative j value is weaken.

Now let us consider the S—type characteristics of the Fig. 2b. It has
a similarity with the paramagnetics so that it is reasonable to consider
nonisotropic dust particles. In principle such particles can have a very
complicated fractual structure [6], but we consider here much more sim-
ple particles. One of such particles is shown in Fig. 9a. It has a chemical
anisotropy so that being immersed into the cold plasma it becomes pos-
itively charged at one ends and negatively charged at the opposite end.
Such a particle collects the ions of the cold plasma. If both ends are
coupled each other with “ a wire ” all the structure together with plasma
looks like a tiny short-circuit battary. If to apply an external electric
field F the dust particle is oriented in such a way that it can produce
an additional current along the E field. Let the particle looks like two
spheres connected by tiny wire { Fig. 9b }. If each ball has the charge
g it will collect the curremt s = 4mgoy. Thus, if the particle density is
equal to Np and each particle has the length [ the total current density
is equal to

j: O'QE+4TTQEND. (6)

As we see an additional driving force appears which can lead to a S—type
characteristics. If the anisotropic particles continue to be oriented they
can provide the current density j = 4nopg{Np even in the absence of the
averaged electric field F. Thus, anisotropic dust particles can simulate



S—type characteristics of Fig. 2b which looks like a “ superconductor ”

simulation.

6 General discussion

As we have shown the resiliency property of the ball lightning can be
provided by the electric or magnetic field when the ball lightning is “ a
chunk 7 of cold dust plasma. The dust particles have to be chemically
active to generate the fields inside the plasma cloud. In principle, both
types of configurations, magnetic and electric ones, can exist. But they
differ each other quite substantially. In both cases the fields £ ~ B ~ 1
{ in Gaussion units } are needed. But to maintain B ~ 1Gauss is not
an easy matter. If the ball volume is of the order of one liter the current
density j = 10mA/cm? is needed. This is a quite high value of current
density at the atmosphere pressure of gas. Therefore, it seems that the
electrostatic selforganization is much more realistic one. If the electric
conductivity of plasma is very low the life-time of a selforganized state
can be long enough even in the case when the chemical energy storage is
not very high. In this case the electric field £y can be maintained at a
very low power of chemical reaction.

If the electrical conductivity decreases then both the chemical reaction
power and the Ohmic power decrease. In this case the configuration
restoration time becomes larger so that the hydrodynamic instabilities
can destroy this configuration. The destroyment is more violent near the
plasma boundary where the cold active plasma is in contact with the air.
The delute plasma in vicinity of surface can “ boil up 7 producting small
“ droplets ” of charged plasma chunks which can be ejected outwards.

The electrostatically organized ball lightning has many other interest-
ing features which were discussed qualitatively in the author’s paper [1].
Of course, it would be reasonable to check all this qualitative deliberations
with the help of direct numerical simulations.
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Figure Captions

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

b

Electric field-current density characteristics in the case of passive

plasma.

Two possible nonlinear characteristics with dj/dE < 0 at small
values of £ : (a)- N—type characteristics, (b)- S—type charac-

teristics.

Initial perturbation (a) of the electric charge density p with pro-
file (b) produces the initial electric field perturbation of the form

(c).

Saturated state in the case of an electrostatic self-organization
looks like a sphere filled by the constant radial electric field E =

E,.

Tiny current rings being attracted each other (a). After two
loops merging a new larger size loop appears which has the dou-

ble value of momentum.

A big current ring with the large magnetic momentum M; makes
the small magnet M to be oriented along the magnetic field lines
(a). Then it attracts the small loop toward the median plane and
stretches it there to merge with the main current loop.

The big current loop is stretched out by the magnetic forces (a).
Later on a kink-type instability develops and the current loop is

transformed into a small spheromak.

The chemically active dust particle D is immersed in the plasma
electrolyte which consists of heavy complex ions with charges Le.
When the heavy ion interacts with the particle D the charged ©
droplets 7 are produced and ejected in plasma so that Z small-

size ions appear instead of a single heavy ion.

Anisctropic particle looks like a tiny short-circuit battary with
anode A and cathode C immersed into plasma which plays the
role of an electrolyte (a). Such a dust particle, being oriented
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by the external electric field E, collects the 1ons and drives an
additional electric current along FE.
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