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Abstract
Ball lightning, also known as fire ball, is a luminous globe which occurs in the course of
a thunderstorm. It has been the object of investigation by figures in science since the early
nineteenth century. The difficult and long-standing problem of ball lightning has attracted
few meteorologists or atmospheric scientists. Rather, physicists constitute the larger part of
the company studying the atmospheric fire balls.
Taking as model, the two fluid plasma consisting of electrons and one species ions, for
the fire balls physics and considering that the plasma flow is a finite quantity, we can derive
the equation of relaxed energy state, maintaining the helicity constant, in the form of triple
Beltrami equations for the magnetic field:
~ + p∇ × ∇ × B
~ + q∇ × B
~ + rB
~ =0
s∇ × ∇ × ∇ × B
~ is the magnetic field, s, p, q, and r are constants to be determined through boundary
where B
conditions. This equation is coupled with an equation which describes the hydrodynamic
vortex.
When s = p = 0, we have the Taylor relaxed state of plasma [1], without the fluid flow.
In the case of electron-ion plasma, both s and p are non-zero quantities. In particular, when
electron mass is neglected the results is s = 0 and it describes the Double Beltrami relaxed
minimum energy state as derived by S. M. Mahajan and Z. Yoshida [2]. Its solution is a
spheromak type solution. The problem of the formation of an isolated luminous mass in
the sky and the moderate persistence of the resulting form combined with observations of
1
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Two-Dimensional Modeling of Positive Streamer
Propagation in Flue Gases in Sphere-Plane Gaps
Natalya Yu. Babaeva and George V. Naidis

Abstract— The results of two-dimensional numerical simulation of positive streamer dynamics in flue gases in sphere-plane
electrode configuration are presented. The G-values (numbers
of radicals produced per 100 eV of input electrical energy) for
the production of chemically active particles participating in flue
gas cleaning from toxic components are calculated. Obtained
G-values are almost independent on the discharge conditions.
Simple estimates for G-values, based on analytical streamer theory, are shown to agree with the results of numerical simulation.
Index Terms— Corona discharge, flue gas cleaning, positive
streamer.

I. INTRODUCTION

P

ULSED positive corona discharges in flue gases are
actively studied in connection with their use for gas
cleaning from toxic components NO and CO [1]. Such
discharges have a structure of a number of streamers—thin
plasma channels propagating in discharge gap. Active particles
taking part in the removal of toxic components are produced in
the regions of high electric field—in the streamer heads. The
problem of simulation of the cleaning process includes two
stages. The first stage is calculation of the rates of primary
active particles production by streamers, the second is the
modeling of subsequent chemical transformations in the flue
gas mixture. The chemical part of the problem has been
considered in a number of works [2]–[8]. In most of these
works, some assumptions are made about initial concentrations
of radicals, because available information about the efficiency
of generation of active particles by streamers is rather poor.
In previous works [9]–[11], calculations of radical production
by streamers in flue gases have been done with the use of
one-dimensional (1-D) streamer models. In the frame of 1D models, the results depend on the choice of the value of
streamer radius which is an input parameter of the model. A
more rigorous approach is based on two-dimensional (2-D)
streamer modeling. In the present paper, the results of 2-D
simulation of positive streamer propagation in flue gas are
given. The -values (numbers of particles produced per 100
eV of input electrical energy) for the production of primary
chemically active components are obtained.
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II. SIMULATIONS
The 2-D streamer model is analogous to that used earlier
for air, and is described in detail in [12] and [13]. Streamer
propagation in the sphere-plane gap (the sphere radius
–
cm, the ratio of the gap length to the sphere radius
–
in the mixture N
O
CO
H O
at the molecule number density
cm
and the gas temperature
K
has been simulated. As it has been shown in [9], the electron
energy distribution function (EEDF) in flue gas mixtures is
close (at the values of reduced electric field
typical for
streamer propagation) to the EEDF in air. So in our model for
flue gases, the rate constants of excitation and dissociation of
gas components have been taken calculated with EEDF in air.
Approximations of the excitation rate constants of nitrogen
triplet electronic states and the rate constants of oxygen
dissociation and dissociative excitation presented in [14] have
been used. The data on the nitrogen dissociation rate constant
have been taken from [15]. Calculation of carbon dioxide
dissociation and water dissociative attachment rate constants
has been made with the use of cross sections presented in
[16] and [17]. The dependencies of the ionization coefficient
and the drift velocity of electrons on
in flue gas have
been taken the same as in air, in accordance with [9]. The
photoionization model derived in [18] for nitrogen-oxygen
mixtures has been used modified by the additional account
of absorption of ionizing photons by H O and CO molecules
(corresponding absorption coefficients are taken from [19] and
[20]). The attachment coefficient in flue gas differs from that
in air, but the role of attachment is not essential for short
streamers considered here (see [12]). The difference between
parameters of streamers in air and flue gases is caused mainly
by the shortening of the path length of ionizing photons in flue
gases in comparison with air due to the strong absorption by
H O and CO molecules.
In Fig. 1, the distributions of the electric field
and the
electron number density
along the streamer axis
are
compared for streamers propagating in flue gas and in air.
The value of the electric field in the streamer head
in
flue gas is greater than in air. Correspondingly, the electron
number density in the streamer channel
in flue gas is also
greater than in air (correlation of
and
obtained by 2D simulation agrees with the results of analytical streamer
theory; see [12]).
The dependencies of the velocity of streamer propagation
and current on streamer length in flue gas and in air
are shown in Fig. 2. The values of
and in flue gas are
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(a)
(a)

(b)
Fig. 1. (a) Electric field and (b) electron number density distributions along
the streamer axis in air (lines 1) and flue gas (lines 2), for sphere radius
Rsph = 0:2 cm, gap length d = 1 cm, applied voltage U = 14 kV.

slightly greater than in air (for the same external conditions).
Streamer radius in flue gas is about 10–20% less than in air.
The results of simulation show that, as for streamers in air
and
are almost independent on the
[12], the values of
external conditions of the discharge (the applied voltage, the
sphere radius, and the gap length). Streamer radius, velocity,
and current increase with the applied voltage.
Concentrations have been calculated of chemically active
components generated in the flue gas mixture: electronically
excited nitrogen molecules N (producing radicals in collisions
with O CO and H O molecules), nitrogen atoms N, oxygen
atoms in ground state O P , and in excited state O D
CO and OH radicals. In Fig. 3, axial values of concentrations
and linear number densities
(concentrations
integrated in radial direction) of electrons and nitrogen atoms
in streamer channel are presented for two time moments of
streamer propagation in flue gas. It is seen that atoms are
generated mainly in streamer head, their concentration in
the channel does not change during streamer propagation.
Concentration of electrons in the channel slightly decreases
with time due to three-body attachment to oxygen molecules.
The ratio
is greater than
It means that the

(b)
Fig. 2. (a) Dependencies of streamer velocity and (b) current on its length
in air (lines 1, 3) and flue gas (lines 2, 4), for Rsph = 0:05 cm, d = 0:5
cm, U = 6 kV (lines 1, 2) and for Rsph = 0:2 cm, d = 1 cm, U = 14
kV (lines 3, 4).

effective width of the radial distribution of electrons [which
can be estimated as
is smaller than that of
nitrogen atoms. This fact is caused by stronger dependence
of ionization coefficient on
in comparison with the
dissociation coefficient (the electric field in the streamer head
is maximal at the axis and decreases in radial direction).
The results of calculation show that, as in air [21], the
dependence of the -values on external conditions in flue gas
is weak. As an example, in Fig. 4, the -values for nitrogen
atoms production are given corresponding to various parameters of the gap and applied voltages. They slowly decrease with
growth of streamer length. Calculated -values for production
of chemically active components are given in Table I. Also,
estimations of the -values are presented in the table obtained
with the use of analytical streamer theory (see below).
III. DISCUSSION
It is interesting to compare the -values obtained by 2D modeling and estimated with the use of simple analytical
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(a)

Fig. 4. Dependence of the G-factor for nitrogen atoms production on
streamer length in flue gas, for Rsph = 0:05 cm, d = 0:5 cm, U = 6 kV
(line 1); Rsph = 0:2 cm, d = 1 cm, U = 20 kV (line 2) and 14 kV (line
3); Rsph = 0:1 cm, d = 1 cm, U = 8 kV (line 4).

(b)
Fig. 3. (a) Distributions of concentrations and (b) linear number densities of
electrons (lines 1, 2) and nitrogen atoms (lines 3, 4) along the streamer axis,
for Rsph = 0:05 cm, d = 0:5 cm, U = 6 kV, at two time moments t: 2:4
ns (lines 1, 3) and 5.6 ns (lines 2, 4).

relations [21] based on the analytical streamer theory [22]. The
value
corresponding to the production of active particles of
sort in reactions with high enough energy thresholds (when
particles are generated mainly in streamer head) is given by
the expression
(1)
is the numerical factor of the order of 1,
is the
where
relative concentration of molecules of sort in the mixture,
and the values
are

(2)
is the reaction rate constant for the production of
Here
is
particles in collisions of electrons with molecules
the drift velocity of electrons. The upper limit of the integral
in (2) is the maximal value of the reduced electric field in the

Fig. 5. Dependencies of the values F for the production of active particles in
flue gas mixtures on the reduced electric field in streamer head (see the text).

streamer head
the lower limit is the reduced field in
(note that the dependence of the
the streamer channel
integral on the lower limit is very weak).
In Fig. 5, the values for the production of active particles
in flue gas mixtures (calculated with the use of EEDF for air)
value. Lines marked
are presented as functions of the
“O(3P),” “O(1-D),” “CO,” “N,” “N2*,” and “OH” correspond
to generation of these particles at dissociation and dissociative
excitation of O molecules, dissociation of CO and N
molecules, excitation of triplet states of N , and dissociative
attachment to H O respectively. At calculating -factors
with the use of (1), these -values must be multiplied by
corresponding concentrations of molecules in the mixture. The
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TABLE I
-VALUES IN THE MIXTURE
N2 : O2 : CO2 : H2 O = 0:71 : 0:05 : 0:08 : 0:16
G

-values for radical production) are almost constant. The values in a given flue gas mixture can be estimated with the
use of a simple analytical expression (1).
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line marked “e” in Fig. 5 describes generation of electrons
and takes into account all ionization channels in the flue gas
mixture (it is assumed that the ionization rate in flue gases is
the same as in air; see above). Note that in the range of
,
typical for streamer propagation in flue gases (800–900 Td),
the dependencies of -values on
are rather weak. So
the inaccuracy at calculation of -values related with the use
of EEDF in air instead of real EEDF in the flue gas mixture
is small enough, and the -values given in Fig. 5 can be used
for flue mixtures with various relative concentrations of main
components.
The -values estimated in accordance with (1) for the
considered mixture N
O
CO
H O
are presented in Table I (for
Td and
the ratio
in (1) taken equal to 1). The -value for
oxygen atoms O P includes deposits of both O and CO
dissociation. Comparison of these estimates with the results of
2-D simulation shows their reasonable agreement.
For the modeling of chemical transformations in the mixture
after streamer discharge, the knowledge of not only -factors
but also of the concentrations of radicals in the streamer trail
is needed. Their values can be easily estimated by comparison
of corresponding -factors with the -factor for generation of
electrons
taking into account that the concentration
of electrons in streamer channel is
–
cm
Thus,
for the considered flue gas mixture, such an estimation gives
concentration of nitrogen atoms
–
cm close
to the result of 2-D simulation (see Fig. 3).
Note that the model used in this work does not take into
account the streamer–cathode interaction. So it cannot describe
the stage when the streamer head approaches the cathode and,
respectively, the later stage of the electric field redistribution
inside the channel after crossing the gap.
Due to numerical limitations, the simulation has been made
of streamers in relatively short gaps. In the case of longer
gaps, used in practice, situation will not change till the time
of streamer propagation is less than the characteristic time of
decrease of the channel conductivity (at atmospheric molecule
number densities
is several tens of nanoseconds). So, the
results obtained in this work can be applied in conditions when
the duration of the voltage pulse is shorter than
and than
the time needed for streamer to cross the gap.
IV. SUMMARY
Numerical simulation of positive streamer propagation in
flue gas shows that, analogously to streamers in air [12],
some of the streamer parameters (radius, velocity, current)
essentially depend on the external conditions of the discharge,
while other parameters (the electric field in streamer head,
electron and radical concentrations in streamer channel, the
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Prediction of Gas Tungsten Arc Welding
Properties in Mixtures of Argon and Hydrogen
John J. Lowke, Richard Morrow, Jawad Haidar, and Anthony B. Murphy

Abstract—A theory of gas tungsten arc welding (GTAW) arcs
that treats the tungsten electrode, the arc, and the workpiece
as a unified system has been applied to make predictions in
two dimensions of the temperature distributions in the arc,
the tungsten cathode, and the workpiece, for any given arc
current and gas mixture. Predictions of arc temperatures, radii,
and voltages are compared for argon and mixtures of argon
and hydrogen. It is found that arcs in gas mixtures containing
hydrogen are more constricted and have a higher maximum
temperature and arc voltage than arcs in pure argon. The
addition of hydrogen also significantly increases the volume of
molten material in the weld pool due to the higher thermal
conductivity of argon–hydrogen mixtures at temperatures at
which molecules of hydrogen dissociate. Predictions are also
compared for workpieces of steel and aluminum. The volume
of molten material is very much less for aluminum, despite its
lower melting point, because of the higher thermal conductivity
of aluminum. Predicted arc voltages as a function of current for
a mixture of 10% hydrogen in argon are in good agreement with
experimental results.
Index Terms—Arc, argon, hydrogen, tungsten, welding.

I. INTRODUCTION

I

T IS well known in welding technology that weld properties
are a function of the gas mixture used for the arc, and
many different gas mixtures are in use for different applications. However, the effects of gas properties on the welding
characteristics are not understood, and it has not been possible
to make quantitative predictions of the effects of altering the
gas composition.
In the present paper, we report progress made toward these
ends. It is now possible to calculate the material properties
of any specified gas mixture theoretically [1]. It is also
possible to calculate, to a fair approximation, the steady-state
temperature profiles for the arc plasma, and also the electrode
and workpiece, for gas tungsten arc welding (GTAW) [2], [3].
Predictions for gas metal arc welding (GMAW) are much more
complex because metal droplets are continually being formed,
and the arc is never really in a steady state. Furthermore, for
GMAW, the cathode is generally not a thermionic emitter, and
account needs to be taken of the physical processes producing
the electron current.
We have made calculations for GTAW to compare results for
pure argon and mixtures of argon and up to 10% hydrogen by
Manuscript received October 21, 1996; revised December 2, 1997. This
work was supported by the Cooperative Research Centre for Materials Joining
and Welding—Australia.
The authors are with the CSIRO Division of Telecommunications and
Industrial Physics, Sydney, NSW 2070, Australia.
Publisher Item Identifier S 0093-3813(97)07240-8.

mole fraction. In arc welding, mixtures of only a few percent
of hydrogen are ever used because of problems of porosity
in welds and the possibility of hydrogen embrittlement with
high percentages of hydrogen. Nevertheless, the calculations
serve to illustrate major changes that occur when hydrogen
is added, namely, an increase in the degree of constriction of
the arc, the arc voltage, and the arc temperature. Results are
given for both steel and aluminum as workpieces, as there
has been recent interest in using high-current GTAW for both
ferrous and nonferrous materials [4]. The calculations show
the effects of the markedly different thermal conductivities of
these metals.
The method of calculation assumes that the space-charge
sheath at the electrodes is small and can be omitted [3], [5].
No assumption is made as to the current density distribution
at the cathode as values of current density are derived for
the whole arc–electrode region from the current continuity equation [6], [7]. Values of the electrical conductivity
for mesh intervals next to the cathode are determined by
solving the charge continuity equation using the ambipolar
diffusion approximation [8]. Ionization within the sheath due
to the electric field is omitted, and charge densities at the
interface between the plasma and sheath region are taken
at the equilibrium plasma value. The charge density at the
cathode surface is calculated from the theoretical current from
thermionic emission. The neglect of space-charge effects in
the sheath region is supported in that the derived voltages
between electrodes are in fair agreement with experimental
results. There are other authors who believe that the spacecharge region is very significant, even for thermionic cathodes
[9], [10].
Significant energy exchanges need to be taken into account
in the energy balance equation at the surfaces of the electrodes.
There is a strong cooling effect on the tungsten due to electrons
leaving the electrode overcoming the surface work function,
and at the anode, where electrons enter the electrode, there is a
corresponding heating effect. If the derived current density at
the cathode surface is less than the thermionic current density
corresponding to the local temperature, the difference must
be due to ion current, which will give an additional heating
effect to the cathode.
II. MATERIAL FUNCTIONS
Input material functions required for the calculations include
the thermal and electrical conductivity and the specific heat
as functions of temperature. These material functions are
calculated for an equilibrium plasma composition using the
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Fig. 1. Calculated values of thermal conductivity as a function of temperature for various mixtures of argon and hydrogen by mole.

Fig. 2. Calculated values of specific heat as a function of temperature for
various mixtures of argon and hydrogen by mole.

methods of Murphy and Arundell [1] and Gordon and McBride
[11]. In the calculations, we have assumed that the fraction
of hydrogen and argon is constant throughout the calculation
domain. Demixing effects occur [12], [13], but influences on
the heat fluxes for similar mixtures of argon and nitrogen are
less than 10% [14]. However, demixing effects may be much
larger for mixtures with hydrogen instead of nitrogen because
the maximum in the thermal conductivity, which occurs at
the temperatures for molecular dissociation, is much larger for
hydrogen than for nitrogen.
The principal effect of adding small quantities of hydrogen
to argon is on the thermal conductivity. Calculated values are
shown in Fig. 1, where it is seen that the thermal conductivity
at temperatures around 3000 K is increased by more than a
factor of 10 if 10% hydrogen is added to argon. This increased
thermal conductivity is caused by the dissociation of hydrogen
molecules. Temperatures around 3000 K are critical because
they are near the melting point of metals such as steel, and
heat conduction from the arc plasma to the steel is enhanced
by the hydrogen.
Figs. 2 and 3 show calculated values of the specific heat
and electrical conductivity, respectively, as a function of
temperature for various percentages of hydrogen in argon. The
effect of adding hydrogen on material functions other than
thermal conductivity is small, although the specific heat is
increased about a factor of 3 at about 3000 K.

at the electrode surfaces. The electrode electrical resistivities and thermal conductivities are required as a function of
temperature.
The plasma is assumed to be in local thermodynamic
equilibrium, the flow is assumed to be laminar, and demixing
is neglected. The equations of conservation of mass, enthalpy,
radial momentum, and axial momentum are, respectively

(1)

(2)

(3)

(4)
III. THEORETICAL METHOD AND BASIC EQUATIONS
We have used the method of Lowke et al. [3] to calculate the
temperature profiles of the arc plasma, the tungsten electrode,
and the workpiece as an integrated system. Basically, the four
equations for conservation of mass, axial momentum, radial
momentum, and energy are solved to obtain the temperature,
axial velocity, radial velocity, and pressure, all in two dimensions, for the plasma–electrode system. In addition, the
magnetic field is calculated in order to take account of the
magnetic pinch forces that induce the plasma flow, and effects
of thermionic cooling and heating and ion heating are included

Equations (1)–(4) define the enthalpy , the pressure , and
the axial and radial velocities
and
of the arc column
as a function of the radial and axial coordinates and .
The material functions are the thermal conductivity , the
electrical conductivity , the specific heat , the density ,
the radiation emission coefficient , and the viscosity , all
of which are required inputs as a function of temperature for
the ambient pressure of the arc; is the acceleration due to
and
are evaluated from
gravity. The current densities
Ohm’s law,
, where the electric field, , is obtained
from
. The electric potential is obtained from a
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the cathode, the additional energy flux

to the electrodes is
(6)

Fig. 3. Calculated values of electrical conductivity as a function of temperature for various mixtures of argon and hydrogen by mole.

solution of the current continuity equation, i.e.,
(5)
The magnetic field

is obtained from Maxwell’s equation:
, where
is the permeability of free

space.
The integration region is a cylinder 4.3 cm long with a radius
of 3.5 cm, containing a cylindrical thoriated tungsten cathode
3.5 cm long and diameter 3.2 mm with a conical tip with an
included angle of 60 . The cathode conical region has a flat
tip of radius 0.2 mm. The boundary conditions of (1)–(4) for
the external boundaries are that the temperature is 300 K and
there is an imposed gas flow of 166 cm3 /s around the cathode
through a radius at the cathode entrance of 0.66 cm. Flow
boundary conditions at other external boundaries maintain the
continuity of flow [7]. Along the axis of the integration region,
temperature gradients, axial velocity gradients, and the radial
velocity are set to zero. The arc pressure is taken as 1 bar
at the point on the entrance plane at the outer boundary of
the integration region. The electric potential is set to zero at
the base of the workpiece. The potential is evaluated for the
integration region from the solution of the current continuity
(5) for a given total current [7].
The integration region over which solutions of (1)–(5) are
obtained contains electrode and arc regions. Material functions
appropriate to the electrodes and the plasma are used for each
region. In the solid electrodes, there is no convection, and
convective effects are also omitted in the liquid weld pool, so
(1), (3), and (4) are not used in these regions. The radiation
emission coefficient
for the plasma was taken for visible
radiation only [15], neglecting self-absorption effects.
Calculations at grid points on the electrode surfaces need
to include special processes occurring at the surfaces. We
account for energy losses by thermal radiation from the hot
electrode, cooling or heating by the electrons leaving or
entering the solid, and heating by ion bombardment. Heating
of the electrodes by radiation from the arc is neglected. For

is the emissivity of the surface, is the surface temperature,
is the work function,
is the ion current density,
is the Stefan–Boltzmann constant, and
is the ionization
potential of the plasma. The term in
represents the loss
in energy from electrons leaving the cathode and overcoming
the work function potential. The ion current density
is
assumed to be
at the cathode surface, where is the
current density at the cathode surface obtained from the current
continuity equation, and
is the Richardson current density
due to thermionic emission of electrons from the surface;
; is the electronic charge,
is Boltzmann’s constant, and
is the thermionic emission
constant for the surface of the cathode. If
is greater than
, we take
to be zero. If is greater than , we assume
that the additional electrons originate in the plasma by back
diffusion. At the anode surface, we change the sign of the term
in
of (6) to be positive since electrons heat the anode due
to the work function potential. We assume that there is no ion
current, and hence no ion heating at the anode.
The value of the emissivity for the thoriated tungsten
cathode was approximated as 0.3, independent of temperature
[16]. Workpiece temperatures are much lower than the cathode,
and thus for the workpiece, the thermal radiation emission
term of (6) is insignificant.
The sheath regions near the electrodes are treated as in the
investigation of [3]. The computations typically use 70 70
grid points to span the whole arc–electrode region using a
nonuniform mesh. The mesh size at the electrodes is 0.005 cm,
which is approximately the mean free path of the electrons.
Results are insensitive to the size of the mesh at the cathode,
as in the investigation of [3].
For mesh cells adjacent to the anode surface, the electrical
conductivity is taken simply as the equilibrium plasma value
for the temperature on the plasma side of the cell. The results
of Figs. 4–7, discussed later, are also insensitive to the size of
the mesh at the anode; for example, in Fig. 4, the predicted
temperature of the anode at a radius of 0.44 cm at the edge of
the molten region changes from 1790 to 1820 K, with a change
in mesh size at the anode of 0.005 to 0.02 cm. However, the
current density distribution over the anode is, to some extent,
dependent on the mesh size. The current density at the center
of the anode changes from 980 A cm with a mesh size of
0.005 cm to a current density of 640 A cm with a mesh
size of 0.02 cm. Convergence is generally obtained for each
arc current in about 200 iterations, taking about 5 min on a
Silicon Graphics Challenge L computer.
IV. RESULTS
Fig. 4 shows calculated results for a 200 A arc in pure argon
with a gap between the tungsten cathode and a steel workpiece
of 3 mm. The calculated arc and tungsten temperatures are in
good agreement with experimental values for a similar system, where the maximum arc temperature was 23 000 K [17]
and the temperature at the cathode tip was 3800 K [18].
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Fig. 4. Calculated values of temperature distributions for a 200 A arc in
pure argon, with a steel workpiece.

Fig. 6. Calculated values of temperature distributions for a 200 A arc in
pure argon, with an aluminum workpiece.

Fig. 5. Calculated values of temperature distributions for a 200 A arc in
argon and 10% hydrogen by mole, with a steel workpiece.

Fig. 7. Calculated temperature profiles for a 200 A arc in argon and 10%
hydrogen by mole, with an aluminum workpiece.
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m/s at 400 A. With the addition of 10% of hydrogen, these
values increase due to the higher magnetic pinch pressure of
the more constricted arc to be 90 m/s at 50 A and 900 m/s
at 400 A.
V. CONCLUSION

Fig. 8. Comparison of predicted and calculated arc voltages as a function
of current.

The predicted molten region in the steel is shown in black.
This region is simply the region of the metal calculated to be
above its melting point, with no account taken of the change in
material functions from solid to liquid, convection in the weld
pool, or the latent heat of fusion of the metal. Nevertheless,
it is considered that the region in black gives an indication of
the degree of melting that is to be expected in the workpiece.
Fig. 5 shows predicted curves for a similar system, but with
10% hydrogen in the argon. The volume of molten metal is
significantly larger than for the pure argon case of Fig. 4 as
a consequence of the higher thermal conductivity of the arc
plasma. In addition, the central arc temperature is higher, being
above 24 000 K, and the arc is more constricted.
Fig. 6 shows calculations for pure argon, but with aluminum
instead of steel as the workpiece. Arc plasma and cathode
temperature predictions are little changed from those of Fig. 4
with a steel workpiece. However, the predicted volume of
molten material is very much reduced, even though the melting
point of aluminum, 930 K, is very much less than that of steel,
which is 1800 K. The results illustrate the very strong effect of
the high thermal conductivity of aluminum in conducting heat
away, thus reducing the volume of molten metal. Fig. 7 shows
the effect of 10% hydrogen in the argon with an aluminum
workpiece. It is seen that the predicted volume of the molten
aluminum is significantly increased.
Fig. 8 shows predicted arc voltages as a function of arc
current compared with the experimental results of Hooijmans
[19]. The experimental results are for a 15% mixture of
hydrogen and argon, whereas the theoretical results are for
10% hydrogen. The experimental voltages are slightly higher
than the theoretical results, consistent with what would be
expected for a higher percentage of hydrogen. However, it is
noted that there are differences between theory and experiment
for pure argon. Such differences are to be expected due to our
neglect of the space-charge sheath, and also due to inaccuracies
in the radiation emission coefficient and our neglect of the
self-absorption of radiation.
The predicted maximum velocities of the axial flow of
plasma range, for pure argon, from 50 m/s at 50 A to 740

Recently developed computational methods have been used
to calculate properties of gas tungsten arc welding, where
the electrodes, arc, and workpiece are treated together in a
unified system. The properties of different gas mixtures of
the welding gas can be calculated and quantitative predictions
made of effects of each gaseous component on the temperature
distribution in the electrodes. In the present paper, predictions
are made for various mixtures of argon and hydrogen. The
effect of the addition of hydrogen is 1) to make the arc more
constricted, 2) to increase the arc voltage, 3) to increase the
arc temperature, and 4) to increase the volume of the molten
material of the workpiece for a given arc current.
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Ball lightning: elusive behaviour
depending upon proton conductivity
K. Tennakone
Institute of Fundamental Studies, Hantana, Kandy, Sri Lanka

Ball lightning is pictured as a negatively charged
spherical bubble with a shell of oriented dipolar water
molecules. The bubble is balanced by outward electrostatic stress and inward forces of atmospheric pressure
and/or surface tension forces. Because of the low electronic conductivity of condensed water, electrons
slowly leak away from the surface in the radial direction, forming a corona. The charge on the ball decays
exponentially with a characteristic mean life time depending on the electronic conductivity of the shell. Protons
confined in the shell induce an electric conductivity to
the shell in the tangential direction. When the bubble
is deformed by an inductive field, mobility of the protons develops a higher charge density in the more
curved regions of the shell. Differential electrostatic
stress generates a feedback propelling force enabling it
to bounce off from surfaces or penetrate through
holes.
Keywords: Ball lightning, corona discharge, electrostatic stress, proton conductivity, surface tension.
THE fascinating phenomenon of ball lightning (BL) continues
to resist complete theoretical explanation and reproducible
laboratory demonstration1–9. BL originates in the regions
of electrical activity in the atmosphere as a luminous
sphere of diameter 10–30 cm, drifting at near neutral buoyancy. It bounces away from surfaces and sometimes emits
bright sparks on encounter with an obstacle. The ball lasts
for several seconds and vanishes either explosively or silently.
Most intriguing are the reports which indicate that the BL
passes through minute cracks and holes and restructures
to its original spherical form4. The models proposed to
understand BL fall into three main categories: (i) plasma
confinement in air, (ii) source of electromagnetic energy
and (iii) chemical reaction in a confined region7,8. In appearance and properties, BL resembles a bubble and the
possibility that it is a structure with a flexible outer shell
seems to be a reasonable suggestion.
Here we present a simple model of BL based on the
above idea, capable of explaining many of its observed
properties. It is suggested that the BL is a negatively
charged spherical object consisting of a shell of oriented
dipolar water molecules with low electronic conductivity
in the radial direction and high proton conductivity in the
tangential direction of the inner region of the shell. The
outward electrostatic stress and inward forces of atmospheric pressure and/or a surface tension balance the ball.
e-mail: tenna@ifs.ac.lk
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Low electronic conductivity in the radial direction, slowly
releases the negative charge from the surface forming a
corona discharge which accounts for the luminosity of the
object. Proton confinement in the inner shell and its mobility
along the inner surface results in the movement of charge
to regions of higher curvature, when the BL is deformed
by an inductive field. The unbalanced electrostatic stress
enables the BL to bounce-off from a surface or pass through
holes and cracks.
As in bubble models of BL proposed previously5, we
assume that the bubble wall consists of a spherical shell
of water molecules (Figure 1). If the charge Q of this
sphere of radius R is distributed over the inner surface of
the shell, water molecules will orient themselves against
thermal agitation provided,
Qµ/4πε 0R2 ≥ kT,

(1)

where µ is the dipole moment of a water molecule (isolated water molecule ~ 2D, highly polarized molecules in the
condensed phase ~ 3D)10, k is the Boltzmann constant and
T the temperature (K). For a ball of radius 10 cm, constraint (1) yields Q ≥ 1.4 × 10–4 C. The ball could remain
in equilibrium under forces originating from the atmospheric pressure P and the outward electrostatic stress
(s2/2ε0, s is the surface charge density = Q/4πR2), if
P = Q2/32ε0π2R4.

(2)

Hence, a bubble of radius 10 cm in equilibrium carries a
charge of 1.7 × 10–4 C, order of magnitude needed for the
orientation of dipoles. The total energy (electrostatic and
work done against the atmospheric pressure in formation
of the bubble) of a bubble of radius r can be written as,
E(r) = Q2/8πε0r + 4πr3P/3.
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Figure 1. Schematic diagram showing structure of the ball lightning
bubble. Outer shell consists of condensed water (arrows depict aligned
water molecules and small circles with plus sign inside are protons radially confined, but free to move in the tangential direction).
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E(r) is minimum when r = R, showing that a BL of radius
R is stable and has an energy,
E = 16/3πR3P = Q2/πε0R.

(4)

The model does not contradict the virial theorem8,11,
which can be expressed in the form,
1/2[d2J/dt2] = 2K + WE + WB – 3 Pdv,

(5)

where J is the radial moment of inertia, K the kinetic energy,
WE the electrostatic energy, WB the magnetic energy and
the last term represents the work done by the external
pressure. For a spherical BL with a shell of mass m, eq.
(5) reduces to,
1/2d2[mr2]/dt2 = m[dr/dt]2 + Q2/8πε 0r – 4πr2P.

(6)

When the derivatives of r in eq. (6) vanish, we again obtain
eq. (2) as the condition of quasistatic equilibrium. Equation (6) also enables calculation of the period of radial
oscillations of the ball. Setting r = R + δr (δr ^ R) in eq.
(6), we obtain,
d2/dt2[δr] = –[16πPR/m]δr.

(7)

Thus radial displacements of the shell generate a simple
harmonic restoring force.
From eq. (4), we find that E = 1.7 kJ for a BL of radius
10 cm, a value which is not inconsistent with the estimation of BL energies. The electrostatic potential (Q/4πε0R)
and the potential gradient at the surface (Q/4πε0R2) turn
out be 1.5 × 107 V and 1.5 × 108 V/m respectively. Thus
avalanche processes can cause electrical breakdown and
corona discharge, accounting for the luminance of BL.
The rate of discharge is determined by the electrical conductivity σ of the shell and the potential gradient at the
surface of the ball. Therefore we obtain,
dQ/dt = –[σ/ε0]Q.

the condensed water, only the molecules in the inner region of the shell will feel the effect of the electric field
sufficient for orientation. It is known that strong electric
fields could disrupt hydrogen bonds in condensed water
and the resulting defects enhance proton conductivity12,13.
If BL is negatively charged, the protons will remain confined to the inner region of the shell and conductivity of
the inner layer of the shell in the tangential direction
should be quite high. However, proton confinement allows only movement of electrons in the radial direction.
Thus the conductivity of the shell in the radial direction
would be low because of the poor electron mobility in
condensed phases of water. For σ ~ 10–12 S m–1, the mean
life time for decay of charge happens to be ~ 10 s. Experimental values for electrical conductivity of ice14 depend on impurities and vary from about 10–6 to 10–9 Sm–1.
The main contribution comes from the mobility of protons.
As the band gap of ice is ~ 10 eV, its intrinsic electronic
conductivity should be many orders less than the lower
experimental limit. The value we have chosen gives a BL
life time of the order of 10 s.
Some mysterious properties of BL can be explained on
the basis of conductivity properties of the shell of condensed water. Low conductivity in the radial direction
will prevent the sudden electrostatic discharge when BL
touches an earthed conducting object. When BL strikes a
surface, flattening due to the compression of the impact
will ensue flow of mobile charges, so that the more
curved surface on the opposite side accumulates a higher
charge density. Therefore, the resultant electrostatic outward stress directed backwards, bounces the BL away from
the surface (Figure 2). The propelling force originating
from the unbalanced stress will also direct the BL toward
regions of higher inductive field, elongating and constricting
the ball. Elongation and constriction will induce a more
localized opposite charge on the surface and the feedback
response tends to direct the BL towards the point of localization. Thus if the BL approaches a hole or a crack on a

(8)

Thus the charge decays with a mean life time (σ/ε0)–1 and
the resulting instability disrupts the ball from releasing
energy (i.e. BL disintegrates before complete discharge).
Using eq. (2), eq. (8) can also be written as,
dR/dt = –[σ/2ε0]R.

(9)

Thus the radius of BL undergoes exponential contraction
with a rate constant half that for the decay of charge. It
follows that the BL life time is of the order (σ/ε0)–1.
A shell of water molecules of thickness ~ 0.04 cm
maintains neutral buoyancy of a 10 cm radius ball. Equation (7) gives 2 × 10–3 s as the period of radial vibrations
of a ball with the above characteristics. Thus BL may be
excited to emit audible noise. Due to dielectric screening by
1248

Figure 2. Deformation and redistribution of charge on a ball lightning
due to inductive field created in approaching a surface (a) and immediately after impinging on a surface (b). (F indicates direction of the resultant stress force).
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surface where the inductive field strength is high, the
forward electrostatic thrust developed from the difference
in the surface charge distribution pushes it through the
opening (Figure 3). Charge redistribution in deformation
of the ball generates transient currents with relaxation
times of the order (σT/ε0)–1, where σT is the proton conductivity of the shell in the tangential direction. As σT p σ,
the model naturally explains that the process of BL passing through holes or bouncing-off from walls is fast in
comparison to its life time. If σT is assumed to be of the
order of magnitude of the proton conductivity of ice
(~ 10–6 Sm–1), the relaxation time happens to be ~ 10–5 s.
From eq. (2) it is seen that the electric field Q/4πε0R2
at the surface is independent of the radius of the ball.
Thus a BL of every radius possesses a surface electric
field of similar strength sufficient to polarize the dipole
water molecules. A question that arises is what determines
the thickness of the outer shell? To maintain neutral
buoyancy, the thickness D of the shell should be related
to the radius of the BL via the relation following from the
Archimedes principle, i.e.
D = 1/3R (ρa/ρs),

(10)

where ρa is the density of air, ρs the density of the shell
material (~ 1). It is difficult to conceive a mechanism
leading to eq. (10) to assure that a BL of every size retains neutral buoyancy. Apart from shell weight, other
factors (i.e. an electrostatically bound dense cloud of gas)
contribute to buoyancy. Furthermore, there is evidence
that many BLs spotted fall to the ground and are heavier
than air6.
An electrostatically charged stable bubble can also be
formed if the shell possesses a surface tension S. Here,
the condition for equilibrium can be expressed as,
(Q/4πR2)2/2ε0 + (Pi – Po) – 4S/R = 0,

(11)

where, Pi and Po are the pressure inside and outside the
bubble. If the shell is thin, near neutral buoyancy is realized,
if we set Pi = Po in eq. (11) giving,
Q2 = 128π2ε0R3S.

(12)

The energy of a bubble of radius r can be written in the
form,
+
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Figure 3. Deformation and charge distribution when a ball lightning
approaches a surface with a hole. Movement towards the hole (a), protrusion into the hole (b) and restructured state after penetration through
the hole (c). Arrows indicate direction of the resultant stress force F.
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E(r) = Q2/8πε0r + 8πr2S.

(13)

E(r) minimizes when r = R, showing that the equilibrium
is stable and total energy can be expressed in terms of Q
or S as follows:
E = 3Q2/16πε0R = 24πR2S.

(14)

From eqs (1) and (12), the condition for dipole orientation can be expressed in the form,
S > (kT/µ)1/2(Q1/2/64π3/2ε01/2).

(15)

For a BL of radius 10 cm, the constraint (15) yields
S > 6 kJ m–2. It is difficult to conceive a way of assigning
such a high surface tension to a shell of condensed water
molecules without invoking other effects. Interfaces of
dusty plasmas are believed to be endowed with high interface tensions15. In the models proposed above, corona
discharge establishes plasma just above the surface of the
outer shell. An alternative possibility is that the tension is
generated by a polymer network formed by action of
lightning on organic material in the environment16. However, models of this nature cannot explain observations of
the BL falling from clouds. Environment near the clouds
clearly excludes organic material needed for the formation
of a polymer network.
The model also suggests a mechanism of BL formation. There seems to be two distinct types of BL. Those
created near the ground and those falling from the clouds.
A positively charged cloud induces high negatively
charged densities on earthed, sharply pointed objects. The
excessive outward electrostatic stress could lead to instability with detachment of the charge and expansion to
create a ball. The tip of the stepped leader from a negatively charged cloud is also a region of high negative
charge density; hence BL could also be created at such
positions near clouds via the same mechanism. Thus the
present model connects ground and cloud-based BL to
positive and negative lightning respectively (Figure 4).
As the balls are formed after charge separation, rapid dissipation from recombination is not encountered.
The model also at least partly explains formation of the
BL in underwater electrical discharges. Here again, the
ball can be stabilized by hydrostatic pressure and electrostatic stress. An oriented and condensed outer shell of water
molecules will ensure slow release of the negative charge,
just as in atmospheric conditions. It is well known that
corona-type discharges occur underwater. The charge dissipation process and the boundary conditions are different
underwater. However, it follows from eq. (2) that if a BL
is formed deep underwater, the initial charge would be high
and sufficient charge may remain when the ball reaches
the surface. If the bubble bursts into the atmosphere from
water before decay, it will continue as a BL in air.
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Figure 4. Ball lightning could be triggered (a) at the sharp point of an
earthed object when a positive cloud is above or (b) at the tip of a
stepped leader coming from a negatively charged cloud. Points of high
negative charge density are marked as X.

We have shown that the bubble models of BL with an
outer shell of oriented water molecules have the ability to
explain more elusive properties of BL, such as bouncing
from surfaces and penetration through holes. It is interesting
to note that the present BL model accounts for groundand cloud-based and underwater phenomena within one
single mechanism and also explains how the BL could
bounce off from flat surfaces and penetrate through holes.
Proton conductivity of the outer shell in the tangential direction and their confinement in the radial direction explain
these effects. Frequent spotting of BL inside houses and
its entry through windows and chimneys could also be
understood as the result of a forward propelling force which
develops when the BL approaches objects. The high resistivity of the shell in the radial direction prevents rapid discharge of the BL if it happens to touch a conducting surface.
It is interesting to note that the rate of decay of the charge
(eq. (8)) is independent of the bubble radius but depends
only on the electronic conductivity of the shell. As the
charge decays, the bubble contracts at rate proportional to its
radius (eq. (9)). However, the assumption leading to derivation of eq. (8) is approximate and any space charge layer
at the surface could deviate the electric field from the
Coulomb form Q/4πε0R2. Bubble models of the above
type with net positive charge are not ruled out. However,
because of high proton conductivity of condensed water,
they are expected to decay faster. If the shell material has
low hole (positive) and higher electron conductivity, long
lived positively charged BL structures can be formed.
Negative and positive corona discharges have distinct differences. However, variations of BL as reported are too
complicated to classify as negative or positive coronas.
Observational data on BL do not give information sufficient to decide the sign of its charge. An important question that arises is; what are the precise conditions needed
for creation of a BL? Here the point we have to keep in
mind is that lightning happens to be a terrestrial process
involving the highest current densities (frequently exceeding 106 A cm–2). Although we go for very high energies in
particle accelerators at miniscule luminosities (currents),
processes at high current densities are not fully investi1250

gated or understood. Observations generally classified as
BL could have their origins in more than a single phenomenon; other models proposed are relevant in gaining
a full understanding of the problem17–23. The final solution to the problem depends on reproduction of the BL
and other fire-ball structures under laboratory conditions.
It is encouraging that several workers have taken up this
challenge5,24,25.
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ball lightning describing hollow globes, surface coronas and rapid rotation led to theories
depicting ball lightning as a vortex. We explore the solutions of this equation using the
method of Chandrasekhar-Kendall [3] eigenfunctions and appropriate boundary conditions
similar, but more extensive, to the description given by Shukla, Dasgupta and Sakanaka [4].
We will show solutions which might explain the fire ball configurations.

1. Introduction
Ball lightning is a luminous globe which occurs in the course of a thunderstorm. It has
been the object of investigation by well known scientists since the early nineteenth century.
Although its appearance is very haphazard and far less frequent than ordinary linear lightning, it is a source of astonishment when the fire ball is observed in the lower atmosphere,
often entering dwellings while floating at a leisurely pace. By its random appearances, it
has eluded the measurements with the scientific instruments. Even photographic captures
of fire balls are rare. However, from the qualitative reports of eye-witnesses reports (now it
numbers in the thousands, particularly from collections from the Soviet Union) the general
properties can be deduced despite the wide variability found in the reports.
Ball lightning makes appearance as flame globe, typically in orange, red-orange or intense
white, and less often in blue, green or yellow. Its dimensions is usually 25-30 cm in diameter,
but much smaller or much larger dimensions are also notified in the reports (from 1 cm to
10 m and larger). The color of the ball lightning would depend on the current in the channel
as in the experiments in which a weak current gives a bluish glow while increasingly stronger
currents gives dark red, brick red, orange red, and finally white. Occasionally, the balls move
against the direction of prevailing winds and penetrate window panes without making a hole
in the glass; it is these properties that Ohtsuki and Ofuruton report from their experimental
discharges.
The difficult and long-standing problem of ball lightning has attracted only few meteorologists or atmospheric scientists. Rather, physicists constitute the larger part of the company
studying the atmospheric fire balls. Numerous theories have been put forward, covering chemical, electrical, nuclear and relativistic models. New states of matter have been proposed to
explain the unusual properties reported for ball lightning.
The problem of the formation of an isolated luminous mass in the sky and the moderate
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persistence of the resulting form combined with observations of ball lightning describing
hollow globes, surface coronas, and rapid rotation led to theories depicting ball lightning as
a vortex.
The generation of small vortexes constituting ball lightning in the atmosphere by whirl
winds, cyclones, or tornadoes was suggested following numerous observations of fire balls in
connection with a tornado which appeared at night in France in 1890.
The possibility of a close relationship between the formation of ball lightning and tornadoes has been suggested, The combined action of electrical and hydrodynamic forces in
generating ball lightning as a highly ionized vortex was specifically adduced in general terms
in 1905.
The magnetic field generated by rotation of charged particles in the ring, evidently in
helical paths in its cross section as well as in circular paths around the ring, was suggested to
assist in confinement. The discharge of a large current through a fine wire ring was presented
as a method of generating such a vortex.
The vortex theories provide a very direct explanation of the numerous observations indicating rotation of ball lightning. The formation of luminous globes of this type can be readily
ascribed to either the role of a preliminary linear lightning flash or the hydrodynamic action
of a whirl wind.
Some vortex theories may be classified equally well as electrical discharge theories and,
especially in the most recent examples, as plasma theories. None of the studies of ball
lightning as a vortex, however, has conclusively dispelled by detailed consideration the serious
difficulties on which other theories have founded, such as the continued luminosity of the balls
for long periods while they travel inside structures. If the vortex is to be an isolated, selfcontained sphere, its energy would be expended in viscous drag and turbulence in a very
short time.
We explore the possibilities of relaxed states of plasma for atmospheric plasma with positive charged particles, and electrons in the form of Triple Beltrami equations. It is shown
that the associated velocity field has the similar vortex structure as in the magnetic field.
Solutions of this equation is obtained using the method of Chandrasekhar-Kendall eigenfunctions and appropriate boundary conditions similar, but more extensive, to the description
given by Shukla, Dasgupta and Sakanaka [2] . We will show solutions which might explain
the ball lightning configurations.
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Theory
We consider a warm, homogeneous, electron-ion plasma. The dynamics of low phase
velocity e-i plasma are governed by the electron and ion momentum equations, which are,
respectively,
∂ve 1
1
e
1
E + ve × B −
+ ∇ve 2 − ve × ∇ × ve = −
∇pe
∂t
2
me
c
me ne

(1)

1
e
1
∂vi 1
E + vi × B −
+ ∇vi 2 − vi × ∇ × vi =
∇pi
∂t
2
mi
c
mi ni

(2)





and




supplemented by Faraday’s law
∂B
= −c∇ × E,
∂t

(3)

and Ampere’s law
∇×B=

4π
8π
4π
J=
ne(vi − ve ) ≡
neU
c
c
c

(4)

where ve (vi ) is the electron (ion) fluid velocity, U = 12 (vi − ve ), and, E (B) is the electric
(magnetic) field, ne (ni ) is the uniform electron (ion) number density (given by the continuity

equation), e is the magnitude of the electron charge, me (mi ) is the electron (ion) mass, and
pe (pi ) is the scalar electron (ion) pressure. The fluid velocity V for e-i plasma is defined by,
V=

mi vi + me ve
me
≃ vi + µ ve , µ =
mi + me
mi

(5)

one gets
vi = V + 2µU,

ve = V − 2U

From equation (4), we can write,
U=

c
∇×B
8πne

Using this, the electron and ion velocities can be expressed in the normalized form
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(6)

vi = V +

√

1
µ ∇ × B, ve = V − √ ∇ × B
µ

(7)

We normalize the variables and to express the momentum equations, we start with (1) and
(2) and after taking “curl” of both sides, in a dimensionless form; the magnetic field B is
√
normalized to some arbitrary B0 , the velocity to V0 = B0 / 4πne mi , length and time by
q

skin depth for e-i plasma λ = c/ωpe = c/ 4πne e2 /me and inverse of cyclotron frequency,
τc = (me c/eB0 ) respectively. Taking “curl” of both sides of equations (1) and (2), and
using equation (7) and the Faraday’s law, equation (3), we get the momentum equations for
electron and ion in normalized variables. Introducing a pair of generalized vortices, Ωi , Ωe
Ωi = ∇ × vi +

√

1
µ B; Ωe = ∇ × ve − √ B
µ

(9)

and effective velocities, Ui , Ue (these velocities are the normalized electron and ion velocities), where
1
√
Ue = V − √ ∇ × B, Ui = V + µ ∇ × B
µ

(10)

the electron and ion momentum equations can be put in a symmetric form,
∂Ωj
− ∇ × (Uj × Ωj ) = 0,
∂t

(j = i, e)

(11)

The above equations show the effects of the coupling of magnetic field and flow in an exact
form. We can look for a simple equilibrium solution of the above equation, the simplest
equilibrium is obtained as Uj k Ωj , (j = 1, 2). Thus we get,
1
1
1
Ue = V − √ ∇ × B = a1 (∇ × (V − √ ∇ × B) − √
)
µ
µ
µB

(12)

and,
Ui = V +

√

µ ∇ × B = a2 (∇ × (V +

√

µ ∇ × B) +

√

µ B)

(13)

where, a1 and a2 are two arbitrary constants, to be determined by the physics of the problem (such as boundary conditions, etc). The above two equations can be combined, after
eliminating either V or B.
The equation for B can be written,
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∇ × ∇ × ∇ × B + p∇ × ∇ × B + q∇ × B + rB = 0
2
,
where p, q, r are constants, given in terms of a1 and a2 : p = − aa11+a
a2

r=

(14)

q=

1+a1 a2
,
a1 a2

and

−1
a2

It may be pointed out that the solution spectrum of equation (14) is much wider and
richer that those obtained from the solution of the corresponding equation for electron ion
fluid. The general solution of eqn.(14) can be obtained as a linear superposition of the
Chandrasekhar-Kendall eigenfunctions, which are the eigenfunctions of the “curl” operator,
i.e.
∇ × B = λB
This simple solution shows some remarkable properties of e-i plasma. The pressure profile,
peaking at the axis, shows the self-confining properties of this equilibrium state. Also, the
axial magnetic field reverses at the edge, showing the field-reversal feature, like that seen
in the Reversed Field Pinch (RFP). Thus, this work demonstrates that e-i plasma, under
appropriate circumstance can behave like a RFP, but with a confining pressure. We believe
that this could open a new direction in activities of e-i plasma, like investigation of vortex
like structures (i.e., spheromak type of closed field lines) and many other new and interesting
physics.
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The physical theory of ball lightning
S. G. Fedosin, A. S. Kim
Perm State University, Perm, Russia
The analysis of modern models of ball lightning displays, that they are unsatisfactory on a series
of tests. The model of ball lightning is offered, which exterior electronic envelope is retained by
interior volumetric positive charge. The compounded electron motion in an outer envelope
creates the strong magnetic field driving a state of ionized hot air inside ball lightning.

Any model of ball lightning (BL) must explain a stable form of BL at a motion into the wind
and at passage through glasses, its life time, electrical effects of BL, give explanation of a radiofrequency radiation, sparking and odor from BL and its possible explosion.
Within the framework of electron-ionic model natural BL can be an immediate corollary of a
linear lightning, when the thunderstorm cloud is discharged on ground, transmitting it negative
electricity (or at the discharge of adjacent clouds). In a fig. 1а the secondary branches and main
channel of a lightning charged accordingly with sluggish and promptly migrated electrons are
exhibited. A prompt electron motion and basic flash of a lightning start after linking a main
channel with ground; thus luminous part of a lightning grows from ground to a cloud. The
electrons, which are taking place in secondary branches, also move to a main channel and are
poured through it on ground. Thus the almost closed circuit of an electronic current is possible
(fig.1b), when at its centre there is a magnetic field with an induction B . In electrified air around
of a lightning there are many positively ionized atoms, which one start to be torqued around of
lines of a magnetic field and by that are arrested at centre. In turn current of electrons from the
channel 2 can skip on a branch 1 through area 3, supporting the further close current. An
indispensable requirement for this purpose should be the force retaining electrons on a closed
orbit.

1
- q
2
- q

B
-q

+q

- q
-q
2

1

-q
2

1
3

a)

b)

Fig. 1. a) 1 − secondary branches of lightning, 2 − primary channel, in which the electrons
are moving (are marked − q ).
b) The electron motion from a secondary branch 1 in a primary channel 2 of
lightnings can be made through area 3. B − induction of a magnetic field from
an electron current. The ions with a charge + q are spun around lines of the magnetic
field
At sufficient quantity of positively ionized atoms at centre they can attract to itself electrons
and by that to provide their inconvertible gyration. Outgoing from an offered picture, in a fig. 2
the equatorial section of BL model by the way of rotationally symmetric configuration with a
spherical electronic current is presented. The positively ionized atoms are at atmospheric
pressure in very hot air inside BL after shock of a linear lightning. Promptly migrated electrons
in an outer envelope generate a magnetic field with an induction B , which one retains positively
ionized atoms on orbits inside BL. At last, the electrical attraction of positively ionized atoms
and electrons with negative charge retains electrons in an outer envelope from dispersion, being
by a main body of a centripetal force. In view the spherical shape of BL the radius of gyration r
of exterior electron atmosphere around of a general axis diminishes in accordance with transition
from equator to poles. This specified rather inconvertible configuration allows explaining an
apparent lifetime BL, which essentially exceed lifetime of homogeneous ion-impact plasma at
atmospheric pressure. The electronic envelope efficiently isolates of high-temperature air inside
BL, retarding transport of energy to a surrounding medium. The positively ionized atoms inside

BL practically are not attracted by electrons from an outer envelope, as the electric field from
electrons inside an orb is equal to null because of an equilibration of all electrical forces.
Therefore ions can be proportioned uniformly on all BL volume, and the recombination of ions
and electrons is essentially retarded.
As it is visible from a fig. 1б, BL as a matter of fact there is a small part of a linear lightning,
twisted in a skein with the typical size 10 − 40 cm. Accordingly in both types of lightnings
currents and the magnetic field can be close on quantity.

R
r

+q
Ен

-q

B

Fig. 2. Equatorial section of model of ball
lightning select ring on electronic envelop of
the spheroidal shape. R − radius of gyration
of ions around of a magnetic field with an
induction B , r − radius of exterior electronic
envelop

The typical parameters of a linear lightning are those: section of a main channel about
10 −2 m 2 ; currents in the main discharge from 10 4 A and up to 5 ⋅ 10 5 A; during the short
discharge about 10 −3 s may be transferred 20 coulombs of an electricity; temperature of air in
the channel of a lightning reaches 25000 K; an electron concentration in the channel of a linear
lightning up to 4 ⋅ 10 18 in 1 cm 3 ; velocities of heat motion for ions not less than 10 4 m/s, for
electrons more than 10 6 m/s. The probability of BL observation is insignificant and on a
statistician one BL is noted against 1000 usual lightnings.
Let's designate through M ,V , R and

m,v , r masses, travelling speeds and radiuses of

gyration of ions and electrons accordingly; B − induction of a magnetic field; N i − quantity of
uncompensated positively ionized atoms inside BL ; N e − quantity of mobile electrons in an
outer envelope of BL ; q − unit electrostatic charge; i − current of electrons on an orbit of
radius r ; ε , ε 0 − relative complex dielectric constant and permittivity of vacuum; µ , µ 0 −
relative magnetic conductivity of medium and permeability of vacuum. For simplification of

calculations we shall to consider, that the charges and currents in basic are massed near to an
equatorial plane or are disposed like the cylinder, and ions are singly.
The equilibrium condition for electrons moving in an outer envelope, relates axipetal and
electrical forces:
mv 2
Ni q2
Ne q2
=
−
.
r
4π ε ε 0 r 2 4π ε ε 0 r 2

(1)

The first expression in a right member (1) features an attractive force between an electron and
volumetric interior ionic charge, second − repulsive force of electrons in an outer shell from each
other. The balance of forces (1) will run in the case, when the total number of uncompensated
positive charges N i will be insignificant to exceed number of mobile electrons in an outer
envelope N e . Therefore, BL as a whole should be charged positively, having a charge
Q = q ( N i − N e ) . On the other hand, the total charge of BL can not exceed such quantity, at

which intensity of an electric field on surface of BL exceed E 0 = 30 kV/cm in order to prevent
a disruption of ambient air. From here we calculate a maximal charge of BL :
Q0 = 4π ε ε 0 E 0 r 2 .

(2)

The availability of a major electric intensity near BL and vigorous electrons confirms by
numerous observations of their fizz, scratching noise and emission of sparks as at electric
discharge. Besides, the samples of air taken after passage BL, have shown the heightened
content of ozone and nitric oxides (approximately in 50 − 100 times above than norm). It is
known, that the demanded relation of concentrations of ozone and nitric oxides can be received
at electric discharge in air with intensity of electric field up to 4 kV/cm, and the estimate of
indispensable electrical energy in such equivalent discharge for full lifetime of BL gives value
530 J.
Expressing a charge Q from (1) and equating to (2), we gain:
v 2 qE 0
.
=
r
m

(3)

In a right member (3) there are stationary values. Accepting, that the greatest possible velocity
of electrons v

is peer to speed of light with, we discover greatest BL radius with limiting

quantity of electric charge:
r = 17 cm,

Q = Q0 = 9.6 ⋅ 10 −6 C,

(4)

under condition of v ≅ c .
Curious feature of BL is that the total energy is plus, and at the same time BL is relatively
stable. Other contrast are the gravitation-bound bodies, the stability which one is accompanied
negativity of their total energy. In both cases the total energy grows modulo at diminution of a
volume of object at invariable quantity of particles. In BL as in plasma object the additional
external pressure gives in amplification of currents and magnetic field (this is characteristic
feature of plasma), and at diminution of a volume electrostatic energy is growing.
Due to the charge (4) BL can be slid under influence of electric fields. BL sometimes fall out
of clouds and are promptly guided to ground, there are impacted and blast out. Frequently this
motion happens along the channel just of arisen linear lightning. Close connection between
places of occurrence of BL and shocks of linear lightnings directs at that, that in some cases BL
is derived from one linear lightning and is erased by other linear lightning. BL, arisen in
proximity of the ground, are usually slid slowly and can stop for some subjects, move into the
wind or even to be lifted in clouds. These features of behavior can be quite explained by activity
of strong electric fields between clouds and salience subjects on ground, periodically oscillating
at the discharges of linear lightnings and a motion of clouds down to a veering of a field gradient.
The potential difference between clouds and ground can reach quantity up to 10 8 V, that at a
cloud height above ground in 1 km gives intensity of a field 10 5 V/m instead of those 100 V/m,
which one are supervised at a clear weather. Besides, owing to a heat of air inside BL its medial
density differs from density of an ambient air, so that to electrical forces it is necessary to add
lifting force of the Archimedes. The balance of the indicated forces is carried out, apparently, for
bound either attached BL, or soaring fixed, or bound with subjects. During life of BL its charge
can vary because of interaction with encirclement or at partial decay, giving to change of
equilibrium state. So, at transition from attached BL to free it is usual soar up and then on a
slanting line leaves to clouds.
In table there are parameters of BL of different sizes. The radius of the small BL is near 1 cm,
and kinetic energy of electrons approximately equal to magnetic energy. Almost all energy of BL
with radius 7 cm (500 J) is consist of energy of plasma, including a kinetic energy of particles.
The most power BL with radius 17 cm has aggregate energy by quantity 10.6 kJ, and only part of
it ( 3.3 kJ ) is electromagnetic energy.

Parameters of ball lightnings of different sizes
r , cm

i,A

1
7
17

B,T

20
2,9ּ103
1,4ּ105

W ,J

1,3ּ10
2,6ּ10–2
0,5

2,2
503
10600

–3

Electron-ionic model can explain not only the structure and parameters of BL, but also the
structure of bead lightnings (The article From ball lightning to model of bead lightnings is in
print now).
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ABSTRACT
A model for ball lightning (BL) is described.

It is based upon the

vorton model for elementary particles, which exploits the symmetry between
electricity and magnetism.

The core, or driving engine, of BL in this

model is comprised of a vorton-antivorton plasma. The energy of BL, which
derives from nucleon decay catalyzed by this plasma, leads, through various
mechanisms, to BL luminosity as well as to other BL features. It is argued that
this model could also be a suitable explanation for other luminous phenomena,
such as the unidentified atmospheric light phenomena seen at Hessdalen. It
is predicted that BL and similar atmospheric luminous phenomena should
manifest certain features unique to this model, which would be observable
with suitable instrumentation.

Invited talk presented at the First International Workshop on the Unidentified
Atmospheric Light Phenomena in Hessdalen, Hessdalen, Norway, March 23–27, 1994.
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I. INTRODUCTION

While there remain a number of skeptics, it is fair to say that there are sufficiently many
sightings of ball lightning (BL) by reliable observers to be generally convincing that BL exists
as a natural phenomenon and that it is related to thunderstorm activity; the frequency of
BL sightings correlates closely with the diurnal frequency of thunderstorms (mostly in the
afternoon) and with the annual frequency of thunderstorms (mostly in the summer). More
to the point, BL has been observed to appear directly out of the channel of a lightning bolt.
There are available a number of excellent comprehensive reviews of BL.1−7 One can
find in these reviews catalogues of BL sightings, which go back several centuries, as well
as descriptions of numerous theories and models that have been offered as explanations, or
partial explanations, of the phenomenon. However, it has proven most difficult to find a
persuasive explanation for the salient features of the observed BL, and none of the theories
or models that have been offered to date have gained general acceptance. Furthermore,
when the BL phenomenon is considered in more detail, one finds that the features and
circumstances of the reported BL are so varied that it is often suggested that there may be
more than one type of BL.
While most BL sightings have been during thunderstorm activity, it is also true that a
significant fraction of the sightings have occurred during periods of (locally) clear weather.8
These sightings might be somehow related to more distant thunderstorm activity (They
still appear to correlate with thunderstorm frequency.) or perhaps to some other source.
Going beyond the collections of BL reports, there are numerous reports of other atmospheric
luminous phenomena which, as phenomena, intrinsically appear to have much in common
with BL, but which are not considered to be related to thunderstorm activity. These other
luminous phenomena are often called earth lights,9 and it has been suggested that they may
be associated with various geophysical phonemena: dynamic ones such as earthquakes or
volcanoes, or even static aspects such as fault lines or mineral deposits. However, earth
lights as a category would also include the atmospheric luminous phenomena that have been
reported at locations such as Marfa (Texas) and Hessdalen10 (Norway) the source for which is
2

not at all clear. Although it is an intriguing topic, it is a most difficult one, and consideration
of source mechanisms for other atmospheric luminous phenomena must be deferred to a later
time.
It is the purpose of this talk to give a progress report11 on a model for the ball lightning
phenomenon that offers a possibility to explain not only the salient features of BL, as
observed, but also much of the variety in detail, as observed. In addition, it is argued
that this BL model can be extended in a natural way to accommodate other atmospheric
luminous phenomena. At the same time, however, it must be acknowledged that while the
general physical concept of this BL model is in place, it is also true that much work remains
to be done on numerous aspects of the model. For example, while some general aspects
relating to the generation of BL by a lighting stroke are discussed, a detailed understanding
is yet to be achieved.
As an assessment of the utility of a BL model, one can look first at the salient features of
BL. As a guide, Uman12 has proposed as criteria that any valid theory for BL should account
for the following features: 1) the constant brightness, size, and shape of BL for times up to
several seconds; 2) the considerable mobility of BL; 3) that BL doesn’t tend to rise; 4) that
BL can enter houses and other structures and can exist within these structures; and 5) that
BL can exist within closed metal structures. In addition to these criteria,13 a prime question
that any viable model for BL should address is the source of energy that enables BL to
exhibit an extended period of luminosity. Catalyzed nucleon decay, the energy source in this
model, appears to offer an answer to this question. As will be seen later, this explanation
for the source of BL energy can also be applied to other luminous phenomena.
At the next level of inquiry, one should ask if the putative model (or theory) can
accommodate the sizeable dispersion in the observed features that have been reported. For
this inquiry, it is useful to utilize the catalogues of data available in the review papers, as well
as particular sightings that have certain details reliably reported. From a perusal of these
data, one sees that these features include size, shape, structure, lifetime, decay mode, motion,
color, color changes, heat, and brightness, as well as (stable) multiple BL geometries. While
3

there remains a large amount of detailed analysis to do in this area, it is not inconceivable
that the answer to this question could also be yes.
It is predicted that BL, as well as earth lights, should exhibit certain features unique to
this model, which would serve to distinguish it from other models. Indeed, it is possible that
some of these features may have already been observed, and it is fair to say that reports of
these observations furnished important motivation for this BL model. While verification of
the predicted BL features with suitable instrumentation would be quite a useful step in the
substantiation of this model, the ultimate goal is, of course, to achieve enough understanding
of BL to produce it in the laboratory. (It is appropriate to remark here that there are already
a number of claims of laboratory production of BL, but in general these claims are met with
a certain degree of skepticism; these “laboratory BL” generally do not match well with one
or another of the salient BL features, e.g., those proposed by Uman.)

II. MODEL
A. Generalities
This model is based upon “new physics,” which is not inappropriate, since past efforts
to understand BL in terms of known physics have essentially been unsuccessful. Specifically,
this BL model is based upon the vorton model for elementary particles,14,15 which in turn is
based on generalized electromagnetism. It was recognized16 at the turn of the century that
one could generalize Maxwell’s equations to include magnetic charge and current, as the
symmetric partners to electric charge and current. It was later observed17 (in 1925) that this
symmetry was continuous, and that the amount of “mixing” of electricity and magnetism
could be described by an angle (called the dyality18 angle) in the electromagnetic plane.
A basic assumption of the vorton model is that dyality symmetry between electricity and
magnetism is fundamental; this model for BL exploits this symmetry extensively.
Dyality symmetry is mathematically founded in a two-potential electromagnetic
theory18,19 which recently has been given a more secure theoretical foundation by
means of a dyality-symmetric Lagrangian formulation.20 It is a natural consequence of a
dyality-symmetric, two-potential theory of electromagnetism that there be a second, or
4

magnetic, photon21 to accompany the conventional, or electric, photon. (This point has
recently been clarified.22 ) Hence, allowing theoretical concepts to lead the way, the existence
of a magnetic photon and magnetic charge is assumed. A natural extension of this path is
that the quantum mechanical vacuum (the Dirac sea)23 would contain not only the usual
(negative energy) particles (i.e., e, νe , p, n; µ, νµ , Λc , Λ; etc.) but also their magnetic analogues.
The reason that these analogue magnetic particles have not yet been observed would be that
they are very massive.24
As a first step in the formation of ball lightning, it is hypothesized that the lightning
discharge produces a large number of vorton pairs. Subsequently, a certain fraction of these
vortons collect and form what I shall call the core of the BL. From BL observations, one
can make estimates of the electromagnetic charge and energy that would characterize this
core. Calculations indicate that there is enough energy available in the lightning discharge to
form such a core. However, due to lack of reliable theoretical calculations (and certainly no
experimental data) on multivorton physics, there is significant uncertainty about the details
of the production and formation processes, and this area is left for future study.
Through the modeling (in more or less detail) of various aspects of the core, it is argued
that the physics of this core can supply the mechanisms that furnish BL, as well as earth
lights, their stability, luminosity, dynamics, and extended lifetime. And in this way, it is
shown below that this model has good prospects to satisfy all of Uman’s criteria as well
as answer the question of the source of BL energy. It is also suggested that quantitative
variations in the parameters of the core could explain the extensive variations in the observed
features of BL as well as those of other luminous phenomena. No other model for BL that I
know of seriously broaches this challenging aspect of BL and other luminous phenomena.

B. The Vorton
Since this BL model is based on the vorton, it is useful first to briefly review the structure
of the vorton itself. The vorton14 is assumed to be the fundamental electromagnetic object.
At rest, it is most appropriately described using a (right-handed) toroidal coordinate system,
(σ, ψ, φ),25 as depicted in Fig. 1. The ranges of the coordinates are: 0 ≤ σ ≤ ∞, 0 ≤ ψ <
5

2π, 0 ≤ φ < 2π. The size or scale of the vorton (which depends upon the details of its
production process, see Sec. II D) is characterized by the radius a, which sets the scale of
the toroidal coordinate system, as shown in Fig. 1.
The electromagnetic charge distribution of the vorton is smooth, continuous, and without
singularity, much like a classical fluid.

This charge distribution, which is spherically

symmetric, is described by a charge density

q=

4a3 Q
,
π 2 (a2 + r2 )3

(1)

where Q is given below by Eqs. (2) and (3); q is plotted in Fig. 2. In a quiescent state,
this charge distribution is invariant under rotations with respect to the angles ψ and φ,
and the vorton carries angular momenta Lψ and Lφ associated with (internal) fluxes of this
charge (density) along the direction of the ψ and φ unit vectors, respectively. Hence, these
fluxes, depicted in Fig. 3, are orthogonal. The ψ-flux (along 1ψ ) around the ring of radius
a resembles the motion of a smoke ring and results in a poloidal angular momentum; the
φ-flux (along 1φ ) around the z-axis entails the usual angular momentum. A cut-away view26
depicting the (combined) vorton flux or flow lines is shown in Fig. 4.
Lψ and Lφ are quantized with quantum numbers mψ and mφ , respectively, where, by
definition, mψ , mφ > 0 (< 0) when the flux is parallel (antiparallel) to the respective unit
vectors. These angular momenta, as indicated in Fig. 3, are (by definition) associated with
the z-axis of the physical vorton. (Of course, the z-axis of the physical vorton can have any
orientation in space. Thus, in general, the vorton can have components of intrinsic angular
momenta associated with the x-, y-, and z-axes of a laboratory reference frame, depending
upon the orientation of the vorton.) The vorton also carries a (topological) Hopf charge27
QH deriving from the fact that the vorton simultaneously possesses Lψ and Lφ . The vorton
is arbitrarily defined to carry QH > 0 and the antivorton to carry QH < 0. Since topological
charge is conserved, vortons can only be produced in pairs, and after production are stable
(although annihilation is possible).
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Figure 1. The toroidal coordinate system (σ, ψ, φ) has cylindrical symmetry around
the z-axis.
a. As indicated, the the z-axis corresponds to σ = 0 and the ring of radius a in the x-y
plane to σ = ∞. φ is the usual (azimuthal) angle of the cylindrical coordinate system.
The coordinate system (σ, ψ, φ), as shown, is a right handed system; note the depiction
of the unit vectors 1σ , 1ψ , and 1φ at the point P.
b. Section containing the y-z plane. Surfaces of constant σ are doughnut shaped and
circular in cross section, and are nested around the ring of radius a. As shown, cross
sections of these tori form nested circles. Surfaces of constant ψ are spheres passing
through the ring of radius a, orthogonal to the toroidal doughnuts of constant σ. A
cross section of these spheres yields circles in the y-z plane, as shown. The appropriate
angle ψ is indicated on the segments of these circles.
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Figure 2. The charge density (in units of e/a3 ) of a ground state (Q = Q0 = 25.83 e)
vorton as a function of distance from the center in units of the vorton scale a.
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Figure 3. Depiction of flow or flux lines associated with internal vorton circulations.
a. Lψ is associated with a “rotation” or smoke ring motion along 1ψ . 1ψ lies in the
surface of a torus of constant σ. Lψ as depicted is positive; this flow is in the same sense
as 1ψ , as depicted here in the y-z plane.
b. Lφ is associated with a rotation along 1φ , that is, around the z-axis. 1φ also lies in
the surface of a torus (of constant σ) but is orthogonal to 1ψ . Lφ as depicted is positive;
the flow is in the same sense of 1φ .
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Figure 4. A cut-away view of the vorton charge flux lines that result from combining
the ψ-flux and the φ-flux. One can see that these flux lines, as indicated by the arrows,
all lie in the surface of one of the (nested) tori and are in the sense of increasing ψ and
φ. (Three rested tori of constant σ, as well as the σ = 0 line and the σ = ∞ ring, are
depicted here; also, cf. Figs. 1a, 1b, and 3.) As discussed in the text, this sense of flux
dictates that this configuration would carry a QH > O. (QH = +1 when mψ = mφ = 1).

The electromagnetic charge carried by a vorton in its equilibrium configuration, as
determined by quantum conditions (independent of a), is of magnitude Q at an arbitrary
angle Θ, the dyality angle, where
s
2

Q =

Q20

and

r
Q20

= 2π

m2ψ + m2φ
2

,

3
h̄c = 4.867 h̄c ;
5

(2)

(3)

h̄ and c have their usual significance. Q0 is the minimum or ground state charge (which state
satisfies QH = ±1 and |mψ | = |mφ | = 1) and is equal to 1.24 ×10−8 esu or 25.83 e, where
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Figure 5. The electromagnetic or dyality plane with electric and magnetic axes is
shown. The circle of radius Q0 (equivalent to 25.83 e), the magnitude of the (ground
state) vorton’s generalized electromagnetic charge, is also shown. This circle is called the
dyality circle. Any point on this circle, designated by its dyality angle Θ, is a possible
value for the vorton charge. A Q = Q0 at Θ = 30◦ is indicated. For orientation, the
electron e, the proton p, and the argon nucleus Ar (Z = 18) are plotted. If the vorton
is in a state of dyality rotation of angular velocity ω, then ω = dΘ/dt, as depicted in
the figure.

e is the positron charge. It is particularly convenient to use Gaussian units when dyality
symmetry is relevant; ²0 = µ0 = 1 in Gaussian units, and esu can consequently be used as
units for magnetic as well as electric charge. Hence, I shall (usually) use esu as the unit of
length for the magnitude of Q in the electromagnetic or dyality plane. Using the angle Θ,
the electric and magnetic components of the vorton charge are given by QsinΘ and QcosΘ,
respectively, as shown in Fig. 5.
Using the Einstein relationship, the mass for the single vorton configuration14 is
M = Eem /c2 =

5Q2
,
2πac2

where Eem is the electromagnetic energy content of the vorton.
10

(4)

C. Dyality Rotation
After the concepts vortons and vorton production are entertained, dyality rotation, i.e., a
rotation of electromagnetic charge in the dyality plane (as depicted in Fig. 5), is perhaps
the most difficult physical concept employed in this model; its confirmed existence would
add an entirely new phenomenon to known physics. On the other hand, it is a concept
that follows quite naturally from the dyality symmetry of Maxwell’s equations. For this
concept to be physically feasible, it is necessary that photons (actually, for the purposes
of this model, both electric and magnetic photons) have a nonzero mass and hence a finite
Compton wavelength λ–γ , which defines the range of the electromagnetic interaction. A finite
λ–γ permits the nonconservation of electromagnetic charge.28
While it is convenient to assume that the photon is massless, there is no compelling
theoretical basis for such an assumption. And from an experimental point of view, it is only
known that the photon mass is very small.29 Given the assumption of a nonzero photon mass,
it is legitimate to view the angle Θ as a vortonic degree of freedom; the angular velocity of
dyality rotation is simply ω = dΘ/dt. Θ, as a degree of freedom, has as a conjugate variable
the angular momentum Ld . (The subscript d stands for dyality.) The concept of dyality
rotation is explored in Appendices A, B, and C.
Later, I will show that dyality rotation plays a key role in the dynamics of this model for
BL. It furnishes the mechanisms that enable BL coherence (overcoming Coulomb repulsion),
extended BL lifetimes (acting as a kind of “flywheel”), and the source for BL energy
(catalyzed nucleon decay).
D. Vorton Production
It is proposed that the production of vortons30 (in vorton-antivorton pairs), that in this
model comprise the BL core, takes place through the mediation of “orphaned” magnetic fields
associated with lightning discharge currents. To see how this mechanism would operate, let
us first consider the lightning discharge current. The current (vector) of a return stroke
is schematically depicted in Fig. 6 as flowing upward along the z-axis;31 the (azimuthal)
magnetic flux loops generated by this current, and which circle the z-axis, are also shown.
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Figure 6. The current of a lightning return stroke is depicted flowing upward along the
z-axis. Around this current are shown the closed loops of magnetic flux that it generates.

While the lightning current is depicted to be along the z-axis, it is clear that any orientation
of the current flow vector is possible. (Also, we know that the lightning discharge current
does not flow in a straight line, but there is no need to include here this bit of realism.)
As the ions and electrons that comprise this discharge current recombine during the
course of the lightning discharge, the magnetic fields that they were generating are left
abruptly, or orphaned, in space without a source. (Such recombination doesn’t take place
in metal conductors. Hence, there are no orphaned fields in metal conductors, and the
vorton creation process described below is not expected to happen.) Rather than being
radiated away, as one would conventionally expect,32 it is postulated that some fraction
of this magnetic field energy will convert into vorton-antivorton pairs in situ, the point
being that a distribution of suitably oriented vorton-antivorton pairs (with Θ = ±π/2,
i.e., electric vortons) will give a magnetic field with the same topology and general shape
as that generated (and orphaned) by the original lightning current. To best duplicate, or
replace, the (orphaned) magnetic fields of the lightning current, these (created) pairs will all
be oriented to have an upward flowing (poloidal, i.e., parallel to 1ψ , actually −1ψ ) current
along the z-axis. Hence, as does the lightning current, the created vortons will have an
azimuthal magnetic field circulating around the z-axis due to the sum of their poloidal
currents. (This production geometry easily generalizes to more realistic lightning current
12
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Figure 7. Comparison of the field of a lightning current (solid line) to the azimuthal
vorton magnetic field (dashed line). The lightning current has a uniform current density
out to a radius r0 , and the vorton field is in the x-y plane of a vorton as shown in Fig. 4.
The fields, as plotted here, reverse in sense at the origin because the positive direction for
the magnetic field plot is taken to be into the plane of the paper (rather than along 1φ ).

flow patterns.) One would expect that the vorton pairs that are generated in this orphaning
process will be distributed fairly uniformly along the lightning discharge channel33 with their
z-axes parallel and in close proximity to the (local) channel centerline.
Since the vorton configuration of electromagnetism does not have an intrinsic scale,14
the shape and size of the orphaned magnetic fields will determine the scale and locations of
the vorton pairs that are formed by this process, the vorton pairs making a “best fit” (to
some extent analogous to a Fourier expansion of an arbitrary function) to the shape of the
orphaned electron and ion fields. To give an idea of the similarity in shape exhibited by
a vorton field and the field of the lightning discharge, the magnitude versus radius of the
azimuthal magnetic field of a current channel of uniform current density is shown in Fig. 7,
along with an azimuthal vorton field of approximately the same scale.
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From this discussion, and looking at Fig. 7, one can see that the radius of the lightning
discharge channel will set the scale of the produced vortons at a ∼ 2r0 . However, to derive
an estimate for a from knowledge about the radius of the lightning discharge is somewhat
problematical. In the first place, estimates of channel radii based upon experimental data
vary considerably34 —from millimeters to over 10 cm. This problem is further complicated
by the fact that lightning channels expand very rapidly due to the local heating by the
lightning current. (The pressure in the channel has been estimated to be on the order of
10 atmospheres.)34 There is also the question of the timing of the orphaning production
process with respect to the current flow waveform of the lightning discharge process. Earlier
times, which would be characterized by smaller diameters and the greatest currents, charge
densities, and temperatures, would be the most relevant for this model; since recombination
proceeds more rapidly where there is more ionization (i.e., more current density), vorton
production would be expected to peak roughly when and where the current densities
are maximum, that is, early in the return stroke current waveform.35 On this point, the
measurement of channel radius by means of radar, which is most sensitive when the electron
density is the highest, is perhaps the most relevant experimental number; Holmes et al.37
deduce ∼ 1 cm as the radius of the lightning discharge channel using a radar technique.
A numerical calculation of the various processes that take place in and near the lightning
return stroke channel has been performed,36 and this calculation is in reasonable agreement
with experimental data. These calculations use a current waveform that peaks at 5 µs
(somewhat later than the model of Lin et al.35 ), at which instant the calculated lightning
channel extends out to a radius of ∼ 0.5 cm. Therefore, considering these results, it appears
reasonable to use a = 1 cm for the purposes of calculation. (It is also appropriate to observe
that a = 1 cm is easily compatible with a mean BL diameter of 19 cm38 and, in fact, is
not in a serious conflict with the smallest reported sizes of BL, which are on the order of a
centimeter.38 )
As outlined above, then, it is assumed that some fraction of the orphaned magnetic fields
will convert into the azimuthal magnetic fields of vorton pairs, that is, into vorton pairs. Two
such pair arrangements are shown in Fig. 8. In a state of complete overlap at production,
these pairs will have no other electromagnetic fields. For these pairs, being composed of
14
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Figure 8.

The internal flux patterns for two distinct vorton-antivorton pairs are

depicted. The directions of the ψ and φ fluxes are indicated by solid arrows, and the
accompanying current flow lines by hollow arrows. The dyality angles of the vortons in
these pairs are in the electric direction, ±π/2, as implied by the indicated charges. Both
pairs will give an azimuthal magnetic field in the same sense as indicated in Figs. 6 and
7. All of the other vorton fields of these pairs (both electric and magnetic) cancel after
summation.
a. Pair configuration with QH and Q of the same sign.
b. Pair configuration with QH and Q of opposite sign.
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vortons of opposite charge, the static electric charge distributions will exactly cancel—thus,
no (initial) electrostatic field. It also follows that for such a pair configuration, the poloidal
(dipole) magnetic fields due to the sum of the azimuthal currents will also (initially) cancel.
The portion of the originally orphaned magnetic field (energy) that the vortons do not
accommodate will then radiate away.
E. BL Charge and Energy Content
It is straightforward to estimate (a range for) the magnitude of the electromagnetic
charge in the core of a BL using reports of magnetic effects associated with BL. In one
case,39 a BL influenced the magnetic and radio compasses of a Russian aircraft flying over
Irkutsk. In a similar report,40 in which a BL collided with an aircraft, the radio compass
rotated and the magnetic compass spun erratically for 3–5 minutes after the event. If we now
assume that in these cases, the BL (core) produced a magnetic field of 2 G (the field would
have to be somewhat larger than the earth’s field) at a distance ` = 10 cm, then the total
(magnetic) BL charge estimate is QT OT = B`2 = 200 esu(equiv). In another case, involving
the bell of a church steeple, it was estimated41 that there was a magnetic field from the BL
of 150 G which inhibited the motion of the bell. In this case, using a distance of 12 cm
and the estimated 150 G figure, yields QT OT = 2 × 104 esu(equiv). Using these figures, one
obtains an estimate for the (range of) charge in the BL core:
QT OT = 2 × 103±1 esu(equiv) ∼ 7 × 10−7±1 C.

(5)

In view of the uncertain nature of these estimates for the magnetic field, this result isn’t
particularly precise, but at least it’s a place to start.
Using this value for QT OT and data from BL observations, it is possible to estimate the
energy content EBL of the core of BL. It is simply
EBL

Q2T OT
=
,
r̄BL

(6)

where the radius r̄BL typifies the size of the BL core charge distribution. For r̄BL , we can
use the mean observed value for BL diameter as determined (statistically from a log-normal
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distribution) by Dijkhuis.38 Thus, r̄BL = (1/2)d¯BL = (1/2) (19 cm) = 9.5 cm, which, using
Eqs. (5) and (6), gives an estimate for the range of BL energy content:
EBL = 4 × 105±2 ergs = 4 × 10−2±2 J.

(7)

This value is far short of the estimated energy yields of BL,7 but, as will be described later,
this core intrinsic energy is not the source of the energy released by the BL phenomenon.
Hence, the magnitude of EBL given by Eq. (7) does not pose a problem for this model.
It is of interest to use Eq. (5) and the value of Q0 given by Eq. (3) to estimate the
number of vortons Nv in the core of a BL:
QT OT
2 × 103±1
=
= 1.6 × 1011±1 .
Nv =
−8
Q0
1.24 × 10

(8)

This result is based upon an assumption that the quantum condition for Q0 is unaffected
by the vorton interaction energies, which in the BL configuration will considerably exceed
the self-mass energies.42 However, even if the actual Q and Nv differ substantially from the
above values, we would still be working with the same QT OT , and the estimate given in
the next section indicates that there is sufficient (local) energy in a lightning discharge to
create the core of a BL of the general description contemplated here—even if the vorton
pair generation process is not particularly efficient. In addition, deductions concerning the
general or global features of BL in this model would not be significantly modified by the BL
being composed of fewer but heavier and more highly charged vortons.
F. Energy Available for BL Production
In this model, it is proposed that the magnetic energy of the lightning discharge converts
into the vortons that comprise BL. To explore this idea, we estimate the magnetic field and
the consequent magnetic energy density associated with a typical lightning stroke and then
compare this energy to that of Eq. (7), above. For this purpose, let us assume that we have
a uniform current density i flowing in a channel of radius r0 . (One might try to use a more
17

realistic distribution for i, e.g., a Gaussian, but such a refinement is not warranted at this
stage.) In this case, total current in the discharge channel
Zr0
i rdr = πr02 i.

Ic = 2π

(9)

0

For r < r0 , the magnetic field
B=

µ0 rIc
µ0 ri
=
,
2
2πr02

(10)

where µ0 = 1.26 × 10−6 H/m is the permeability of free space. (Rationalized mks units are
employed here for convenient use of data on lightning discharges.) For r > r0 ,

B=

µ0 Ic
.
2πr

Using the magnetic energy density, given by

B2
2µ0 ,

(11)

yields the energy stored along a current

flow of length L:
Lπ
Wc =
µ0

Z∞
B 2 rdr

(12)

0

Zr̂ ³
nZr0³ µ rI ´2
Lπ
µ0 Ic ´2 o
0
c
∼
rdr +
rdr ,
=
µ0
2πr
2πr02

(13)

r0

0

where (to eliminate a logarithmic divergence) r̂ is taken as a radius beyond which we assume
the conversion (efficiency) of orphaned magnetic field energy into vortons drops to zero.
For convenience in evaluating Eq. (13), it is assumed that r̂ = 5.755 r0 . (The result is
not particularly sensitive to this assumption; r̂ enters only as an argument of a logarithm.)
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Looking at Fig. 7, we see that this value of r̂ implies that the region of active conversion
into vortons extends out to about three vorton radii. Thus, Eq. (13) reduces to

Wc =

µ0 LIc2
.
2π

(14)

This energy can be equated to the deduced BL energy (divided by ηvp , an assumed
energy conversion efficiency for this vorton production) to yield the necessary (minimum)
lightning discharge length needed to create a BL. That is,

Lmin =

2πEBL
.
µ0 Ic2 ηvp

(15)

Taking Ic = 104 A,34 EBL = 4 × 10−2 J, the central value of Eq. (7), and ηvp = 1 (for the
sake of argument), yields
Lmin = 2 × 10−3 m.

(16)

An estimate for ηvp can now be obtained by assuming that the relevant discharge length for
BL production is approximately 0.19 m, the mean BL diameter.38 In this way, we estimate

ηvp ∼

2 × 10−3 m
∼ 10−2 .
1.9 × 10−1 m

(17)

Thus, it appears plausible that the lightning discharge can generate in one locale enough
vortons for a BL core; the conversion efficiency of magnetic energy into a BL needs to be
∼ 1%. Actually, ηvp could be an order of magnitude (or more) below this figure if it is only
the most powerful lightning strokes that generate BL. These have currents that exceed by
more than an order of magnitude34 the 104 A used to obtain Eq. (17).
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G. BL Core Physics
1. General Remarks
In general terms, once formed,43 the core of the BL has a well-defined physical description
(which description could also apply to other atmospheric luminous phenomena) much like
a plasma, but with important additional features. It is comprised of macroscopically-sized
vortons and antivortons with significant spatial overlap and with electromagnetic charges
in a state of coherent dyality rotation. This core is the driving engine that leads to the
various observed features of BL as a phenomenon. For example, core mechanisms give the
BL a spatial coherence and longevity that is not achievable in other models [especially if
one undertakes to explain the observed (greater than) one hour lifetime of (some of) the
Hessdalen lights]. In this model, the primary parameters which would characterize the core
of an individual BL are Nv and Ld ; there are numerous secondary parameters, some of which,
in principle, should be derivable from Nv and Ld . Other luminous atmospheric phenomena,
e.g., the Hessdalen lights, will also fit this prescription, but presumably with larger values
for Nv and Ld .
2. Equilibrium Point
It is shown in Appendix B that as a consequence of dyality rotation in a BL, there will
exist attractive forces between like charged vortons, opposing the usual Coulomb repulsion.
These forces are strong enough, in fact, that there is a point of stable equilibrium for the BL
configuration. Eq. (B-6), which shows the trade-off in BL energy between the static Ec and
the dynamic Ed , is schematically depicted in Fig. 9. The equilibrium point A is indicated
at the minimum of the curve Etot = Ec + Ed . At this equilibrium point,
Ec = E d ,

(B-7)

and the angular velocity (or frequency) of the dyality angle
ω=

√

2c/(k λ–γ ) ≡ ω0 ,
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Etot = Ec + Ed
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Figure 9. Depiction of total vorton energy Etot = Ed + Ec as a function of Ec . The
point of stable equilibrium A is shown. Ec−max , the maximum value for Ec (rBL = ā),
as described in the text, is also indicated.

√
where the most recent results29 for λ–γe (and assuming k = 2, for convenience) give
< 1 s−1 . The existence of this stable equilibrium point is important, for it furnishes
ω0 ∼
the BL of this model a mechanism for coherence and long lifetime. It is interesting to
observe that these results are independent of the number of vortons in the BL as well as of
Ec , Ed , and Ld . ω0 , then, being dependent only on the speed of light and λ–γ , the Compton
wavelength of the photon, is a fundamental physical constant.
3. Equilibrium Frequency
It is useful to explore further the physics of this equilibrium point and find a more
general expression ωeq for the equilibrium (angular) frequency. As one imagines a BL of some
specified Nv endowed with a larger and larger Ld , the appropriate Ed curve in Fig. 9 will lie
higher and higher. This causes the equilibrium point to shift to the right, as the Ec required
for equilibrium would also increase. But still Ec = Ed and ωeq = ω0 would be maintained.
However, this compensation (equal division of energy) cannot continue indefinitely; for a
sufficiently high Ld , Ec (and hence also Id ) will be at its highest allowed value, which occurs
at rBL ∼
= ā (the mean vorton size in the BL). At this point, the vortons will be in full
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Figure 10. A family of ωeq curves as a function of the variable Ld and the parameter
Tk . The lowest curve (heaviest line) has Tk = 0 and shows that ωeq = ω0 as Ld → 0.
For Tk > 0, ωeq > ω0 . Several curves for increasing Tk are indicated with lighter lines.
These curves do not extend down to Ld = 0 because the kinetic gas pressure will cause
the BL to disintegrate for low Ld . The conjecture about possible decay paths toward
silent demise (smaller Tk ) or explosive demise (larger Tk ) are dashed in at the small Ld
end of the curves where a region of instability is indicated.

spatial overlap and with fully coherent Θi . Beyond this point, as the Ld is increased, ωeq
must rise linearly, in proportional to Ld (ωeq = Ld /Id ). These relationships are depicted in
Fig. 10; the lowest curve, starting at ω0 for Ld = 0, is the Tk = 0 curve. (Tk is a kinetic
temperature to be described shortly.) A dashed line is sketched in to suggest a smoother
transition between the flat and linear regions.
With this discussion of the Tk = 0 curve as background, we can now refine the analysis
for the equilibrium frequency by taking into account the random motions of the individual
vortons (and coherent groups of vortons) with respect to the center of momentum of the BL.
Assuming that the Nv vortons constitute an ideal gas at thermal equilibrium at a temperature
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Tk , one can calculate the total energy Ek in the (translational) degrees of freedom of the
vortons in a BL:
Ek = Nv nk kB Tk /2,

(18)

where nk is the number of (active) degrees of freedom44 per vorton and kB is Boltzmann’s
constant. Ek is a form of heat which would derive from the primary BL energy source,
catalized nucleon decay, to be described later in more detail.
It is shown in Appendix C that one doesn’t need to know details about Eq. (18) to obtain
useful results. In simple conceptual terms, this vorton kinetic energy generates an internal
pressure in the BL that prevents Ec from rising to equal Ed . This result is quantified in
Appendix C:
ωeq = ω0 [1 + 3(γ − 1)Ek /Ec ]1/2 ,

(C-9)

where γ is the ratio of the specific heats of the BL as a vorton gas. Since γ > 1, ωeq ≥ ω0 ,
the equality applying when Ek = 0. Thus, as depicted in Fig. 10, one expects a family of
ωeq curves above the Tk = 0 base curve.
The fact that there are ωeq curves that lie significantly above ω0 is an important condition
for BL luminosity. Also, these curves can be viewed as (approximations to) BL decay
trajectories, to be described in Sec. II G 12.
4. Lifetime
With the condition for BL stability in place, the possibility of an extended lifetime for
BL (as well as for other atmospheric luminous phenomena) follows in a staightforward way.
To visualize this, it is useful to view Ld and Ed as the angular momentum and energy of
a “dyality flywheel.” The flywheel analogue is apt because of the rotation and because
the Ld and Ed loss mechanisms being relatively weak, would permit the flywheel to “turn”
for an extended period of time. As a consequence, the longevity of a given BL will be a
function of its initial Ld and Ed in this flywheel and can vary over a wide range. This
possibility is consistent with observation. For example, taking the mean lifetime of BL to be
7.9 seconds,38 then the 1.3 min observed45 duration is ∼ 10 mean lifetimes. At the tails of
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the distribution, there are reported BL sightings of even longer durations,38 even as long as
15 min.46 And it should also be mentioned that if the Hessdalen lights10 are (essentially) the
same phenomenon as BL (as is proposed here), their duration of sometimes over one hour
also needs to be accommodated by the model; this requirement would pose a major difficulty
for other models. But in this model exceptionally long lifetimes are due to (sufficiently) large
initial Ld and Ed . Thus, even the very long-lived Hessdalen lights can be accommodated in
a natural way.
5. Primary Energy Source
The primary energy source in this model is the energy released by catalyzed nucleon
decay. This nucleon decay results from perturbations to the nucleon wave functions; these
perturbations are the direct result of the dyality rotation of the electromagnetic charge of
the BL.
As background information to enable a better visualization of this process, we observe
that in the vorton model, the elementary fermions are comprised of vorton pairs.14 The
quantum numbers of fermions that distinguish one particle type from another derive from
the specific internal structure of the angular momenta (helicities) of the paired vorton state
(i.e., the fermion). In this model, since baryon number and lepton number are not absolutely
conserved quantities, nucleon decay is possible. The conversion of a proton (quark) to a
positron can be effected by a perturbation of the orientation of the angular momenta of the
constituent vortons of the pair. Under normal circumstances, however, conversion between
baryons and leptons does not take place because the fermions are (meta)stable eigenstates,
respecting a symmetry of the fundamental Lagrangian.
A well-known metastable state that can be cited as an analogue to this BL physics is the
2S state of the hydrogen atom, which is forbidden to decay by one gamma emission, but which
by two gamma emission decays to the 1S state, but with a lifetime of 1/7 s. By contrast, the
2P → 1S (one gamma) transition (releases the same energy but) has a lifetime of 1.6 ×10−9 s.
A small local electric field will break the symmetry of the hydrogen wavefunction, mixing a
small amount of the 2P state into the original 2S state. This perturbative mixing leads to
a rapid 1γ decay of the “impure” 2S state to the lower energy 1S state.47 The analogy in
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this BL model would be a proton to positron or a neutron to antineutrino decay induced by
dyality perturbations to the original nucleon wavefunction.
When a large number of (BL) vortons is present, creating a “rotating” electromagnetic
field, the dyality angle Θ0 of the particles comprising the vacuum (Dirac sea),23 which
serves as a reference for material particles, undulates.48 If the driving frequency is high
enough, then the nucleons in its presence will not be able to maintain dyality alignment
with the local vacuum reference. This misalignment will result in a perturbative mixing
of the local (positive energy) elementary particle eigenstates, which, in turn, will lead to
a finite transition probability between elementary particle eigenstates (where allowed by
energy conservation).
Of course, in this picture, any ω > 0 would presumably lead to a nonzero transition
probability, but the “threshold” frequency marking the effective onset of the nucleon decay
regime would be expected to be at ∼ c/ λ–γ or on the order of ω0 as given by Eq. (B-8). In any
case, there will be some frequency ω̄0 ∼ ω0 that defines an empirical threshold above which
catalyzed nucleon decay becomes significant. Thus, the criterion for BL energy generation
and hence BL luminosity becomes
ωeq > ω̄0 ,

(19)

where we can tentatively take ω̄0 = ω0 , although refinements in the definition of this empirical
threshold are to be expected as understanding of this model improves. It is clear, of course,
that when ωeq is larger, the nucleon decay probability and, hence, the BL luminosity will be
larger.
When ωeq > ω̄0 , then, the following general reaction is predicted:
v + N → v + `¯ + nπ + mK,

(20)

where N stands for nucleon (neutron or proton), `¯ stands for an antilepton (neutral or
charged), π (K) indicates a pion (kaon), and n (m) the number of pions (kaons). (QH of
the baryon is equal to the QH of the antilepton; thus, QH is conserved.) The vorton, v, is
symbolically included on both sides of the equation to signify a (kind of) catalysis reaction.
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The branching ratios of these catalysis reactions of nucleon to specific lepton types (e or µ)
is a question for experiment to decide. However, one presumes that e+ and ν̄e would be
preferred since (we believe) they are of the same generation (the first) as the proton and
neutron. As will be seen later, e+ , being ultra-relativistic, is a much better candidate than
µ+ for heating the BL core.
It is important to observe that the decaying nucleons that participate in this process
and furnish the BL energy are to be found in the nuclei of the atoms in the air (or other
material, e.g., glass when a BL penetrates a window) at the location of the BL. Details of
these nucleon decays, which would be expected to occur inside of nuclei, and the associated
nuclear reactions are explored in Appendix D.
6. Core Heating
We can see that the energy that is made available in the nucleon decay processes,
represented by Eq. (20), is almost the full mass equivalent of the decaying nucleon or ∼ 1
GeV per decay.49 A significant fraction of this energy is expected to transfer into the degrees
of freedom of the BL core, heating the core.
In this model, there are two important thermal reservoirs for core heat:50 1) kinetic
energy of vorton motion, characterized by the temperature Tk (already discussed); and
2) deformation or strain energy of the (individual) vorton charge distributions characterized
by the temperature Ts (to be discussed). Since the dividing line between the phenomenology
of these reservoirs is the mean vorton size ā, it is to be expected that energy from the latter
reservoir would be generating the visible blackbody radiation discussed below.51 However,
as we shall see, the kinetic vorton motion plays a crucial role in the observed blackbody
radiation spectrum and intensity.
We now focus on the second reservoir, which is associated with deformations of
the distribution of charge of the individual vortons themselves. The possibility of such
deformations leads to a polarizability of the vorton charge and hence to a polarizability of
the BL itself. There are two types of polarization to consider: 1) a spatial shift in the local
charge density (a perturbation displacing δq of the distribution q) and 2) a perturbation in a
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Figure 11. The spatial distribution of electromagnetic charge of the vorton is depicted
here as a sequence of (adjacent) local vectors of charge density. Θ̄ = π/2 (i.e., positive
electric charge) is assumed. Pertubations in the charge distribution that would result in
vorton polarization are indicated by a systematic variation in these local charge vectors.
The relative magnitude of the local magnetic charge is indicated by the dashed line,
that of the local electric charge by the solid line.
a. Perturbation in the local charge magnitude will result in an electric dipole, as
indicated.
b. Perturbation in the local dyality angle will result in a magnet dipole, as indicated.

local dyality angle by δΘ away from the (mean) value Θ̄. These perturbations are depicted in
Fig. 11. It can be seen that perturbations involving δq lead to the usual type of polarizability
(electric charge polarized by electric fields, or the analogue of magnetic charge polarized by
magnetic fields) while those involving δΘ will lead to a new type of polarizability: electric
charge magnetically polarized by magnetic fields, or its analogue, magnetic charge electrically
polarized by electric fields. Full dyality symmetry is maintained.
To assist us in understanding this mechanism we again turn to known physics. In a solid,
the polarization per unit volume52
P =

X

i
Eloc
Ni αi ,

(21)

i
i is the local field at the ith atom, N is the number of atoms of type i per unit
where Eloc
i

volume and αi is the polarizability of an atom of type i. This polarizability leads to the
(relative) dielectric constant
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For a BL, which has a continuous charge distribution, we can replace

(22)
P

i Ni αi

with A,

yielding as an analogue to Eq. (22):

²=

1+
1−

8π
3 A
4π ,
3 A

(23)

where A is the polarizability per unit volume, a parameter deriving from the intrinsic vorton
polarizability, but augmented by the number density of vortons in the BL. We would expect
to have a similar equation for the second type of polarizability with the A replaced by an
analogue quantity B.
It is important to observe that since the vorton charge distribution is smooth and
continuous, we would expect that once we are at wavelengths < ā, A and B would remain
relatively flat up to very high frequency. This transition at ā is similar to those in solids
where there are relevant structural features of the material in question and the physics of
polarizability changes with wavelength accordingly. (cf. Ref. 52, Fig. 7.6). In the case of BL,
however, there is only one such structural feature, which is characterized by the dimension
ā, and hence only one such transition.
The important result that Eq. (23) offers us is that if A or B > 0 (we also assume
that A and B < (3/4π), averting a polarization catastrophe),52 which is what one would
expect, then ² > 1. And furthermore, we can expect ² > 1 to extend up to very high
frequencies—much higher than any that are relevant to our region of interest here.
If one now assumes that the (generalized) permeability of the vorton is negligible (µ = 1),
then the index of refraction
n = ²1/2 ,

(24)

vγ = c/n = c/²1/2 < c.

(25)

and the velocity of light in the medium
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Eq. (25), of course, enables Čerenkov radiation into a medium by a charged particle with a
velocity vp > vγ . Čerenkov radiation, then, is the mechanism proposed for core heating.
To estimate the energy transfer from a fast charged particle to the core as an
electromagnetic medium, we can use the equation for energy loss per unit path length by
Čerenkov radiation:

53

·
¸
vγ2
dI(ω)
e2 ω
= 2 1− 2 ,
dx
c
vp

(26)

vp > vγ ;

(27)

the condition for radiation being

ω is the (angular) frequency of the gamma radiation.
The energy loss per unit path length, then, is
dI
e2
= 2
dx
c

Z

·

¸
vγ2
ω 1 − 2 dω,
vp

(28)

where the integral is over the range of ω for which Eq. (27) is satisfied. Assuming that the
bracket is a slowly varying function, Eq. (28) becomes
·
¸
vγ2
dI
e2
2
2
= 2 ωmax − ωmin < 1 − 2 >,
dx
2c
vp

(29)

where the bracket <> indicates a suitable average over the range of integration. Eq. (27)
ensures that <> is positive. Since there is no small scale structure to the vorton, ωmax can
range up to the full energy of the particle (divided by h̄); ωmin can be set to zero without
introducing serious error. This result shows that energy loss by Čerenkov radiation will
rapidly bring the particle down to the velocity vγ , at which point the Čerenkov radiation
ceases. This is essentially a classical result; this energy enters the core charge as a classical
photon-like “shock wave.”
From Table D-I in Appendix D, it can be seen that decay muons and pions can be
expected to be relativistic, while decay positrons will be ultra-relativistic. Thus, positrons
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Figure 12. Relativistic energy loss by Čerenkov radiation as a function of the index
of refraction n = c/vγ that characterizes the BL core. The particles (e, µ, and π) are
all assumed to start with a kinetic energy of 220 MeV. The Čerenkov threshold (for
220 MeV) is the point at which the curves abruptly rise from the (Loss = 0) line at the
bottom of the figure.

would be much more effective as Čerenkov core heaters. Specifically, for positrons (assuming
a kinetic energy of 220 MeV) the Čerenkov threshold is at n = 1.00000268. For muons and
pions (having the same kinetic energy), it is at 1.057 and 1.085, respectively. In Fig. 12, the
fraction of energy loss by a particle (e, µ, or π) traveling through a BL core is given as a
function of the velocity of light in that core. It can be seen that there is a large range in
the index of refraction for which only the positron contributes to core heating. (The muons
and pions are below Čerenkov threshold.) Furthermore, throughout most of this range, the
positron will give up most of its kinetic energy.
From this discussion, we see that even if there is only a minute amount of vorton
polarizability, we can expect that core heating by nucleon decay (positrons) will be reasonably
efficient. While at the present time there is no reliable way to estimate ², n, or vγ , the use
of a “reasonable” number for vγ is instructive. For vγ = 0.999 c, the Čerenkov process will
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transfer essentially all of the positron energy (but no muon or pion energy) into the BL core.
Using this result and a crude estimate (∼ 3/18) for the fraction of the energy/decay carried
by the decay positrons as indicated in the set of Eq. (200 ) listed in Appendix D, heating
efficiency would be ∼ 15%. That is, ∼ 150 MeV/decay would end up as core heat. (It is
also conceivable that the relativistic and pions would also satisfy the Čerenkov radiation
condition. To the extent that this is true, the the heating core efficiency would be higher.)
About the highest efficiency one could postulate, in which the BL would extract all of the
positron, muon, and pion energies, is ∼ 90%; the neutrinos will always escape with their
kinetic energy. Thus, in rough approximation, we can say that the core heating efficiency
ηch = 10−1±1 .

(30)

The next conceptual step is to enter the quantum domain and assume that the core
degrees of freedom are appropriately analyzed in terms of core excitations or normal
modes.

It is useful to think of these core excitations as analogues to excitations in

solids,54 e.g., phonons, plasmons, photons, etc.Through a variety of scattering processes
(nonlinearities), these excitations will become thermalized,55 and they will then be
characterized by Maxwell-Boltzmann or Bose-Einstein distributions at some temperature.
The details of the thermalization process are not important, as long as the process is
sufficiently rapid to reach something like an equilibrium temperature. This temperature
will then lead to observable blackbody radiation, discussed in the next section.
7. Blackbody Radiation
a. General Remarks
The mechanism that in this model is postulated to be the explanation (for the major
part) of BL luminosity is blackbody thermal radiation from the BL charge. This process
appears to be the most efficient in terms of visible photon energy per nucleon decay, and
perhaps more important, given appropriate circumstances, it can exhibit features that are
in reasonable accord with (the wide variety of) observations.
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Possible other sources for the BL luminosity, i.e., scintillation of air molecules and
electrical or corona discharge, are discussed in Appendices D and E, respectively. But these
sources do not appear to be satisfactory explanations for the major part of BL luminosity;
they have a low energy conversion efficiency into visible photons and they would not be
expected to exhibit the variety of colors that have been reported. That is, their photon
emission derives from radiation transitions between states of specific energy (hence yielding
a sum of specific spectral lines). And while one could argue that the emitted spectral lines
could correspond to one or even a few of the observed BL colors, this process is not consistent
with the wide variety of observed colors and, furthermore, emission in the form of line spectra
does not easily explain observations in which the BL actually changes color.3 In fact, it is
the observation of color changes that is perhaps the strongest argument for a blackbody
radiation mechanism.
b. Color Temperature
As background for this discussion, let us review common experience. We know that as
one heats up a blackbody, at about 800 K one can just barely see (in a darkened room) a dull
red glow. As one continues to heat the blackbody, it changes color from dull red to red to
orange to yellow to white as the peak of the emitted power continues to move on to shorter
wavelengths. These various (perceived) colors, then, are used to define a color temperature
Tc which is (essentially) equal to the temperature of the radiating blackbody. (Optical
pyrometry is based upon this principle.) When the peak of the blackbody thermal radiation
spectrum is in the wavelength defined as green (490 to 560 nm),56 the emitted spectrum is
actually perceived as white light because the emission power per unit wavelength is almost
flat throughout the visible region. As interesting reference points, I note that the range of
equivalent blackbody temperatures that are defined as “white” for the purposes of signal
lights57 is from 3000 to 6740 K. The CIE Standard Source A corresponds to a tungsten lamp
at 2854 K, and is classified as white/yellow. Standard household lamps generally run cooler
than this—around 2400 K. The incandescent spot on the anode of a carbon or tungsten arc
at atmospheric pressure ranges from 4000 to 4250 K.58
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Now turning to BL data, we look at a recently tabulated frequency of observed BL colors
for 4112 events7 :
Color

Percent

White

20.9

Red, Pink

17.7

Orange

23.1

Yellow

20.2

Green

1.4

Blue, Violet

11.4

Mixture

5.3

Thus, we see that blackbody thermal radiation has color characteristics which make a
good match to (most of) the observed BL colors (the exceptions being Green and possibly
Mixture). While there is less data on earth lights, luminosity due to thermal radiation
also appears to be a good match to observation, although green lights are reported here
as well.59 The different observed colors, then, have a Tc which would be directly related to
the temperature of a blackbody radiator, where the Tc will range from 1000 K and up. It is
difficult to set a maximum temperature; it would depend upon whether the luminosity of the
blue BL’s is strictly of thermal origin or not. The color temperature of blue sky is estimated
to be ∼ 2 × 104 K,56 which, since it significantly exceeds the other color temperatures,
constitutes an empirical basis for an argument that there may be nonthermal contributions
to BL luminosity as well.
Thus, it is possible to account for ∼ 90%, or more, of the observed BL colors with a
simple model of blackbody thermal radiation. The green colored BL’s, and perhaps (some
of) the blue ones as well, might be better explained as due to Čerenkov radiation (anyone
who has looked into the water pool surrounding a nuclear reactor will recall the characteristic
green light due to Čerenkov radiation.), or perhaps to gas scintillation. As is apparent from
Eq. (26), Čerenkov radiation tends to have a higher spectral intensity at shorter wavelengths.
This Čerenkov radiation could be escaping gamma rays (perhaps somewhat degraded in
energy) from the original heating mechanism rather than the subsequent thermal radiation.
(Thus, the lack of a complete thermal equilibrium may play a role here.) Also, it is possible
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that absorption processes could be at work, which could distort the originally radiated
blackbody spectra. On balance, while the green and possibly blue BL raise a question,
it should be kept in mind that we are only talking about ∼ 10% of the observations; this
fraction does not seem large enough to reject the general utility of the blackbody thermal
radiation model as an explanation for BL luminosity.
There is one other important set of data which is both consistent with the blackbody
radiator model for BL luminosity and difficult to explain by other models. These data
are the reports of color changes.3 While in the case of BL, only a small fraction of the
observations report this phenomenon, it is so striking that serious skepticism does not seem
warranted. Color changes from an initial red or yellow to a dazzling white ball would in this
model be explained by an increase in the blackbody temperature of the ball. Accompanying
this increase in temperature is a large increase in intensity. (The total power radiated by
a blackbody obeys the Stefan-Boltzmann law60 and is proportional to the fourth power
of the absolute temperature.) However, color change from violet to white has also been
reported. These data do not fit quite so well into this picture because violet has a higher
color temperature than white. Thus, for these reports to fall within the scope of this BL
model, either the perceived violet color might in reality be a very dull red associated with
a low temperature, or perhaps it is due to an mixture from a nonthermal source, e.g.,
Čerenkov or scintillation radiation. (One must also keep in mind that the designation of BL
and earth light colors is by human observers with their attendant errors in perception.) It
is appropriate to note here that there are numerous observations of color changes in earth
lights, and these color and intensity changes appear to be qualitatively consistent with the
hypothesis of blackbody radiation61 and kinetic temperature.62
c. Optical Thickness
An optically thick, blackbody radiator has recognizable features which an alert (and
knowledgeable) observer can discern: 1) when hot enough to radiate, the intensity of
radiation is uniform over the surface, independent of the angle the radiating surface makes
with the line of observation; and 2) when the radiator is too cold to radiate a significant
amount of energy in the optical region, it will completely absorb the (optical) radiation that
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falls on it, manifesting a totally black object.63 Keeping these features in mind, it is possible
to argue that we are (more likely to be) dealing with a blackbody radiator (an optically thick
source) rather than a graybody radiator (an optically thin source); examples of both 1) and
2), above, have been observed. Totally absorbing objects are particularly strong evidence
for the blackbody (versus graybody) model.
As an example of the hot radiator case, a scientist (known to the author) got an excellent
opportunity to observe a blue-white (22 ± 2 cm dia) BL from close range (50 cm) and
concluded from the distribution of intensity over the sphere that it was an optically thick
object.64 And examples of BL in the second category have also been observed.65 Furthermore,
black disks or balls have been seen in conjunction with volcanoes61 as well as with no obvious
source.66 Thus, there is again a unity in the BL and earth light phenomena in that there
exist both hot and cold BL as well as hot and cold earth lights, and this BL model is able to
accommodate in a natural way observations that to date have otherwise evaded explanation.
d. Intensity
1) Problem
While modeling the core of a BL as a ball of electromagnetic charge, that when cold
absorbs like an optically thick blackbody and when hot radiates like an optically thick
blackbody appears to give reasonably good qualitative agreement with observed colors
(including a totally absorbing black) and color changes, there is a serious problem. One
cannot simply postulate enough core heating to put Ts into the range of observed Tc .
A blackbody radiating a characteristic white or even yellow light would be a much more
powerful source of heat and light than BL is observed to be.
A sample calculation will illustrate this problem. The total radiated power P of a
blackbody60 of temperature T and area A is
P = σT 4 A,

(31)

where σ = 5.6686×10−12 W/(cm2 K4 ) is Stefan’s constant. Consider the Jennison report64 of
a BL of 22 cm diameter (spherical area ∼ 1500 cm2 ) and of blue-white color—a typical report.
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If one assumes a blackbody color temperature of 3200 K (which is in the color temperature
range defined as “white”),57 then the total radiated power from this BL (modeled by a
blackbody) would be ∼ 9×105 W, and the power in the visible spectrum would be ∼ 70 kW.
And even if we argued that the color temperature should be reduced by a factor of 2 to
1600 K, putting us in the orange region, we would still be dealing with a BL emitting a total
of ∼ 56 kW with several kW in the visible range. This result is clearly at variance with the
report, for Jennison estimated the optical output to be 5-10 W and stated, “. . . the object
did not seem to radiate any heat.”
Thus, we have arrived at a paradox: the character of the bulk of the observations suggests
that BL and other earth lights are blackbody radiators at some appropriate temperature,
but a straightforward calculation of the total radiated power by such a blackbody using the
appropriate color temperature yields total intensities far too large to be in agreement with
observed intensities of light or heat.
One way around this problem would be to assert that BL (and also earth lights) are
optically thin. But, as discussed in the last section, this is not in accord with with cases of
total blackbody absorption61,65,66 or with the conclusion of Jennison himself. Furthermore,
as we can see from the above sample calculation, to postulate an optically thin or graybody
solution to the Jennison report, for example, would call for a factor of at least 103 reduction
in emissivity and in the optical density of the BL. By the second law of thermodynamics, a
reduction of emissivity, or radiating power, entails at the same time an equivalent reduction
in absorptivity. If this were the case, such an object would be essentially transparent with
no significant ability to absorb incident radiation. As such, it would be almost impossible to
observe unless it were radiating (i.e., totally unsuitable as a model for the black BL and earth
lights). And even in the presence of radiation, Jennison, for example, would have been able
to see right through the BL. In contrast, however, he observed that the BL had “an almost
solid appearance.” Hence, to find consistency, we must look for another possibility in this
BL model for a satisfactory resolution of this contradiction.
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2) Resolution
The possibility of a resolution is found by a closer look a the details of the BL as a
blackbody radiator. Recall that in this model, it is the excitations (of polarization) of the
charge of the BL vortons that are emitting the thermal radiation. But at the same time
these BL vortons, when viewed as a gas, are moving with velocities consistent with their
kinetic temperature67 Tk . These motions will Doppler shift the radiated blackbody energy
to a higher color temperature when they are toward the observer and shift it to a lower color
temperature when they are away. Using Eqs. (3) and (4), one sees that for ground state BL
vortons (and a = 1 cm) these velocities will be relativistic for any
T >

5Q20
∼ 1 K.
2πakB

(32)

Of course, collective effects will tend to increase the effective mass and hence reduce the
velocity of BL vortons, but such effects will be diminished on the “surface” of the BL (lower
vorton density), which is where the observed blackbody radiation would emanate from.
Specifically, the formula for the observed (Doppler shifted) frequency of a photon radiated
from a object moving with a velocity ±β = ±v/c (toward or away) is68
µ

1±β
ω =ω
1∓β
0

¶1/2
≡ Bω.

(33)

Using Eq. (33), it is easy to show that the uniform Doppler shifting of a blackbody spectrum
of temperature T by a Doppler factor B will lead to another blackbody spectral shape
characterized by temperature
T 0 = BT.

(34)

After shifting, the radiated power density, however, will go like BT 4 rather than (T 0 )4 . One
can refine this picture yet further by recognizing that B is not a single number, but will be
taken from a distribution dictated by the kinetic velocity distribution associated with Tk .
Although this process will yield a sum of blackbody spectra (this might also help explain some
of the observed colors and color mixtures), the spectra upshifted by the largest B factors
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will be the most significant and will tend to be those that characterize the observations.
This means that it will be the tails of the (kinetic) velocity distribution that are the most
important. Furthermore, it will be those vortons with the largest radial momentum that will
penetrate to the surface of the BL.
Denoting the effective (weighted) frequency upshifting factor by B̄, one can write
Tc ∼ B̄Ts .

(35)

As discussed above, the weighting process to determine an appropriate B̄ will emphasize
the (low probability) tails of the Tk distribution. The color temperature of a BL, then,
is derived from a blackbody spectrum upshifted (mainly) by the high velocity tails of the
kinetic motion of the vortons. And since it is only the vortons in the tails of the curve that
(effectively) participate (recall, of course, that the tails are sparsely populated), the total
radiated power will still be determined by the temperature Ts . That is, the total power
will still go like ∼ Ts4 . Thus, this mechanism renders it possible to have a Tc appropriate
for blackbody radiation into the visible spectrum and still have a relatively cool, low-power
radiator; the problem is resolved.
As an example, we revisit the Jennison report. Jennison reports an optical output of
5-10 W, which we assume to mean 5 to 10 WW ; 5 to 10 W of true optical output (i.e., optical
photon power) would be equivalent to a tungsten light bulb power rating of 320 to 640 W.69
This would be an extremely bright light—not appropriate to the term “glowing sphere” used
by Jennison. At 5 to 10 WW , or ∼ 10−1 W of actual visible photon power, the Jennison
sighting is roughly 10% of the mean BL value38 of 68 WW (or ∼ 1 W of photon power), which
is shown below to require a radioactivity RBL ∼ 1800 Ci to sustain it. (An 1800 Ci BL
releases a total of 104 W.) Thus, the Jennison BL would have had RBL ∼ 180 Ci, releasing
∼ 1000 W of total power. Using ηch = 0.1 means the core received a heating power70 of
∼ 100 W. Using Stefan’s law, it is easy to show that a blackbody core of 1500 cm2 area and
a temperature of Ts ∼ 370 K will be in thermal equilibrium at this power level.71 Thus, the
estimated core temperature is ∼ 100◦ C or 212◦ F, somewhat above ambient, but not much,
and is consistent with observation, i.e., no noticeable heat. Using a Doppler shift factor of
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B̄ = 10 (β = 0.98), say, would yield a Tc ∼ 3700 K, a reasonable number for the observed
visible spectrum. Using the efficiencies postulated in the next section, one expects 0.1 W
of optical photon power, and the blackbody mechanism of this model has the capability to
give a fully consistent description for this well-reported BL observation.
8. Luminosity Components
a. Blackbody Radiation
In Appendix D, using data for pions stopping in carbon, estimates are made for the
more likely secondary reactions that can be anticipated as a result of the primary nucleon
decays, represented by Eq. (20), taking place inside a nucleus. As described above, it is the
relativistic charged particles (e+ and possibly µ+ and π ± ) that would, in this BL model, be
responsible for the core heating.
For the purposes of estimating the efficiency of the blackbody process, one can use
the approximate efficiency factors of the several steps from radioactive decay, which yields
5.6 W/Ci (see Appendix D), to visible photons:
Core heating efficiency : ηch ∼ 10−1
Doppler upshifting fraction : ηdu ∼ 10−2
Visible fraction of upshifted blackbody spectrum : ηvf ∼ 10−1
This yields an overall efficiency estimate of 10−4 (visible photon energy/radioactive energy
released) for the blackbody process. Using the tungsten lamp efficiency of 0.0156, this
corresponds to 3.6 × 10−2 WW /Ci. Needless to say, this estimate is subject to considerable
uncertainty but it, with observed BL luminosities, can be used to estimate a range for BL
radioactivity RBL .
The range of observed luminosities in terms of a standard tungsten light bulb72 is from
10 to > 200 W. A statistical fit of a sample size of 1918 BL reports to a log-normal distribution
function,38 yields a geometric mean value of 68 WW . It is useful to convert the 68 WW back
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into actual radiated power as visible photons. Again using 0.0156 as the absolute efficiency
factor, we obtain
68 WW → 0.0156 × 68 ∼
= 1 Wvis ,

(36)

which, using the above efficiency factors for the blackbody radiator model, corresponds to
∼ 104 W of radioactive decay power. Again, using the ratio 5.6 W/Ci, one calculates that
the mean observed BL luminosity of 68 WW requires in this model RBL ∼ 1800 Ci to sustain
it. Similarly, the luminosity range of 10 to 200 WW converts to a range in RBL of 280 to
5600 Ci.
b. Scintillation Light
There is also a category of lower energy particles that evolves from the nuclear absorption
of energetic pions of several hundred MeV energy. Before they emerge from the nucleus, these
energetic pions tend to form ∆’s, which in their subsequent decay tend to eject nucleons from
the nucleus. Sometimes these nucleons will pick other nucleons as they leave the nucleus.
In addition, there is simple evaporation of low energy particles from the heated nucleus.
The particles from these processes (p, n, d, t, 3 He, α) comprise a low energy, short range
component of the decay radiation. (Actually, the neutron, being neutral, would be expected
to have a relatively long range – some hundreds of meters, with some fraction traveling
a kilometer or more. And these also should be detectable with suitable instrumentation.)
These particles, mainly those with Z ≥ 2, would generate considerable local ionization,
which would lead to a component of BL luminosity by scintillation of the local air molecules.
The efficiency of this scintillation process is estimated (in Appendix D) to be 3 × 10−6
(visible photon energy/radioactive energy released) with a yield in terms of an equivalent
power rating of a tungsten lamp (WW ) of 10−3 WW /Ci. This is small (∼ 3%) in comparison
to the yield by the blackbody process, estimated above.
c. Corona Discharge
In Appendix E, it is estimated that the corona discharge process will yield
Wvis ∼ 10−6 W/Ci, which is equivalent to ∼ 10−4 WW /Ci. This is considerably smaller
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than direct scintillation light and even less relevant when compared to blackbody radiation.
Hence, in this model, the corona discharge plays no significant role in BL luminosity.
d. Some General Remarks
While these estimates indicate that blackbody thermal radiation would dominate the
light due to scintillation or corona discharge, it is certainly conceivable that scintillation
light might be significant enough to contribute to the observed blue (or green?) in BL, and
also possibly to the appearance of illuminated layers73 around a central BL core. Čerenkov
light may play a role here too.
It is, of course, straightforward to apply this BL model to other luminous phenomena,
e.g., the Hessdalen lights, where a luminosity diameter of a meter or more has been observed,
and the luminous power may range up into the thousands of WW .74 The physics of the
light generation would be the same, but the requisite radioactivity for earth lights would be
proportionately higher. This would result from higher values of Nv and Ld for earth lights.
9. BL Shape
Most of the observed BL are spherical, but there is a significant fraction of other
shapes recorded, e.g.,

elliptical, pear-shaped, disk, cylindrical, etc.1,3,7 Looking into

earth light data, we note that a variety of luminous shapes have also been reported at
Hessdalen.10 While no analysis using this model has been performed on this aspect of
BL, it is worth mentioning that if the poloidal and conventional dipoles of the constituent
vortons should mutually align, in a fashion analogous to ferromagnetism, say, that significant
departures from the most frequently observed spherical shape could be expected.
10. BL motion
It is calculated in Appendix E that the particles ejected from the nuclei constitute a net
positive radial current of Ir = 6 × 10−9 A/Ci. Some (most?) of the particles which comprise
this decay driven current have hundreds of MeV in kinetic energy and consequently will come
to a stop at a considerable distance from the BL. For the region close to the BL, it is also
appropriate to include the protons in Ir , for with a range of 1.4 m, they will stop outside the
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luminous region of the BL. To the extent that these particles escape from the BL core, this
current leaves the core region of the BL negatively charged. This residual negative charge
will induce a counter current flow Ir0 , which will tend to neutralize the (negative) charge. Ir0
will consist of a flow of positive (negative) ions in the air toward (away from) the BL.
It is proposed that this negative residual charge at the BL and the ionic currents that
it induces in the air are major factors in the motion and mobility of the BL (at least when
BL velocities are rather small). For example, in many accounts BL is seen descending from
the clouds. Now it is known that usually the cloud base of thunderstorms is predominantly
negatively charged. In this BL model, then, the electrostatic field from the base of the cloud
would push downward the negative ions generated by the primary nucleon decays induced
by the BL. If the BL were entrained75 by these downward moving (local) negative ions, then
it would descend with them. This downward motion would stop at some height above the
ground when the flow of negative ions (as part of Ir0 ) away from the BL region builds up a
surface charge on the ground that would be of sufficient strength to cancel out the original
field from the cloud. At this point, there will be a vertical equilibrium, but the BL would
still be free to move horizontally. Gentle horizontal drifting motion above the ground is often
observed, as, for example, in Ref. 45.
If the BL is inside a room (as is often the case), then these radially moving negative
ions will deposit on the walls (one assumes that the high energy particles from the nucleon
decay will penetrate the walls and thus be too far away to influence BL motion), and if the
walls are poor conductors, these negative ions will build up a static surface charge. This
accumulation of negative charge on the walls will tend to repel the residual negative charge
at the location of the BL. This effect would lead to the observed motion of BL parallel to the
walls of a room. In addition, one can see that this effect would also account for the fact that
BL often tends to avoid walls and various other solid objects – often opting to go through
an open window or door. This mechanism could also account for the often seen propensity
for a BL to move toward a conductor. If the conductor has a path which tends to drain off
the negative charge to ground, then it, like the open window, will represent a place where
there is no negative charge build-up; the negative charges on other surfaces will push the BL
towards the conductor.
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Rapid motion of BL and earth lights is also often observed. For example, one of the
Hessdalen lights was tracked by radar at a speed of ∼ 8500 m/s or ∼ 18,000 mi/h. Whether
this motion is simply a case of Newton’s first law76 in action (one can only speculate about
the nature of the initial impulse) or the result of some propulsion mechanism is an intriguing
question that needs further consideration.
11. Multiple BL
Occasionally, two (or more) BL are reported in a connected geometrical arrangement.1,65
Similar examples of multiple lights in geometrical arrangement have been reported at
Hessdalen.10 It is evident that, as in Appendix B, an energy minimization can be performed
on this multilight system by augmenting the number of independent parameters to include
not only ri , the radii of the individual lights, but also the distances Rij between the ith and
j th lights. When this is done, for the same reasons as with the ri (cf. Appendices B and
C), one expects to find energy minima (and hence points of stability) with variations of the
Rij . Thus, not only does the mechanism of dyality rotation give stability to the individual
lights, it also can give stability to geometric configurations of two or more lights.
12. BL Decay
And now it is time to consider BL decay, for which purpose it is useful to refer to Fig. 10.
The lowest line can be viewed as a “decay trajectory” for an idealized BL with Tk = 0.
A hypothetical (Tk = 0) BL, when formed, would be endowed with some Ld , and thus be
located somewhere on this Tk = 0 curve. As Ld diminishes due to dissipative forces, the
locus of the BL would move along the curve to the left until it would be on the ωeq = ω0
portion. (For a smaller initial value of Ld , it might even start on this portion). With further
dissipation of Ld , the locus would continue to move to the left, maintaining ωeq = ω0 , until
Ld = 0. In principle, a BL with Tk = 0 would be stable at Ld = 0, but, by Eq. (B-10),
rBL would be infinitely large.
This idealized picture is easily extended to include the effects of a nonzero Tk . This
more general situation is represented in Fig. 10 by the family of Tk > 0 curves, where Tk is a
parameter. Strictly speaking, when these curves are viewed as possible BL decay trajectories
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for physical BL, they would not necessarily be curves of constant Tk ; it is known that BL and
other luminous atmospheric phenomena can vary in brightness as they evolve in time. But to
the extent that Tk doesn’t change as the BL evolves in time, the decay trajectory of a BL or
earth light will move to the left along one of these curves. Finally, as Ld continues to diminish
due to dissipative forces, a threshold will be reached below which the attractive forces due
to the dyality rotation are not strong enough to hold the BL together. This threshold is at
(or near) the entrance to the unstable region: Coulomb repulsion and the kinetic plasma
pressure take over and the vorton plasma disintegrates, dispersing the vortons.
It is possible to envisage scenarios which would be consistent with the two common
modes of observed BL demise: 1) silent demise associated with a decrease in brightness and
diameter, and 2) explosive demise, sometimes preceded by an increase in brightness and a
change in color. It is logical that which mode a BL chose for demise would depend upon one
or more of the BL parameters as Ld approached the threshold for demise. In addition, it can
be seen that there is a possible feedback mechanism which would augment the instability as
Ld approaches this threshold. For example, if the decay trajectory BL in parameter space
(cf. Fig. 10) entailed a reduction in ωeq , then core heating would diminish and the core
would cool and contract. This contraction would increase the Coulomb energy, increase Id ,
and hence reduce ωeq yet further (Ld = ωId is conserved), augmenting the original reduction
in ωeq . This would lead to the silent demise. On the other hand, if the decay trajectory
in parameter space lead to an increase in ωeq , then core heating would increase, expanding
the core. This would cause a reduction of both the Coulomb energy and Id . In this case,
ωeq would increase and again we have positive feedback. The expected sequence in this
case would be further heating and ultimately the possibility of an explosive demise. It is
conjectured that these two scenarios would be differentiated by Tk , as indicated in Fig. 10.
It is of interest to mention here an account76 of E. C. Hendricks describing his observation
of some earth lights at Marfa, Texas: “Prior to the moment that I observed an individual
light to divide into a pair, in each case I recall, the original light grew very brilliant. I began
to anticipate seeing a light divide when I noticed this quick brightening, and it usually did
so.” While earth light division rather than demise is the case here, I suggest that the physics
is much the same as that in the explosive BL demise, just described.
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III. RECAPITULATION
At this point, it is useful to summarize the above discussions by reviewing the salient
features of BL as described by this model. The core, and driving engine, of BL is a coherent
plasma of a large number of vortons. These vortons are scaled to the size of the lightning
channel that created them, and have a size of ∼ 1 cm. Not knowing the source of the vortons
which comprise earth lights (e.g., Hessdalen lights), no scale is assigned. (It is conceivable
that the vortons in earth lights might be relics of lightning produced vortons.)
The coherent dyality rotation of these vortons, acting much like a mechanical flywheel,
not only furnishes coherence forces for the BL, but also catalyzes local nucleon decay. High
energy particles (mainly positrons) from this nucleon decay transfer by Čerenkov radiation
a large fraction of their energy into the degrees of freedom of the BL core, heating the core
to a modest temperature, 320 to 400 K, say. The heated core, acting like a blackbody
radiator, radiates this energy in a Planck blackbody distribution. The relativistic motion of
the individual vortons (also a manifestation of core heat) causes a Doppler shifting of the
frequency of (some of) this blackbody radiation up to Planck distributions with visible color
temperatures (red, orange, yellow, white, and perhaps blue) in accord with (most of the)
observations. It is this Doppler upshifting which enables consistency between the observed
color temperature of BL (Tc of several thousand K) and observed heat and light output of
BL (very limited). The sometimes reported black BL and earth “lights” would be a coherent
core, but one too cool to radiate in the visible range—even with Doppler upshifting. As a
blackbody, it would absorb all visible radiation and manifest itself as a totally black object.
The extensive range in size, luminosity, and lifetime of the BL and earth lights phenomena,
then, can easily be accommodated by the mechanisms of this BL model. Earth lights would
be governed by the same physical principles, but would be comprised of more vortons.
The catalyzed nucleon decays will drive a radial current Ir , which will build up a large
electrostatic potential (105±1 V, say) at the BL location, and also cause the deposition of
electrostatic charges on various surfaces in the vicinity. It is the interaction of electrostatic
fields (from these surface charges and elsewhere) with the local ions that dictates the motion
45

of the BL, causing it to hover, drift, or move erratically. This mechanism would also account
for the predilection of BL to pass through open doors and windows.
It is suggested that various BL and earth light shapes, in addition to the most common
spherical shape, would be made possible by a ferromagnetic-like interaction of the dipole
forces of the individual vortons.
The stability mechanism for individual BL or earth lights also applies to geometric
patterns of multiple BL or earth lights. This fact, then, furnishes an explanation for such
sightings. (One such sighting of three lights in a row was made here at Hessdalen as recently
as last Sunday, before the start of this workshop.)
The lifetime and decay mode of the BL will be governed by a trajectory in BL parameter
space as the angular momentum Ld of the dyality flywheel dissipates. BL’s with a large
initial Ld would have a relatively long lifetime. Depending upon the specific BL trajectory
in parameter space, the demise of the BL can be either silent or explosive. It is suggested
that the division of earth lights, which is sometimes observed, is governed by these same
dynamic principles.
Compiled data gives typical (mean of a log-normal distribution) BL parameters as
follows:38
Parameter

Value

Diameter

19 cm

Lifetime
Luminosity
Distance away

7.9 s
68 WW
3.5 m

Velocity

0.9 m/s
2.5 to 3.6 kJ
7 ×10−7 C
1800 Ci
104 W

Internal Energy+
Electromagnetic charge*
Radioactivity*
Total Power*

+ This estimate derives from BL effects rather than proper measurements; hence, it is

not particularly useful for comparison to this model.

∗ The last three parameters derive from this model.
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IV. ASSESSMENT
At this juncture, having stepped through BL in this model from birth to death, it is
appropriate to make an assessment, confronting the above detailed description with Uman’s
criteria.
1) Constant size, brightness, and shape of the BL for periods up to several seconds.
A mechanism (dyality rotation of the intrinsic electromagnetic charge) that holds the
ball together is an integral part of this BL model. The energy and momentum stored in
this dyality flywheel is central to this mechanism, giving the BL its longevity. In addition,
it would operate to maintain the size of the ball over its (luminous) lifetime. At the same
time, this mechanism catalyzes the release of the energy that results in the luminosity of the
BL. Since dissipation of dyality angular momentum can be expected to be a slow process
(dyality rotation does not furnish the BL luminosity directly, but rather through a catalysis
process), the energy release rate can be expected to be relatively constant while the ω exceeds
ω̄0 . When ω reaches ω̄0 , the nuclear decay reactions and hence the luminosity effectively
cease. Given a sufficiently large initial impulse of dyality torque, this model easily extends
to comprehend the durations of long-lived BL, and even can include the lifetimes of one hour
or more exhibited by the luminous phenomena observed here at Hessdalen.
2) The considerable mobility of the BL.
Once formed, the BL of this model does not depend upon any external power source.
Hence, it has no need to attach itself to anything for sustenance—as does St. Elmo’s fire.
The BL motion will be dictated by the electrostatic forces deriving from the charge imbalance
and radial currents resulting from proton decay. Since the BL is a coherent but detached
entity, it does not need to follow the motion of the local air (wind). One anticipates that
electrostatic forces could easily dominate aeolian forces. BL’s that do not move along with
the local wind are frequently reported. The observations of BL outside of a flying aircraft,
but moving along with it, are even more relevant.1
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3) That BL doesn’t tend to rise.
While it is true that the BL will deposit energy locally in the air, which will raise its
temperature somewhat, the neutral component of this heated air is not “attached” to the
BL. Hence the slightly warmer air would rise unnoticed, as dictated by its buoyancy, without
affecting the motion of the BL phenomenon, which motion is dictated by electrostatic forces,
as described above.
4) That BL can enter houses and other structures and can exist within these structures.
The BL of this model, being an independent entity, will, as described above, go where the
various electrostatic forces move it. The decay driven currents and surface charge depositions
make open windows and doors a favored means of entry and exit. This argument can even
be extended to smaller openings such as keyholes. Being of a very tenuous nature, with
little mass and no strong local interaction forces with matter, the BL of this model can
penetrate (nonconducting) material objects such as glass windows with relative ease. The
amount of damage it would leave depends upon the speed of penetration and the density
of the material; this could vary widely.78 Having a local energy source, BL existence inside
a structure presents no problem.
5) That BL can exist within closed metal structures.
This criterion militates against BL models that draw their energy from some external
electric or electromagnetic source. The Jennison report,64 in which a BL was observed inside
a modern aircraft, is typical as a basis for this criterion. Since the source of energy for the
BL of this model is local (nuclear), this criterion poses no difficulty.
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V. PREDICTIONS
Looking over this analysis, one can see that several unique predictions deriving from
the model are possible. Most of these predictions derive from the fact that in this model
the source of BL energy is nuclear, i.e., catalyzed radioactivity.
The first and, perhaps the easiest to observe (although still not so easy—one has to have
one’s instrumentation within some hundreds of meters of the active BL or earth light) is
that there should be numerous e+ e− annihilations, resulting mainly from the annihilation
of the positron emitted from the original proton decay. (There would also be contributions
from the π + µ+ e+ decay chain and possibly from gamma induced showers as well.) When
numerous such annihilations take place at rest, a characteristic 511 keV gamma line will be
seen. A rough estimate of the detection range of this signature can be obtained by noting
that the radiation length for air at STP is ∼ 300 m. Since the total cross section for a 511
keV gamma ray in air is about twice that at higher energies (which the radiation length
represents), the appropriate range for a 511 keV gamma in air at STP would be ∼ 150 m.
The e+ range prior to annihilation will increase the detection range of this signature.79 If the
source is copious enough, one could expect to detect this signature out to several times
150 m—possibly even to a kilometer for strong sources.
A second prediction is that the neutrons evaporating from the heated nuclei should be
detectable—perhaps as far away as a kilometer or more. (Neutron cross sections are about
half that of the 511 keV γ ray, hence the greater range of possible detection.)
A third prediction is that there should be a copious amount of ionizing radiation in near
proximity to the BL. (To observe this effect, one should probably be within ∼ 10 m, or less.)
A fourth prediction is that there should be some residual radioactivity from BL,
in particular in those cases in which the BL had extended contact with solid materials.
A good possibility for such radioactivity would be the 511 keV and 1275 keV gammas
emanating from 22 Na (half-life = 2.6 y) created from 28 Si in glass or rock with which BL had
come in contact. A rough estimate (in Appendix F) for a typical BL penetrating a window
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pane (in 0.1 s) yields a residual

22 Na

radioactivity of ∼ 3 µCi in the glass. A radioactivity

of this magnitude should be detectable for a number of half-lives.
Fifth, since most of the long range particles will be positive (the nucleus is positive), one
expects the region of the ball to become negatively charged. In Appendix E, the radial current
Ir due to this effect for a BL is estimated to be 6 ×10−9 A/Ci. A “typical” BL, characterized
by an estimated RBL ∼ 1800 Ci, thus would have Ir = 10−5 A. While this current would
tend be neutralized by a radial flow of ions through the air, there would be a remaining
equilibrium electrostatic voltage. However, even though this voltage might be as high as
106 volts or more, such a voltage would be difficult to reliably detect during thunderstorm
conditions—although it is certainly large enough to administer a serious electrical shock.
Sixth, as with any electrical gas discharge, one might realistically expect avalanching
and other unstable variations in ionization due to Ir to lead to electromagnetic interference
detectable on radios and TV’s. It is also possible that vibrational modes of the BL charge
as a whole might be excited, (like the giant dipole resonance in nuclei)80 leading to strong
radio frequency emissions of quasi-line spectra.
A seventh prediction is that due to the dyality rotation, there should be low frequency
oscillating electric and magnetic fields associated with BL. The frequency of this oscillation
would be expected to be a few Hertz. While it would be almost impossible to convincingly
observe such an oscillating electric field in a thunderstorm, it is conceivable that one could
detect a rather small oscillating magnetic field. Using QT OT ∼ 2 × 103 esu for the charge
of a (typical) BL and a minimum detectable oscillation of 10−5 G, peak-to-peak, puts the
maximum detection range of this feature of BL at 150 m. (For every order of magnitude
increase in QT OT the r−2 law dictates a factor of ∼ 3 increase in the detectable range of this
oscillating magnetic field.)
Eighth, one would expect the BL to be a strong radar target, with a radar cross section
on the order of its visible size. Furthermore, there should be a transition between a strongly
reflecting target to an almost completely absorbing target in the vicinity of λ = ā ∼ 1 cm.
Although this model’s prediction of a transition wavelength is new, in view of the very well
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documented data from the Hessdalen Project, the expectation of a strong radar target might
be better termed a retrodiction.

VI. POSSIBLE SUPPORTIVE EVIDENCE
As mentioned earlier, there are already some BL reports that may bear on several of the
above predictions. Also, many of the observations here at Hessdalen can be construed as
supportive of this BL model.
It has been reported81 that several intense bursts of gamma ray activity have been
observed, compatible with the 511 keV annihilation peak, with durations of the order of a
few seconds, the typical BL lifetime. There is evidence, although not conclusive, that (some
of) this activity is associated with thunderstorms. Since this model is also applicable to
earth lights, it is possible that some of the Ashby and Whitehead events were not BL but
rather due to some form of earth light. Of course, to be considered as a proper substantiation
of this model, the 511 keV annihilation data needs to be sufficiently detailed to eliminate
possible competing theories of e+ production.82
It has been reported83 that in lighting triggered events, there are (multiple) prompt
excess neutrons (i.e., ≥ 2). This rate of excess neutrons (2.9%) is (statistically) considerably
above the neutron background rate (1.2%) associated with random triggers. Thus, if one
supposes that these neutrons are due to the BL mechanism described in this paper, one
obtains both a substantiation of this model, and at the same time an estimate BL production
> 1.7% per lighting discharge. (Note that if the lighting trigger range exceeds the
rate of ∼
neutron range, the actual rate will be > 1.7%, while if the neutron range is equal to or
greater than the lighting trigger range, then the value 1.7% is the proper estimate.)
Another paper45 reports a measured radiation level in a gamma scintillation radiometer.
It is not clear what this level is, however. In the original Russian version, the level is given
as 1.2 millirad/h at a distance of 2 m from the BL, whereas in the English translation of
that article, it is given as 1.2 Megarad/h at 2 m. (Something was gained in translation?)
While this latter value is too large to be credible, it still seems to me to be reasonable to
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view this data as indicative that BL manifests radioactivity at some level. There is also an
old report which can be interpreted that BL can induce radiation sickness.84 It is clear that
these suggestive reports need to be confirmed with proper instrumentation before one can
feel assured that the predicted types of radioactivity are indeed present. (There also exist
reports that indicate that BL is not a strong source of radioactivity,85 but again, the best
test is through the use of proper instrumentation.)
It is of interest to examine in the context of this model the “water tub” account.86 As
reported in this account, the BL entered a tub of water, causing the water to boil; the heat
released in this incident has been estimated to be 3 × 106 J. Now in this BL model, one
expects that the nucleon decay rate triggered by the BL will be proportional to the density
of nucleons at the location of the BL. Hence, since water is ∼ 800 times as dense as air, it
is straightforward to estimate that when immersed in water our nominal 1800 Ci BL will
release energy at a rate of ∼ 8 MW. Due to the higher density of water, a good fraction of the
released energy will be deposited locally in the water, heating it. For the sake of argument,
let us take the heating efficiency to be twice that for a BL in air, or ∼ 20%. Thus, the 8 MW
of total available BL power yields a heating power of 1.6 MW. At this rate, it would take
about 2 s for a typical BL to deposit the estimated 3 × 106 J in the water tub. (A smaller BL
would take somewhat longer. Thus, this estimate has enough leeway to take into account
some possible unspecified BL quenching effects in water (or maybe the BL in this instance
was smaller than “typical”). This estimate shows that this BL model offers a consistent
explanation for this particularly intriguing account. There are also other instances of BL
heating effects—for example, a gold ring and polyester material,87 asphalt,88 window glass,78
etc. The same calculation as that done in the water tub incident would apply; the amount
of heating is proportional to the nuclear density of the material and the time duration of
contact with the BL. Thus, the contradiction is resolved: if in intimate contact with a dense
material, BL can generate very large amounts of heat and yet in air it can appear to be
intrinsically a relatively cool object.
There are reports in which observers received an electric shock from contact with a BL.89
The circumstances of these reports appear to preclude the conclusion that the shock derived
from a conventional (linear) lighting stroke. It is clear that the decay driven currents can
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be expected build up electrostatic potentials, and that these potentials would be adequate
to deliver an electric shock upon contact.
As to electromagnetic effects, it is appropriate to mention again the event of Dmitriev.45
He noticed an ongoing static on a small radio while the BL was in the vicinity. Similarly,
during some of the Hessdalen events, a certain amount of television interference was
observed.74
The motion of the compass “after” the event is interpreted in this model as being due
to the coherent, but nonluminous, stage of BL, for which ωeq ∼ ω0 . In the context of
this model, both of these cases, and in particular the latter, indicate that ω0 is a fairly low
frequency; if ω0 were more than a few Hertz, the inertia of the compasses would preclude such
> 1 s−1 , which is consistent
a response. Present day experimental limits29 indicate that ω0 ∼
with these compass observations. Of course, as with the reports of ionizing radiation, these
reports of magnetic effects must be viewed with caution, as there are other BL reports that
tend to refute them.
With reference to the above estimate of ω0 , it is relevant to note the account of Dmitriev
et al.,90 in which a BL was observed to pulsate in size and luminosity with an estimated
frequency of 3–5 Hz. In this model, this would be a consequence of the ω (> ω̄0 ) associated
with the luminous stage. In this regard, it is important to point out that there is a photograph
of a luminous object taken in 1984 here in Hessdalen10 in which the track of the luminous
object was observed to oscillate with a frequency of 7 ± 2 Hz, consistent with the BL model of
this paper. Fig. 13 reproduces this photograph. One possibility to explain these oscillations
in the context of this model would be to assume that this luminous object entered a region
of high electrostatic field, with which the varying electromagnetic charge (due to dyality
rotation at the frequency ωeq ) of the “BL” was interacting. Another more complicated
possibility would be to assume that this earth light was suffering from some kind of dynamic
instability driven at the rate of ωeq , or one of its harmonics. Since the light was observed to
extinguish in the course of these oscillations, one is tempted to speculate that electrodynamic
tidal forces (valid for both these suppositions) caused its abrupt demise.
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Figure 13. Photo taken during Hessdalen project (Fig. A12).10 Reproduced with
permission. The light is moving to the right. After the shutter closed, observers at the
scene noted that the magnitude of the oscillation became much larger, and then the light
abruptly disappeared.
a. The total exposure time (open time of the shutter) is 10 s.
b. Blowup of the last half of the path length.

As support for the prediction of a strong radar target, it should be mentioned that during
February of 1984, the Project Hessdalen10 observers reported numerous radar reflections
from the luminous phenomena—often simultaneously with reliable visual sightings and/or
photographs. The target return strength was on occasion comparable to that of major land
targets. A radar calibration would indeed be most useful for any follow-on project. The
radar cross section could then be measured and compared with other data.
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VII. CONCLUSIONS
In this talk, I have described in some detail a model for BL based upon the vorton
model for elementary particles. This model is able to satisfy the criteria set forth by
Uman. Furthermore, when one investigates the BL phenomenon at greater depth, this model
appears to be robust enough to offer possible explanations for BL size, shape, structure,
lifetime, decay mode, motion, color, color changes, heat, brightness, and (stable) multiple
BL geometries. In addition, many (if not most) aspects of the earth lights, such a those seen
here at Hessdalen, also appear to fall within the purlieu of this model.
Finally, the analysis of this model enables a number of predictions, which were listed
above. The possibility of prediction stem from the (proposed) electromagnetic nature of
BL and earth lights and the fact that their source of energy stems from catalyzed nucleon
decay. Suffice it to say that in appropriate circumstances these predictions should provide a
definite test of this model, and I recommend that any follow-on to Project Hessdalen should
incorporate appropriate instrumentation to try to verify these predictions.
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APPENDIX A
Dyality Rotation of a Single Vorton
The concept of dyality rotation as a degree of freedom naturally entails an associated
angular momentum Ld and energy Ed . As guidance for the understanding of Ld and Ed ,
we can turn to the classical equations for angular momentum and write
Ldi = ωi Idi ,

(A-1)

L2di
ωi2 Idi
=
,
Edi =
2
2Idi

(A-2)

and

where the subscript i indicates an individual or ith vorton. The quantity Idi , then, is a
moment of inertia characteristic of the dyality rotation of a vorton, and ωi = (dΘi /dt) is
the angular velocity of that rotation.
For insight into the nature of the quantity Idi , we note that in mechanics
Z
I=

ρ2 dM ,

(A-3)

which for a point mass M yields
I = ρ2 M ,

(A-4)

where ρ is the distance from M to the axis of rotation. By analogy, for the case of dyality
rotation, the equivalent of the mechanical mass should be proportional to the Coulomb energy
Eci which is the energy associated with the electromagnetic charge of the vorton; after all,
it is the charge that is doing the “rotating.” Using the Einstein relationship,91 then, we write
Mdi = Eci /c2 .

(A-5)

In looking for the appropriate radius to associate with dyality rotation, we recall that
this effect (apparently) violates the conservation of charge, both electric and magnetic.
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Now, since charge violation must be associated with a range on the order of the photon
Compton wavelength, it is reasonable to assume that the (effective) Compton wavelength
of the photon λ–γ is the appropriate length scale (What other scale is there?) and write the
dyality analogue of Eq. (A-3) as
Idi = kI2 λ–2γ Eci /c2 ,

(A-6)

where kI is a constant of order unity, which is included to account for ignorance about this
aspect of vorton physics, e.g., the extent of relativistic corrections, etc. [It is tempting to
√
set kI = 2, which would eliminate numerical constant from Eqs. (A-11) and (B-9), but
such a step is better based upon empirical evidence rather than theoretical prejudice.] It is
appropriate to remark here that the moment of inertia will vary with dyality angle if λ–γe , the
Compton wavelength of the electric photon, and λ–γm , that of the magnetic photon, differ.
But if they are roughly equal, without serious error one may define
2
1
λ–γ ≡ ( λ–2γe + λ–2γm ) ,
2

(A-7)

and then use Eqs. (A-1) and (A-6), to obtain
2

Ldi = ωi kI2 λ–γ Eci /c2 ;

(A-8)

Eqs. (A-2) and (A-6) yield
Edi =

L2di c2
2

2kI2 λ–γ Eci

,

(A-9)

and
ωi2 =
or

2Edi
2Edi c2
=
,
2
Idi
kI2 λ–γ Eci

(A-10)

s

√

2c
ωi =
kI λ–

γ
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Edi
.
Eci

(A-11)

APPENDIX B
BL Coherence Forces

To extend the analysis for a single vorton (in Appendix A) to a collection of vortons,
one merely writes Ld , Ed , and Id , the appropriate (collective) quantities characterizing the
BL, in place of Ldi , Edi , and Idi :
Ld = ωId ,

(B-1)

Ed = (1/2)ω 2 Id = L2d /(2Id ) ,

(B-2)

and
2

Id = kI2 λ–γ Ec /c2 ,

(B-3)

where it is assumed that the individual vortons comprising this collection of vortons (BL)
have a common angular velocity of dyality rotation ω. This assumption is justified below,
where it is shown that due to dyality rotation, there are coherence forces which tend to
synchronize the dyality angles of the constituent vortons. Following Eqs. (A-8) and (A-11),
we write
2

and

Ld = ωkI2 λ–γ Ec /c2

(B-4)

√ r
2c Ed
.
ω=
kI λ–γ Ec

(B-5)

Using these equations to describe the core, it is straightforward to demonstrate that there
is a stable equilibrium point associated with dyality rotation. This point of stability results
from energy exchange in the BL between the (static) Coulomb energy Ec and the (dynamic)
dyality energy Ed . There are other components of energy in the BL, but since they enter as
refinements to the basic electromechanics of BL stability, they are ignored (set to zero) in this
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initial stability analysis. To proceed, then, we consider a BL of Etot = Etot (Ec ; Ld ), where
the functional dependance is such that Ec is (viewed as) a parameter and Ld is specified and
constant. (Ld is a conserved quantity.) Using Eqs. (B-2) and (B-3), then, we write the total
BL energy
2
Etot (Ec ; Ld ) = Ec + Ed (Ec ; Ld ) = Ec + L2d c2 /(2kI2 λ–γ Ec ) .

(B-6)

We now investigate the condition dEtot /dEc = 0 to obtain
2

Ec = Ed = Ld c/(2kI2 λ–γ )1/2 ,

(B-7)

which, since Etot is at a minimum, is a stable equilibrium point. Putting this result into
Eq. (B-5) yields
ω=

√

2c/(kI λ–γ ) ≡ ω0 ,

(B-8)

which is a characteristic dyality rotation frequency for a BL, independent of the number of
vortons that comprise it or the angular momentum that sustains it. This result is generalized
in Appendix C where it is shown that as a result of the kinetic energy in the vorton gas
pressure, the actual equilibrium frequency for a BL, ωeq , will be displaced above ω0 .
In similar fashion, this approach can also be used to calculate the BL radius r at the
stable equilibrium point; instead of Ec as the parameter, one uses r by employing

Ec =

Q2
r

(B-9)

in Eq. (B-6) and then setting dEtot /dr = 0. This prescription yields
√
r=

2kI λ–γ Q2
Ld c

which of course is the condition for Ec = Ed .
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,

(B-10)

We now see the origin of internal coherence forces in this model for BL and earth lights.
Looking again to a mechanical analogue for guidance, we consider briefly the rotating figure
skater. Here we see that there is a centrifugal force given by −dEr /dρ, where Er is the
kinetic energy of rotation. This centrifugal force tends to extend the skater’s arms, increasing
the moment of inertia. The effect is to reduce the kinetic energy of rotation, putting that
energy into whatever object is resisting the centrifugal force (e.g., the skater’s arms). Since
the skater exerts no torque on any external object, angular momentum is conserved in this
process.
In this model for BL, the analogous force is given by −dEd /dχi , where χi is an
appropriate coordinate parameter for an individual vorton, of which there are two interesting
sets. One is the distance ri of the ith vorton from the center of charge of all of the rest of
the vortons, and the other is the dyality angle Θi of that vorton with respect to the mean
(rotating) dyality angle of the rest of the vortons. As with the skater, both of these forces
will tend to increase the moment of inertia of the system, reducing the energy of (dyality)
rotation, while conserving angular momentum. One sees, then, that the force −dEd /dri will
manifest itself as a force of attraction between the vortons of like charge (in opposition to
the repulsive Coulomb force), tending to increase Ec and giving a spatial coherence to the
BL. Similarly, the force −dEd /dΘi will also tend to increase Id and hence Ec . It does this
by synchronizing the rotation of the vortons’ dyality angles. The forces −dEd /dχi are, of
course, opposed by the forces −dEc /dχi . These two sets of forces are at an equality at the
equilibrium point found above at which dEtot /dχi = 0.
In essence, the action of these forces transfers energy between Ed and Ec to minimize
total energy. The result is an equilibrium point at which there exist attractive forces are
strong enough to hold the BL core together in a state of equilibrium (once the core has been
formed).
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APPENDIX C
BL Equilibrium Frequency
It is of interest to explore the stability and equilibrium frequency ωeq of BL when Tk > 0.
To do this, we generalize Eq. (B-6) to include Ek , and write
2

Etot = Ec + Ek + L2d c2 /(2kI2 λ–γ Ec ) ,

(C-1)

where, as described in the text, Ek is the kinetic energy of motion of the individual vortons
in a BL.
Modeling the BL core as a gas, we note that for an adiabatic process the volume V and
temperature T of a gas are related by92
T V γ−1 = K1 ,

(C-2)

where K1 is a constant and γ = cp /cv is the ratio of specific heats. Using VBL = (4/3)πr3
and Eq. (18), we can obtain Ek as a function of r:
Ek =
where

K2
3(γ−1)
r

µ ¶γ−1
N v n k k B K1 3
K2 =
.
2
4π

(C-3)

(C-4)

Thus, as a function of r,
2
K2
Q2
+ 3(γ−1) + L2d c2 r/(2kI2 λ–γ Q2 ) .
r
r

(C-5)

2
Q2 3(γ − 1)K2
−
+ L2d c2 /(2kI2 λ–γ Q2 ) .
2
(3γ−2)
r
r

(C-6)

Etot =
Setting dEtot /dr = 0 obtains
0=−
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Eq. (C-6) can be solved for r = req , but it is more useful to multiply it by r and obtain
0 = −Ec − 3(γ − 1)Ek + Ed ,

(C-7)

Ed = Ec + 3(γ − 1)Ek .

(C-8)

or

Substituting Eq. (C-8) into Eq. (B-5) yields
√

ωeq

2c
=
kI λ–

γ

µ

Ec + 3(γ − 1)Ek
Ec

¶1/2
= ω0 [1 + 3(γ − 1)Ek /Ec ]1/2 .

(C-9)

For a monatomic gas93 γ = 5/3, and Eq. (C-9) becomes
ωeq = ω0

p

1 + 2Ek /Ec .
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(C-10)

APPENDIX D
BL Radioactivity
Simply put, the model for BL radioactivity is catalyzed nucleon decay described by
Eq. (20), where the nucleon is a member of the nucleus of an atom at the location of the BL.
In Eq. (20), one of the quarks in the nucleon makes the transition, but there are two other
“spectator” quarks that still are hadronic in nature; these will lead to nonbaryonic hadronic
debris, i.e., pions and perhaps some kaons. The number, types, and energies of the pions
and kaons released in these reactions are best described by phenomenological distributions.
While detailed knowledge of the π-K distributions is not essential to the concept of the BL
model at this stage, the assumption that a few energetic pions would be emitted appears
quite reasonable and will enable some estimates of the BL energy budget.
For the purposes of calculation, it is assumed that there are produced on the average
two energetic pions (and no kaons) accompanying the lepton in each nucleon decay process,
and that these three particles share equally in the available kinetic energy from the decay.
(A three particle phase space would be more precise, but then one should also include the
possibility of other numbers of pions and kaons as well; sufficient information is not available
to justify such refinements.) Such an assumption should be good to a factor of two or three,
which is quite adequate for the purposes of this appendix. In the same spirit, the following
possible reactions represented by Eq. (20), assuming n = 2 and m = 0, are recorded:
vp → ve+ π + π −
vp → ve+ π ◦ π ◦
vp → vν̄e π + π ◦
vn → vν̄e π + π −
vn → vν̄e π ◦ π ◦
vn → ve+ π ◦ π −
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(200 )

Final states with e− and νe are precluded15 by conservation of QH . Reactions to µ+ and
ν̄µ in the final state are also possible, but their inclusion above would not substantially
change the energetics (although the muons in the final state would be much less efficient
at heating the BL core). For simplicity, it is assumed each reaction of Eq. (200 ) has the
same probability. Further, it is assumed that the leptons escape the nucleus with no energy
loss and that one half of the pions also escape (without energy loss), the other half being
absorbed. (Actually, since the nucleons are decaying inside the nucleus, the pion absorption
rate probably exceeds 0.5, but again at this stage such a refinement is unwarranted.) Since
air is 80% nitrogen, we can assume without serious error that the nucleon decays inside an
14 N

nucleus. When a proton decays to e+ or ν̄e we get

14

N → 13 C + `¯e + 2π ,

(D-1)

where `¯e represents the e+ or ν̄e , and the pions balance the charge. Similarly, when a neutron
decays to a `¯e , we get
14

N → 13 N + `¯e + 2π .

(D-2)

For the purposes of estimation, we assume that the available kinetic energy (MN − 2mπ )
∼ 660 MeV is divided equally between the lepton and the two pions. Thus, we have 440
MeV escaping kinetic energy and 220 MeV + 140 MeV = 360 MeV being absorbed into the
nucleus. The absorbed pion will heat the nucleus, causing a variety of particles to evaporate.
As a basis for core heating estimates, the calculations in Table D-I are useful.
TABLE D-I
Particle

Mass

Total Energy

β

1−β

e±

0.511 MeV/c2

220.511 MeV

0.99999732

2.68 × 10−6

µ±

105.658

325.658

0.946

5.41 × 10−2

π±

139.568

359.568

0.922

7.84 × 10−2
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The calculations for Table D-I assume that the particle kinetic energy is 220 MeV. While one
would realistically expect a distribution of kinetic energies, using a specific energy is useful
for the purposes of comparison.

Data for the absorption of stopped π − in carbon94 indicates that the ejected and
evaporated particles are mainly p, d, t, and α.

(Neutrons were not detected in this

experiment.) From Table 1 of Ref. 94, we list in Table D-II the percent yields per absorbed
pion and the mean kinetic energies of the distribution of particles.

TABLE D–II
Particle

Yield in %

Mean Kinetic Energy

Energy/π −

p

39 ± 7

24 MeV

9.4 MeV

d

30 ± 5

19

5.7

t

20 ± 6

13

2.6

9±3

47

4.2

α

81 ± 24

9

7.3

Li

1.4 ± 0.4

18

0.3

3 He

Using Table D-II, (and assuming the neutron yield equals the proton yield) the total
change in atomic number is ∆A = −5.5, yielding a daughter nucleus with an estimated
mean atomic number of 6.5.

Based upon the above discussion (and assuming that carbon at Z = 6 is indicative of
how nitrogen at Z = 7 and oxygen at Z = 8 will behave), we obtain the Table D-III for the
estimated energy distribution among the various final state particles.
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TABLE D-III
Emitted

Yield per

Kinetic Energy

Typical Range

Particle

Decay

per Particle

in air

charged lepton

0.50

220 MeV

470 m

neutrino

0.50

220

infinite

charged pion (π ± → µ± )

1.0

220

1000 m

gamma(π ◦ → 2γ)

2.0

180

300 m

proton

0.4

9.4

1.4 m

neutron

0.4

9.4

500 m

deuteron

0.3

5.7

35 cm

triton

0.2

2.6

6 cm

3 He

0.1

4.2

∼ 1 cm

alpha

0.8

7.3

4 cm

Z>2

1.0

∼ 20

∼ 5 cm

In order to estimate the (average) kinetic energy of the daughter nucleus, we assume
that 10 percent of the 220 MeV kinetic energy of the emitted pion is internally converted to
kinetic energy of the final daughter nucleus. Consequently, the Z > 2 daughter (this includes
the Li) will have a kinetic energy of ∼ 20 MeV, as is indicated in the Table D-III. (This
is also consistent with the 18 MeV found for the Li kinetic energy as given in Table D-II.)
Thus, ∼ 30 MeV/decay or ∼ 3% of the decay energy will be deposited locally. It is also clear
from Table D-III that one expects that most of the decay energy will be transported by the
high energy particles to some distance from the BL. (Note that a summation of the energy
in the final state particles as tabulated above exceeds the nucleon mass by ∼ 4%, but for
the purposes of this estimate, the implied small normalization adjustment is not useful.)
At this juncture, it is of interest to estimate the contribution of scintillation of the
air to BL luminosity. If we consider, for the purposes of this estimation that Eq. (20) is
proceeding at a nominal 1 Ci rate (3.7 × 1010 decays/s), then the total energy release will be
3.7 × 1010 × 0.94 = 3.5 × 1010 GeV/s = 5.6 W (per Ci), and if there is only the usual energy
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absorption mechanisms active, then ∼ 1018 eV/s or 0.17 W will be deposited locally (in the
air). Based upon calculated scintillation rates for air,95 we use an efficiency factor of 10−4
for the yield of this locally deposited energy (ionization and excitation) into photons in the
visible region (emitted by the resulting ion pair recombinations, and emissions by excited
atoms and molecules). Thus, one estimates a yield 1.7 × 10−5 W of visible photons for the
nominal 1 Ci BL. It would appear reasonable to assert that this estimate is good to a factor
of two or three. Using 0.0156 as the absolute efficiency factor for a typical (25 W) tungsten
light bulb,69 we find that our nominal BL of 1 Ci has a luminance equivalent to a 10−3
Watt tungsten light bulb. We use WW as the unit for this (equivalent) quantity. Thus, the
coefficient for the scintillation component of BL luminosity is 10−3 WW /Ci. The efficiency
for this process (visible photon energy/radioactive energy released) is 3 × 10−6 , quite low in
comparison to the blackbody thermal process discussed in the text.
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APPENDIX E
BL Decay Driven Current
Due to catalyzed nucleon decay, the BL has the character of a current source, suspended
in space. This current, which is due to the excess of long-range positive charges leaving the
BL region, will be radial in flow pattern. Looking at Table D-III in Appendix D and setting
the charged pion excess at 0.1, we estimate that on average (including both signs of pion
charge), there is the equivalent of one high energy positive charge/decay. Thus, a nominal
BL of 1 Ci will drive a radial current
Ir = 3.7 × 1010 × 1.6 × 10−19 = 6 × 10−9 A/Ci.

(E-1)

As one considers larger and larger spheres out from the BL, this radial current (through the
sphere) will diminish monotonically as the radius of the sphere in question exceeds the range
of the high energy (positive) particles which comprise Ir .
Since the BL also creates numerous ion pairs in its vicinity, this (high energy) outward
current will be balanced by radial ionic currents, positive ions flowing toward the ball and
negative ones flowing away. The residual voltage that builds up at the BL to drive these
currents will depend upon the ion density (and ion mobility) in the air surrounding the BL.
Since ionic mobility and density is finite, there will be a voltage build up at the BL. While
under these circumstances, an equilibrium static voltage at the core is difficult to calculate,
it is easy to imagine that this current source can build up a (negative) static potential of 3 to
4 × 105 V, consistent with the value deduced by Dmitriev45 from measured ozone/nitrogen
dioxide ratios. A voltage of −4 × 105 V = −1.3 ×103 statvolts for a BL of radius 10 cm
implies a net ion charge = −1.3 ×104 esu. This is comparable in magnitude to (and probably
somewhat larger than) the QT OT indicated by Eq. (5). It is argued in the text that (for low
velocities, at least) the motion of this negative charge dictates the motion of the BL.
If the driving Ir is large enough, this voltage may be sufficient to create additional local
ionization, that is, it could generate a corona discharge. An estimate of this effect is of some
interest, and, in view of the fact that the corona light is shown to be small, a crude estimate
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should be adequate. Using the current of 6 × 10−9 A/Ci, and assuming Dmitriev’s voltage
and gradient,96 independent of Ir , yields 3 × 10−4 W/Ci. If this power goes into photons
at an efficiency of 4 × 10−3 (the corona process in air is not a very efficient way to produce
visible light), then the visible photon power Wvis = 1.2 × 10−6 W/Ci the equivalent tungsten
bulb power is ∼ 10−4 WW /Ci, an order of magnitude less than the luminance due to direct
local ionization with subsequent scintillation of the air, and yet (at least) another order of
magnitude below the blackbody thermal radiation from the core.
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APPENDIX F
Estimate of Residual Radioactivity
One can use the estimate of the BL radioactivity in air to estimate residual radioactivity
in solid materials that come into contact with a BL. I make such an estimate here for glass
since it is often penetrated by ball lightning, frequently with witnesses present. While the
composition of various types of glass varies considerably, the major component of most
commercial glasses97 is SiO2 . As a result of catalyzed nucleon decay, one expects the silicon
and oxygen nuclei to yield daughter products of lower Z. Upon consulting the radioactive
nuclides listed60
for A < 28 (silicon), we find:
Nuclide

Half-Life

3T

12.26 y

10 Be

2.7 × 106 y

22 Na

2.6 y

For the purposes of this calculation, the most interesting of these is 22 Na. This conclusion
follows from the fact that the mean ∆A in the carbon data was −5.5, and the ∆ A from
28 Si

to

22 Na

is −6. Thus,

22 Na

would be expected to be near the peak of the distribution

of the Z > 2 daughter products from BL catalized decay of

28 Si.

In addition,

22 Na

has a

characteristic signature that would be easy to detect: two 511 keV γ’s and a 1275 keV γ per
22 Na

decay. On the other hand, 3 T and

10 Be

both give off a low energy β − , which would be

more difficult to detect.
The reaction of interest, then, is

28

Si + v → 22 Na + v + X,

where X stands for all other reaction products.
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(F-1)

The number of BL catalyzed decays which yield
Nc =

22 Na

will be given by

ρSi02
VSi02
RBL
KT ηc
ρair
VBL

(F-2)

where ρ indicates density, RBL the radioactivity of the BL in air, V denotes volume,
K = (28/60) = 0.47 is the nucleon ratio of Si in Si02 , T is the time of BL contact with
the glass, and. ηc is the fraction of catalyzed

28 Si

decays which actually yield

22 Na.

In order to make an estimate of Nc , we note that (ρSi02 /ρair ) = (2.20/0.0012) = 1.83×103 ,
assume a window pane 1/800 = 0.3 cm thick and use a “typical” BL with RBL = 1800 Ci.
For the purpose of this calculation, the other factors for Eq. (F-2) are:
2
× 0.3 = π(9.5 cm)2 × 0.3 = 85 cm3 ,
VSiO2 = πrBL

4 3
4π
(9.5 cm)3 = 3600 cm3 ,
=
VBL = πrBL
3
3
T = 0.1 s,
and
ηc = 0.1,
which yield
Nc = 1.83 × 103 × 1800 × 3.7 × 1010 ×
= 1.3 × 1013 atoms of
(N.B. The 2.6 y half-life of

22 Na

22

Na.

is equivalent to a 3.75 y = 1.2×108 s exponential lifetime.)

Using the lifetime of 1.2 × 108 s for
22 Na

85
× 0.47 × 0.1 × 0.1
3600

28 Na,

then, yields an estimated initial decay rate for the

left in this sample of glass:
R(22 Na) = 1.3 × 1013 /1.2 × 108 = 105 /s ∼ 3 µCi.

A radioactivity of this magnitude is not particularly hazardous and is easy to detect.
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The stability of fireballs in a recent model of ball lightning is studied. It is shown that the balls shine while
relaxing in an almost quiescent expansion, and that three effects contribute to their stability: 共i兲 the formation
in each one during a process of Taylor relaxation of a force-free magnetic field, a concept introduced in 1954
in order to explain the existence of large magnetic fields and currents in stable configurations of astrophysical
plasmas; 共ii兲 the so called Alfven conditions in magnetohydrodynamics; and 共iii兲 the approximate conservation
of the helicity integral. The force-free fields that appear are termed ‘‘knots’’ because their magnetic lines are
closed and linked.
PACS number共s兲: 52.80.Mg, 47.65.⫹a

I. INTRODUCTION. BALL LIGHTNING

This intriguing natural phenomenon consists of fireballs
that sometimes appear near the discharge of a normal lightning, maintaining their brilliance, shape, and size up to 10 s
or even more. After that, most end their lives smoothly, others with an explosion. Typically, their diameter is in the
interval 10–40 cm, and their radiance is less than 150 W. A
number of explanations for them have been proposed, but no
one is generally accepted 关1–7兴. In this paper we develop
some aspects of a model proposed by the authors 共to be
called the topological model, or just the model, in the following兲.
Several properties of ball lightning are very difficult to
explain. First is their surprising stability and long lifetime.
Second, since they emit light, it can be expected that something is hot inside, but hot air expands and moves upward,
while ball lightning does not seem to change its size and has
a clear tendency to move horizontally. Third, there is a curious contradiction in witness reports. Some claimed that ball
lightnings is cold since they did not feel heat when it passed
nearby, but others stated that ball lightning is surely hot since
they were burned and had to receive medical attention after
touching it, fires having also been produced in some cases.
These three difficulties seem to indicate that some unknown stabilizing mechanism acts in fireballs, producing
some kind of effective cohesive force. Their appearance near
lightning bolts gives strong support to the assumption that
fireballs are an electromagnetic phenomenon with plasma
and a magnetic field inside them. However, two serious objections have been raised against this idea: the problem of
the output and the problem of the equilibrium. The first is
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that a ball of hot plasma with the observed dimensions would
radiate with a power on the order of 1 MW or more, at least
five orders of magnitude too much. The second objection is
that as witnesses did not report changes in their radii, the
balls seem to be in stationary equilibrium; however, no electromagnetic model with a suitable equilibrium configuration
has been ever found, despite of much effort, because the
magnetic pressure would make it unstable, causing an explosion. Indeed, this argument has a prestigious tradition, since
Faraday himself argued that ball lightning cannot be an electric phenomenon because no electric configuration can remain in equilibrium for such a long time, this being one basis
for some people’s belief that it is just an optical illusion.
Later, the virial theorem was used to rule out such electromagnetic models in which the balls are in equilibrium.
The organization of this paper is as follows. In Sec. II, we
review the basic ideas of a model of ball lightning proposed
by the authors. The concept of magnetic knots and of a
force-free field are introduced in Secs. III and IV. The Taylor
relaxation process is described in Sec. V. Sections VI and
VII deal with the formation and evolution of fireballs in a
topological model. Section VIII discusses why and how an
electromagnetic model of ball lightning is possible, studying
the reasons for the stability and slowness of the expansion of
the fireballs. The good agreement of the predictions of the
model with the observations, as reported by the witnesses, is
explained in Sec. IX, and Sec. X summarizes the results.
II. TOPOLOGICAL MODEL

This paper discusses a recent topological model of ball
lightning that describes this phenomenon as a system consisting of two subsystems in interaction: a magnetic field,
with its magnetic lines linked to one another, and a set of
linked streamers containing a plasma of ionized air. The first
version 关8兴, in which all the ball is ionized, was proposed in
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©2000 The American Physical Society

7182
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FIG. 1. Schematic aspect of several magnetic lines of a magnetic knot. Any two of the six lines shown are linked once. The
same drawing also serves as a representation of the streamers along
which electric currents flow inside a fireball in the topological
model. Note that the hot plasma is confined in a set of linked
streamers like those represented here, its relative volume  being
small, the rest of the ball being at ambient temperature.

1996, and showed something interesting: the linking of
plasma streamlines and magnetic lines has a stabilizing effect, giving a clue as to the long lifetime of the balls. In other
words, the topology of the lines, both magnetic and of current, has a strong effect in the stability of the system. An
important point is that in this model, if the so called Alfven
conditions between the magnetic field and the fluid velocity
and pressure are verified, the system is stationary in the magnetohydrodynamics 共MHD兲 approximation; however it cannot be so in the exact theory, since it can lower its energy by
expanding. However, this first version was too simple and
had two drawbacks: the radiated power was too high and the
ball expanded more than what the witnesses reports allowed.
A second version 关9兴 proposed in 1998 was more realistic. It
assumed the following
共i兲 Only a very small part of the fireball consists of plasma
of ionized air 共on the order of 10⫺6 of the volume for the
average ball兲, this explaining why its overall radiation is low,
similar to that of a home electric bulb.
共ii兲 This plasma is confined inside closed streamers along
which electric currents flow; these streamers are linked, like
those represented in Fig. 1.
共iii兲 A magnetic field with linked lines is coupled to the
streamers.
The agreement of the model predictions with witness reports is striking. However, the model was presented in Ref.
关9兴 by means of particular examples. Here we give a formulation of general validity that is free from this restriction. It is
also based on assumptions 共i兲–共iii兲, and offers a physical
picture for the formation, evolution, and death of the fireballs.
As ours is an electromagnetic model, it must meet the two
objections against that kind of model explained in Sec. I. As
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for the brilliance, since the streamers occupy only a small
fraction of the ball volume 共of the order of one part per
million in the average case兲 the problem of the radiation is
solved: in fact the model predicts outputs of the order of
10–150 W, in agreement with the reports.
Concerning the equilibrium problem, the fireballs are not
stationary in the model but in expansion 共they shine during
their relaxation to a minimum energy state兲. However, this is
a slow expansion, which can be qualified as almost quiescent, in which the radius increases at a slow pace, difficult to
perceive by an excited witness, but nevertheless progressive.
As will be shown in Sec. VIII, the electromagnetic diffusion of the magnetic field and the current 共that would otherwise destroy the structure兲 is hindered by the low temperature of the air between the streamers. Indeed the air must be
heated in order to become a conductor, and this takes time.
In this sense, our fireballs are not purely electromagnetic
phenomena but are submitted to thermodynamical considerations. This is why the virial theorem does not affect this
model, since it cannot preclude such behavior.
Indeed, this paper gives a sounder foundation to the second version of the model, by showing that its stability properties can be understood as a consequence of several effects.
One is 共i兲 the relaxation of the magnetic field to a force-free
configuration, a concept introduced in 1954 in order to allow
large currents and magnetic fields to exist in astrophysical
plasmas 关10兴. This is curious, since it shows that an idea
taken from astrophysics can be applied here on Earth. Others
are 共ii兲 that some solutions for the magnetic field and the
plasma motion obey the so called Alfven conditions, under
which the balls would be stationary in the MHD approximation neglecting radiation 共although they are not so in the
exact theory兲; and 共iii兲 that conservation of the helicity integral. Assuming that the average magnetic field inside the
fireballs is in the range 0.5–0.7 T 共a normal value around
lightning discharges兲, the predictions on brilliance, radius,
energy, and lifetime agree with the values observed by the
witnesses. It must be stressed that it is enough for the validity of the model that these three effects hold in an approximate way.
A warning is necessary here. The model uses streamers
that have short circuited to form closed loops of current.
Although this is perhaps not widely known and might seem
strange, closed loops were observed in fact by Alexeff and
Rader in a beautiful experiment 关11兴 in which they produced
high voltage discharges and observed that above about 10
MV numerous closed loops were formed. They stated that
‘‘they may be precursors of ball lightning’’ and that ‘‘the
loops contract and quickly become compact force-free loops
that superficially resemble spheres.’’ Although they did not
consider the possibility of linked loops, such as those that we
use in our model, we can safely assume that, in a certain
small fraction of cases, some streamers can close as linked
loops under the strongly stochastic conditions around a discharge. In fact, as shown in Ref. 关9兴, closed loops of current
have very surprising properties.
III. MAGNETIC KNOTS

The term ‘‘electromagnetic knot’’ was coined in Ref. 关12兴
to denote a class of electromagnetic fields, solutions of the
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standard Maxwell’s equations, with very curious and intriguing properties. They are defined by the condition that their
force lines are closed curves and that any pair of magnetic
lines, or any pair of electric lines, is a link. This means that,
given any pair of magnetic 共electric兲 lines, each one of them
turns around the other a certain fixed number of times
n m (n e ). In this paper we consider only the case of magnetic
knots, 共i.e., with a vanishing electric field E⫽0), characterized by the linking number n m of any pair of magnetic lines
共noted simply as n in the following兲, which have the aspect
shown in Fig. 1. The electromagnetic fields usually considered have unlinked lines, but those with linked lines have
very interesting and appealing properties, the reader being
referred to Refs. 关12–14兴, where these electromagnetic knots
were studied in detail.
Following the method explained therein, a magnetic knot
can be built by means of a scalar function  (r) that is constant along the magnetic lines. An important quantity in this
context is the magnetic helicity, defined as
h⫽

冕

R3

共1兲

A•Bd 3 r,

where B and A are the magnetic field and its vector potential.
It is easy to show that this integral gives a measure of the
curling of the magnetic lines to one another, this being the
reason for its name 关15兴; thus it cannot vanish if the lines are
linked 关16兴. Conversely, the lines are linked if h⫽0.
We are interested in this paper in the case of a weakly
resistive plasma in the MHD approximation. The following
equation

 j⫽E⫹v⫻B

共2兲

is then verified,  being the resistivity, j the current density,
and v the fluid velocity. By taking the time derivative of Eq.
共1兲, assuming that the field goes to zero at infinity 共i.e., outside the ball兲, it follows that
dh
⫽⫺2
dt

冕

E•Bd 3 r⫽⫺2

冕

j•Bd 3 r.

共3兲

If the product  j⫽0, h is not conserved, in some cases because the lines may lose their individuality as they break and
reconnect. Note, however, that, if  j⫽0, h is a conserved
quantity, even if one of the two factors is nonvanishing at
any point. This last remark will be important later, in Secs.
VII and VIII.
The magnetic helicity is important in the study of tokamaks and astrophysical plasmas. The same idea appears in
fluid dynamics in a different form but with similar properties, as h⫽ 兰 v• d 3 r, v and  being the velocity and the
vorticity 共see, for instance, Refs. 关17,18兴; in fact, the term
helicity was coined by Moffatt in this context 关15兴兲.
A property of integral 共1兲 will be important later. Because
of dimensional reasons, the magnetic field of a time independent knot can always be written as
B⫽

b
L

2

f

冉冊

r
,
L

共4兲
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where L is a length scale, f a dimensionless vector function,
and b a normalization constant with dimensions of magnetic
field times square length 关14兴. The helicity integral is invariant under scale dilatations given by changes in L. Inserting
Eq. 共4兲 into Eq. 共1兲, it is easily seen that h does not depend
on L.
IV. FORCE-FREE MAGNETIC FIELDS

This concept was introduced in 1954 by Lust and Schlute
关10兴 to explain the stability of astrophysical plasmas. A
force-free magnetic field is defined by the condition
共 “⫻B兲 ⫻B⫽0

共5兲

in the MHD approximation 关19兴, which means that the magnetic force on the current vanishes. This is a very important
idea to understand the evolution of a system with linked
magnetic lines and linked streamers, as we will see in the
following. Chandrasekhar and Woltjer showed a long time
ago that force-free fields are among the fields with maximum
magnetic energy for a given mean square current density
关20兴. In other words, they can sustain large magnetic energies. In a MHD approximation with infinite conductivity,
Woltjer showed the same year that ‘‘force-free fields represent the lowest state of magnetic energy which a closed system may attain.’’ As we have seen, the helicity integral must
be conserved in this case, so that he looked for the minimum
of the magnetic energy with that constraint, introducing the
corresponding Lagrange multiplier . The variational problem is then

␦

冕

d 3 r 关共 “⫻A兲 2 ⫺A• 共 “⫻A兲兴 ⫽0,

共6兲

the solution verifying
“⫻B⫽B,

共7兲

with constant . We see that the solution is a force-free
magnetic field. Intuitively, we can say that, as the Lorentz
force vanishes, the magnetic energy must be a minimum,
since it cannot be transformed into motion energy of the
plasma.
Some time later, Voslamber and Callebaut 关21兴 provided
an important precision by showing that 共i兲 what had been
proved really was just that all the extrema of the energy
functional of a magnetic field coupled to a plasma are force
free 共and, vice versa, that force-free fields give extrema兲; but
共ii兲 these extrema are not necessarily minima: there are some
exceptions which can lead to instabilities. Nevertheless, two
properties are still valid and must be retained: 共a兲 all the
minimum energy states are force-free fields, and 共b兲 ‘‘forcefree fields may contain a huge amount of energy’’ 关22兴.
To summarize the results of Chandrasekhar and Woltjer
and Voslamber and Callebaut, a magnetic field coupled to a
plasma decays to a minimum of the energy, which has a
force-free configuration. This final state is stable because, as
the magnetic force on the current vanishes, the system cannot lose energy by rearranging its streamlines. The relevance
of these ideas to ball lightning is clear if we accept that there
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is a magnetic field inside. Indeed, the main obstacle to ball
lightning theory is to account for its surprising stability.
Force-free fields have an interesting property with pertinent consequences. Let us consider a force-free magnetic
knot coupled to a plasma. In the magnetohydrodynamical
MHD approximation, the motion inside the streamers is described by the Navier-Stokes equation coupled to the Maxwell equation for the magnetic field. If v is the plasma velocity, p the pressure and  the density, these equations are

冉

冊

v
1
B2
1
⫹ 共 v•“ 兲 v⫽⫺ “ p⫹
⫹
共 B•“ 兲 B,
t

20
 0

共8兲

B
1
⫽“⫻ 共 v⫻B兲 ⫹
⌬B,
t
0

共9兲

where  0 ⫽4  ⫻10⫺7 Wb/A m is the vacuum magnetic
permeability, and  the conductivity. If  ⫽⬁, the following
is a stationary solution of the system of equations 共8兲 and 共9兲:
v⫽⫾

B

冑 0 

, p⫹

B2
⫽const.
20

共10兲

关Conditions such as Eq. 共10兲 on the solutions were first considered by Alfven in 1942, when studying hydromagnetic
waves.兴 The last term in Eq. 共9兲 produces a difusion of B if
the conductivity is finite. It will be seen that its effect becomes progressively more important along the life of the
fireball, as the resistivity increases.
Because in a force-free magnetic field B and j⫽“
⫻B/  0 are parallel, the first Alfven condition 关Eq. 共10兲兴
states that the velocity and current are parallel in the MHD
approximation. This property will be important later: in a
force-free magnetic field the Alfven conditions imply that
both the electron and the ions move along the magnetic lines
共in opposite directions兲. We will assume in this work that
conduction inside the balls proceeds along streamers, which
will carry positive and negative charges along the same
channels. Note also that these streamers cannot be cut by the
pinch effect, since the Lorentz force vanishes in a force-free
magnetic field.
To end this section, two remarks are in order. First, the
final state with a force-free configuration has a finite minimum energy if the system is inside a container. If this is not
so, the final relaxed state has zero energy 共note that in astrophysical applications the containment is often provided by
the gravity兲. As will be explained in Sec. V, we assume in
our model that the balls first reach the force-free configuration at a finite radius, and thereafter continue to decrease the
energy by expansion and radiation.
Second, the radius of the balls L must be defined as that of
the smallest sphere that contains all the streamers, since it
coincides with the bright region. Obviously, the magnetic
field extends farther than L, going to zero at infinity. Because
of Eq. 共9兲, the streamers are stationary in the ideal MHD
approximation if the Alfven conditions 关Eq. 共10兲兴 are verified
along them 共for r⬍L). The magnetic field must also be stationary in this approximation, as it is ‘‘attached’’ to the
streamers 共in the sense that “⫻B⫽  0 j). However, as will
be seen, the system of streamers and magnetic field cannot
be in a stationary state in the exact theory, since it can lower
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its energy by expanding its radius L. But this shows still that
the Alfven conditions have a stabilizing effect on the system,
even if they hold only in an approximate way inside the
sphere of radius L, and notwithstanding the fact that the gradient of magnetic pressure is high at some places for r⬎L
共where B decreases quickly兲.
V. TAYLOR RELAXATION

The problem of evolution toward the relaxed final state
with minimum magnetic energy was solved by Taylor 关23兴.
He considered a plasma as a conducting fluid with small
resistivity and viscosity. Even with these simplifying assumptions, its interaction with a magnetic field is very complex, especially if there is turbulence. Nevertheless, it is possible to give predictions about the plasma behavior, because
the combined effect of the turbulence and the resistivity,
even if small, is to dissipate energy, allowing the plasma to
reach a state of minimum energy, ‘‘the relaxed state,’’ in a
process taking place in a time shorter than the usual resistive
time. Taylor developed the theory of this relaxation 关23兴 and
applied it successfully to diverse situations, including tokamaks and astrophysical plasmas.
A perfectly conducting plasma can be understood as an
infinity of intertwined flexible conductors. The energy must
be minimized under adequate constraints. With no constraints, the minimal energy state would be a vacuum field
without current. However, if the plasma is a perfect conductor,  ⫽0, there is an infinity of constraints: the fluid moves
in such a way that each line maintains its identity 共no breaking or reconnection of lines兲, the strength of any magnetic
tube being constant. In this case, one has
E⫹v⫻B⫽0,

共11兲

A
⫽v⫻B⫹“  ,
t

共12兲

which leads to

 being a scalar potential. Let A⬜ and A储 be the components
of A normal and parallel to B. It is clear that a change in A⬜
can be absorbed in a redefinition of v, so that Eq. 共12兲 imposes a constraint on A储 , although not on A⬜ , since it implies
B•“  ⫽B•

A
.
t

共13兲

A convenient way to express these constraints is to divide
the volume in infinitesimal tubes surrounding closed magnetic lines, and stating that the quantities
h共 ␣,␤ 兲⫽

冕

␣,␤

A•Bd 3 r

共14兲

are invariant ( ␣ and ␤ labeling the magnetic line兲. The effect
of this infinity of constraints is that the linking number of
any pair of lines does not change in a perfectly conducting
plasma. Now, to minimize the magnetic energy,
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W⫽ 12

冕

共 “⫻A兲 2 d 3 r,

共15兲

submitted to constraint 共14兲, a Lagrange multiplier ( ␣ , ␤ )
must be introduced. It then turns out that, for a perfectly
conducting plasma, the equilibrium state satisfies
“⫻B⫽ 共 ␣ , ␤ 兲 B,

共16兲

where  is a certain function verifying B•“⫽0. Note that
Eq. 共16兲 proves that B is a force-free magnetic field.
However, there is a problem because, in order to determine the Lagrange multiplier, the invariants h( ␣ , ␤ ) have to
be calculated first, this implying that the final state 共16兲 is not
independent of the initial conditions. This would not be a
relaxation process.
We escape from this problem taking into account that the
conductivity of a real plasma is not infinite. This is important
because the topology of the force lines does change in the
presence of resistivity, however small: the magnetic lines
break and reconnect. This happens even if the resistive diffusion time is long and the flux dissipation is small. The
consequence of this is that, in a resistive and turbulent
plasma, the magnetic tubes do not maintain their individuality, the topological invariants h( ␣ , ␤ ) no longer being useful
because it is not possible to keep the label ( ␣ , ␤ ) of the lines
during the entire relaxation process. Nevertheless, the addition of all the invariants, which is equal to the helicity integral h⫽ 兰 A•Bd 3 r, is still a good invariant as long as the
resistivity is small.
In order to obtain the relaxed state in a weakly resistive
plasma, Taylor minimized the magnetic energy, taking as the
only constraint the invariance of the total magnetic helicity
关Eq. 共1兲兴, the integral being extended to all the volume occupied by the plasma. He found that the magnetic field satisfies
“⫻B⫽B,

共17兲

where  is now a constant uniquely determined by the helicity and the total flux 共in a torus, this would be the toroidal
flux兲. What is important here is that the final relaxed state is
a force-free magnetic field that cannot dissipate any more
energy through the action of the Lorentz force. It is true that
the Lorentz force does not work over a particle in empty
space, but dissipates energy by moving the current of lines.
To understand this point, let us imagine the currents as flexible conductors in a viscous medium, as suggested by Taylor.
But the system can still lower its energy by radiation.
As a final comment for this section, it must be remarked
that Taylor developed his model for systems in a container.
If there is no boundary, the system must relax to zero energy,
expanding to an infinite radius. We assume in this work that
the force-free condition is reached first at a finite radius L 0 ,
the expansion going on afterward.
VI. FORMATION OF THE FIREBALL

It must be remembered that air does not conduct as a
continuous medium. Quite the contrary, lightning or arc discharges proceed along lines well defined and separated from
one another, the so called streamers, which are very narrow
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channels where the air is highly ionized, the charges moving
along them with great mobility 关25,26兴. They are indeed thin
tubes of highly conducting plasma. As a consequence of the
previous considerations, the formation of the fireball in the
topological model would consist in two steps: linking of the
lines and relaxation to a force-free configuration.
共1兲 Linking of the lines: Near the discharge of ordinary
lightning, where air is ionized and many currents along
streamers are formed, the joint effect of powerful electric and
magnetic fields may cause some streamers to short circuit
and link to one another, generating closed loops, which behave as highly conducting linked coils 共let us stress that, as
indicated above, closed streamers is an observed phenomenon 关11兴兲. The magnetic lines are also linked, the system
being characterized by the nonvanishing value of the magnetic helicity.
共2兲 Relaxation to a force-free configuration: Along a process similar to the Taylor relaxation described in Sec. V
共with the only difference that the current flows along well
separated streamers兲, a state is formed very rapidly that consists in a force-free magnetic knot coupled to the plasma
inside the streamers. The plasma is hot enough to assume
that the nonvanishing helicity integral is conserved 共as has
been explained, and will be discussed further in Sec VIII兲.
As shown at the end of Sec. IV, because of the force-free
condition (“⫻B)⫻B⫽0 and the Alfven condition, the magnetic field is parallel to the current in such a way that ions
and electrons move along the same streamers in opposite
directions. Consequently, the streamers and magnetic lines
have the same linking numbers, both having the aspect of the
lines in Fig. 1. The formation of this very tangled structure
marks time zero. Let  be fraction of the ball volume V
occupied by the plasma 共i.e., the fraction of the ball volume
occupied by the ionized hot air that form the streamers is  ).
As the rest of the ball is at ambient temperature, the radiated
power is proportional to  . In the average case considered
below  turns out to be of the order of 10⫺6 , i.e., about 1
ppm.
VII. EVOLUTION AND DEATH OF THE FIREBALL

As will be seen below, once the fireball is formed in an
extremely short time, it begins a slow expansion 共which can
be qualified as almost quiescent兲 if the helicity is nonvanishing, i.e. if there is linking of magnetic lines and streamers.
Let us explain why.
During the almost quiescent expansion, the system appears as a fireball. Note that, even if the streamers are inside
a certain sphere, the magnetic field extends farther, although
going to zero at infinity. Such an open system cannot be in
equilibrium 共contrary to a plasma inside a container兲, so that
an expansion starts since its magnetic pressure cannot be
completely compensated for. The balance of energy imposes
the equality of 共a兲 the energy that the ball loses by expanding, and 共b兲 the energy that it radiates away and that produces its brightness. The magnetic plus kinetic energy can be
expressed, for dimensional reasons, as

E⫽

b 2g n
,
 0L

共18兲
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effective radius of the distribution of magnetic energy at t
⫽0. If L B ⫽2L 0 , then B a v ⬃B 0 /4; if L⫽1.5B 0 , then B a v
⬃B 0 /2.6. This is important: the typical value of the magnetic
field inside the ball is smaller than B 0 and, more importantly,
the same can be said of the magnetic field where the gradient
of magnetic pressure is larger, which certainly occurs outside
the border of the visible ball.
The ball therefore expands to decrease its energy. We
assume that the expansion is adiabatic; as the air inside the
streamers is a monoatomic gas at the temperature that we
consider, its adiabatic parameter is ␥ ⫽5/3, the temperature
then varying as T⫽T 0  ⫺2 :
FIG. 2. Power density vs temperature P ⬘ (T) emitted by a
plasma torch 共after Ref. 关24兴兲.

g n being a dimensionless quantity depending on the functional form of B(r) and the linking number n of the magnetic
knot, and L the radius of the ball as defined at the end of Sec.
IV. This expansion can be considered part of the relaxation
process, since, as the system is open, the minimum energy
compatible with the helicity conservation is zero 共corresponding to L⫽⬁).
The temperature of the plasma in the streamers is assumed to be in the interval 15 500–18 000 K, where there is
a shoulder in the experimental curve P ⬘ (T) of the power
density radiated by the plasma versus the temperature 关24兴
共see Fig. 2兲. This explains why the fireballs retain their constant brilliance: if the emission is due to a plasma inside the
ball in this range of temperature, it can radiate for some time
without appreciably decreasing its brilliance, as far as it is in
the shoulder. This is precisely what happens with fireballs:
although something is surely cooling inside them, witnesses
did not report a decrease of their brightness. As the expansion can be assumed to be adiabatic, the radius L is proportional to 1/冑T, this being the reason for the slowness of the
expansion as far as the streamer temperature is in the shoulder. Note, moreover, that this is a plausible range for the
temperature, since it is known that the peak temperature in
the leader step of an ordinary lightning is in the range
25 000–30 000 K 关3兴. However, the streamers cool in this
expansion, the consequent decrease of the conductivity producing a helicity loss that eliminates the constraint imposed
by the conservation of h 共see Sec. VIII兲. As a consequence,
the structure is eventually destroyed, and the fireball ends its
life.
Let a force-free magnetic knot coupled to the plasma in a
ball be formed at t⫽0. Its energy E⫽ 兰 B 2 /2 0 d 3 r 共where
the kinetic energy of the plasma has been neglected because
of the small volume of the streamers兲 has the form of Eq.
共18兲. It can be written as E⫽B 20 L 30 /  0  , where  ⫽L(t)/L 0
is the radius divided by its initial value. This expression
serves as a definition of B 0 , which we call ‘‘the effective
magnetic field.’’ Note that B 20 is larger than B 2a v , the average
value of B 2 at a time t⫽0 . In fact, B 20 would be equal to the
average value of B 2 at a time t⫽0 of a distribution of magnetic energy that would be confined in a sphere of radius L 0 ,
and would have the same total energy. Indeed, as the magnetic field extends necessarily farther than the ball radius L
共as explained above兲, the typical value of B inside the ball is
approximately of the order of 3B 20 L 30 /2 L B3 , L B being the

E⫽

冉 冊
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共19兲

If  is the fraction of the ball volume that is hot 共i.e., the
volume of the streamers divided by the volume of the ball兲,
the system loses energy according to
dE
⫽⫺  P ⬘ 共 T 兲 V,
dt

共20兲

where V⫽4  L 30  3 /3 is the ball volume, from which it
follows1 that
⫺qB 20

TdT
P ⬘共 T 兲

⫽dt,

共21兲

with q⫽3/(8   0 T 20 ).
Consequently, as the ball expands, its radius L⫽  L 0 increases, the energy decreases, and the temperature evolves in
time according to the law
⫺qB 20

冕

T

TdT

T0

P ⬘共 T 兲

⫽t.

共22兲

As will be seen in Sec. IX, this equation predicts an slow
expansion with a lifetime on the order of seconds for average
magnetic fields of the order of 0.5 T. We must emphasize
that Eq. 共22兲 is valid for all balls with the same values of B 0 ,
 , and T 0 , independently of the particular expression of the
magnetic field B(r). For this reason, all the numerical results
obtained in Ref. 关9兴 for a particular example are valid in the
general case shown here. It must be stressed that the forcefree configuration is the natural relaxed state, so that Eq. 共22兲
applies to any linked ball 共although the phenomenon was
illustrated for simplicity in Ref. 关9兴 through an example that
is not a force-free field兲. The lifetime can be defined as the
time during which a ball remains in the shoulder of P ⬘ (T)
共since it cools down quickly afterward兲. Assuming that the
ball begins at the higher border of this shoulder, the energy

1
In Ref. 关9兴, where this calculation was first given, there are regrettably two misprints: the factor  is explained in the text but is
lacking in the expressions for dE/dt and q 共noted there as ␥ ), and
the exponents in the expression for V appear as 2 instead of 3.
However, the computation does make use of the right expressions,
and is correct.
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density only depends on B 0 , and the lifetime on B 0 and  .
They do not depend on other characteristics or on the functional form of the magnetic knot.
VIII. REASONS FOR THE ALMOST QUIESCENT
EXPANSION OF THE FIREBALL

An open system of a plasma and a magnetic field cannot
be in equilibrium, this being the main difficulty to construct
an electromagnetic model of ball lightning. However, in the
topological model, the balls are not in stationary equilibrium
but in slow expansion, termed also as almost quiescent expansion 共hardly appreciable by the excited witnesses兲. In this
section, we consider three reasons for the slowness of the
expansion: the formation of a force-free configuration for the
magnetic field, the Alfven conditions, and the conservation
of the helicity integral. We stress again that it suffices that
these three stabilizing effects hold approximately.
The formation of the force-free configuration after an almost instantaneous Taylor relaxation 共as discussed in Sec. V兲
is important because the Lorentz force vanishes in such a
state and the streamers cannot be cut by the pinch effect. In
a different configuration, it would be impossible to have
streamers that last for several seconds. Note that the forcefree configuration is not an ad hoc hypothesis, but corresponds to states with minimum energy, and appears naturally
in relaxation processes in astrophysics and tokamaks.
To assess the importance of the Alfven conditions 关Eqs.
共10兲兴, we must emphasize that the magnetic ball 共the region
where B is appreciably different from zero兲 is larger than the
visible ball 共the smallest sphere that contains the luminous
streamers and has radius L). It follows from Eq. 共9兲 that, in
the MHD approximation, the streamers are stationary if the
Alfven conditions hold along them 共even if these conditions
are not verified or are meaningless outside the streamers兲. Of
course, they cannot really be stationary for two reasons: the
balls can lower their energy by radiation and expansion, and
the resistivity, although small, is not zero. However, it is
clear that the Alfven conditions provide a stabilizing effect.
Note the following: 共i兲 The charges spiral around a magnetic
field; in our case they move parallel to it 共as noted in Sec.
IV兲, which is a particular case of spiral motion. 共ii兲 In the
force-free configuration reached after the relaxation, the
magnetic field, the fluid velocity, and the current are parallel.
and 共iii兲 The magnetic field is ‘‘attached’’ to the streamers by
the equation j⫽“⫻B/  0 , so that if the streamers are stabilized, the same thing happens with B, even if the region with
higher magnetic pressure is outside the streamers.
Let us consider now the effect of conservation of the helicity integral. Two questions must be well understood: 共i兲
the reason why the helicity is approximately conserved, and
共ii兲 why this has a stabilizing effect.
共i兲 The time derivative of the helicity is given by Eq. 共3兲.
The product  j is zero outside the streamers since no current
flows there. It is small inside them, since the conductivity is
high at the temperature interval that we consider. Moreover,
the volume of the streamers is very small 共as will be seen, of
the order of about 1 ppm of the total volume of the average
ball兲. However, these facts by themselves do not guarantee
that the helicity is conserved long enough. In order to understand what happens, we must consider Eq. 共9兲. If Alfven
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conditions hold, it is a diffusion equation of the type  u/  t
⫽  ⵜ 2 u. As j⫽ⵜ⫻B/  0 , the current would diffuse with the
magnetic field in such a way that the streamers would widen
and the structure be destroyed. The conductivity inside the
streamers at the temperature range that we are considering is
of the order of  ⬇10 4 Ohm⫺1•m⫺1, so that  ⫽1/   0
⬇80 m2/s. With this value, the diffusion would be too rapid:
a simple calculation shows that the streamers would widen
and be destroyed too quickly for the model to be correct.
This is the same conclusion reached after a naive application
of the virial theorem.
However, the previous argument misses an important and
essential point: there is a conflict of two diffusions. In order
for the current j to diffuse and widen the streamers, the air
between them, which is initially at ambient temperature,
must be heated several thousands of kelvin 共as current cannot
flow in cold air兲. In other words, the diffusion of the magnetic field and the current cannot take place until the thermal
diffusion paves the way. As it is clear that the thermal diffusion is much slower than the electromagnetic one, there is
a conflict between the two diffusive processes, in such a way
that the time necessary for the heating of the air delays the
process of helicity loss and increase the system lifetime by a
factor of several orders of magnitude.
In conclusion, the assumption that the helicity is approximately conserved is justified.
共ii兲 As emphasized above, the conservation of the helicity
poses a constraint on the expansion velocity. This is because
it closes many decay channels for the balls, this being the
reason for its stabilizing effect. The expansion of the ball
with L⫽L(t) in Eq. 共4兲 is clearly allowed by the helicity
conservation, as noted at the end of Sec. III, even if h⫽0.
On the other hand, this conservation blocks other relaxation
channels for which h is not conserved, making more difficult
the dissipation of the ball. Let us be precise. Consider the
more general class of decays, which would be in principle
possible, such as
B⫽

bL k0
L

k⫹2

f

冉冊

r
,
L

共23兲

with L⫽L(t) increasing in time, which correspond to the
same initial magnetic field. The variation in time of the helicity under expansion 共23兲 is
h共 t 兲⫽

h共 0 兲
L 2k 共 t 兲

.

共24兲

As we see, the helicity is only conserved if k⫽0. We must
now compare the two cases of 共a兲 a linked ball, h⫽0; and 共b兲
and unlinked ball, h⫽0. If h⫽0, all but one of these expansions are blocked; the only case allowed by the conservation
of the helicity is k⫽0, which is the expansion 关Eq. 共4兲兴 just
considered, the evolution being given by 关Eq. 共22兲兴. As will
be shown in Sec. IX, it is a slow decay.
On the other hand, if h⫽0, all the expansions 共23兲 are
then compatible with the conservation of the helicity. None
of the channels is blocked.
Note that, repeating the calculations leading to Eq. 共22兲,
with Eq. 共23兲 instead of Eq. 共4兲, we obtain
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共25兲

that reduces to Eq. 共22兲 if k⫽0. As seen, t→0 in the limits
k→⫺1/2 and k→⬁, which means that the expansion is instantaneous in those limits. Note that in both cases the system traverses the shoulder in zero time; if k→⬁, the relaxation consisting of the magnetic field goes to zero
instantaneously. However, these expansion modes are forbidden by the helicity conservation, if h⫽0.
As seen, there is no ball lightning without linking and
helicity, since the system decays too rapidly to be seen. Otherwise stated, linked balls live longer that unlinked balls.
Note that we do not claim that Eq. 共23兲 gives the exact
modes of decay, but just particular expansions that show the
tendency of the balls to expand much more quickly if there is
no linking. It must be remarked, moreover, that the assumption of a spherically symmetric expansion is an approximation of the more complex behavior of real cases, in which the
magnetic energy density is not spherically symmetric.
We conclude this section by stating that the virial theorem, which has been used to disprove some electromagnetic
models of ball lightning, cannot be applied here because our
balls are not in stationary equilibrium. This theorem does not
preclude the almost quiescent expansion of our model.
IX. DISCUSSION OF THE MODEL

According to Smirnov 关27兴, the average values of the diameter, power emitted and lifetime of ball lightning are 2L
⫽(28⫾4) cm, P⫽(113⫾16) W, and  ⫽100.95⫾0.25 s, respectively. To test the model, we will consider, therefore, the
case of a ball of radius L⫽15 cm, emitting a power P
⫽100 W, and calculate its lifetime. We assume radiation
emission at local thermodynamic equilibrium, and conveniently take the data from argon plasma torch measurements,
the most extensively studied case, where the experimental
result are best known 关24兴, as described in Fig. 2. Equivalent
data in air are known to differ by no more than 10%, which
is acceptable at our precission level. A part of the radiation is
bremsstrahlung; the rest comes from atomic lines between
excited states, from the excited states to the ground state, and
from transitions from the continuum. Note the shoulder between about 15 500 and 18 000 K, where the power is almost
independent of the temperature. Also that 1 cm3 of air at this
temperature range emits about 5500 W.
Assuming that the streamers inside the ball stay within
that temperature range, the power radiated will be almost
constant as far as the system remains in the shoulder, even
while the streamers temperature decreases. This explains the
amazing constancy of the brightness of ball lightnings in our
model.
The streamers occupy in this second version of the model
a very small part of the ball volume. Assuming a temperature
of 18 000 K, as 1 cm3 of air emits 5500 W, if the power is
100 W, the volume of the streamers must be 1/55 cm3 : just a
proportion of about  ⫽1.2⫻10⫺6 of the ball volume is ionized and hot. Assuming that the streamers diameter is in the
range 50–200  m, their total length is between about 60 and
900 cm, approximately. In general, it is to be expected that

FIG. 3. Shape of the curve P(t), power radiated by the ball vs
time, for three values of the magnetic field: B 0 ⫽1 T 共thin line兲,
B 0 ⫽2 T 共medium line兲, and B 0 ⫽3 T 共thick line兲 共note that the
average magnetic field is smaller than B 0 by a factor on the order of
0.3兲. The lifetimes are approximately 2.5, 10, and 22 s. The expansion of the ball during its lifetime is very slow, and amounts to just
6% of the radius, so that it is difficult for the witnesses to become
aware it.

the system will have angular momentum; this means that a
shining line that long, consisting of several linked loops,
would be in rotation, this explaining why it is perceived as a
fuzzy patch of light.
The evolution of the temperature and, consequently, of
P(t), the power radiated by the ball vs time, is easily obtained by integrating Eq. 共22兲 with  ⫽1.2⫻10⫺6 . The result
is plotted in Fig. 3 for T 0 ⫽18 000 K and three values of the
magnetic field B 0 . As can be seen, curve P(t) has the shape
that one must expect for ball lightning: the brilliance varies
little for a while, and decreases more rapidly afterward. We
have defined the lifetime of the ball as the time it takes to
traverse the shoulder of the function P ⬘ (T), which corresponds to a decrease of about 10% in the radiated power 共i.e.,
the time to go from 100 to 90 W兲. With this criterion, the
lifetime turns out to be  ⫽2.5B 20 共with B 0 in T兲. As is
known, the magnetic field can reach several T near the discharge of a lightning. If B 0 ⫽1.9 T, the lifetime in this model
for radius equal 15 cm is 9 s, equal to the observed average
value. Note that, as explained in Sec. VII, this value of the
effective field B 0 correponds to a lower value for the field
inside the ball, approximately in the interval 0.5–0.7 T.
The value of  ⫽L(t)/L 0 changes little during the ball
lifetime, from 1 to 1.06; this means that the diameter passes
from 30 to about 32 cm, a change hardly noticeable since the
ball rim is slightly diffuse, not a clearcut line; moreover, the
witnesses were excited and impressed. This is thus in agreement with witness reports, while at the same time the balls
are in expansion, as they must be in an electromagnetic
model.
The average energy of the ball is about 20 kJ, according
to Smirnov 关27兴. In this model, the initial energy of the average case is E⫽2.685B 20 kJ. For B 0 ⫽2 T, this is about 11
kJ; for B 0 ⫽3 T, it is near 24 kJ; the agreement is thus good
共these two values of B 0 correspond to average values of B in
the interval 0.7–1.1 T, approximately兲. Only a part of this
energy will be radiated during the time in which the ball
shines.
Note that, when the resistivity enters into play, it produces
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a helicity dissipation according to Eq. 共3兲; moreover, the
MHD approximation becomes worse, the last term in Eq. 共9兲
that produces a diffusion of the magnetic field increasing its
effect; this accelerates the end of the structure, making the
decrease of the power steeper and more abrupt than what is
shown in Fig. 3, thus improving the agreement with what
was observed by the witnesses. We must emphasize that
these calculations depend on an analytical expression of the
magnetic field only through the characteristic field B 0 .
X. SUMMARY AND CONCLUSIONS

To summarize, the stabilizing effects of 共i兲 the force-free
field configuration after a Taylor relaxation process, 共ii兲 the
Alfven conditions in the MHD approximation, and 共iii兲 the
approximate conservation of the helicity integral 共or equivalently, of the linking the magnetic lines and streamers兲, can
be used to construct a realistic model of ball lightning that
improves and generalizes the one presented in Refs. 关8,9兴, in
which the following hold true,
共1兲 The fireball of ball lightning is formed near the discharge of an ordinary lightning, if some streamers form
closed and linked loops, like the tubes shown in Fig. 1.
共2兲 During an almost instantaneous process of Taylor relaxation, a state is formed at a time zero consisting in a
force-free magnetic knot coupled to the plasma inside the
streamers. Because of the force-free condition (“⫻B)⫻B
⫽0, the magnetic field is parallel to the current, in such a
way that ions and electrons can move along the same streamers 共as explained at the end of Sec. IV兲. Note that the streamers and the magnetic lines have the same linking number.
Only a very small part of the ball volume is hot 共the plasma
in the streamers兲, the rest being at ambient temperature. In
the case studied, there is about a part per million of plasma.
共3兲 After the formation of the force-free configuration, the
relaxation process goes on, the system radiating away energy
and expanding slowly its radius in a process called here almost quiescent expansion, while verifying the Alfven conditions. The system is seen then as a fireball. The high stability
of the balls is explained as a consequence of the Alfven
conditions and of the constraint imposed by the helicity conservation 共in other words, by the linking of the magnetic
lines and the streamers兲. If the system is linked 共i.e., if the
helicity is nonzero兲, the expansion turns out to be so slow
that it could not be appreciated by the witnesses. This is
because many rapid expansion channels are closed, as they
violate the helicity conservation. But these channels are open
if the system is unlinked, a case in which the system is not
seen, as it decays almost instantaneously. The end of the
fireball is due to the cooling of the plasma, which starts a
process of progressive increase of the resistivity and of helicity loss. Note that, since the Lorentz force vanishes, there
can be no pinch effect on the streamers. This adds stability to
the system.
共4兲 The temperature of the plasma in the streamers is in
the interval 15 500–18 000 K, where there is a shoulder in
the curve P ⬘ (T) of the power density radiated by the plasma
versus the temperature. This explains why the fireballs keep
constant their brilliance: when the plasma in the streamers
cools, it goes to the left along the shoulder without changing
its radiance appreciably while the temperature remains in
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this interval. Furthermore, if the expansion is adiabatic, the
radius of the ball is proportional to 1/冑T, so that it changes
little during the expansion.
共5兲 In this model the fireball’s lifetime is much longer
than the resistive time. This is because the tendency of the
current along the streamers to diffuse, with the consequent
destruction of the structure, is counteracted by the much
slower velocity of the thermal diffusion. The streamers
cannot widen before the intermediate air is heated several
thousands of kelvin and this takes time. This conflict between the two diffusive processes provides an essential stability factor that lengthens the lifetime by several orders of
magnitude. The usual arguments against the electromagnetic
models of ball lightning, which are based on the virial theorem, do not consider this effect and cannot be applied to this
model.
共6兲 The model is in good agreement with the observed
lifetime, energy and radiated power of the fireballs. The
streamers occupy a fraction of the ball volume of the order of
⫽10⫺6, corresponding to several meters of shining line. As
this line consists of tangled streamers and, in the general
case, it rotates because of its angular momentum, it must be
seen as a diffuse and continuous patch of light.
This model also explains two meaningful and significant
observations. First, in some cases filaments are observed
trailing a ball; they must be streamers which break open and
follow behind 共see the photographs in p. 10 of Ref. 关4兴 and in
Chap. 5 of Ref. 关2兴兲. Second, as stated above, some witnesses
claimed that ball lightning is cold, while other witnesses
were burned. To explain this, the important point is that the
power radiated by the fireballs is just of the order of 10–150
W in this model, in spite of the plasma being hot, because
only a small fraction  of the ball volume is ionized. Note
that it is impossible that the entire ball consists of hot
plasma, since the output would be enormous, on the order of
10–100 MW. The fact that only a small fraction  of the ball
is hot thus solves the problem of the order of magnitude of
the output. This contradictions among the witnesses are thus
solved by this model. Because the output is on the order of
100 W and only a small part of the ball is hot, the balls can
burn a person or start a fire if there is contact, but no feeling
of heat is produced if there is not.
An important and difficult problem is the production of
fireballs in the laboratory. This has been attempted by several means, combustion of mixtures of gases for instance; the
best results in air were the fireballs produced by Ohtsuki and
Ofuruton 关28兴 in 1991 by the interference of microwaves.
They are similar to ball lightning but it is not certain that
they are the same thing. This model suggests a way of producing fireballs: with two discharges orthogonal or at least
transverse to one another, and strong enough according to
the data of Ref. 关11兴. The combination of magnetic fields
around the discharges should make the formation of linked
lines easier. The probability could be enhanced by rotating
the electrodes very rapidly.
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1. Introduction.
In a series of papers [2], [3], and [4], we developed a method to simulate a
lightning discharge. A flash was initiated when the electric field reached the so called
‘‘breakdown threshold.’’ The model generated the discharge region, charge transfer,
and detailed charge rearrangement associated with the flash. The model was obtained
by discretizing Maxwell’s equations using volume elements in space, and a backward
Euler scheme in time, and then evaluating the solution limit as the conductivity tends
to infinity in the breakdown region. In this paper we focus on the time integration,
and we show that if time evolves continuously, without any discretization, we obtain
precisely the same formulas for the discharge process that were obtained earlier using
the backward Euler scheme. Hence, even though a temporal discretization appeared in
our earlier work, the formula we obtained was exact in the sense that it coincides with
the formula associated with the continuous time process.
In our earlier work, we chose the backward Euler time scheme based on the following physical consideration: A cloud discharge should equilibrate the electric potential along the discharge channel. When one considers a one parameter family of
integration schemes that includes the backward Euler (implicit) scheme and the forward Euler (explicit) scheme, the backward Euler scheme is the only member of the
family that equilibrates of the electric potential along the discharge channel. Hence,
the discretization used in our earlier work based on physical considerations, now has a
rigorous mathematical basis as well since it generates the electric potential obtained by
exact integration of the equations of evolution.
We now discuss the relation between our lightning discharge scheme and both
earlier and later work. There are some connections with the theory of ‘‘diffusion limited aggregation’’ or DLA (we thank Sergei Obukhov for pointing out this possible
connection). One of the first papers [20] in this area appeared in 1981, and subsequently, there has been enormous interest. Research into DLA has connections to
fractals, to fractal dimension, to real-space renormalization group analysis, and to
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many other topics. One aspect of this DLA work, stochastic models for dielectric
breakdown (see [11], [14]), is especially relevant to the lightning discharge. These
stochastic models for dielectric breakdown arise out of an effort to model the complicated branching patterns that result from dielectric breakdown of gaseous, liquid, and
solid insulators. Consider a lattice in 2 dimensions where the potential φ at the origin
is fixed at zero while φ on a surrounding circle is held fixed at one. In [14] they think
of the discharge process as corresponding to a series of bonds formed between adjacent lattice points with all bonded lattice points having potential zero. The bonds
grow in a stochastic, stepwise fashion, starting from the origin. In any step, we first
solve Laplace’s equation in the circular domain subject to the boundary conditions that
φ is one on the surrounding circle, while φ is zero on the bonded set. We connect a
new bond to the existing bonded set where the probability of bonding (i , j ) to an adjacent lattice point (i ′, j ′) is proportion to φ(i ′, j ′)η. Here η > 0 is a fixed parameter
associated with the discharge process -- η can be varied in order to try to make the
modeled discharge resemble experimentally observed discharges. Since (i ′, j ′) is adjacent to (i , j ) in the lattice and since φ(i ′, j ′) − φ(i , j ) = φ(i ′, j ′), it follows that
φ(i ′, j ′) approximates either φx (i , j ) or φy (i , j ); that is, φ(i ′, j ′) approximates either
the x or y component of the electric field at the lattice point (i , j ). Hence, if the
likelihood of a new bond is proportional to φ(i ′, j ′)η, then loosely speaking, the most
likely bonds to form are those where the local electric field is largest. There has been
much follow-up work on this strategy for modeling dielectric breakdown, including
application to ball lightning [16], computation of the fractal dimension of lightning
using digitized pictures [15], and some simulations of 2 dimensional cloud discharges
[13].
In comparing this DLA discharge approach to our discharge scheme, the
approaches are related in the sense that Laplace’s equation enters into the model and
discharge branches tend to form where the electric fields are largest. On the other
hand, there are fundamental differences. There are no unknown parameters like η in
our scheme, our scheme is deterministic not stochastic, and in our scheme, we do not
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need to know the potential at a point in the middle of the domain (recall the assumption that φ is zero at the origin of the lattice, and along the bonded set). In our
approach, we only require boundary conditions on the outside of the domain, everywhere inside the domain, including the breakdown region itself, we compute the potential. In the literature on dielectric breakdown, the prevalent view seems to be that
since the observed breakdown regions are complex and tortuous with many branches,
the underlying physical processes are stochastic in nature.

In contrast, in our

approach, we obtain similar complex, branched structures in an entirely deterministic
fashion in which the branching is caused by activation of the constraint  E  =
 ∇φ  ≤ breakdown threshold, when we solve the associated Maxwell’s equations.
Laboratory experiments seem to confirm the important role played by the static
electric field in discharge propagation. In a fascinating paper [19], Williams, Cooke,
and Wright, develop an experimental model for cloud discharges using a dielectric
material polymethylmethacrylate. They state that ‘‘Despite the complications imposed
by the geometry of the developing discharge in charged clouds, all the laboratory
results in this study indicate that the discharge is controlled predominately by a single
parameter: the local electrostatic field. It is a knowledge of this local field response
that is essential in determining how discharges propagate in and around arbitrary distributions in space charge.’’ We return to this observation later.
Two other discharge models appeared in the literature more recently. In the
model of Helsdon, Wu, and Farley (see [7] and [8] as well as [17]), lightning propagates along the electric field lines, starting from a point where electric field first
reaches the breakdown threshold. The ends of the channel are the first points along
the propagation path where the magnitude of the electric field is less than the termination criterion (150 kV/m). It is assumed that the linear charge density at any point P
along the channel is proportional to the difference between the potential at the point
where the discharge emanates, and the potential at P . The value of this proportionality constant κ controls the amount of charge transferred by the discharge. In order to
maintain charge neutrality over the channel, it is extended by four grid points beyond
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the designated termination point. In this extended region, it is assumed that the charge
density drops off like e −αx , while a similar exponential decay of charge occurs around
2

the channel.
In comparing this approach to our approach to cloud discharges, we note that
branching cannot occur in their method. Their discharge simply follows the electric
field lines until the termination condition is satisfied. (Note that a more recent paper
[17] by Solomon and Baker gives a modification that allows a longer discharge path
that can reach the earth). Observe that in the approach of [7] and [8], there are many
unknown parameters and assumptions that need physical justification.
In a different approach to lightning discharge, Ziegler and MacGorman [21] perform a charge rearrangement whenever the magnitude of the electric field exceeds the
breakdown threshold. In any given time step, they determine the part of the model
domain where the electric field exceeds the breakdown threshold, and throughout this
region, they adjust the charge wherever the charge density exceeds a prescribed threshold. The amount of charge adjustment is proportional to the difference between the
prescribed threshold and the local charge density. This approach leads to breakdown
volumes, and is quite different from our approach.

2. The discrete equations and an elementary arc breakdown.
As explained in [4], our model for the lightning discharge involves the following
assumptions:
(a) The time derivative of the magnetic field can be neglected.
(b) The electric field magnitude is always less than or equal to the breakdown threshold EB .
(c) When the electric field reaches the breakdown threshold EB at some point, the
conductivity tends to infinity in a small neighborhood of that point.
Although in the numerical simulation of [4] we used a constant value 250 kV/m
for EB , we could just as easily have allowed EB to depend on position. Moreover,
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recent experimental results by Marshall et al ([9], [10]) indicate that the breakdown
threshold in a thundercloud may be even less than 250 kV/m. That is, when balloons
fly through thunderstorms, electric field values greater than 150 kV/m are rarely
detected. Hence, breakdown must occur at values of the electric field smaller than
this. In [9] this smaller than expected value for the breakdown threshold is explained
by the initiation of an electron avalanche.
Note that in a neighborhood of a lightning channel, assumption (a) is clearly not
satisfied, and as a result, in the framework (a)–(c), we can never obtain the myriad of
lightning phenomena (darts, M-components, J- and K-processes, multiple stokes along
the same channel) described, for example, in the book [18] by Uman. Nonetheless,
one is able to obtain the lightning channel and the charge rearrangement associated
with a discharge. This information, when incorporated in thunderstorm models (e. g.
see [5], [6], [12], [21], or [22]) that describe the generation, interaction, and motion of
charged particles, can be used to study the long-term evolution of a thunderstorm.
We emphasize that our simulation process yields the discharge region and the
charge rearrangement, but not the speed of lightning or the number of return strokes.
Roughly speaking, our simulation process can be described in the following way: We
let the electric potential φ evolve according to Maxwell’s equations, stopping at the
first instant of time where the magnitude of ∇φ reaches EB . Letting the conductivity
σ tend to infinity in a neighborhood of that point, φ is reevaluated by taking the limit
in the equation of evolution. If the magnitude of ∇φ is beneath EB everywhere in the
domain, we stop the lightning discharge. But in some cases, as σ tends to infinity, the
magnitude of ∇φ reaches EB at a nearby point. When this happens, we let σ tend to
infinity in a neighborhood of that nearby point. This process of repeatedly letting σ
tend to infinity and checking the magnitude of ∇φ continues until the magnitude of ∇φ
is beneath EB everywhere in the domain. Although this breakdown process requires a
number of steps as we successively let σ tend to infinity and reevaluate φ, we view the
entire process as occurring instantly. As a result, we cannot determine the speed of
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lightning or the number of return strokes. Instead, we obtain the lightning channel,
which we consider to be infinitesimally thin, and the charge rearrangement associated
with the lightning.
Our breakdown model is based on Maxwell’s equations.

In particular, by

Ampere’s Law we have
∂E
∇ × H = ε ___ + σE + J ,
∂t

(1)

where ε is the permittivity, σ is the conductivity, E is the electric field, J is the current
density associated with charged particles circulating in the cloud, σE is the conduction
∂E
current density, and ε ___ is the displacement current density. We assume that J is
∂t
known and that we wish to solve for the electric field. Taking the divergence gives
∂E
ε∇ . ___ + ∇ . σE + ∇ . J = 0.
∂t

(2)

By assumption (a), ∇ × E = 0, E is the gradient of a potential φ, and (2) yields
∂∇2φ
ε _____ + ∇.(σ∇φ) + ∇ . J = 0,
∂t

(3)

where ∇2 denotes the Laplacian operator defined by ∇2 = ∇ . ∇.
To discretize (3), we integrate over volume elements, and then we replace gradients by finite differences. Although there are many ways to carry out the discretization process, this approach leads to system of differential equations for which we can
analyze the effect of letting σ tend to infinity at a point in space where the magnitude
of the electric field is equal to the breakdown threshold. To simplify the discussion,
suppose that the region of interest is decomposed into cubes with the sides of the
cubes parallel to the axes of a Cartesian coordinate system. Integrating (3) over each
cube, applying the divergence theorem, and interchanging the order of differentiation,
we obtain the following relation for a typical cube C in the tessellation:
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∫

∂C

∂φ
ε∇ ___ . dS +
∂t

∫

∂C

σ∇φ . dS + i = 0,

(4)

where i is the net current leaving C and ∂C is the boundary of C .
If Φ is a vector whose components are the values of the potential at the centroid
∂φ
of each cube, then ∇ ___ . dS on a face of a cube is approximated by the the area of
∂t
∂φ
the face times the difference between the values of ___ at the centroid of the cubes on
∂t
opposite sides of the face, divided by the distance between the centroids. A similar
approximation can be used for the ∇φ . dS term in (4) except that we multiply by the
value of σ at the centroid of each face. With these finite difference approximations,
we arrive at an equation of the form
.
AΦ + BΦ + i = 0,

(5)

where the dot above Φ denotes time derivative. The matrix A gotten by this process
is essentially a discretization of the Laplacian operator ∇2. The structure of B is similar except that it involves the values of σ at the centroids of each face (see [3] for the
details).
To implement the constraint   E   ≤ EB given in (b) on the Euclidean length of E,
we employ the more tractable sup-norm constraint   E   ∞ ≤ EB where
  E   ∞ = maximum {  Ex  ,  Ey  ,  Ez  }.
In particular, for the discretization (5) where Φ is the vector whose components are the
potential at the centroid of each cube, let Φa (t ) and Φb (t ) denote the potential at the
centroids of two adjacent cubes in the tessellation. We approximate the condition
  E(t )   ∞ ≤ EB by the finite difference relation
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 Φa (t ) − Φb (t ) 
_________________
≤ EB ,
h

(6)

where h is the centroid separation. The condition (6) must be satisfied for each pair
of components of Φ associated with adjacent cubes. At any instant of time where (6)
becomes an equality for an index pair (j , k ) associated with a pair of adjacent centroids in the tessellation, we let the value of σ on the associated cube face tend to
infinity. As we change the value of σ on this face, equation (5) is transformed to
.
AΦ + (B + τwwT )Φ + i = 0,

(7)

where τ is proportional to the difference between the new (large) value for σ and the
original value, the superscript T denotes transpose, and w is a vector whose entries are
all zero except that w j = 1 and wk = −1.
In order to evaluate the effect of this breakdown of the atmosphere (corresponding to letting σ, or equivalently τ, tend to infinity), we need to evaluate the solution to
(7) at an instant of time, t +, just beyond t , as τ tends to infinity. In our earlier work
([2] and [3]), we analyzed this limit when (7) was approximated by the backward
Euler time discretization. This backward Euler approximation was the basis for the
simulations [4] in which we compared the fields of the model to observed electric
fields.

3. A one parameter family of integration schemes.
Letting µ be a parameter, let us consider the following one parameter family of
integration schemes associated with (5):
A[Φn +1 − Φn ] + ∆t B[µΦn +1 + (1−µ)Φn ] = ∆t in .

(8)

In [3] we note that the discretization process described above leads to symmetric
matrices A and B that are positive definite when the electric potential vanishes on the
boundary of the problem domain, and in this case, (8) is unconditionally stable for µ ≥
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1⁄2, while it is conditionally stable (∆t should be sufficiently small) for µ < 1⁄2. In [4]
we observe that the Crank-Nicholson scheme (µ = 1/2) produced the best accuracy in
time integration up to a flash.
Let us now apply this scheme to (7) and examine the limit as τ tends to infinity
and as ∆t tends to zero. That is, if Φn (∆t , τ) is the solution Φn +1 to
A[Φn +1 − Φn ] + ∆t (B + τwwT )[µΦn +1 + (1−µ)Φn ] = ∆t in ,

(9)

we wish to evaluate the limit, denoted Φn +, given by
Φn + =

lim

lim Φn (∆t , τ).

∆t → 0 τ → ∞

THEOREM 1. If A and B are symmetric and A is positive definite, then
1 wT Φn
Φn + = Φn − __ ________
A−1w.
µ wT A−1w

(10)

1
Φ jn + − Φkn + = (1 − __ )(Φ jn − Φkn).
µ

(11)

Moreover, we have

Proof. Rearranging (9) gives

(A + ∆t µ(B + τwwT ))Φn +1 = (A + (µ−1)∆t (B + τwwT ))Φn + ∆t in .

(12)

Let us define the matrix C(∆t ) = A + ∆t µB, and the quantity ρ = ∆t µτ. Hence, the
coefficient matrix for Φn +1 in (12) has the form C(∆t ) + ρwwT . Since A is positive
definite and B is symmetric C(∆t ) is positive definite for ∆t sufficiently small. Since
ρ > 0, it follows that C(∆t ) + ρwwT is also positive definite (for ∆t sufficiently
small). By the Sherman-Morrison-Woodbury formula (see [2]), the inverse of the
coefficient matrix can be expressed:
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ρ
(C(∆t ) + ρwwT )−1 = C(∆t )−1 − ________________
C(∆t )−1wwT C(∆t )−1. (13)
T
−1
1 + ρw C(∆t ) w

Hence, as ρ tends to infinity (or equivalently, as τ tends to infinity), we have
C(∆t )−1wwT C(∆t )−1
lim (C(∆t ) + ρwwT )−1 = C(∆t )−1 − __________________
.
ρ→∞
wT C(∆t )−1w
Note too that as ∆t tends to zero, C(∆t ) approaches A, and since A is invertible,
C(∆t )−1 approaches A−1. It follows from (9) that Φn + is the sum of the following
terms denoted (T1), (T2), and (T3):
lim ∆t (C(∆t ) + ρwwT ))−1((µ − 1)BΦn + in ) =

lim

∆t → 0 ρ → ∞


A−1wwT A−1 
A−1 − ___________

wT A−1w 

lim

lim

∆t → 0

(T1)

∆t ((µ − 1)BΦn + in ) = 0.

lim (C(∆t ) + ρwwT ))−1AΦn =

∆t → 0 ρ → ∞

(T2)


A−1wwT A−1  n
wT Φn
n
________
A−1 − ___________

AΦ
=
Φ
−
A−1w.
T −1
T −1
w A w 
w A w

lim

lim (C(∆t ) + ∆t µτwwT ))−1wwT Φn (µ − 1)∆t τ.

∆t → 0 τ → ∞

(T3)

To simplify (T3), we apply (13) to obtain
1
(C(∆t ) + ρwwT )−1w = ________________
C(∆t )−1w,
T
−1
1 + ρw C(∆t ) w
and (T3) simplifies to

lim

lim

∆t → 0 τ → ∞

(µ − 1)∆t τwT Φn
µ − 1 ________
wT Φn
−1
___________________
______
C(∆t
)
w
=
A−1w.
T
−1
T
−1
µ w A w
1 + ∆t µτw C(∆t ) w

(T3)

Adding (T1), (T2), and (T3) yields (10). Taking the dot product of (10) with w and
taking into account the fact that w j = 1 and wk = −1, the proof is complete.
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Since we only let σ tend to infinity on the face of a cube where the left side of
(6) is sufficiently large, the difference Φ jn − Φkn in (11) is never zero. It follows that
the limit Φn + of the potential depends on the choice of the parameter µ. The dependence of the limit on µ is troubling since one would like to see the potential converge
to the same value (independent of µ) as the discretization parameters (the size of the
cubes and the size of the time step ∆t ) tend to zero. In our earlier papers, we simply
focused on the backward Euler time discretization (µ = 1). Our rationale for this
choice of µ was based on the following physical consideration: The discharge process
should equilibrate the potential along the discharge channel, and hence, the effect of a
discharge should be to make Φ jn + equal to Φkn +. By Theorem 1, the only value of µ
that leads to the equilibration of the potential is µ = 1. In the next section, we observe
that the expression (6) for the potential in the case µ = 1 is the exact limit of the differential equation (7) as τ tends to infinity.

4. The continuous limit.
We now examine the continuous limit in (7) as τ tends to infinity.
THEOREM 2. If A is a positive definite matrix and Φ(t , τ) denotes the solution to
(7) starting from the initial condition Φ(tn , τ) = Φn , then we have
lim

lim Φ(tn +∆t , τ) = Φn − A−1w(wT A−1w)−1wT Φn .

∆t → 0 τ → ∞

(18)

Proof. For convenience, we set tn = 0 and we suppress the τ argument in Φ(t , τ).
By the classic formula for the solution to a first-order system of differential equations,
we have
Φ(∆t ) = e −M∆t Φn −

∆t

∫ 0 e −M(∆t − s )A−1ids ,

where M = A−1(B + τwwT ). Substituting for M gives

(19)
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e −M∆t = e −A

−1

B∆t −τA−1wwT ∆t

e

.

Recall that if P is a square matrix, then a matrix exponential e P can be expanded in a
Taylor series:
P2
P3
e P = I + P + ___ + ___ +
2!
3!

....

(20)

We apply this expansion to P = −τA−1wwT ∆t . To facilitate the simplification of the
resulting expression, we use the associative law for matrix multiplication to obtain
(A−1wwT )2 = A−1wwT A−1wwT = A−1wwT (wT A−1w).
In general, we have
A−1wwT T −1 κ
(A−1wwT )κ = A−1ww(wT A−1w)κ − 1 = ________
(w A w) .
wT A−1w

(21)

Combining (20) and (21) gives
e −τA

−1

wwT ∆t

∞

Σ

= I +

κ=1

−1
wwT ∆t )κ
_(−τA
_____________
κ!

A−1wwT
= I + ________
wT Aw

−τ(wT A−1w)∆t )κ
_(_______________
Σ
κ!
κ=1
∞

A−1wwT −τ(wT A−1w)∆t
= I + ________
(e
− 1).
wT Aw
Since A is positive definite, wT A−1w > 0, and e −τ(w

T

A−1w)∆t

tends to zero as τ tends to

infinity. Hence, we have

lim

τ→∞

e −τA

−1

wwT ∆t

A−1wwT
= I − ________
.
wT Aw

(22)

Observe that this relation for the limit holds independent of ∆t . On the other hand, as
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∆t tends to zero,
e −A

lim

∆t → 0

−1

B∆t

= I.

(23)

Also, we have
lim

τ→∞

e −A

−1

(B + τwwT )(∆t −s )

= e −A

−1

= e −A

−1

B(∆t −s )

lim

τ→∞

e −τA

−1

wwT (∆t −s )


A−1wwT 
.
I − ________
wT Aw 


B(∆t −s ) 

It follows that
∆t

lim

lim

∆t → 0 τ → ∞

∫ 0 e −A

−1

(B + τwwT )(∆t −s ) −1

A ids = 0.

(24)

Combining (19), (22), (23), and (24), the proof is complete.
Observe that the limit (18) of Theorem 2 and that of (10) in Theorem 1 coincide
when µ = 1.

5. Breakdown on multiple arcs.
In this section, we consider breakdown on multiple arcs. This occurs when the
limit in (18) yields an electric potential that violates the constraint (6) for a pair of
adjacent centroids in the tessellation. Let Φ+(tn ) denote the limit in (18). Due to (11)
in the case µ = 1, we know that the left side of (6) vanishes for the index pair (j , k )
and the potential Φ+(tn ). However, there may exist another pair of adjacent centroids,
and associated index pair (l , m ), for which the potential Φ+(tn ) violates the constraint
(6). When this happens, we will simultaneously let σ tend to infinity on two different
cube faces. Our procedure for determining the second face where we let σ tend to
infinity is the following: Consider the convex combination Φλ defined by
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Φλ = (1 − λ)Φn + λΦ+(tn ).
As λ moves from 0 to 1, the potential Φλ moves from its present value Φn toward the
limit Φ+(tn ) that the potential is trying to achieve. Since Φλ is a linear function of λ,
it follows that Φ jλ − Φkλ is a linear function of λ that has magnitude hEB at λ = 0, and
that vanishes at λ = 1 (by Theorem 1 with µ = 1). Thus for the breakdown arc (the
arc connecting the centroids associated with j and k ), the difference
Φ jλ − Φkλ
is approaching 0 monotonically as λ moves from 0 to 1.
If Φ+(tn ) violates (6) for a pair of adjacent centroids, then we consider the first
value of λ with the property that
 Φlλ − Φmλ 
____________
= EB
h
for a pair of indices (l , m ) associated with adjacent centroids in the tessellation. In
numerical experiments, we observe typically that either l or m is equal to either j or
k , and the breakdown moves to a cube adjacent to the original pair of cubes. We now
let σ tend to infinity on both the face associated with the original pair (j , k ) and the
face associated with the new pair (l , m ). If v denotes the vector whose entries are all
zero except that vl = 1 and vm = –1, then we need to solve the equation
.
AΦ + (B + τwwT + τvvT )Φ + i = 0,

(25)

in the case that τ tends to infinity. If U is the matrix whose first column is w and
whose second column is v, it can be checked that
UUT = wwT + vvT .
Hence, (25) takes the form:
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.
AΦ + (B + τUUT )Φ + i = 0.

(26)

THEOREM 3. If A is a positive definite matrix and Φ(t , τ) denotes the solution to
(26) starting from the initial condition Φ(tn , τ) = Φn , then we have
lim Φ(tn +∆t , τ) = Φn − A−1U(UT A−1U)−1UT Φn .

lim

(27)

∆t → 0 τ → ∞

Proof. We use the same strategy used to prove Theorem 1, however, some care
is needed since matrix products do not commute generally. In particular, the generalization of (21) is
(A−1UUT )κ = A−1U(UT A−1U)κ − 1UT = A−1U(UT A−1U)−1(UT A−1U)κUT ,
which leads to the relation
e −τA

−1

UUT ∆t

= = I + A−1U(UT AU)−1(e −τ(U

T

A−1U)∆t

− I)UT .

Since { j , k } ≠ { l , m }, it follows that the columns of U are linearly independent.
Since A is positive definite, UT A−1U is positive definite, and e −τ(U

T

A−1U)∆t

tends to

zero as τ tends to infinity. Hence, we have
lim

τ→∞

e −τA

−1

UUT ∆t

= I − A−1U(UT AU)−1UT .

Finally, we multiply by Φn to complete the proof.
COROLLARY 1. If Φ+ denotes the limit appearing on the right side of (27), then
Φ j+ = Φk+ and Φl+ = Φm+ .
Proof. Multiplying (27) by UT , we see that UT Φ+ = 0. Since the columns of U
are w and v, the relation UT Φ+ = 0 implies that wT Φ+ = 0 and vT Φ+ = 0. By the
definition of v and w, Φ j+ = Φk+ and Φl+ = Φm+ .
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Observe that if either l or m is equal to either j or k , then the discharge is moving to
an adjacent centroid, and by Corollary 1, Φ j+ = Φk+ = Φl+ = Φm+ . Thus the discharge is
equilibrating the potential throughout the breakdown region.
Multiple breakdowns continue in this same way. In each step, we form a convex
combination of the current potential Φn and the limiting potential Φ+ obtained from
Theorem 3. If the limit satisfies the breakdown condition
 Φa+ − Φb+ 
____________
≤ EB
h

(28)

for each pair of adjacent centroids in the lattice of centroids, then the discharge is
complete; the potential jumps from Φn to Φ+, and it continues to evolve according to
(5). On the other hand, if (28) is violated for an adjacent pair of centroids in the
tessellation, then we determine the first value of λ and the associated indices a and b
for which
 Φaλ − Φbλ 
____________
= hEB .
h

(29)

Another column is added to the matrix U where each entry in the new column is zero
except for a +1 and −1 in positions a and b . Again, the solution to (26) has the limit
(27). The proof of Theorem 3 when U has more than two columns hinges on the
observation that the columns of U are linearly independent. This independence is due
to the fact that U is the node-arc incidence matrix associated with the graph of the
centroids connected by breakdown (see [1, Theorem 11.9] for the relevant result).
In summary, the lightning discharge proceeds in the following way:
1.

If U is the node-arc incidence matrix associated with the current breakdown
region, and if Φ+ denotes the limit (27) of Theorem 2, then we check whether
(28) holds for each pair of centroids. If (28) is satisfied, then the breakdown
stops, the potential jumps from Φn to Φ+, and the potential continues to evolve
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according to (5). If (28) is violated for a pair of centroids, then proceed to step
2.
2.

Determine the first value of λ between 0 and 1 with the property that (29) holds
for two adjacent centroids in the tessellation. Augment U with an additional
column where every entry in that column is 0 except for a +1 and −1 in positions
a and b . Return to step 1.

By Corollary 1, and its generalization to an arbitrary number of columns in U, we
know that after the discharge is complete, the potential is constant along the arcs associated with connected components of the breakdown region. Moreover, if the Earth is
treated as perfect conductor and if a branch of the breakdown path reaches the surface
of the Earth, then the components of Φ associated with the path reaching the Earth all
vanish.
An example of a cloud to ground flash from [4] appears in Figure 1. In performing this simulation, it was assumed that there were three charge centers along the zaxis, a small positive center at the base of the cloud (2 km), and larger negative and
positive centers at 5 km and 10 km respectively. Since the charge is placed along the
z-axis, the potential is cylindrically symmetric. The potential was computed using a
cylindrical coordinate system and a graded mesh. The model domain had a height and
radius of 100 km. The mesh spacing for the region depicted in Figure 1 is about 313
m in the radial direction and 192 m in the vertical direction.
The breakdown process illustrated in Figure 1 involves 42 steps. In each step, we
let σ tend to infinity somewhere in the domain, and we reevaluate the potential to
determine whether   E   ∞ has reached EB elsewhere in the domain. The five frames of
Figure 1 show the breakdown region after steps 19, 26, 32, 38, and 42 respectively.
The breakdown initiates at an altitude around 3.3 km, and progresses both downward
and upward. The first frame of Figure 1 shows the breakdown region during this
startup period. Horizontal fingers appear in the second frame, while in the next frame,
the breakdown reaches the ground. In the final two frames, the breakdown fingers
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outward, primarily in a horizontal direction. Each step in the breakdown process is
either horizontal or vertical since breakdown in our model is initiated when   E   ∞ =
EB . By changing from the sup-norm to the Euclidean norm, the stair-like breakdown
path can be smoothed out.
Although one may think of Figure 1 as representing a slow motion picture of the
lightning flash generated by our model, the actual elapsed time for the breakdown process is zero. That is, we view the entire process as taking place instantaneously (relative to the time step ∆t of (8), which can be on the order .1 second). At the end of
the breakdown process, we obtain a region of space where φ vanishes since the lightning channel has reached the ground where the potential is zero (the Earth is treated as
a perfect conductor in the simulation). The breakdown process has led to a new
potential for which the constraint   E   ∞≤ EB is satisfied with strict inequality
throughout the model domain.

6. Discussion.
The formula obtained in Theorem 3 for the change in the potential associated
with a series of breakdown arcs for the continuous-in-time equation is exactly the
same formula obtained in [3] and [4] using the backward Euler scheme for the time
integration. When we took τ to infinity in the backward Euler scheme, the effect on
errors was not clear. By Theorems 3, the jump in the potential associated with the
continuous time process and with the backward Euler time discretization are identical.
By Theorem 3, the change in the potential associated with the lightning discharge
is
A−1U(UT A−1U)−1UT Φn .
Since U is a node-arc incidence matrix with a +1 and −1 in each column corresponding to the arcs associated with the breakdown, and since the difference of two components of Φn is roughly proportional to the electric field between the associated centroids, it follows that UT Φn is a vector whose components are roughly proportional to
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the original electric field (before breakdown) evaluated along the ensuing breakdown
path. The matrix A−1U(UT A−1U)−1 shows how the breakdown process and the original electric field (before breakdown) interact to change the potential (and the electric
field) throughout the entire domain. In essence, the formula of Theorem 3 provides
the mathematical analogue of the experimental observations of Williams et al cited
earlier.
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Abstract

Criteria for developing the ball lightning theory based on the results of observations are analyzed. It is
assumed that the key features of ball lightning are a large energy (more than 106 J) and long lifetime
(more than 1 s). We exclude from consideration theories which do not explain these features and
concentrate our attention on the analysis of three models where the large energy of the autonomous
ball lightning and the forces providing the compression of the ball lightning substance are taken
into account. The first considered model was developed by Geert Dijkhuis, in which the appearance
of a force directed towards the system center is attributed to the Bose condensation of vortices of
degenerated electrons as well as to gradient forces arising due to a nonuniform distribution of the
electron density over the ball lightning volume. The second model proposed by Vladimir Bychkov
assumed that the energy reservoir of ball lightning is polymer threads carrying a big electric charge.
Our model assumes that the energy is stored in the form of kinetic energy of ions which the positively
charged core of ball lightning is thought to consist of. The core is compressed by a dielectric shell
which, in turn, is shrunk by the force created due to the nonuniform electric field of the core. The
merits and limitations of these and other models are discussed.

Keywords: ball lightning, electron vortex tube, electrostatic polymer capacitor, dynamic electric capacitor.

1.

Introduction

The ball lightning problem might be considered unique since until now this mysterious phenomenon
has not been explained despite the efforts of many outstanding scientists during the last 250 years.
Perhaps, in the future mankind will encounter many enigmas of the same type, and the problem of ball
lightning may be just the first one among them. If so, the result of solving the ball lightning problem
will allow one not only to fill the gaps in our knowledge but also to acquire new experience in dealing
with other problems of nature. The majority of the great discoveries in physics have been made by
chance (electromagnetism, radioactivity, etc.) and only in some rare cases was the experiment preceded
by theory (lasers, thermonuclear reactors). It seems likely that the problem of ball lightning belongs to
the latter one. During the past two centuries, several hundreds of hypotheses on the structure of ball
lightning have been proposed [1] and from time to time new hypotheses still arise.
At the same time, efforts to obtain artificial ball lightning have been initiated. Sometimes, these works
have the goal of checking a hypothesis, but more often they are undertaken with the hope of fortune. These
Translated from a manuscript submitted December 1, 2003.
1071-2836/04/2502-0169 c 2004 Plenum Publishing Corporation
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attempts are inspired by the apparent simplicity of ball lightning creation in nature, where it is most likely
generated by a linear lightning discharge. However, success has not been yet achieved. The rare cases
of fireballs appearing while using the Tesla generator [2], shorting of a submarine’s accumulator [3], or
erosion discharge [4] do not provide the possibility to obtain a real ball lightning (with all its properties)
or even something similar to it. Also the short lifetime and poor reproducibility of fireballs in these
experiments are a serious handicap to their thorough study, and thus the situation turns out to be
similar to that related to collecting data connected with ball lightning in nature.
Thus it seems that the best way to solve the problem is to study carefully observation data that have
been statistically treated and checked for reliability. The main results of this procedure are:
(i) observation data in different parts of the Earth and at different times are in fair agreement [1, 5–
10];
(ii) all the data describe the same phenomenon in nature [11].
Now that the work of replenishment of this database with new observations is in progress, however,
it seems that new data could only confirm the old ones. In this connection, it is reasonable to assume
that the existing data concerning ball lightning properties is quite enough to elaborate the foundations
of the theory of this phenomenon. The database is nonuniform — along with data registered in each
observation (form, dimensions, luminosity, character of movement, noise, odor, time of observation, etc.);
it also contains information on rare characteristics (energy, disappearance, explosion, penetration through
obstacles, etc). Thus, the most reasonable way to construct a new theory is to make an attempt to explain,
within the framework of a single approach, all the features observed without a separation of the features
according to how frequently they have been observed.
The following characteristics of ball lightning might be considered as the fundamental ones:
(1) The ability to emit energy up to 109 J in matter during several tens of seconds;
(2) The peculiar character of movement (absence of convection, movement against the wind direction,
floating along conductors);
(3) A lifetime up to several minutes and quietly dying or being destroyed with explosion;
(4) The mechanism of luminosity in the visible spectrum range (light power 10–100 W), the possibility
to change color fast, and stability of emission power during its existence;
(5) Absence of heat emission and the ability to burn at close contact;
(6) The presence or absence of noise and odor accompanying its appearance;
(7) The ability to penetrate through obstacles (glasses, nets) with or without damaging them;
(8) The capability to change form, split into fragments, and penetrate through chinks;
(9) The ability to lift heavy objects and perform mechanical work.
The theory of ball lightning must be able to give a reasonable explanation of all the features, rather
than only a part of them. This explanation must be readily apparent from a well-defined initial premise,
and this premise should not be changed every time when new details of the ball lightning behavior are
revealed. It is also desirable that the theory be able to give a detailed description of the mechanism of
ball lightning creation in nature and to propose an experimental scheme of its creation in labs.
As one can see from the following analysis, the majority of the ball lightning models proposed until
now are inconsistent. The principal obstacle, which cannot be explained by the theories, is the large
energy of ball lightning. The cases where the energy of ball lightning has been measured are indeed
very rare because, contrary to other characteristics (form, dimensions, movement, etc.), the energy could
not be estimated without a measuring device. The estimations were realized only due to the occasional
coincidence of certain circumstances where ball lightning had fallen into a “natural calorimeter” (vessel of
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water or wet pile). Nevertheless, since these instances are not isolated and were confirmed by a number of
observers, they demand serious attention. The first documented report on measuring the ball lightning
energy can now be found in any textbook on ball lightning. The fall of ball lightning of a ∼1 liter
volume into a small water barrel was described and the ball lightning energy was estimated to be 10 MJ
[1, 12–14]. In succeeding years, cases of ball lightning falling into vessels with water also occurred many
times, which made it possible to conclude that the energy might be equal to 100 MJ [15] and even to
1000 MJ [16, 17]. Other cases where ball lightning left a material trace of its action (splitting a pile
[18–20], digging a ditch [21], and destroying a mud house [22]) also give hundreds and thousands of
megajoules as the maximum energy. Of course, this does not mean that every ball lightning carries such
giant energy. The energy of the majority of them is most likely very small (by the way, this must also
be explained by theory). Nevertheless, the fact that there exist structures in nature capable of storing in
a limited volume an energy exceeding the explosive energy of the same volume may give a clue to solve
the ball lightning problem.
There exist two approaches to explain the large energy of ball lightning. The first is to assume that
the internal energy of ball lightning is negligible but that it is fed from an external source, which role
may be played by the radio-frequency emission of thunderstorm’s discharges [23], constant currents in the
atmospheric air [24], or the energy stored in excited molecules of water, which comprise the active medium
of an atmospheric maser [25]. The main difficulty of these hypotheses is finding an explanation for the
steady luminescence of ball lightning, which is fed by short (∼10−3 s) and rare lightning discharges. But
even solving this problem can explain only the visible emission of ball lightning (with power 10–100 W)
and cannot show how such big amounts of energy might be supplied to the exploding ball. (In [16] the
delivered power was ∼109 J/100 s = 107 W, so it is unlikely that a channel feeding the ball lightning was
not observed.)
Of course, one may assume (just as all the hypotheses considered above and some models of autonomous ball lightning with a small internal energy) that all cases of large energy release from ball
lightning are caused by the action of an ordinary linear lightning. Undoubtedly, it is a reasonably good
guess, since the energy supplied by a typical linear lightning (1010 J) is much bigger than the maximum
energy released by ball lightning (109 J). If ball lightning carries a charge 10−4 − 10−2 C, its appearance
somewhere may change the local electric field and thus “attract” linear lightning [1]. However, in none
of the reports was the case where linear lightning stroke into ball lightning described. Moreover, it is
obvious from the description of the Dorstone event [1] that the energy action was produced precisely by
ball lightning rather than by linear lightning because the energy had been transferred to a water barrel
during several minutes [1, 21] instead of several milliseconds (which might be considered to be more
peculiar to ball lightning than to linear lightning).
Another approach to the large energy of ball lightning is to charge it as an autonomous object capable
of receiving some amount of energy from an external source (for instance, from lightning stroke) at the
moment of its creation and then to keep this energy. In our opinion, it is just this type of ball lightning
that exists in nature. As will be seen below, by making such a statement we pose a very complicated
problem.
Indeed, let us assume that ball lightning is a domain of heated gas separated from the atmosphere by
a thin wall like the rubber shell of a child’s balloon [1]. In this case, the only force preventing heated gas
from expansion is the force of atmospheric pressure (the elastic force of the stretched shell is neglected).
Let us estimate the energy that can be contained in a gas of 1 liter volume. Imagine a cylinder with a
plunger sliding inside (let the area of this plunger be S = 1 dm2 ). Let us fill the volume between the
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plunger and cylinder bottom with a gas so that the plunger is displaced for a distance ` = 1 dm. Acting
against the force of atmospheric pressure Fa = Pa S, the gas performs the work
A = Pa S` = Pa V,
where Pa is atmospheric pressure, Pa = 105 Pa, and V is the gas volume. By equating the work A to the
kinetic energy of the gas particles Wk , we obtain
Wk = Pa V.
This estimation is a result of the so-called virial theorem, according to which the kinetic energy of a
thermodynamic system cannot exceed the work of potential forces responsible for the system’s equilibrium [26]. The virial theorem applied to our system gives a more precise value Wk ≤ 3 Pa V [24, 26, 27].
Thus we found that the energy accumulated in the gas volume V = 1 liter with the boundary pressure
Pa = 105 Pa could not exceed Wk = 300 J. This value is much less than the above-mentioned values
of the ball lightning energy (with the volume approximately equal to 1 liter), namely, 10 MJ [12] and
100 MJ [15].
There are several ways to avoid the restrictions of virial theorem on the system’s energy.
The first way is to assume that the main factor preventing the gas expansion is not atmospheric
pressure but the force of the surface tension of a strong shell. The shell force acting on the gas must
exceed the atmospheric pressure 3 · 104 − 3 · 105 times. (For reference, the pressure at the bottom of the
Mariana hollow in the Pacific Ocean exceeds atmospheric pressure by only 103 times.)
The second way to avoid the restrictions of the virial theorem on the system’s energy is to find
conditions under which the system does not follow the virial theorem. Indeed, it could keep its dimensions
during a limited time comparable with the time for which some disturbance passes the characteristic
length of the system. One may say that in this case the virial theorem “has no time” to act on the
system [24]. (By the way, this serves as the basic idea for “inertial confinement” of a plasma heated by
laser radiation). Assuming the velocity of acoustic wave propagation through the gas to be vs = 103 m/s,
we find the time D/vs = 10−4 s for the wave to cover the characteristic diameter of ball lightning
D = 0.1 m. Since the time of existence of the ball lightning tl is usually much longer than the estimation
obtained (tl = 1 − 100 s), one has to be sure that the virial theorem is completely applicable to ball
lightning.
The third way to overcome the problem is to find such media where the restrictions of the virial
theorem might somehow be softened. They could be the elements of a system with features of a solid
state (stone, hailstone) [28], polymer threads [29, 30], or a plasma with such a high electron density that
the forces keeping electrons together exceed the Coulomb repulsion [31–33].
And finally the fourth method of conforming to the virial theorem is to assume that the expansion
of the system is prevented by atmospheric pressure (i.e., the kinetic energy of constituent particles is not
high, and the whole energy is stored as the internal energy of the particles). Let this energy be stored
in a mixture of reagents that are able of producing an exothermic chemical reaction. Assume that the
reagents are gases and their initial pressure is equal to the atmospheric pressure. Assume 1 liter of gas to
contain, for example, a stoichiometric mixture of hydrogen and oxygen. After combustion of the mixture,
an energy of 7 kJ may be released: this value is only 0.07 % of the ball lightning energy (equal to 10 MJ).
This means that the assumption of a chemical source of the ball lightning energy suggested in [1, 34, 35]
must be considered as unjustified.
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All the considered models where ball lightning is assumed to consist of highly excited (Rydberg)
atoms [36] or ionized atoms surrounded by a solvate shell [37] fail to explain the large energy of ball
lightning. In the first case, the maximum energy accumulated in 1 liter of gas is less than 10 kJ, and
in the second case it cannot be more than 40 kJ. Along with this, for a gas containing ions of opposite
charge, the problem of long-term storage arises, which is connected with the fast recombination process.
The assumption that the recombination rate might be strongly reduced by a “coat” of polarized molecules
surrounding each ion [37] has found neither experimental [38] nor theoretical confirmation [39].
Since the energy of the atom’s electron shell cannot serve as a reservoir for the ball lightning energy,
one may assume that nuclear energy is somehow released inside the ball lightning. According to [21],
ball lightning is a cloud of short-lived isotopes 15 O and 17 F created in the reaction of 14 N and 16 O with
fast protons within a lightning channel. However, this hypothesis, while able to explain the source of the
ball lightning energy, does not provide any explanation for the majority of its features, e.g., it does not
establish the reason for the electric action (fusion of conductors, injury to people by electric current) and
does not answer the question why people do not get radiation sickness after contact with ball lightning.

2.

Models of High-Energy Ball Lightning

After the review of models where atmospheric pressure is the only force responsible for the highenergy ball lightning and its confinement, one must look for other forces acting in the same direction as
atmospheric pressure but substantially stronger.
In the middle of the 50s of the XXth century, on the basis of Bostick’s experiment on creating
plasmoids under the action of 1–10 kA current on gases [40, 41], the idea arose that there exists the
possibility to construct some plasma objects using moving charges that can be confined due to their own
magnetic fields. However, the theoretical analysis of these systems showed that, if the forces directed to
the center (the role of these forces may be played by atmospheric pressure or gravitation) are small, the
existence of such plasmoids during a long time is, in principle, impossible [42]. In spite of this, attempts to
obtain stable plasmoids in gas discharges are still in progress; in doing so, one hopes to obtain a successful
configuration of the current circulation (as a rule, it is assumed that currents flow on the toroid surface;
this configuration was named ”Spheromak” [43]), or to provide a plasma superconducting shell, which
restricts the toroid expansion due to eddy currents (this configuration was named ”Plasmak” [44]). Kaiser
and Lortz [45] studied the conditions of existing of the equilibrium forces in the plasmoid, where the only
force counteracting the magnetic-pressure force is atmospheric pressure. They found that the density of
the magnetic-field energy in the plasmoid cannot exceed 76 J/liter. This value is in fair agreement with
our previous estimation of the system energy density, where the expansion is prevented by atmospheric
pressure (according to the virial theorem it cannot exceed 300 J/liter).
After having realized that the usual plasma cannot produce forces that might be able to provide
its confinement, attention turned to the search for extreme states of plasma where these forces could
be revealed. In 1937, Neugebauer showed that with increase in the plasma (consisting of free electrons
and ions) density above a certain threshold, the quantum-mechanical exchange forces of the electron
interaction might become so large that they may overcome the Coulomb repulsion [31]. According
to the calculation of Neugebauer, this may occur if the electron density exceeds a value ne = 2.7 ·
1027 m−3 , and the plasma temperature is less than 600 K. Dijkhuis (in distinction to Neugebauer, who
considered a uniformly charged plasma sphere and electrons as fermions) has drawn the conclusion that
at large electron densities the creation of electron pairs obeying Bose–Einstein statistics is possible [32]. A
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fundamental property of bosons is the tendency to occupy the same quantum state and, as a consequence,
their condensation and the creation of vortices may occur. According to Dijkhuis, this may take place
during ball lightning discharge at a critical temperature 1844 K, a pressure of 6.04 MPa, and an electron
density ne = 1.27 · 1027 m−3 [32, 46]. Nonuniform distribution of the electron-vortex density ρ over the
sphere space (which takes place due to the temperature difference between the central and peripheral
regions of the sphere at a constant pressure inside) should lead to the creation of a force directed towards
the sphere center. The force is proportional to ∇2 ρ1/2 /ρ1/2 [47]. Dijkhuis states that the virial theorem
in the traditional form cannot be applied to the two-component plasma [33]. According to Dijkhuis, the
electron-vortex radius is 53 · 10−12 m (Bohr radius), and numerous vortices are assembled together as
long tubes; positive ions rotate around the electron vortex at a distance ∼(10–7) m (with energy up to
511 keV). Since the number of positive and negative charges is equal, the system as a whole is electrically
neutral. The ball lightning energy is accumulated in the form of kinetic energy of ions. The ions acquire
energy while being accelerated from the thermal velocity up to the maximum velocity due to stretching
of the electron–ion vortex tubes in the process of ball lightning creation. While the tubes are being
stretched, new curves appear, which makes it possible to pack the tubes in a restricted volume. The
touching of the shells of the vortex tubes (under certain angles) leads to the appearance of extra forces
preventing the system from expansion. The creation of ball lightning takes place due to the lateral shift
of the linear lightning channel to a distance dn = 17 cm under the action of the electric field with a
strength equal to the breakdown value for air Ebr = 30 kV/cm. Being so created, the ball lightning gains
the whole charge of the linear lightning Q = 6 C, every ion carries the threshold energy 0.5 MeV, and
the total energy of the ball lightning will be equal to 3 MJ. In addition to this, Dijkhuis supposes that
ball lightning might have an additional source of energy, i.e., thermonuclear reactions, which may occur
at the contact points of neighboring vortex tubes created by moving ions (among which are deuterium
ions). Nuclei of 3 He and neutron as well as nuclei of tritium and proton might be created with equal
probabilities in the fusion of two deuterium nuclei. The energy released in the former reaction is equal to
3.25 MeV and in the latter one, 4.0 MeV [48]. Taking the average of these values we find that the loss of
two deuterium nuclei gives the energy 3.6 MeV = 5.8 · 10−13 J. One liter of air at 20◦ C (100 % humidity)
contains 10−3 mole of water (6 · 1020 molecules including 9 · 1016 pairs of deuterium atoms). Thus the
thermonuclear energy of a 1-liter ball lightning might be equal to 52 kJ. This value is much less than the
inner energy of ball lightning; nevertheless, the process of nuclear fusion may be able to support a power
emission at the level of 0.5–5 kW during 10–100 s. We denote the Dijkhuis model described above as
model D.
A similar mechanism of ball lightning energy emission via the fusion reaction of deuterium nuclei
was proposed by Vlasov [49]; in his model, ball lightning is considered as a toroidal current layer of
electrons, which expansion is prevented by the toroidal air vortex. Similarly to model D, it is assumed
here that electrons form a Bose-condensate state. Ions (among which there are isotopes of hydrogen)
while penetrating through the electron layer, might participate in a nuclear-fusion reactions catalyzed
by electrons. Since this system is stable due to atmospheric pressure, its inner energy storage is small,
and all the extracted energy (50 kJ/liter) should have a nuclear origin. According to Vlasov, the power
emitted by this ball lightning is ∼2 kW, so the energy storage will be exhausted during 25 s. However, the
model of ball lightning where the only energy source is a fusion reaction (“cold” or “hot”) of deuterium
nuclei cannot explain the origin of the 10-MJ energy, which had heated 18 liters of water in a barrel up
to boiling [1, 12, 14]. If this heating took place during ∼100 s, the energy input was about 100 kW. The
“thermonuclear” ball lightning could keep this power only during 0.5 s. Of course, one can explain the

174

Volume 25, Number 2, 2004

Journal of Russian Laser Research

prolonged energy release by the delivery of “fresh fuel” to the ball lightning and ejecting the “spent fuel,”
but this hypothesis seems not to be well established.
Since the assumption that the ball lightning energy is stored as ion kinetic energy inevitably suggests
the existence of a force directed to the center and bending the orbits of “inertial” particles, in some
models there is an assumption that this difficulty may be minimized if the energy is stored in photons
(with zero rest mass). This idea is connected with the fundamental property of photons obeying Bose–
Einstein statistics and, hence, demonstrating the tendency to occupy a single quantum state. In quantum
electronics, this property of photons is exhibited by the generation of a large number of photons with
the same wave vector (propagating in the same direction) and the same energy (which is manifested
as monochromatism of the light). The photon-statistics laws lead to the conclusion that, in principle,
they are concentrated in a very small space domain forming a kind of “photon condensate” capable of
containing unlimited energy in a unit volume [50]. The main problem arising in this way is how to prevent
the expansion of this domain in the photon-propagation direction. It might become possible if the photon
density is so high that direct photon–photon scattering takes place. However, this direct interaction of
photons in vacuum is not yet revealed even in laser beams with extremely high power densities (up to
1020 − 1021 W/cm2 ) [51].
At moderate densities of the emitted energy, large energies might be stored in a volume with conductive walls (microwave cavity). In so doing, the problem mentioned above also arises: how to confine this
energy in a limited space domain. A possible solution is a spherical conductive wall formed by a plasma
layer, which reflects electromagnetic radiation inside the sphere [52, 53]. This radiation, of course, exerts
pressure on the inner surface of the sphere equal to the volume density of the electromagnetic field [54],
and this pressure must be balanced by atmospheric pressure. Considering the balance of these forces, one
can find that, if the energy flow has a component normal to the wall, the electromagnetic-radiation energy
for a 1-liter sphere, according to the virial theorem, cannot exceed several hundred Joules. However, in
some works it was suggested that, if the electromagnetic radiation flows are tangent to the inner surface
of the sphere, the normal to the surface component of the Poynting vector and, hence, the pressure on
the wall may become very small [50].
It is worth noting that in this case the energy of the circulating flow can be much greater than the
allowed energy of several hundred Joules mentioned above. Unfortunately, this assumption produces a
mistake that can be easily found. Indeed, let us imagine that electromagnetic radiation is “locked” in a
cylinder cavity with radius R and length L (see Fig. 1). Let a light beam with energy W circulate inside
the cavity, as shown in Fig. 1. To return to the initial point, the light beam must be reflected by the
cylinder wall n times. The path length after the full cycle is
 
2π
Sn = nan = 2nR sin
.
n
The light-beam momentum p = W/c, where c is the velocity of light. At each reflection, the momentum

 

2π
2π
2pn = 2p cos βn = 2p cos π −
= 2p sin
n
n
is transferred to the wall. During one period of the beam circulation the wall receives the momentum
2np sin(2 π/n). The number of cycles N per 1 s is
N=

c
c
=
.
Sn
2nR sin (2π/n)
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Fig. 1. Scheme of the electromagnetic-energy circulation inside a cylindrical cavity with reflecting walls.

The force acting on the cavity wall F is equal to the momentum transferred to the wall during 1 s and
reads
 
2π
c
pc
W
F = 2np sin
=
=
.
n 2nR sin (2π/n)
R
R
One can find the light pressure on the wall P by dividing this force by the area of the cavity wall 2πRL,
i.e.,
W
W
P =
=
,
2
2πR L
2V
where V is the volume of the cylinder cavity V = 2πR2 L.
Thus one can conclude that the radiation pressure on the inner walls of the cavity does not depend
on the incident angle but is a constant depending only on the electromagnetic-radiation energy and
the cavity volume. The effect caused by decreasing the normal component of the Poynting vector for
tangential beams is compensated by the increase in the number of reflections. If the incident angle of
the beam approaches to π (i.e., the energy flux along the cylinder radius tends to zero), for the beam
to make a round trip, it must be reflected an almost infinite number of times. The product of infinity
and zero gives a finite value obtained above. This simple reason casts some doubt on the correctness of
the solution of the Maxwell equations; this leads to the conclusion that a “spherical radiation” may exist
for which the Poynting vector on the boundary region occupied by the electromagnetic field is precisely
equal to zero [55]. Most likely, the solution is valid only if the strengths of the electric and magnetic
fields are equal to zero over the whole domain inside the indicated boundary.
Extremely attractive is an idea to store the energy in a capacitor in the form of an electric field.
This idea has the advantage that the energy W stored in the capacitor is proportional to the difference
squared of the electrode potentials. So a 10-fold increase in this difference leads to a 100-fold increase in
the energy. The idea that ball lightning is a spherical electric capacitor was suggested by de Tessan in
1859 [56]. However, the estimation shows that in the case of an air capacitor, the accumulated energy
turns out to be negligible. Indeed, if one assumes that the whole volume V of ball lightning is filled with
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capacitors and the electric field inside is close to the breakdown field Edbr = 3 · 106 V/m, then the field
energy is
2
εε0 Edbr
V = 40 V,
Wa =
2
where ε0 is the dielectric constant in vacuum. For V = 10−3 m3 (volume of a typical ball lightning),
Wa = 4 · 10−2 J.
Since the invention of the first electric capacitor, progress in developing the technology of materials
has led to the creation of thin polymer films with electric strengths up to Edbr = 109 V/m [57]. The
electric energy Wp stored in the dielectric capacitor is
Wp =

2
εε0 Edbr
V = 107 V.
2

For V = 10−3 m3 , it is equal to 104 J (dielectric constant ε = 2.5). One can see that we now have the
possibility to accumulate in the capacitor an energy 3 · 105 times greater than the energy accumulated in
the air capacitor. However, despite this, the energy density of 10 kJ/liter remains 100–1000 times less
than the energy density of ball lightning falling into a water barrel, as was described in [12].
Usually a large number of complex organic molecules produced by plants, microorganisms, and industrial processes is present in low layers of the atmosphere. Bychkov supposes that during a thunderstorm
the creation of polymer threads from this material is quite possible. The threads, in turn, are capable of
creating macroscopic ball structures [29, 30]. Since the initial material is highly dispersed, a monolithic
polymer block is not produced but a cellular thread-like structure with elements exhibiting fractal properties is produced. According to Bychkov, the mean density of this net structure is ∼3 · 10−2 kg/m3 ,
which is approximately 1000 times less than the density of a polymer used as “structural” material of the
threads. The air polymer clews, being in the neighborhood of a linear lightning channel, may accumulate
a significant electric charge inside. The charge distribution over the volume of this friable structure may
be different. One form of distribution involves the occurrence of small domains with charges of the same
sign separated from analogous domains with charges of opposite sign (microscopic electric capacitors).
The electric-field strength in the space between the domains is assumed to be close to the breakdown
intensity, and the distance between the charges of the same sign inside the group is presumed to be much
less than the distance between the neighboring oppositely-charged domains. However, the above estimation shows that the total energy of these capacitors is not high. Besides, the friability of this structure
(and, hence, the poor filling of the system volume with the polymer material) diminishes the energy by
some orders. Another kind of charge distribution over the polymer structure is the distribution of charges
of the same sign over the whole volume of the system (this sign is assumed to be negative due to the
higher mobility of electrons). The charge is spread over the whole volume of the system but, because of
Coulomb repulsion, its density increases outward from the sphere center. For this model to operate, it
is significant that the charges remain “under the sphere surface” since otherwise the charge on the outer
surface of the sphere due to contact with atmospheric air will be lost.
The electric-field strength at the sphere surface is
E=

Q
,
4πε0 r2

where Q is the sphere charge, r is its radius, and ε0 is the dielectric constant in vacuum. Multiplying the
energy density of the electric field ρE = ε0 E 2 /2 by a volume element dV = 4πr2 dr and integrating the
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product ρE dV from r to ∞, we can find the energy of the external electric field
We =

Q2
= 2πε0 E 2 r3 .
8πε0 r

Assuming the electric-field strength to be equal to the intensity of dielectric breakdown Edbr = 109 V/m,
we find that for a sphere with radius r = 26 cm
We = 106 J

and

Q = 7.6 · 10−3 C,

and

Q = 3.5 · 10−2 C.

and for a sphere with radius r = 56 cm
We = 107 J

One can see that the dimensions of charged polymer spheres are almost 10 times greater than the diameter
of ball lightning falling into a water barrel (like a big orange with a ∼10 cm diameter and emitting energy
of 107 J) [1, 12, 14]. Nevertheless, for such a simple model this approximation can be considered as fair
enough. As was discussed above, the considered system is constructed of thin polymer threads, so the
question arises how it can prevent stretching charges of the same sign on the surface. Taking the surface
charge equal to Q, we obtain the force acting on the sphere surface
F =

Q2
4πε0 r2

and the force per surface unit (pressure inside the sphere)
P =

Q2
.
16π 2 ε0 r4

For a sphere with radius r = 26 cm and Q = 7.6 · 10−3 C, P = 9 · 106 Pa. For a sphere with radius
r = 56 cm and Q = 3.5 · 10−2 C (We = 107 J), the pressure turns out to be the same. The values obtained
are approximately 90 times greater than the atmospheric pressure Pa = 105 Pa, which is directed opposite
to the force stretching the sphere surface. One can see that these estimations impose strong restrictions
on breakdown of the system under discussion. However, it is possible that the presence of numerous
radial threads may provide the required damage resistance. We denote this model developed by Bychkov
as model B.
A model of unipolar ball lightning similar to model B was proposed in 1975 by Brovetto, Maxia,
and Bussetti [58]. According to this model, ball lightning is a vacuum bubble surrounded by a thin
layer of small charged particles. The system equilibrium is preserved due to the balance of atmospheric
pressure Pa and the electric-field pressure. The energy W of a charged vacuum bubble with volume V
is equal to W = 4Pa V . This means that the volume energy density cannot exceed 406 J/liter and is
in a good agreement with the estimation obtained from the virial theorem (W ≤ 3Pa V ) and, as was
mentioned above, it is a typical value for all models of ball lightning, where the only force preventing the
ball lightning substance from expansion is atmospheric pressure. In model B, in contrast to the model
described in [58], the force preventing the system from breakdown due to the electrostatic pressure is the
elasticity of the polymer threads and, as it was mentioned above, this force may far exceed atmospheric
pressure.
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In our model of ball lightning (model N), as well as in model B, the initial assumption is that the
electric capacitor serves as an accumulator of the ball lightning energy [59–62]. As was mentioned above,
the best solid dielectric has electric strength threshold Edbr = 109 V/m, which is why it was assumed that
high vacuum serves as a dielectric in this capacitor. As a prototype of such capacitor, one may consider
a hydromagnetic capacitor consisting of two coaxial cylinders, with the space between cylinders being
filled with plasma [63]. When a strong magnetic field is applied along the cylinder axis and if a potential
difference between the cylinders exists, electrons and ions drift in crossed electric and magnetic fields.
At the appropriate values of electric and magnetic field strengths, both electrons and ions can be forced
to move in concentric circles in the same direction. An attempt to omit some extra details from model
N has led to the conclusion that this system can exist without metallic electrodes (their role is played
by moving charges) and without an external magnetic field (a magnetic field supporting electron motion
can be generated by the ion motion). One has to pay a price for this simplification, which is the increase
in the number of positive ions in comparison with the number of electrons (the system is not electrically
neutral); also there is no any additional (magnetic) force responsible for the centripetal acceleration of
ions. The only force still doing this “work” is the force of ion attraction (by the inner electron ring).
However, this force is found to be insufficient to provide long-term stability of the system. We assume
that the charge motion must take place in vacuum, so it is reasonable that a shell separating the vacuum
cavity from the atmosphere should exist. It turns out that the presence of this shell (consisting, most
likely, of water) and the nonuniform electric field generated by the noncompensated charge of the ions
(residing inside the shell) causes the creation of a force compressing the shell and, hence, the power core
of ball lightning [a system of moving electrons and ions (protons)].
The condition for existence of the ball lightning is the balance of two forces — one stretches and the
other compresses the shell [64]:
2Wk
kQ2
4σaQ
+
=
+ 4πPa R2 ,
2
R
8πε0 R
ε0 (2R + a)

(1)

where Wk is the kinetic energy of ions constituting the power core of ball lightning, R is the inner radius
of the spherical shell, a is the thickness of the shell wall, Q is the noncompensated charge of the core, σ is
the surface density of charges on the shell, Pa is atmospheric pressure, and k is a coefficient approximately
equal to 2. Our calculations showed that the energy (more exactly, the kinetic energy of ions) of ball
lightning with an outer diameter of 14.4 cm and a shell volume of 1.5 liters might reach 108 J, and
an energy of 109 J might be contained in ball lightning with an outer diameter of 31.2 cm and a shell
volume of 15 liters [64]. As one can see from formula (1), the charge Q of the power core of ball lightning
plays a dual role. On the one hand, its increase leads to a proportional increase in the force compressing
the shell and, on the other hand, the increase in Q must cause an increase in the core pressure on the
shell from inside (as Q2 ) due to the Coulomb repulsion. Besides, centrifugal acceleration of ions causes
the appearance of a force stretching the shell, which is proportional to the ion kinetic energy Wk . An
analysis of formula (1) carried out in [64] showed that the considered system was stable with respect to
the variation of the radius R. Moreover, it was found that the stability of the system dimensions might
be preserved provided that the ratio Z of the rate of energy losses dWk /dt to the rate of charge losses
dQ/dt can be presented as follows:
Z=

2σAR
kQ
−
.
ε0 (2R + a) 8πε0 R

(2)
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Let us estimate the current I = dQ/dt that is allowed to flow down to the atmosphere from a ball lightning shell of radius R. Let the conductivity of air near the Earth surface be λ = 3.5 · 10−14 1iter/Ωm [65].
The electric-field strength on the ball lightning surface is E = Q/4πε0 R2 , the current density is j = Eλ,
and the total current is
λQ
I = 4πjR2 =
= 4 · 10−3 Q A.
ε0
For Q = 10−4 C, I = 0.4·10−6 A, while for Q = 10−3 C and Q = 10−2 C, the current is equal, respectively,
to 4 · 10−6 A and 40 · 10−6 A. By substituting σ = 1.6 C/m2 , R = 0.1 m, a = 10−2 m, and k = 2 in
formula (2), one obtains that for Q = 10−4 C the stability of the ball lightning dimensions is preserved
if the emitted power does not exceed 680 W. For Q = 10−3 C, the limiting power value is ∼6.5 kW, and
for Q = 10−2 C the allowed rate of the ball lightning energy loss may be up to 33 kW. An estimate of
the limiting power of the ball lightning emission can be done as follows.
For instance, if for the core charge Q = 10−4 C the rate of energy losses is greater than 680 W, the
current flowing through the air will not be able to withdraw the excess charge from the ball lightning
surface. Because of this, the rate of changing the force stretching the shell becomes higher than the rate
of changing the force shrinking the shell. As a result, one can have either an increase in the ball lightning
radius or its explosion. It is interesting that the explosion of the ball lightning with the dimensions
indicated above (caused by the increase in the emission power) can take place only if its charge does not
exceed Q = 1.9 · 10−2 C. When the charge exceeds this value, an implosion (not explosion) of the shell
takes place.

3.

Comparison of the Models

One can see that models B, D, and N discussed above have many common features and they associate
the large energy of ball lightning with the kinetic energy of ions (models D and N) or with the energy of
a static electric field (model B). The force confining the system is caused by the charge density gradient
in a “homogeneous” system (model D) or by the electric field gradient in a “heterogeneous” structure
(model N). In model B, this force is the elastic force of polymer threads. All the models assume the
presence of charges inside the ball lightning, and the small rate of their recombination is provided by
their separation in different stationary orbits (models D and N) or by the unipolar character of the
system (model B). A common feature of all the models discussed is also the assumption of a complex
inner structure of the power core of the ball lightning capable, under certain conditions, of changing
its form. These are the system of uniform vortex tubes in model D, identical small dynamic capacitors
in model N, or the fractal net structure of polymer threads in model B. The models assume that the
formation of the mentioned interior structure of ball lightning takes place at the moment of its creation
near the channel of linear lightning from where it gets the energy. The stability of the systems is supported
by the equality of forces tending to increase the system volume (centrifugal forces, magnetic fields, and
the repulsion of charges of the same polarity) and counteracting forces (quantum forces, gradient forces,
elasticity of the material). When this balance is broken, an explosion as well as an implosion of this
system can occur (implosion is clearly demonstrated in model N, where a vacuum cavity is present).
Models B and N are based on the assumption that there is an electric capacitor in the heart of the
ball lightning and the ball lightning is thought to have a noncompensated electric charge (negative in
model B and positive in model N). In model D, the ball lightning as a whole is considered as electrically
neutral. When the ball lightning has the contact with conductors, the presence of charges could give rise
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to an electric current; there are many reports concerning such events [1, 13, 14, 37]. The presence of fast
moving ions in models N and D may initiate material streams thrown out of the exploding ball lightning,
along with rare cases of radioactive injury of individuals in contact with the ball lightning.
According to the three models considered, ball lightning is an open system that exchanges energy
with the environment. In models B and N, the exchange is performed by charge, so the lifetime of the
ball lightning cannot be infinitively long. Let us assume, in view of the observations, that the rate of
energy losses of a typical ball lightning is equal to 1 kW (where the visible emission power ∼100 W is
included along with the power losses through other channels. i.e., radio-frequency emission, air heating,
etc.). In this case, an energy of 10 kJ will be lost during 10 s, while an energy of 10 MJ, during 170 min
(2.8 hours). If one assumes that the ball lightning is able to preserve its stability when it has lost not
more than 10 % of its energy, the characteristic lifetime of the ball lightning will be reduced to 1 s –
17 min. One can see that the models predict that the lifetime of a high-energy ball lightning is longer
than the lifetime of a low-energy one. The other reason for the disturbance in the stability of the ball
lightning in models B and N is the charge losses caused by the finite conductivity of its shell. The charge
located on the outer surface of the shell must have the possibility of flowing down to the Earth through
the atmospheric air. As was discussed earlier, the current I caused by the atmosphere conductivity λ is
I=

λQ
,
ε0

where Q is the ball lightning charge. If, as before, one supposes that the stability of the ball lightning is
conserved up to 10 % losses of its charge, the lifetime
t`q =

0.1 Q
0.1 ε
=
= 25 s
I
λ

can be obtained. This value is an average estimate of the ball lightning lifetime. In fact, when the rate
of charge losses is limited not by the air conductivity but by the shell conductivity, the ball lightning
lifetime may be greater than 25 s and, vice versa, the ball lightning may disappear earlier; however, in
this case, the time of its charge expansion must last some tens of second (this process can be observed).
In spite of the demonstrated coincidence of conclusions of the discussed models with respect to a
number of fundamental items, the interpretation of some observation results turns out to be substantially
different. First and foremost, it concerns such a simple characteristic as the ball lightning motion.
It is known that ball lightning is able to move upwards as well as downwards, also along the wind
direction as well as opposite the wind direction, with the velocity changing from zero to the aircraft
speed [1, 13, 14, 37]. Near conductors or on the Earth surface, it moves parallel to them. Inside the
aircraft, ball lightning usually moves along the fuselage axis in the direction from the front toward the
tail [1]. It is capable of penetrating into buildings through chinks and chimneys, sometime leaving
the building the same way. In models B and N where the presence of the ball lightning charge is
presumed, the electric field of the Earth is considered to be primarily responsible for the peculiarities
of its motion. The vertical component of the electric field strength near the Earth surface during fair
weather is Efw ∼ 100 V/m (the field is directed upwards), and during thunderstorms the electric field
strength may increase up to Est = 104 − 105 V/m (under the thundercloud, the electric field vector
changes its direction to downward) [1]. If the charge of the ball lightning is equal to 10−2 C, then the
force acting on it during fair weather is Ffw = 1 N, while during thunderstorms this force increases up
to Fst = 102 − 103 N. Under the action of this force, ball lightning with a positive charge will tend to
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fall to the Earth during fair weather or to climb to clouds during thunderstorms. If the charge of the
ball lightning is negative, the character of its vertical motion will be reversed. Since the electric field
near the Earth surface may change its direction and penetrate into buildings, it is possible that the ball
lightning may make its appearance in closed rooms. However, taking into account only the charge of the
ball lightning gives no possibility to explain such a peculiarity of its motion as hovering over conducting
surfaces and floating along them (when they have extended shape). Indeed, if a charge is close to a
conducting surface, a charge of opposite sign is induced with a tendency to attract the former charge
to the surface. The force acting on the charge Q = 10−2 C spaced at 1 m from the Earth surface is
2×105 N, which is 200 times greater than the force acting on the charge from the field E = 105 V/m
during a thunderstorm. However, according to the observations, ball lightning does not fall onto the
Earth but hover over it at some altitude. Thus, it is reasonable to assume that a force repelling the
ball lightning from the conducting surface must exist. In model N, the reason for the existence of this
force is connected with the presence of radio-frequency emission of the ball lightning. The intensity
of this emission might be greatly increased owing to a disturbance in the uniformity of the emitting
particle (ions) distribution along their orbits [59–62]. So one may expect that the appearance near ball
lightning of some conducting surface, in which eddy currents are induced, due to the positive feedback,
can sufficiently increase the flux of electromagnetic radiation incident onto the surface. As a result of the
interaction of high frequency magnetic fields created by eddy currents, which are induced in a conductor,
with magnetic fields of emitters located inside the core of ball lightning, a force repelling the ball lightning
from the surface arises. This force changes drastically with distance from the conductor (as `−7 ). So, at
some altitude, it can become equal to the electrostatic attraction force (which changes with distance as
`−2 ) [59–62]. The balance of repelling and attracting forces provides also the ball lightning motion along
electric power transmission lines and other long conductors [62]. It seems likely that the same forces
cause ball lightning to move inside the aircraft along the fuselage axis [1, 66]. In this case, the resulting
force of the ball lightning on the part of the charges induced in metallic walls of the aircraft hull is equal
to zero and the behavior of the ball lightning is controlled by the force produced by eddy currents in the
walls only. The slow motion of the ball lightning from the front to the tail along this axis is obviously
explained by the presence of a weak electric field inside the flying aircraft.
In models B and D, internal generators of the radio-frequency emission in ball lightning are absent,
so it is not impossible to explain the hovering of ball lightning.
In models where ball lightning is considered as an electrically neutral (or carrying a negligible charge)
object, its hovering is explained by the presence of Archimedes’ force balancing its weight [35, 37]. For a
1-liter ball lightning, this force is approximately equal to 10−2 N, so the corresponding air structures with
the average density differing slightly from the air density are usually proposed by the models. However,
the model of ball lightning as a child’s balloon fails to explain the lifting some heavy objects, such as a
magnet (with mass more than 1 kg) [15] and iron-rod cages with mass equal to ∼100 kg [67]. The only
possibility to explain this fact is to assume that ball lightning carries an additional electric charge, and
figuratively speaking, it is something like the “hook” of a crane “hanging” on a force line of the terrestrial
electric field. By the way, the selectivity of the indicated feature of ball lightning (which interacts only
with magnetic materials) makes one assume the presence of strong local magnetic fields inside it as well
as assume its ability to get a macroscopic magnetic moment under the action of an external magnetic
field.
Models B, D, and N provide different explanations of the nature of the visible light emission of ball
lightning. In model B, the light emission source is the discharge plasma, which arises due to the loss
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of a part of the electrons from the charged net-like structure and their acceleration in a strong electric
field produced by the structure charge. The discharge color depends on the emission spectrum of the
two main air components — nitrogen and oxygen molecules. In the context of this model, it is difficult
to explain how ball lightning can change its color so fast as well as demonstrate so many colors noted
by many observers. According to model D, the ball lightning luminescence is initiated by the cyclotron
radiation of positive ions of nitrogen and oxygen or protons, which rotate at orbits with radius 10−7 cm
and velocity ≈107 m/s. The frequency of their rotation corresponds to the visible light. Electrons,
being bonded in stationary quantum states, in model D do not participate in the electromagnetic energy
emission. In model N, the synchrotron radiation of relativistic electrons drifting in crossed electric and
magnetic fields is assumed to be the reason for the visible emission of ball lightning. In this model, the
velocity of electrons is close to the velocity of light and is a consequence of the relation between the
electric and magnetic field strengths, which is necessary to provide electron motion on a closed orbit.
Since the radius of this orbit is small (from some millimeters to some centimeters) the power of the
synchrotron radiation may be very high. The observed decrease of this power takes place because of
the uniform distribution of electrons on the orbit. Due to this uniformity, the mutual suppression of
electromagnetic fields emitted by electrons at the opposite ends of the orbit diameter occurs. When the
electron distribution on the orbit is completely uniform, this suppression may be full (this can be the
reason for the observation of “black ball lightning”). In model N, the ions, which also rotate, remain
nonrelativistic and their radiation corresponds to radio frequencies. The intensity of the ion emission
substantially depends on the uniformity of their distribution on the orbit. The rotated ions play the role
of a “fly-wheel” — an accumulator of kinetic energy. This energy is “pumped” into the electron ring,
compensating the energy losses arising due to the emission process. Since the rate of this pumping may
vary strongly, the velocity of electrons along with the characteristic frequency of emitted light will also
be changed. This can be demonstrated as a fast change of the ball lightning color.
In model N, one can find a reasonable explanation for such a strange feature of ball lightning as the
absence of development of its thermal radiation if the ball lightning is observed at a distance of 0.5–1 m
and, vice versa, the appearance of heavy burns at close contact with the human skin (1–2 cm). Obviously,
the reason is a radio-frequency emission with the intensity (as discussed above) sharply decreasing with
the distance from the ball lightning surface. Unfortunately, models B and D do not give any explanation
for the reason for the mentioned peculiarity of ball lightning.
In model N, it is assumed that positive ions can be kept in a limited domain inside the ball lightning
shell due to their reflection from the inner wall of the shell. Due to permanent losses of ions by the core,
the shell also carries some positive charge. If the shell is a fair dielectric, one can suppose that (like in
model B) the current of positive charges through the shell to its outer surface is negligible. It is quite
possible that in this system, along with the process of “reflection” of separate ions, power core shocks
(as a whole, “construction” of ions and electrons) against the shell wall may take place and this can be
observed as cracking, rustling, and other similar noises.
Ultraviolet emission of moving charges (in models D and N) or plasma produced by discharges in the
external electric field of the ball lightning (models B and N) may be the reason for the creation of ozone
and nitrogen oxides in the nearby air. The presence of odors of these compounds was noted by many
observers; moreover, Dmitriev once succeeded in finding these compounds in air probes collected in the
ball lightning trace [68].
A very intriguing property of ball lightning is the ability to pass through very small holes by first
changing and then restoring its form. None of the models discussed can put forward a detailed description
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of the reason for this phenomenon; however, there is also no reason to exclude this process. Indeed, it is
assumed in all the models that the core of ball lightning consists of small elements and these elements,
in principle, are able to be aligned (in spite of the fact that some difficulties are available for models B
and N due to the Coulomb repulsion of charges of the same sign). To pass through the window chink,
ball lightning must closely approach a dielectric (this is not forbidden even by model N where only its
contact with conductors is improbable). However, now it is impossible to say anything certain about the
forces causing ball lightning to change its form and squeeze itself through a small hole. Most likely, this
is a complex combination of electric and gas dynamic processes related to unusual properties of the ball
lightning surface (air molecules do not adhere to it), which were discussed by Gaidukov [69, 70].
Of particular interest for testing the proposed models of ball lightning is the case of its interaction
with window glass. Usually round holes of 5–10-cm diameter are created in the glass as a result of this
interaction, and round pieces of glass are found near these holes [71–74]. Radial cracks are sometimes
absent in the glass that remains in the window frame (these cracks always appear if a piece of glass is
broken due to shock by a solid object against the glass surface). Sometimes the disk falling from the
glass is also left undamaged. Reproducing the process in the labs shows that one can obtain similar
results by fast local heating of the glass with the help of a CO2 laser or gas burner flame [73]. Within
the framework of models B and N, heating of the glass may take place because of heat exchange with
the plasma appearing on the glass surface. The origin of the force responsible for the glass disk falling
down is either the electric field nonuniformity produced by the charge of the ball lightning core or the
difference in pressure at the opposite sides of the glass.
For all models where ball lightning is considered as consisting of material particles (electrons, ions,
atoms, and molecules), the main difficulty is to explain how the ball lightning can pass through the glass,
which remains undamaged (see [1], p. 173). For models where ball lightning is considered as a discharge
in air provided by the energy of an external source of electromagnetic radiation, such behavior of the
ball lightning is accepted as natural enough. It is thought that the electromagnetic field is transferred
almost without losses from one side of the glass to the other, the discharge being quenched at one side
and appearing at the other [1, 23, 25, 75]. This approach assumes that the ball lightning energy may
be transferred in the form of electromagnetic radiation and is considered quite reasonable. For instance,
in [39] a “scenario” of the passage through the glass of some material object in the form of aggregation
of charged clusters (like the ball lightning model developed by Stakhanov [37]) is assumed where the
energy of this aggregation is transformed into energy of radio-frequency emission at one side of the glass,
this radiation is transferred to the other side, and a new aggregation of clusters is formed there. This
process looks very artificial, but it is probably difficult to find another way to explain this phenomenon.
In model B, an effort is made to explain the process of the ball lightning passage through the glass by
dividing it into very thin threads. As a result, microscopic holes are produced in the glass. Nevertheless,
there was no detailed microscopic investigation of the glasses, through which the ball lightning has passed,
but there was also no visible changes in the properties of the glass (its transparency, surface structure,
etc.). So, it would be more proper to believe that there is no transfer of material particles through the
glass but only transfer of energy and entropy. The material for the ball lightning to be rebuilt must be
collected at that side of glass where its revival takes place.
According to model N, the process of ball lightning passing through undamaged glass would be
considered as follows.
The ball lightning core serves as a generator of microwave radiation, this generator being operated
at the minimum power. The disturbance in the structure of elementary oscillators appearing because of
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the reflection of a part of this radiation from the glass surface may cause a sharp increase in the flux
of radio-frequency power towards the glass and the concentration of this flux on the restricted area of
the surface. The frequency of the ball lightning emission was measured to be 3 GHz [76]. The radiation
penetrates through the window glass almost without absorption, so it cannot heat it [77]. However, if the
high-frequency electric-field strength at the side of the glass opposite to that at which the “adhered” ball
lightning is located exceeds a certain threshold, a high-frequency discharge and plasma may arise near
the glass surface. The presence of dust at the glass surface along with a strong electric field created by
the charged core of ball lightning helps this discharge. Indeed, as was showed in [78], when a restricted
air volume is exposed to the simultaneous action of microwave radiation with a frequency of 2.45 GHz
and an electric discharge spark (U = 10 kV, W = 200 J), the ignition of the high-frequency discharge
takes place at a power flux of 200 kW/m2 , while, without the spark, the high-frequency discharge takes
place at a power flux greater than 800 kW/m2 .
Since the domain where the microwave field exists is limited, the power distribution inside the plasma
volume is nonuniform. It is known that a plasma has diamagnetic properties, hence the particles (a
plasma consists of, i.e., positive and negative charges and neutral atoms and molecules) are kicked out
to the region with a smaller intensity of the microwave field [79]. The efficiency of this process increases
due to the presence of the strong electric field created by the positive charge of the ball lightning core;
the mechanism can be analogous to the one described in [58]. Due to this process, a region of smaller
density can appear in the center of the domain and the particles evaporated from the glass surface (water,
dust, etc.) are concentrated at the periphery of the domain. If this process really takes place, it can lead
to the creation of the two parts of ball lightning, which are necessary for model N, namely, a vacuum
cavity and a dielectric shell. The question how a power core (system of moving charges inside the cavity)
can be created after the disappearance of the primary (“mother”) ball lightning is still open. It is quite
possible that this process has common features with the process of ball lightning creation during the
linear lightning discharge described in [80, 81]. According to it, due to the joint action of the diminishing
magnetic field and the magnetic field produced by the eddy electric field, separation of charges of different
signs and their acceleration (on closed orbits) may occur, and an excess positive charge may appear. If
this is true, this process can also help to explain the reason for the appearance of ball lightning inside
aircrafts (which, most likely, is created due to the linear lightning currents flowing along the outer surface
of the cabin glass). Besides, information concerning the details of the process would help to find a method
to reproduce ball lightning in labs differing from the one described in [80–82].
It is reasonable to raise the question how ball lightning can be created in nature and what to do to
obtain it in labs. All models considered assume that ball lightning can be mimicked by a discharge of linear
lightning. This seems reasonable because it is difficult to find another object in nature where energies
up to 1010 J and charges up to 10 C are concentrated in a small volume (V = 2.5 m3 ), even for a short
time [83]. According to model D, during the lightning stroke the electric field normal to the discharge
channel shifts this channel in the direction of the electric field vector. This leads to the creation of a cloud
of dense electrons in a small space domain. As was discussed before, these electrons form bonded pairs
which, in turn, form vortical threads. The electric field of the electron threads captures positive ions
which, rotating around threads, form an electrically neutral system of vortical electron–ion tubes [84, 85].
The increase in the length of these tubes causes an increase in the velocity of ion orbital motion and,
hence, energy accumulation by the system takes place. All these processes take place during a short
time of sustaining the linear lightning discharge, when energy transfer from this discharge to a newly
created structure is possible. Unfortunately, for model D there is no detailed quantitative description of
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the processes under consideration, so many of their features remain obscure. In particular, the reason
for the processes causing a giant increase in the electron density is not known. Indeed, a large current
produces charge self-construction by its own magnetic field (pinching). It is known also that pinching
may lead to a collapse of the current channel [86], however, for the collapse to arise, the current must
exceed 2 MA [87, 88]. Such a current is never achieved in the lightning channel (the maximum current
of lightning is ∼200 kA, which is 10 times less than is required [83, 89]). It is impossible to understand
the details of the ion acceleration in the process of stretching the vortical tubes; the nature of the forces
also remains vague. (Moreover, to keep ions on the orbit, it seems that their acceleration should take
place under compression rather than under stretching of the tubes.)
In view of model D, experiments on the artificial creation of ball lightning by the discharge of capacitor
batteries of low inductance with a capacity of several microfarads have been performed [90]. At a discharge
current 32 kA, voltage 240 kV, and time of one-half period of the current oscillation 25 µs, spheres
glowing yellow during 1 s and flying along parabolic trajectories were produced. Most likely, the sphere
luminescence was sustained with the oxidation of the electrodes’ material, hence it had a chemical origin.
In view of model B, ball lightning may be created during discharge of linear lightning due to the
injection of charges into the polymer thread-like structures [29]. The detailed mechanism of this process
has not been described, as well as the dynamics of the polymer charging process, which rate must
drop with increase in the polymer charge. According to model B, polymer spherical objects are artificial
analogs of ball lightning, which are sometimes ejected from a thin channel with walls coated with polymer
when the capacitor discharge current flows along it [38]. It was possible to observe, after ejection of the
plasma jet from the channel of erosion discharge, how small glowing yellow balls with a diameter of
several centimeters emerged from it. These balls moved along parabolic trajectories reflected elastically
from horizontal surfaces, and their emission took place during ∼1 s [91]. The structure of the cooled ball
surface examined under the microscope revealed the presence of a net composed of interknitted polymer
threads.
Model N, like the other models, also supposes that ball lightning is initiated by linear lightning.
However, in our opinion, not only the ability of linear lightning to transfer the large energy and charge
but also such a peculiarity as sinuosity of the lightning channel, the possibility of many return strokes
to pass along the same path, and the existence of fast gas streams moving along the channel [92] are
essential for ball lightning creation. According to model N, for ball lightning to be created, it is necessary
that no less than three discharges should pass consecutively through a loop-like bend of the lightning
channel. At the first stroke, the channel due to the water dissociation (available in the channel) will be
filled with a mixture of hydrogen and oxygen. At the second stroke, the ignition of this mixture may
occur, so along the channel a detonation wave accompanied by a gas flow will pass. It is possible that
closing of the stream and formation of the vortex gas ring may occur in the channel loop. Inside this
vortex ring, a vacuum cavity may be formed. The ball lightning creation should take place in the third
stroke, which will follow the second one with a ∼30 ms delay. The current flowing along the channel
(embracing the vacuum cavity) produces a pulse of magnetic field which, in turn, generates eddy electric
field. Under the action of crossed electric and magnetic fields, electron injection from the wall of the
rotating gas takes place inward the vacuum cavity, and the positive charges, being heavier, remain on
the wall. Due to the charge separation, a radial electric field arises, which “pulls out” from the wall a
certain amount of positive charges (most probable, the lightest ones, i.e., protons). Protons brought into
the vacuum cavity under the action of the external magnetic field of the lightning change its direction
of motion and begin to rotate around the axis of the vacuum cavity. Simultaneously this system loses a
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significant part of the electrons, which are able to move freely along the magnetic strength lines. While
meeting positive charges in their way, the electrons recombine with them. As a result, a noncompensated
positive charge appears inside the cavity. The vortex shell (consisting of supercooled water drops) in the
nonuniform electric field of the charge will produce a force preventing the moving charge domain from
expansion. While the external magnetic field is disappearing, the proton and electron orbits get closer
and, due to this, the protons acquire energy. This process ends with the creation of the structure, where
the protons move in vacuum inside the shell, being reflected from its walls. The proton motion induces
a magnetic field. Under the action of this field and the radial electric field (normal to the former one),
the electrons drift on a closed orbit with a velocity close to the velocity of light. Then the system is
stabilized — the created electron–proton ring transforms into a large number of similar rings with smaller
dimensions, with the proton motion being changed in such a manner that the magnetic field produced
due to this motion prevents the electrons from changing their orbits. The system obtained must possess
an excess positive charge (10−6 −10−1 C), strong internal magnetic fields, and large energy storage (which
is accumulated mainly as kinetic energy of the protons and partly as energy of the electric and magnetic
fields).
In papers [80–82] a laboratory scheme to produce ball lightning was proposed. According to it, one
must act on the air vortex cavity simultaneously by ultraviolet radiation and a pulsed magnetic field;
this idea has not yet been checked experimentally.

4.

Conclusions

The analysis presented above described some recent progress in the comprehension of ball lightning.
This gives us hope, together with Mark Stenhoff [1], that the problem of ball lightning will be solved
within the next 10 years. According to philosophical principles, the process of cognition and the process
of development of some systems obey common laws. Ball lightning, beyond a doubt, is a synergetic
system. It is a non-equilibrium object (its lifetime is restricted) and it is an open system (it exchanges
energy and charge with the environment), so it must show a tendency to self-ordering [93, 94]. One can
see a similar tendency in ball lightning theories — among the chaotic hypotheses constructed based on
accidental characteristics of ball lightning, a step-by-step understanding of its core is crystallized, which
becomes the focus in solving the problem. From the above discussion, one can see how researchers, who
at the beginning of their work knew nothing about the ideas of each other and were not acquainted,
now are approaching this focus. One can see that their constructions have more common features than
differences. Doubtless, the problem of ball lightning remains unsolved, and there are many obstacles to
its solution. However, one would hope that the joint efforts of different researchers would provide an
answer to this challenge.
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An electromagnetic model of the ball lightning
V.K.Ignatovich

Laboratory of Neutron Physics, Joint Institute for Nuclear Research, 141980 Dubna
Moscow region, Russia

A ball lightning model that can be imagined as a shock wave of a point
explosion frozen with an internal strong laser discharge is considered.
PACS numbers:52.80.Mg, 41.90.Jb, 92.60.Pw

In the paper [1] it is claimed that electromagnetic models cannot explain
observed parameters of ball lightnings, and should be rejected. Nevertheless,
time to time such models are discussed in literature (see, for instance, [2]-[5]).
Most of the authors, however, treat the ball ligtning as a plasma phenomenon.
In particular, in [3] the ball lightning is supposed to be a cavity lled with
radiation, which is locked by surrounding plasma.
We propose here a nonplasma model [6], which can be imagined as a
shock wave of a point explosion in the atmosphere. This shock wave can
be stopped and frozen by a powerful laser discharge behind the front of the
wave, if the photons in the discharge experience total internal re ection at
the interface of the shock wave front. In other words, the ball lightning is a
spherical layer lled with electromagnetic radiation captured there because of
the total internal re ection, and the layer itself does not dissipate because of
electrostriction forces created by the radiation. This model contrary to [1] can
explain both the high energy and the long life time of the ball lightning. More
over it throws some light on other matural phenomena, such as hurricane and
tornado and can be used in many other branches of physics. To show how
the model works we use an analogy with quantum mechanics of a particle.
The stationary equation for electromagnetic potential (for simplicity we
use here the scalar approximation)
[ + n2k2]A(r) = 0;
(1)
where k = !=c, ! is the photon frequency, c is the light speed in vacuum and
n is the refraction index, is very similar to the Schrodinger equation
[ + k2 , u(r)] (r) = 0;
(2)
for particles [8]. Here is the wave function of a particle with wave number
k2, u is a potential energy measured in units h 2=2m and m is the mass of
the particle. To transform equation (2) to the form (1) it is necessary only
to denote
u = (1 , n2)k2:
1

It is known, that if u in the equation (2) is a potential well, the particle
can have bound states in it. Because of analogy of two equations (1,2) the
same can be said also about the photons.
Now, let us consider interaction of matter with a particle. To be precise, we
think of a slow neutron inside a substance. It is known (see, for example [7])
that the interaction of neutrons with matter is described by the potential
u = 4N0b, where N0 is atomic density, i.e. the number of atoms in a unit
volume, and b is coherent scattering amplitude. If b > 0, then u > 0, and
matter repels the neutron. However, if b < 0, the matter attracts it. Thus
the substance with a negative u represents a potential well for neutrons,
and a neutrons inside such a matter can have bound states. If a neutron is
in the bound state, the matter holds the neutron. However, and it is very
important, not only the matter holds the neutron, the neutron itself also
holds the matter, i.e it resists expansion of the matter and even compresses
it, because the well depth depends on the atomic density N0, and the higher
is N0 | the lower is the neutron's energy.
Indeed, it is shown in g. 1 that, if the matter expands, the density N0
and the well depth become lower. It leads to rise of the bound energy level,
which requires supply of energy. In opposite case, the contraction of the well,
and increase of the atomic density means lowering of the energy level, i.e
to decrease of the neutron energy. The system of a matter with the bound
neutron is unstable and tends to lower its energy, i.e. to compress the matter.
U , dU
U

E + dE

E
r

r + dr

Fig.1

In a rectangular one-dimensional potential well the energy levels are determined by boundary conditions on the edges and in nity, which give the
equation [8]
q
p
cos(r U + E=2) = (U + E )=U;
where U is the absolute magnitude of the well depth (U > 0), and r is its
2

width. The compression force is
p
dE = ,E , (U + Ep) ,E :
dr
r
2 + r ,E
For low energy levels E  ,U , and dE=dr  U=r.
The striction force created by a single particle is small. However if the
number of bound particles is large, the force becomes also large. This may
happen to be a very important factor for, say, neutron stars. In a neutron
star every neutron has the potential U = 4N0b, where N0 is the density of
neutrons, and b is the neutron-neutron scattering amplitude. It follows, that
the binding energy is proportional to N02, and compression pressure (we call
it "neutrostriction"), which is p = ,dU=dV , where V is the volume, can be
very high. In some cases this contracting pressure can be even greater than
the gravitational one.
We did not yet take into account that the neutron is a Fermi particle,
and there is a repulsion between neutrons, because of the Fermi statistics [9].
However, even with account of the Fermi statistics, the neutrostriction pressure
p = ,(h2=2m)[2N02 jbj , (2=5)(3=8)2=3 N05=3]
at some densities N0 is negative. It becomes negative at density of nutron
matter of order N0  1030 cm,3, if the amplitude b of neutron-neutron scattering does not depend on energy,
The gravitational compression p = ,(4=3)GR2 m2N02 / R,4 is proportional to N04=3, thus for radius R of the star, such that (4=3)R2m3G=h 2jbj < 1,
which corresponds to R < 22:7 km, the neutrostriction surpasses the gravitational compression. It means that at such a radius and for above density
the star will be preserved even, if the gravity were suddenly switched o .
For the star of the mass of our sun the density of neutrons at such radius is
N0  2:5  1037 cm,3, and the depth of the potential well for a neutron is
U  100 MeV.
In the paper [5] the analogous interaction was considered for electrons. It
was shown, that at some plasma density the attractive exchange interaction
becomes larger than the Coulomb repulsion, which leads to coherent binding
of plasma particles.
The notion of a potential well can be applied also to -quanta, and this
leads to our model for the ball lightning. Indeed, for photons we use refraction
index n, which is determined as n2 =  = 1+4N0 ; where N0 is the number
of molecules in a unit volume and is polarizability of a molecule. The
3

refraction index gives an analog of photon-matter interaction potential

U = (1 , n2)k02 = ,4N0 k02;
which is negative for positive . It means that usually matter attracts photons.
It is easy to show, that one can attribute to a photon potential and kinetic
energies inside a medium because of following reasons. The amplitudes of
re ection, r, and transmission, t, for a photon of appropriate polarization at
an interface of a medium are
r = (k? , k?0 )=(k? + k?0 ); t = 2k?=(k? + k?0 ):
In the absence of absorption they satisfy the usual unitarity condition jrj2 +
(k?0 =k?)jtj2 = 1, which means conservation of the -particle. However the
energy current, proportional to E 2=4, is not conserved:
(E 2=4)jrj2 + (k?0 =k?)(E 2=4)jtj2 > E 2=4:
The energy conservation can be restored, only if the potential energy (1 ,
)E 2=4 is introduced. Then E 2=4 can be considered as the kinetic energy.
In negative potential photon can have bound states, which means that
matter can hold photons. At the same time the photons also hold the matter.
Indeed, the electromagnetic eld interacts with an atom or a molecule via
the potential
U1 = ,dE = , E 2 = ,4 N h !;
where d = E is the induced dipole moment (we suppose the atom has no
own dipole moment), is the polarizability of the molecule and N is the
number density of photons. This interaction shows, that there is a force,
which draws matter inside the photon eld, and this force is proportional to
the gradient of the photon density.
From quantum mechanics it follows [10, 11], that
2 X
f0k
= e
;
2
2me k6=0 !0k , !2 , {!,k
where ! is an incident photon frequency, e is the electric charge, me is the
electron mass, !kl = !k , !l are eigen frequencies de ned by transition k ! l,
!k are energy levels of the electron in the atom, ,k is the width of the
transition, flk are oscillator strengths given by
fkl = (2me=h 2)h!lk jdkl j2;
4

and dkl =< kjrjl > is a matrix element of the dipole transition between states
jl > and jk >.
For ! < !01 an unexcited atom is pulled into the space with larger density
of photons. The matter- eld attraction is known as "pondermotive" or "electrostriction" force. This force, for example, is responsible for self focussing
of an intense laser beam. Here we shall show that this force, in analogy with
quantum mechanics of a particle, leads to quasi bound states for photons,
which is our representation of the ball lightning, and we shall estimate the
life time and the total energy of such quasibound states and compare them
with parameters of the ball lightning.
However atoms can also be repelled from the eld. In particular, for the
same condition: ! < !01, if the atom is excited, its interaction with the eld
is positive, and it is repelled from the space lled with photons. However,
there is a probability, and we shall see it to be high, that the excited atom
emits the photon and becomes pulled inside the photon gas. This is because
the matrix element of the transition is proportional to the square root of the
total number of the photons present in the mode. Because of this e ect the
photons in the intense coherent eld can not be scattered or absorbed, and
atoms in their turn become stabilized [12]-[14].
The matter- eld interaction is positive also for free charges. This can be
seen from plasma formula for refraction index n2 = 1 , !02=!2 , if !2 is less
than plasma frequency !02 = 4Ne e2=m, where Ne is density of charge e and
m is its mass. It means that, if ionization happened at the explosion, then
the light electrons will y before the shock wave front, and heavy ions stay
behind the front of the shock wave. After creation of spherical layer lled
with intense electromagnetic eld electrons remain to be separated from ions,
and we obtain a charged spherical capacity.
Let us consider parameters of the ball lightning. We shall take radius and
the energy of it to be given and equal to 10 cm and 10 kJ respectively and
then estimate its life time.
In the spherical coordinate system the equation for radial part of the
electromagnetic potential
A(r) = RLr(r) PL() exp({m);
looks like
2
d
1) ]R (r) = 0;
[ 2 + k2 + u(r) , L(L +
L
dr
r2
where L is the orbital momentum of photons.
The total potential L(L + 1)=r2 , u(r) is positive, and u represents a
"pocket" on a monotonously decreasing curve, representing the centrifugal
5

potential. The photons have a metastable state in this pocket. Since the
scattering is prohibited, the only way photons can leave this pocket is through
tunneling.
Let the wave length of trapped radiation be  = 10,4 cm. Then, for
sphere of radius r0 = 10 cm we get L = kr=2  105 . The life time T can
be estimated by expression T = tf =P , where tf is free ight time between
two collisions with the shock wave front and P is a probability of tunneling
through the potential barrier. Since tf < 10,10 s, the probability P must
be very low. Let us nd P with the usual quasiclassical approximation of
quantum mechanics.

P = exp(, );

=

Z r2 q
r1

L2=r2 , k2 dr:

(3)

The integration limits are determined by the relations
(L=r1)2 = k2 + u;

(L=r2)2 = k2:

At large L and small u the integral in (3) can be approximated by the expression
!3=2
Z x2 q
1
u
= 0 u , 2L2x=r13 dx =
L;
3 k2
where x2 = r2 , r1. To get lifetime near 104 s it is necessary to have  40
and for L = 105 the value of u=k2 should be  10,2 . It gives the magnitude
of the refraction index inside the shock wave to be of order 1.012.
The angle  of total re ection is de ned from sin  = 1=n. It shows that
the width of the photon layer is

d = r0[1 , sin ]  0:01r0 ;
or d  0:1cm. All these parameters are not extraordinary, so the life time of
order 10 000 seconds seems to be quite achievable.
If total energy is concentrated in photons, then the layer must contain 1023
photons of energy 1 eV each. The density in the layer then is equal N  1027
m,3. At such a density the surface tension is  = (n2 , 1)h!N d  103 J/m2,
so the gas density inside the ball can be only 20% higher than outside or the
temperature inside gas is only 60 K higher than outside. Because of higher
density inside the photon lm, the ball is heavier than environment and falls
down. If the gas density in the ball is lower than outside, its temperature
can be higher, and the ball can be lighter than the air.
For photon frequencies very close to a resonance the magnitude of n2 , 1
can be higher, and higher can be the surface tension and gas temperature
6

inside the ball. Situation improves even more if one takes into account the
Lorenz-Lorentz correction.
The energy of the ball contains also the energy of the spherical capacitor
and the last depends on its charge. Let us suppose that the charge is equal
to Q. An outside electron is attracted by the charge of ions with the force
Fq = Ee = 9  109 Qe=r02 = Q  10,7 N. But the photons repel it. The
interaction energy of an electron with the photon layer is
ue = (e2=mc2 )2h !N ;
(4)
The repulsive force is proportional to the gradient of N . The distribution of
gamma quanta is determined by the Bessel function JL (kr), so dJL (kr)=dr 
(L=r0)JL (kr). It means that the force can be estimated as Fe = Lue =r0, or
Fe  10,12 N. This force can withstand the attraction only if the charge is
Q  10 Coul. So the total energy of the capacitor is of the order of 1 J,
which is considerably smaller the total energy. But this is true for a single
electron. For a negative ion the potential (4) can be two order of magnitude
higher, and it increases Q and its electrostatic energy.
To create the ball lightning it is necessary to make a point explosion inside
a medium, where the shock wave makes excitation of atoms. Also it is possible
to use an external pumping. The question is whether the laser discharge will
have enough time to be developed.
To answer this question we compare the time of the light passage around
the ball with that of the shock wave passage over the distance d. The rst
time is equal to Tl = 2r0 =c  10,9 s. The second one, Ts , is de ned by an
automodel solution [15]:
r = (t2W=)1=5;
where  is the density of the atmosphere and W is the energy of the explosion.
The speed of the front is equal to
v = dr=dt = (2=5)r=t = (2=5)(W=)1=2r,3=2:
At W = 104 J,  = 1 kg/m3, r = 0; 1 m the speed is v  103 m/s. So
the Ts  10,6 s. It shows that the laser discharge has enough time to be
developed.
It is not necessary that each point explosion will lead to a ball lightning.
Probability of the ball creation is proportional to the probability of emitting
a photon in the good mode. In principle it is possible to stimulate laser
discharge using, for instance, down conversion of external beam of photons.
It is interesting that external excited atoms incident on the ball may be
re ected or deexcited. The last channel is the most probable. After deexcitation the photon layer pulls the atom inside it, so the ball moves in the
7

direction of the positive gradient of the density of excited atoms and eats
them up.
In fact, to have a stable ball it is not necessary that all photons inside
the ball skin must be coherent. The coherence is necessary for fast process.
If time scale is large enough we can obtain a similar object with incoherent
radiation. It is possible that the origin of hurricanes and tornado is also
connected with similar processes (see also [16]).
Till now we considered the scalar case. A spherical solution for vector
electromagnetic eld [17] in a reference frame moving with a small velocity
k can be represented, for instance, in the form
2v
u
u
6
 4t

E = C exp(ikr , i!t)

v
u
u
0
Yl;l+1;M (r )jl+1(sjr , ktj) + t l + 1

3
(sjr , ktj)75 ;

l
0
Y
l;l,1;M (r )jl,1
2l + 1
2l + 1
similarly to nonspreading wave packet in quantum mechanics [18], where
Yj;l;M (r0 ) is a vector spherical harmonics, and r0 = (r , kt)=jr , ktj.
The author is very grateful to E.Shabalin and V.Yukalov for their support
of the work.
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Abstract. It is proposed, on the basis of solutions of electron and ion transport
equations, together with Poisson’s equation , that ball lightning is an electric
discharge which is continuously varying on a microsecond time scale. It is further
proposed that this corona-like discharge is sustained by electric fields associated
with charges from a lightning strike dispersing along preferred conducting paths in
the earth. The theory gives an explanation of the formation, lifetime, energy source
and motion of ball lightning.

1. Introduction
Although ball lightning has been observed for centuries
(Hill 1960, Singer 1971, Barry 1980, Ohtsuki 1988) there is
as yet no generally accepted explanation of its occurrence.
Ball lightning usually occurs after a local lightning strike
and is seen as a 1–25 cm diameter luminous ball with
about the intensity of a 20 W incandescent lamp. It almost
always moves, has a speed of about 3 m s−1 , and is about
1 m above the ground. The motion can be counter to
the prevailing breeze and can change direction erratically.
Lifetimes are up to 10 s, whereupon the ball extinguishes,
either noiselessly or with a bang. There have been many
observations of ball lightning inside houses and even in
aeroplanes (Uman 1968). There have been quite a number
of observations of ball lightning passing through closed
glass windows, with no apparent damage to the glass. Some
reports state that there is no observable heat production
associated with the ball, but Keunen (1993) reported heat
sufficient to singe a wooden plank. Singer (1971) reviewed
a report of the smell of ozone and nitrogen oxides after ball
lightning and also static in a transistor radio’s reception.
Theories which have been proposed in the past, apart
from claims that observations are an optical illusion (Argle
1971), generally attempt to assign an external power source
to explain the constant luminosity of the ball over periods
as long as 10 s. Proposed power sources have included
(i) a standing wave of electromagnetic radiation (Kapitsa
1955; Endean 1976, 1993), (ii) an electric arc powered by
the electric field from a cloud (Uman and Helstrom 1966),
(iii) nuclear energy (Altschuler et al 1970), (iv) antimatter
(Ashby and Whitehead 1971) and (v) chemical combustion
(Fischer 1981). It is difficult to see how these theories
can explain how ball lightning can exist inside houses or
pass through glass windows. A theory that ball lightning
is simply hot luminous air with trapped radiation fails
because it should then rise like a hot air balloon (Lowke
et al 1969). A recent theory claims that ball lightning is
0022-3727/96/051237+08$19.50
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a complex chemical phenomenon involving water vapour
(Turner 1994).
Attempts to produce ball lightning in the laboratory
using electric arcs have generally only produced balls
originating from molten particles from the electrodes, which
do not have the general properties of ball lightning (Silberg
1962, Barry 1968, Golka 1994). Aleksandrov et al 1990,
simulated ball lightning with a spherical wire mesh in a
high electric field.
When lightning strikes a point on the earth’s surface,
an amount of charge, usually negative, is transferred via
the lightning arc from the cloud to the ground. Positive
charge is then transfered from the ground to the cloud
in times of up to 1 ms. This ‘return stroke’ has been
successfully modelled to give theoretical magnetic and
electric field waveforms as a function of time and distance
from the lightning discharge in reasonable agreement
with experimental results (Uman and McLain 1969, Little
1978). These models have assumed that the earth is
a perfect conductor for the dispersing charge, although
calculations assuming that the earth is an insulator of
zero electrical conductivity give quite similar results for
the vertical component of the electric field (Kamra and
Ravichandran 1993). Recent photographs from experiments
with triggered lightning (Fisher et al 1993, Fisher and
Schnetzer 1994) and also with ordinary lightning (Krider
1977) indicate that lightning can produce filamentary arcing
along the surface of the ground to distances of at least
20 m. These arc channels and also the ‘fulgurites’ of fused
rock that are formed in the ground for many metres will be
highly conducting during this initial stage of the dispersal
of electric charge. It has been shown that the velocity of
such charge dispersal during electrical breakdown in a gas
is generally greater than 107 cm s−1 and greater than the
electron drift velocity (Davies et al 1971, Morrow 1991).
Beyond this region of electric breakdown in the earth,
the dispersing charge will encounter material which is
usually an insulator such as rock, earth and water. The
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electrical conductivity, σ , of this region, is orders of
magnitude less than that for a lightning arc or a solid
conductor; for example, typical values of σ for water
and sandstone are 10−2 and 10−6 S cm−1 (Touloukian
1989) compared with values for an arc and copper of
100 and 106 S cm−1 . Velocities for the dispersion of
charges in insulators are determined by the mobility, µ, of
the charges in the material (Ashcroft and Mermin 1976).
The measured electron mobilities in such insulators are
orders of magnitude less than those in conductors; for
example, for water and polymers, values of µ are 1.8×10−3
and 10−6 cm2 V−1 s−1 (Bartnikas 1983, 1994), compared
with 104 cm2 V−1 s−1 for an arc. It may well be that
the dispersing charges at these large distances from the
lightning strike are negative ions rather than electrons and
negative ions have lower mobilities; for negative ions in
water µ ' 10−3 cm2 V−1 s−1 (Schmidt 1994).
In the present paper it is proposed that these dispersing
charges at large distances from the point of a lightning
strike, travelling along a filamentary path near the surface
of the earth, produce an electric field above the earth which
is the source of power and motion for the ball lightning. It is
further proposed, on the basis of solutions of electron and
ion transport equations together with Poisson’s equation,
that the ball lightning is an electric discharge which is
continuously varying on a microsecond time scale. It is
shown that space charge distortions by positive and negative
ions can produce a local maximum in the electric field about
1 m above the earth’s surface and sustain a time-varying
discharge with properties similar to ball lightning.
2. Charge motion in the ground
Ball lightning is almost always seen immediately after a
local lightning strike. Most lightning strikes are of less
than 35000 A peak current and of duration less than 1 ms.
In a typical lightning flash, approximately 20 C of negative
charge is delivered to the ground from the electric arc that
constitutes lightning (Uman 1987). The arc radius at these
currents is only of the order of 1 cm (Lowke 1979).
2.1. Charge motion during the initial breakdown
period
The electric fields, E, produced by a charge of 20 C
are extremely large. For 20 C in a sphere of radius
R = 1 cm, E ' 1013 V cm−1 , as calculated from
Es = q/(4π ε0 R 2 ), obtained from a solution of Poisson’s
equation, ∇ · E = −ene /ε; e = 1.6 × 10−19 C is the
electronic charge, ne is the negative charge density and
ε = ε0 = 8.85 × 10−14 C V−1 cm−1 is the permittivity
of free space. This field is very much larger than the
1 MV cm−1 which is sufficient for the electrical breakdown
of most solids (O’Dwyer 1973). The electrical breakdown
proceeds similarly to breakdown in a gas through the
formation of filamentary discharges from the point of the
lightning strike (O’Dwyer 1973). Such filaments have been
observed at the surface of the ground extending out to
at least 20 m in triggered lightning (Fisher and Schnetzer
1994).
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On theoretical grounds we would also expect the extent
of this breakdown region to be very large. Firstly, if the
dispersion of the 20 C of the negative charge from the
lightning strike were perfectly spherical, the radius of the
sphere, as calculated from the above expression for E,
would need to be 40 m for the field to be reduced to
1 MV cm−1 . This distance will be reduced by the square
root of the effective dielectric constant, K, of the earth;
values of K for most substances are less than 10. However,
the distance will be increased because charge dispersion
will not be uniformly spherical, but rather along preferential
filaments or fingers because of local non-uniformities in the
conductivity of the earth. The local electric field at the tips
of cylindrical fingers will be very much more than the field
at the surface of a uniform sphere, so that the fingers will
extend to a greater distance before effects of the electric
field become negligible.
Expansion of the charge along ‘fingers’, rather than
as an isotropic spherical expansion, will occur, even in
a medium of uniform conductivity, if the initial charge
distribution is non-spherical, for example cylindrical. An
analytic expression for the field, Ec , at the centre of the
end of a cylinder is derived to be
"
 
1/2 #
Rc2
q
Rc
− 1+ 2
1+
Ec =
2π εRc2
L
L
using the method of Davies et al (1964), where the cylinder
is of radius Rc , length L and has a uniform distribution of
total charge, q. The ratio of the field Ec for a cylinder to the
field Es for a sphere, also with total charge q but of radius
Rs , using the above expression for Ec and the previous
expression for Es , is then about Rs /Rc for L = 2Rs and
Rc < Rs . Thus the field at the ends of the cylinder or
‘finger’ will be strongly enhanced compared with that on a
sphere and this field will cause charge dispersion to make
the shape of the finger even more elongated. The electric
field of self-repulsion driving the finger development will
cause negative space charge to form at the tips of the finger,
similar to that predicted for the tips of streamers in gas
breakdown (Davies et al 1971, Morrow 1991), and will
produce very high local electric fields.
2.2. Charge motion far from the lightning strike
Further dispersion of the charge, when self-repulsive fields
are less than the breakdown field in the earth, will proceed
through the various materials of the earth (sandstone,
granite, clay, basalt, water and so on), which are insulators
rather than conductors. The electrical conductivities of
these materials are many orders of magnitude lower than
those of conductors, ranging from 10−16 S cm−1 for
powdered dry basalt to 10−2 S cm−1 for salt water
(Touloukian 1989), whereas values for an arc and for
conductors are 100 S cm−1 , or more. For insulators
there are no free electrons in the conduction band, hence
when charges from the lightning strike reach the insulating
materials, there will be excess and non-equilibrium values
of the electron density (Ashcroft and Mermin 1976). The
densities will be determined by equations involving the
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carrier mobilities, µ, where µ for any insulator is defined
by W/E, and W is the drift velocity of the carriers under
the influence of the local field E.
Again the electric charge will travel preferentially along
‘fingers’ of low electrical resistance that exist in the earth,
with a concentration of charge near the tips of these fingers.
The direction of motion of these charges will change if there
is a change in the orientation of the preferred conduction
path influenced by the carrier mobility and resistivity of
minerals in the earth. During thunderstorms it is usually
wet at the surface of the earth and, because the electrical
conductivity of water is usually higher than that of the
drier earth materials below the surface, there will be a
tendency for the electric charges to be near the surface
of the earth. The direction of motion of the advancing
charge will also be influenced by sudden changes in the
potential distribution over the earth’s surface, as caused for
example by the deposition of further electric charge upon
the earth by another lightning strike, even if it occurs some
kilometres away. It is proposed that the force determining
the motion of ball lightning is the electric field associated
with the spreading charge along such a finger near the
earth’s surface. Thus we have an explanation of the fact
that ball lightning is frequently observed to move counter
to the prevailing breeze or wind.
From this theory, the travelling speed of the ball will
be determined by the speed of the advancing charge in the
earth and also, to some extent, by the motion of the charges
in the air above the charge in the earth, to be discussed
in the next section. The experimentally observed electron
mobilities in insulating materials have a very large range,
10−6 cm2 V−1 s−1 for polymers, 1.8 × 10−3 cm2 V−1 s−1
for water and about 0.1 cm2 V−1 s−1 for organic liquids
(Schmidt 1977), compared with 35 cm2 V−1 s−1 for copper
and generally 103 –104 cm2 V−1 s−1 for crystals (Kittel
1966). Charge dispersion could be through ions rather
than electrons; negative ion mobilities in water are about
10−3 cm2 V−1 s−1 (Schmidt 1994). Also, the effective
mobility will be a function of voids present in the earth.
Typical observed speeds of ball lightning are 3 m s−1 .
It is known that the minimum field required to sustain an
electric discharge at atmospheric pressure in air is about
5 kV cm−1 (Phelps and Griffiths 1976) so that fields of
this order need to be present at the tips of the propagating
charges. Thus, using µ = W/E, a mobility of about
0.2 cm2 V−1 s−1 would characterize the speed of ball
lightning. The mobilities of the various negative and
positive ions and also of clustered ions in air are all about
2 cm2 V−1 s−1 (Viehland and Mason 1995). It is probable
that the propagation speed will be due to combined effects
on charges in and on the the earth’s surface, and also to
the motion of the ion cloud surrounding the ball lightning,
discussed in the next section. In the present theory, it
is proposed that, in the rare event of ball lightning, the
effective mobility of charges in the earth has a value
sufficient to sustain the charge motion in the earth and the
ball in the atmosphere.
It is of interest to evaluate an approximate time constant
for the decay of charge density dispersing through its own
field of self-repulsion in a uniform medium. The time

constant τ for the decay of the charge density can be
estimated from (1/ne )∂ne /∂t = −1/τ , where the timedependence of the charge density ne is given by the electron
continuity equation
∂ne
= −∇ · j
∂t
where j is the electron flux density. Thus, using j =
−ne µE and Poisson’s equation for E, namely ∇ · E =
−ene /ε, we can solve the electron continuity equation
assuming that ne , µ and ε are independent of position
and obtain τ = ε/(ne µe). Using values for water of
µ = 1.8 × 10−3 cm2 V−1 s−1 and the dielectric constant
K = 80, where ε = Kε0 , we obtain τ = 10 s when the
space charge density is 109 cm−3 . Such times are the order
of magnitude of lifetimes of ball lightning and larger times
would be predicted were we to use values of µ for ions
rather than electron drift.
In some applications, the above derivation for τ is
expressed as τ = ε/σ , where σ = neq µe and τ is
then called the ‘dielectric relaxation time’ (Mott and Davis
1971). The electrical conductivity σ is then evaluated from
the reciprocal of the resistivity. However, this use implies
a constant value of σ with time, determined by a constant
value of equilibrium charge density given by neq = σ/µe.
For the unusual situation of expanding charges from a
lightning strike in the insulating material of the earth, the
density of the charge carriers will not be an equilibrium
value that is constant with time, so that evaluations of τ
from resistivity values are not appropriate.
Figure 1 shows the three principal changes in the
distribution of electric charges that are associated with a
lightning strike. (i) The development of strong negative
electric charges in the base of a thunder cloud, for example
due to the interaction of wind and freezing supercooled rain
drops in the cloud (Malan 1963). (ii) The rapid transfer of
charge through the highly conducting arc of a lightning
strike, positive charge going to the cloud and negative
charge to the earth to distances of many metres. (iii) The
very much slower further dispersion of negative charge
along ‘fingers’ of relatively high electrical conductivity in
the earth, in which the field at the head of the advancing
charge in the earth will be less than 1 MV cm−1 . It
is proposed that, in the air above this advancing charge,
there will be occasions when the field will be greater than
5 kV cm−1 and hence able to sustain ball lightning.
3. Charge motion in the air
We now examine the development of a ball lightning
discharge in the high-field region above the earth where
there is a moving finger of charge. The field for electric
breakdown in air is about 30 kV cm−1 . However, once a
conducting air plasma has been formed, it can be sustained
by the much lower field of 5 kV cm−1 because processes
such as two-step ionization and detachment of negative
ions by metastable species occur (Lowke 1992). Fields
of 5 kV cm−1 would be produced by a charge of 20 C that
has dispersed symmetrically to a radius of 600 m. For nonsymmetric dispersion along the surface of the earth, such
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fields would be maintained at some points at much larger
distances, but would be reduced by the earth’s dielectric
constant.
We consider a position and time at which the electric
field immediately above the earth is 6 kV cm−1 . This field
without space charge effects in the air will decrease with
height, z, approximately according to an inverse square
law, as shown in figure 2 for time t = 0 µs, calculated
for the case of a negative charge centre 1 m below the
ground. We now consider effects which follow from there
being a few seed electrons immediately above the ground.
Such electrons will move upwards in the negative electric
field. Their number density will increase due to ionization
in high-field regions and will decrease due to attachment
to oxygen molecules forming negative ions in low-field
regions. The electron density will also decrease due to
recombination with positive ions. There will be distortions
of the electric field due to space charge effects caused by the
separation of positive and negative charges in the electric
field.
The temporal and spatial behaviour of these charges
(Morrow and Lowke 1995) is determined by the continuity
equations of electrons, positive ions and negative ions,
namely
∂
∂ne
= − (ne W ) + ne αW − ne ηW − γ ne n+
∂t
∂z
∂
∂n+
= − (n+ W+ ) + ne αW − γ ne n+ − γ n− n+
∂t
∂z
∂
∂n−
= − (n− W− ) + ne ηW − γ n− n+
∂t
∂z
where α is the ionization coefficient, η the attachment
coefficient, γ the recombination coefficient, ne , n+ and n−
are the densities of electrons, positive ions and negative
ions, respectively, and W, W+ and W− are the drift
velocities of electrons, positive ions and negative ions,
respectively. Space charge effects are determined by
Poisson’s equation which is
e
1 ∂ 2
(z E) = (n+ − ne − n− ).
2
z ∂z
ε
Poisson’s equation has been expressed in spherical
coordinates to take an approximate account of the variation
of the electric field with distance. The continuity equations
are expressed in Cartesian coordinates, which has been
found to be a fair approximation in calculations of
properties of corona discharges (Morrow and Lowke 1995).
Values of the attachment and ionization coefficients are
a function of E/N and for air are equal at E/N = 120 Td;
N is the gas number density, 1 Td is 1 Townsend or
10−17 V cm2 . The electric field corresponding to 120 Td
at a pressure of 1 bar is 30 kV cm−1 , which is often
called the critical field. However, in an electric discharge,
the ionization is increased due to effects such as twostep ionization by electrons and possibly also by photoexcitation. Furthermore, the nett attachment is decreased
due to effects such as the detachment of negative ions
by a1 1g oxygen metastable molecules (Lowke 1992).
Modified effective values of α and η as a function of E/N
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Figure 1. Electric charge redistribution, during and
following a lightning strike.

have been used to account for these effects and were chosen
to give a critical field of about 5 kV cm−1 when α = η.
Conventional values have been taken for the drift velocities
as a function of E/N and for the recombination coefficient
(Lowke 1992).
The analytic expressions used to approximate the transport coefficients are as follows: W = 1022 E/N cm s−1 ,
W− = W/100 = −W+ cm s−1 , α/N = (E/N −
10−16 )/200 cm2 for E/N > 10−16 V cm2 and α/N = 0
otherwise, η/N = 4 × 10−19 − (E/N )/1000 cm2 if E/N <
4 × 10−16 and η/N = 0 otherwise, γ = 2 × 10−7 cm3 s−1
and N = 2.5 × 1019 cm−3
Figures 2–4 show the calculated electric field, electron
density and positive ion density, obtained from solutions of
the above four equations. The equations give predictions
of these four quantities as functions of time and height
for a discharge which is initiated by electrons of number
density 1000 cm3 starting at ground level in the highfield region from the finger of dispersing charge below the
ground surface. The charge densities were obtained from
simple explicit solutions of the continuity equations, using
upwind differences for the convective terms for numerical
stability.
The numerical solutions of the electric field were
obtained from Poisson’s equation, subject to the boundary
condition that the integral of the electric field is equal to
the potential over the integration region, which was taken
as 500 kV. Using a value of E at the earth’s surface
from the previous time step, a particular integral solution
to Poisson’s equation is obtained by integration of the
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Figure 2. Calculated space charge distortions to the vertical electric field above the ground, due to spreading negative
charge below the ground from a lightning strike.

Figure 3. Calculated electron density as a function of time from an initial electron density of 1000 cm3 in the high-field region
immediately above the earth’s surface.

equation, taking into account the space charge distribution.
Then a term A/z 2 is added to this solution where the value
of A is chosen so that the integral of the final solution of E
over the integration region is equal to the potential for the
input boundary condition. This solution is valid because
A/z 2 is the complementary function of the equation, being
a solution of (1/z 2 )∂(z 2 E)/∂z = 0. The character of
the solutions shown in figures 2–4 has been verified by
further calculations using a computer package which solves
Poisson’s equation more accurately and obtains solutions of
the electric field in two dimensions.
From figure 2 it is seen that there is a significant
distortion of the electric field, so that after 10 µs it has a
maximum above the earth’s surface at heights of the order
of 1 m. Similar maxima in the electric field are obtained
in calculations of properties of corona discharges (Morrow
1991). From figure 3 it is seen that the developing electron
pulse spends most of its time at a significant height above

the surface of the earth. Thus most of the radiation will
be emitted in this region above the earth. The initiating
electrons grow in numbers by ionization in the electric field,
but after 10 µs the electron density is rapidly reduced.
The positive ion density as a function of time is shown
in figure 4. The negative ion density is equal to the
positive ion density to within a few per cent, the difference
providing the net space charge which distorts the electric
field due to the finger of charge below the earth.
The calculations represented in figures 2–4 were
continued for later times. The high electric fields then
cause separation of the positive and negative charges,
the formation of new high-electric-field regions and a reignition of the discharge. These re-ignitions constitute
further pulses of current. In our calculations, the detailed
structure and frequencies of these re-ignitions are dependent
on the mesh size, the initial conditions chosen for the
calculations and whether our calculations use a one- or a
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Figure 4. Calculated ion densities as a function of time for the calculations of figures 2 and 3. Positive ion and negative ion
densities are equal to within a few per cent.

two-dimensional calculation of the electric field. We note
similar complexity in the results of calculations of discharge
development with account taken of space charge made by
Vitello et al (1994). For the present paper the detail of these
re-ignitions is unimportant. Re-ignitions do occur and the
discharge proceeds as a series of pulses. It is proposed
that this continuing series of current pulses constitutes ball
lightning.
Accurate calculation of the details of successive current
pulses is not feasible because of the following four physical
processes. (i) The time for re-ignition will depend on the
residual electron density, which will depend on electron
densities produced by background radiation processes.
(ii) Any increase in temperature from prior pulses will
affect the ionization coefficient. This coefficient is a strong
function of temperature, because a temperature increase
reduces the number gas density, N, and thus increases
E/N. Although gas heating effects are not essential for this
model of ball lightning, they will have a strong influence
by tending to make the discharge spherical. (iii) Space
charge effects will be influenced by removal of charges,
particularly in the low-field region far from the surface of
the earth, by the convective flow resulting from the motion
of the ball, which is transverse to the direction of z in the
calculations of figures 2–4. (iv) The effective ionization and
attachment coefficients will depend on background densities
of metastable molecules of oxygen and nitrogen produced
from previous current pulses.
4. Discussion
According to the present theory, ball lightning is a time
varying glow discharge similar to corona discharges. Glow
discharges at atmospheric pressure are difficult to sustain
because increases in temperature cause increases in E/N
and thus an increase in the level of ionization. Increased
ionization causes further increases in electron current with
further gas heating which leads to an electric arc. On many
occasions ball lightning is observed to terminate in a loud
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bang, consistent with rapid gas expansion accompanying
the rapid formation of an arc. The discharge is then
terminated due to the rapid dispersion of the negative
charges through the highly conducting arc channel and the
consequent removal of the local maximum in the electric
field. The convective cooling due to the movement of ball
lightning helps maintain the discharge in the glow state.
However, if the ball is obstructed in its motion by a solid
object, the convective cooling due to gas flow through the
air will be greatly reduced and it is more likely that an arc
will be formed. Of course cases in which ball lightning is
extinguished without a bang are explicable simply in terms
of the reduction in the driving field, which occurs as the
negative charges below the earth disperse from the point of
the initiating lightning strike.
It is of interest that two eye witnesses interviewed
by the author, who observed ball lightning at night
time, reported faint luminosity between the main ball and
the ground. Such observations are consistent with the
present theory which predicts some discharge activity and
significant ion densities in this region, as shown in figure 4.
The predictions indicate that the discharge will proceed
as a series of rapid pulses with a period of the order of
1 µs. Thus radio frequency noise would be expected
and audible noise is also possible, as has been noted in
some observations of ball lightning (Dimitriev 1969, Singer
1971 pp 30–32) and also occurs in coronae. Because
the electrons of the discharge have sufficient energy to
ionize the air, there will also be dissociation of air into
O and N atoms and we would expect some production of
ozone and nitrogen oxides. A quantitative analysis of the
gas composition as a function of time made by Dimitriev
(1969), of gas samples from the immediate neighbourhood
of the path of ball lightning showed concentrations of ozone
and nitrogen oxides of about 1 mg m−3 which is about 50
times the normal concentration.
The initial formation rate of the discharge, according
to the calculations shown in figures 2–4, is of the order
of microseconds. Thus the present theory can explain
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the observations of balls passing through glass windows.
As the front of the finger of electric charge that provides
the electric field moves in the earth below a window, the
electric field will pass through the window. Then the
discharge can reform on the other side of the window within
a few microseconds.
A requirement of the present theory is that ball lightning
be initiated by a lightning strike and that its general
direction of motion of the ball be away from the point
of contact of the strike with the ground. All of the seven
eyewitness accounts of ball lightning reported to the author
are consistent with, or at least not inconsistent with, this
requirement. Furthermore, the motion of the ball lightning
would be expected to be influenced by the composition and
electrical conductivity of the ground below the ball. Two
of the observations reported the ball following the centre
of a roadway, in one case of bitumen and the other of red
gravel, and are consistent with this hypothesis.
A further requirement of the present theory is that
electric fields of 5 kV cm−1 or more exist to make it
possible for there to be a gas discharge in air. Electric
field measurements have been taken for many years with
field mills in the vicinity of lightning strikes (Uman 1987).
Fields of this magnitude have not been observed for times
as long as 1 s, although fields as high as 2 kV cm−1 , 10 m
from the strike, have been measured for a few microseconds
during the breakdown phase with triggered lightning (Fisher
and Schnetzer 1994).
It is proposed that the reason high fields have not been
observed for the late period of the charge dispersion is
that the relatively small volume of the luminous ball is
surrounded by a large cloud of positive and negative ions.
Such ions are predicted, as in figure 4, to occur particularly
at the surface of the earth, where most field measurements
are made. These ions act to shield the electric fields, so
that at even a few centimetres from the luminous ball, the
electric field is reduced to near zero, as for the curve for
40 µs near the surface of the earth in figure 3. It has
previously been recognized that effects of space charge in
the atmosphere have a significant effect in reducing the
measured electric fields during thunderstorms (Standler and
Winn 1979). Such distortion is particularly serious when
the time duration of the field is sufficient for charged ions
and even charged dust particles that always exist in the
atmosphere to drift into the region surrounding the high
field, thus distorting the field existing at the field mill.
Ball lightning has been observed inside a metal aircraft
during a thunderstorm and St Elmo’s fire was also seen
at the wing tips of the plane.
With the proximity
of thunderclouds, which are known to be charged to
potentials of hundreds of millions of volts, the existence
of fields of 5 kV cm−1 , or more, which are necessary
to initiate a corona or ball lightning discharge, is highly
likely. However, the geometric configuration and potential
distribution which determines the electric field is very
different from the earth-bound ball lightning of the present
study.

5. Summary
It is proposed that ball lightning is produced and sustained
by the electric fields associated with the dispersing electric
charges from a local lightning strike moving along fingers
of high conductivity in the earth. Calculations show
that space charge effects would be expected to produce
a maximum of the electric field a short distance above
the ground and would produce a local discharge that is
pulsating on a microsecond time scale that is similar to ball
lightning. The theory provides an explanation for (i) the
lifetime and energy source of the ball lightning, (ii) why
ball lightning does not rise even though the discharge may
be warm, (iii) why the ball lightning frequently moves
erratically and counter to the wind and (iv) the production
of ozone and radio noise, noted in some observations of
ball lightning.
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Abstract
This paper is devoted to the study of electric arc behaviour under the
influence of an external magnetic field. This situation is close to that
occurring in a low-voltage circuit breaker where an arc, after ignition, is
submitted to the magnetic field of the circuit. After a discussion of the
literature, we present our contribution. Two different methods are compared
to take the magnetic effects into account. Arc displacement in the geometry
studied is dealt within a specific development presented in this paper. We
show the influence of the nature of the gas on the arc velocity and on
possible re-strike using air and an air–PA6 mixture as the plasma gas.

1. Introduction
Numerous papers study the influence of external forces on arc
behaviour [1–3]. More particularly, in high-voltage circuit
breakers, these forces are convective ones used to blow the arc
during the passage to zero current [4]. In low-voltage circuit
breakers, they can come from the contribution of the magnetic
field created by the external electric circuit [5, 6]. In this paper,
we focus our attention on this last application.
Investigations into arc behaviour in low-voltage circuit
breakers are of great relevance to the switching industry:
they give important information for designers to improve the
performance of devices. Low-voltage circuit breakers are used
to protect the power supply to electrical machines and to protect
people as well as electrical equipment against a default current.
In this kind of breaker, the voltage is about 1 kV and the current
intensity in the range of some kiloamps. Its main function is to
conduct and to switch off the electrical current. When a default
current occurs, the contacts are separated by mechanical and/or
magnetic forces. During the switching operation, an electrical
arc is created between two contacts. In most cases the arc
starts to burn after a short lag time due to the magnetic blow
field of the current flowing towards the contact pieces [7].
Then the arc reaches a quenching area, consisting of steel
splitter plates. During its life-time, several phases need to be
considered. First, separation of the contacts, with their opening
velocity, then arc movement in the chamber and finally re-strike
or cutting in the splitter plates. During these three main phases,
a lot of physical mechanisms act in the device like pressure,
0022-3727/04/040595+15$30.00
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radiation, convection, conduction, melting/vapourization of
contact material and magnetic forces.
In order to describe and to predict arc behaviour and
the various characteristic quantities in the arc chamber of
the circuit breaker, several approaches can be used: the
experimental way [8, 9], black box simulation and also the
magnetohydrodynamic (MHD) approach [7, 10]. Although
a lot of information can be obtained by the two first
approaches, optimization and dimensionless studies pose
numerous problems. So, the MHD approach seems to be the
most complete way to consider a lot of physical mechanisms
occurring in low-voltage circuit breakers. Nevertheless,
the global model of the arc and of the switching process
in the low-voltage circuit breaker remains incomplete due
to the complexity of its geometry, which requires a threedimensional coordinate system, and to the inter-dependent
physical phenomena involved. Generally, models do not
take into account all the phenomena and use extensive
approximations, first, to simplify the problem, and second,
to decrease the calculation time. These approximations
mainly concern interactions with the walls (erosion, ablation),
description of the arc movements and the influence of the
magnetic effects on the arc. For the calculation time, one
heavy operation is calculating the magnetic field over the whole
domain. In effect, the magnetic field self-induced by the arc
and at the same time the circuit contribution have to be taken
into account.
Various experimental and theoretical papers report the
study of low-voltage circuit breakers: the theoretical ones are
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numerous. A first paper of Daube et al [11] proposes an
overview of the physical effects to be taken into account. In
this paper, after a general description, a three-dimensional
model is presented. One of the difficulties underlined by the
authors is the calculation time. However, the arc zone is not
well represented, and an arbitrary initial arc volume is given,
allowing the use of a symmetry axis for the plasma zone. There
is no arc movement and the external magnetic field is not taken
into account. The magnetic field created by the arc is calculated
by the Biot–Savart Law. With all the assumptions, the 100 µs
of the simulated arc require a computing time of 14 days on a
single processor workstation [11]. Other authors like Schlitz
et al [2, 12] also present studies on the subject. In their first
paper, the bases of the model are given in a simple free burning
arc configuration. This configuration is used by the authors
to validate the model in a stationary configuration. In their
second paper, the configuration is closer to reality, but the arc
root positions stay the same during time. In the same way, the
external magnetic field is not calculated but imposed, and the
authors show the influence of its value on the arc behaviour
such as the increase in the voltage due to arc bending. In
Lindmayer’s [13] and Barcikowski’s [14] papers, the external
magnetic field is calculated by the Biot–Savart Law, and the
arc attachment conditions depend on the rail/plasma interface
by a heating flux balance. These authors always made the
assumption of a symmetry plane for calculations in their
geometry. For arc attachment, a current density distribution, a
function of the temperature in the boundary element near the
rail, is considered. This is done assuming that only the hottest
neighbouring areas of the electrode contribute to the current
emission. So, locally, depending on the temperature field, the
current density distribution is divided over several hottest areas.
Another numerical study by Essiptchouk [15] deals with arc
movement and root velocity under the action of an external
magnetic field. In this paper, the physics is on the balance
between the Lorentz force and the aerodynamic drag force.
It concerns a rotating arc and shows the change in velocity
during time due to the energy transfer to the anode. So, this
theory is difficult to apply in a low-voltage circuit breaker
device.
Concerning experimental papers, few exist in the
literature. Keldar’s study [1] is related to the arc bending
on a transversal flow. Some experimental papers on arc root
velocity determination in low-voltage circuit breaker devices
also exist [16, 17]. In these papers, the determination of the
velocity is based on an analysis of the magnetic induction
created by the arc motion from the outside of a breaking system
at numerous points. By this method, the authors determine
the position of the average line of current that magnetically
represents the arc.
In this paper, we report our contribution to represent
the arc behaviour in a low-voltage circuit breaker. A threedimensional computational model of the arc is described in
a simplified geometry. A commercial computational fluid
dynamics code (Fluent 4.5) has been adapted and modified to
model a fully coupled air plasma flow and the total magnetic
field due to the arc and to the contribution of the electrodes.
Due to the physical complexity and to the geometry of the
low-voltage circuit breaker, several hypotheses have been used
in this paper, and the opening and cutting phases are not
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considered. We focus our attention on the arc behaviour
between the contacts.
First, we present briefly in section 2 the calculation of the
composition and transport properties for different mixtures of
air with the composite material vapours used in this study.
Second, the stationary model and results in several air–%PA6
media are presented (section 3).
Specific developments for the external magnetic field
and for the moving arc phenomena necessary to describe the
transient state are proposed.
Finally, the results for the transient state, including the
above developments, are discussed in section 4.

2. Transport properties
2.1. Introduction
In a low-voltage circuit breaker, before the appearance of
default currents, only air is present in the chamber. When
an electric problem occurs, the presence of the arc leads to
various species in the breaker: during and after arc ignition,
metal vapour coming from the erosion of the rails diffuses in the
chamber. After circuit opening, the arc moves to the splitters
under pressure and magnetic forces. So, the interactions with
the walls produce a mixture of air with PA6 vapour, the basic
monomer of PA6 being C6 H11 O1 N1 . These organic vapours
play an important role because they can affect the gas flow
and re-strikes of the arc. The literature reports methods
for determining vapour production in low-voltage [18] and
high-voltage circuit breakers [19, 20].
In this paper, we do not plan to describe all the ablation
and erosion mechanisms, but in order to study the influence of
vapour on arc behaviour, several homogeneous gas mixtures
will be considered.
2.2. Method
The first step to obtain the transport coefficients is the
calculation of the equilibrium composition and thermodynamic properties of the plasma. Some papers dealing with
the determination of these parameters in plasmas formed of
material ablated from circuit breaker walls have already been
published [21, 22].
For this paper, the methods based upon the mass action
law and the chemical base concept described by Godin
and Trépanier [23, 24] were used to determine the plasma
compositions. Three cases were investigated: pure air and 95%
air–5%PA6 and 90% air–10%PA6 mixtures. We did not take
into account the formation at low temperature of condensed
species such as graphite.
Figure 1 presents the results obtained for a 90% air–
10%PA6 plasma for temperatures under 30 000 K. Between
300 and 5000 K, we can see the presence of various carboncontaining gases such as CO, CO2 , C2 H2 , CHN and CH4 . For
temperatures higher than 5000 K, all the dissociations have
been completed and only pure components like O, C, N and H
and their ions are present in the plasma.
Knowledge of the equilibrium composition allows the
thermodynamic properties to be calculated: mass density, ρ
(Kg m−3 ), enthalpy, H (J Kg−1 ), and specific heat at constant
pressure, Cp (J Kg−1 K−1 ). The mass density and the enthalpy
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thermal conductivity, Kint , was calculated by extension of the
theory of Eucken [29]. The reaction thermal conductivity,
Kreac , was deduced from the work of Butler and Brokaw [32].
The method of calculation and the detailed expressions for the
transport coefficients can be found in [25].
To calculate the transport coefficients with the Chapman–
Enskog theory, it is necessary to access a complete set of
¯ (l,s) [25, 26]. Calculation of these
reduced collision integrals, 
collision integrals differs according to the interaction potential
between the two interacting chemical species:
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Figure 2. Comparison of the specific heats of pure air and 90%
air–10%PA6 plasmas.

are directly obtained from the equilibrium composition, and
the specific heat, Cp , is calculated as a numerical derivative of
the enthalpy [25]. As an example, the specific heats of air and
90% air–10%PA6 plasmas are compared in figure 2. In the
case of air, the four peaks located at 3500 K, 7000 K, 15 000 K
and 30 000 K are due, respectively, to the dissociation of O2 ,
the dissociation of N2 and the first and second ionization of N
and O atoms. For the 90% air–10%PA6 plasma, the two first
peaks situated at 900 and 1300 K come from the dissociation
of CO2 and CH4 polyatomic molecules (figure 1). The two
following at 3700 K and 6800 K are due, respectively, to the
dissociation of H2 and the dissociation of N2 and CO. The last
two at 15 000 and 30 000 K are the consequence of the first and
second ionization of carbon and nitrogen atoms.
Knowing the equilibrium composition and the thermodynamic properties, the transport coefficients (viscosity, η
(Kg m−1 s−1 ), and electrical, σ (S m−1 ), and thermal, K
(W m−1 K−1 ), conductivities) are obtained by resolution of
Boltzmann’s integro-differential equation using the Chapman–
Enskog method described in detail by Hirschfelder et al [26].
The expression used for calculation of viscosity has been
reported in [26, 25]. The electrical conductivity is obtained
from the work of Devoto [27, 28]. According to Vanderslice
et al [29] and Devoto [27, 28], the thermal conductivity can be
written as a sum of four terms: Ktot = Kth + Kte + Kint + Kreac .
The expressions for the translation thermal conductivities due
to heavy particles, Kth , and to electrons, Kte , have been reported
by Muckenfuss and Curtiss [30] and Devoto [31]. The internal

(i) Neutral–neutral interactions: The collision integrals have
been calculated with the fitting coefficients tabulated by
[33] for Lennard-Jones (LJ) 6–12 potentials. If the force
constants (σ and ε/kB ) of the LJ potential were not
available for a chemical species, the simple hard-sphere
method was used [26].
(ii) Electron–neutral interactions: For this kind of interaction,
according to Hirschfelder et al [26] and Chervy et al [25],
the collision integrals are calculated with the effective
transport cross section, Q(l) , obtained from published
momentum transfer cross sections.
(iii) Ion–neutral interactions: Two types of reactions must be
considered: purely elastic collisions and resonant charge
transfer. The latter process occurs when the neutral
and ionized particles are of the same chemical species.
¯ (l,s) , have
According to Chervy [25], collision integrals, 
been calculated considering only elastic collisions if l = 2
and only charge exchange if l = 1. For elastic collisions,
the polarizabilities of the neutral species are necessary to
¯ (l,s) . In this case, the general expression of the
calculate 
collision integrals given by [25] was based upon the works
of Tan [34] and Kihara et al [35]. For charge exchange
processes, more precise details concerning the collision
integrals calculation can be found in [25].
(iv) Interaction between charged particles: A coulomb
potential screened by the presence of charged particles
was adopted in this work. Two cases were considered:
attractive and repulsive potential, depending on the charge
¯ (l,s) values
(+ or −) of the interacting species. The 
obtained are based upon the work of Mason et al [36].
When collision integrals deduced from more accurate
interaction potentials were found in the literature, we included
these data in our calculations. We used the data published
(+)
(+)
(+)
and Nx O(+)
by [37] for e–O(+)
x , e–Nx , e–Nx Oy
y –Nx Oy
(+)
interactions, by [38, 39] for e–C and C–Cx , by [40, 41] for
e–Hx and Hx –H(+)
y and by [42] for Cx Hy –Cz Hw .
2.3. Results
A comparison of the results obtained for pure air and 90%
air–10%PA6 is given in figures 3, 4 and 5 for electrical
conductivity, σ , thermal conductivity, K, and viscosity, η,
respectively.
For electrical conductivity, the difference at low
temperatures (T < 7000 K) between the two curves is due
to the presence of the NO molecule with pure air. This
molecule has a low ionization potential (9.3 eV) leading to
an increase in the electronic density and consequently in σ .
As shown in figure 1, the NO molecule does not exist in
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integrals for X–N2 and for X–CO are of the same order of
magnitude. The increase in the peak located at 15 000 K is
due to elevated values of the collision integrals involving C
and H species (e–C, e–H, e–C+ , e–H+ , C–C+ , H–H+ , . . .).
Likewise, the lower values of viscosities observed in figure 5
up to 14 000 K for air–PA6 plasma are due to the high values
of the collision integrals for C and H species (e–C, e–H, . . .).
These thermodynamic and transport coefficients will be
used in the model to study the influence of the nature of the
medium on the arc behaviour.
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Figure 3. Comparison of electrical conductivity of air and 90%
air–10%PA6.

The developments of the model presented in this section
have been validated previously [43, 44] for a free burning
argon arc configuration. They have also been applied to
several configurations, such as a cutting plasma torch [45],
where a good agreement was found between theoretical
and experimental results. So, we do not present here the
validation step, which can be found in the published papers,
but directly the hypothesis, the equations, the geometry and the
results of the model applied to the low-voltage circuit breaker
configuration.
The model is based on the finite volume method and uses
the user defined subroutines of the commercial software Fluent
version 4.5 to take the MHD effects into account.
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Figure 4. Comparison of thermal conductivity of air and 90%
air–10%PA6.
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Figure 5. Comparison of viscosity of air and 90% air–10%PA6.

the 90% air–10%PA6 mixture because all the oxygen atoms
are captured by carbon atoms to form carbon monoxide
molecules, CO.
Figure 4 shows the results obtained for thermal
conductivity. The existence of peaks from the reaction thermal
conductivity, Kreac , can be explained exactly as for specific
heat, Cp . The peak situated between 3000 and 4000 K is
greater in the case of the air–PA6 mixture because of the high
values of the collision integrals involving H2 . The peak around
7000 K takes similar values in the two cases because collision
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The model is based upon the following

(a) We ignore gravity.
(b) The medium is assumed to be plasma, which satisfies the
conditions for local thermodynamic equilibrium.
(c) The plasma is a Newtonian fluid and the flow is laminar.
(d) The arc ignition is not modelled.
(e) The arc–electrode interaction is not taken into account.
(f) The three-dimensional model uses Cartesian geometry
(x, y, z).

3,0x10

2,5x10

3.1.1. Hypotheses.
main assumptions:

3.1.2. Equations. For the three-dimensional configuration,
in the stationary state, the general equation used in the
finite volume method can be written following the Patankar
formulation [46]:


∂
∂
∂
∂
∂
(ρvx ) +
(rvy ) + (rvz ) =

∂x
∂y
∂z
∂x
∂x




∂
∂
∂
∂
(1)

+

+ S
+
∂y
∂y
∂z
∂z
x, y and z are the three directions of the coordinate system, and
vx , vy and vz are the respective velocities; ρ is the mass density.
This general formulation can be used for all the equations by
adjustment of the variable φ, of the diffusion coefficient, φ ,
and of the source term, Sφ . For example, the mass conservation
equation can be obtained with φ = 1, φ = 0 and Sφ = 0.
In the same way, the values for the scalar potential equation
used to determine the current densities are φ = V (potential),
φ = σ (electrical conductivity) and Sφ = 0 and no convection
term. For the other equations, the different variables, φ,
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Table 1. Equations in three-dimensions.
φ

φ

x momentum (2)

vx

µ

y momentum (3)

vy

µ

z momentum (4)

vz

µ

Energy (5)

h

κ
Cp

x potential vector (6)
y potential vector (7)
z potential vector (8)

Ax
Ay
Az

1
1
1

Sφ







∂p
∂
∂vx
∂
∂vz
1 ∂
∂vx
+
µ
+
µ
+
µ
∂x ∂y
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∂z
∂x
3 ∂x
∂x
 

2 ∂
∂vy ∂vz
−
µ
+
+ jy Bz − jz By
3 ∂x
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∂
∂vy
∂
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2

 2 ∂vx ∂vy ∂vz
+
+
−
3 ∂x
∂y
∂z


jx2 + jy2 + jz2
5 k jx ∂h jy ∂h jz ∂h
− 4π εN +
+
+
+
σ
2 e Cp ∂x Cp ∂y Cp ∂z
µ0 .jx
µ0 .jy
µ0 .jz
−

φ and Sφ , used in the model are presented in table 1. In
this table, P is the pressure, εN the net emission coefficient,
µ the viscosity, κ the thermal conductivity and Cp is the
specific heat.
Due to the presence of the arc in the medium, the selfinduced magnetic field, Bs , has to be calculated. By definition,
 and
Bs depends on the potential vector, A,
 ∧ A
B = ∇

Splitter plates
(Wall S)

23 mm

Opening

Wall

(9)

We can thus obtain the magnetic field components, Bx , By
and Bz , from the calculated potential vector components: Ax ,
Ay and Az . The current density components are deduced from
the scalar potential, V :

j = −σ ∇V

Cathode (Wall C)

Anode (Wall A)
14 mm
30 mm

Figure 6. Low-voltage circuit breaker: simplified geometry.

(10)

In equations (2)–(10), the thermal and transport properties
are functions of the local temperature and pressure. Radiation
is taken into account by the net emission coefficient method.
Simulation of the electric arc necessitates the inclusion of
source terms in some equations: the Lorentz forces in the
momentum equations (2)–(4) and the Joule effect and the
radiation term in the energy equation (5).
3.1.3. Geometry and boundary conditions. As numerous
physical mechanisms have to be considered, a simplified
geometry (presented in figure 6) is used. This simplification
of our geometry makes problem resolution easier, and similar
simplified geometries can be found in various studies in [11, 7].
This geometry corresponds to a simplified experimental scale

model with performances not identical to the real ones but
which allows us to analyse the main phenomena. Moreover,
on a similar geometry, experimental tests have been made,
allowing a partial validation. It includes a chamber, two rails
and splitter plates. It consists of a parallelepipedic volume with
one open area of about 25 mm2 where static pressure equal to
zero is imposed. We can also distinguish two rails 5.6 mm
wide: wall C (for cathode) and wall A (for the anode).
The computational box is very small: 30 mm long, 23 mm
high, and 14 mm wide. The dimensions used are similar to
those used in the literature for the same study [17]. In this
experimental paper the chamber is 42 mm long, 27 mm high
and 10 mm wide.
On the right side, four blocks representing the splitters are
included (wall S). The grid spacing is constant and equal to
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Table 2. Boundary conditions for the three-dimensional transferred arc model.
Area

P

vx

vy

vz

T

Ax

Ay

Az

V

Opening

Static pressure

∂vx
=0
∂ n

∂vy
=0
∂ n

∂vz
=0
∂ n

300

∂Ax
=0
∂ n

∂Ay
=0
∂ n

∂Az
=0
∂ n

∂V
=0
∂ n

WALL

—

0

0

0

300

∂Ax
=0
∂ n

∂Ay
=0
∂ n

∂Az
=0
∂ n

∂V
=0
∂ n

WALLA

—

0

0

0

3500

∂Ax
=0
∂ n

∂Ay
=0
∂ n

∂Az
=0
∂ n

0 and J (x, y)

WALLC

—

0

0

0

3500

∂Ax
=0
∂ n

∂Ay
=0
∂ n

∂Az
=0
∂ n

∂V
= 0 and J (x, y)
∂ n

WALLS

—

0

0

0

1000 or
∂T
=0
∂ n

∂Ax
=0
∂ n

∂Ay
=0
∂ n

∂Az
=0
∂ n

∂V
=0
∂ n

0.16, 0.33 and 0.65, respectively, in the x, y and z directions.
The calculation domain is made of about 2 65 000 computational cells. All the walls of the calculation domain have a temperature equal to 300 K, except the electrodes, where a mean
temperature of 3500 K is assumed. An exponential profile of
the current density is actually used as boundary conditions on
walls C and A for the arc root attachment positions.
jz (x, y) = Jmax exp(−b x 2 + y 2 )

(11)

Jmax is equal to 1.2 × 108 A m−2 , and b is a constant depending on the intensity. At the arc root attachments, we have
x = y = 0. All the boundary conditions are summarized in
table 2.
3.2. Results in stationary state
The results presented here concern different media for a current
intensity equal to 100 A.
3.2.1. General results in air. The first series of results,
presented in figures 7–9, is devoted to an arc in pure air for
a current intensity of 100 A. All the results are presented in the
central plane of the geometry. In this section, the contribution
of the magnetic field induced by the rails is not taken in account.
Figure 7 represents the temperature field obtained. In this
case, the arc root positions (upper and lower) are imposed in
the middle of the rails. Due to the geometry and to the small
area of the exhaust, hot temperatures over 4000 K can be found
throughout the geometry, with a maximum temperature around
20 kK in the arc core region. The stationary results presented
will be used as the initial condition for the transient state. Some
authors use an arbitrary gas volume with a hot temperature
as initial values [7, 11]. With this last consideration, the
arc chamber is not pre-heated by radiation, convection or
conduction as in our case, but the disadvantage is that the
energy quantity introduced cannot be governed.
The potential field is presented in figure 8. It represents the
drop voltage in the column and does not take into account the
anode fall voltage or the electron work function. A reference
potential of zero is imposed on the anode, and we found a
maximum value of 25 V near the cathode.
Finally, in this first series of results in an air medium,
figure 9 reports the velocity field magnitude in the geometry.
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As the geometry is practically closed, convection is only
due to the Lorentz forces created by the magnetic field selfinduced by the arc. A maximum value around 140 m s−1 is
found near the contacts due to the area of the arc attachments.
Near the cathode, these forces pump the gas down, while near
the anode, the same forces pump the gas to the top. This
explains the existence of a stagnation point at the centre of the
geometry.
3.2.2. Influence of medium on arc characteristics. As
explained in section 2, in real circuit breakers, before arc
ignition the chamber contains only air at atmospheric pressure.
When the arc is created and during the displacement phase,
metallic and organic vapours appear, coming from the erosion
of the contacts and from the plastic walls, respectively. At
this step of the study, we do not use a specific model
to take this erosion into account; nevertheless, in order to
study the influence of the medium on the arc behaviour, we
tested three homogeneous mixtures: air, air–5%PA6 and air–
10%PA6. The current intensity is equal to 100 A. For the three
media, we present in figures 10(a) and (b) the temperature
evolution along the rail direction, respectively, close to the
upper rail (Z = 2.63 mm) and close to the downstream
one (Z = 18.4 mm). The curves are plotted from the left to
the maximum temperature position of the arc. With an air–PA6
plasma, we can note two changes in the profiles corresponding
to the dissociation of nitrogen and oxygen. The column drop
voltage increases with the PA6 proportion. The total column
voltage is equal to 25.02, 28.15 and 35.02, respectively, for
air, air–5%PA6 and air–10%PA6 media. So, for the same
intensity, the power injected into the plasma is not the same.
Nevertheless, small differences can be observed between the
curves, except between 3000 and 7000 K. The curves are
close for the arc core, and differences appear at the edges with
lower temperatures in an air–10%PA6 mixture. The presence
of organic vapours in the plasma seems to cool the edges of
the arc. The results for the three mixtures in the stationary
state will be used in the transient state as initial conditions for
the time t = 0.
3.2.3. Arc under external magnetic field. The literature
reports studies showing the influence of an external magnetic
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Figure 7. Temperature field (K) in air plasma; I = 100 A; stationary state.
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Figure 8. Scalar potential field (V) in stationary state; air plasma; I = 100 A.

field on arc bending [2, 3]. As, in the low-voltage circuit
breaker, the arc is submitted to the magnetic field coming
from the current in the contacts, we applied a constant value
of the magnetic field, Bc , to the arc plasma in order to study its
influence. Table 3 presents the results for a current intensity
of 100 A, and Bc is equal to 2 and 5 mT. For the three plasma
media, air, air–5%PA6 and air–10%PA6, and the two values of
the external applied magnetic field, we give the column drop
voltage and the δx quantities. The δx values correspond to the
arc displacement in the plane y = 0 under the influence of the
magnetic field from the natural position and are determined
in the middle distance between the two electrodes through the
position of the maximum axial current density. Two comments
can be made: first, the voltage drop increases with the value
of the external magnetic field and with the proportion of the

PA6 component in the air. Indeed, when a greater value of the
magnetic field is applied, the arc becomes lengthened and so an
increase in the drop voltage occurs. Second, a greater increase
in the drop voltage is observed for the same arc bending with
the proportion of PA6: the electrical conductivity increases at
low temperatures, leading to an augmentation of the energy
losses, which for a given current intensity value increases the
electrical field and so the drop voltage.

4. Transient state
4.1. Numerical model
In order to study the displacement of the arc in the chamber,
we need to extend our model to transient states.
601

B Swierczynski et al

1
2

1: 140 m/s
2: 115 m/s
3: 90 m/s
4: 65 m/s
5: 40 m/s
6: 15 m/s

3
4
5
6

5
4

3
2
1

Figure 9. Velocity field magnitude (m s−1 ) in stationary state; pure air; I = 100 A.
(a)

Table 3. Influence of the external magnetic field value on the
voltage drop and arc bending for three media; I = 100 A.
Bc = 0
Bc = 2 mT
Bc = 5 mT

(b)

Air

Air–5%PA6

Air–10%PA6

ddp = 25.02
δx = 0
ddp = 25.25
δx = 4.48
ddp = 29.67
δx = 6.47

ddp = 28.15
δx = 0
ddp = 41.6
δx = 4.64
ddp = 60.8
δx = 6.97

ddp = 35.02
δx = 0
ddp = 60.93
δx = 6.14
ddp = 108.75
δx = 7.47

The time t = 0 corresponds to the results found by the
stationary study. When the transient model begins, the external
magnetic field contribution given by the contacts is switched
on. In reality, the external magnetic field acts during arc
ignition, and we can assume that the arc is bent and that it
jumps during contact opening.

4.1.1. Modifications of the equations.
added in the general equation:

The temporal term is

∂ρφ
−−→
+ div(ρ vφ) = div(φ grad(φ)) + Sφ
∂t

Figure 10. (a) Temperature evolution along the rail direction on the
section Z = 2.63 mm. (b) Temperature evolution along the rail
direction on the section Z = 18.4 mm.

The main assumptions are those presented in the stationary
case, and the other hypotheses for the transient state are:
(a) at t = 0, we switch on the magnetic field due to the contact.
(b) the arc roots position can move independently.
(c) erosion is neglected.
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(12)

The formulation of the current density is changed and is
given by
∂ A
j = σ E −
(13)
∂t
During the displacement of the arc, we need to calculate the
contribution of the magnetic field due to the contact. This is
one of the crucial points underlined by other authors [5–10].
Another crucial point is the description of the arc displacement
in the chamber under the combined effect of convective,
pressure and magnetic forces. So in the next section we present
the specific methods that we developed to deal with these two
problems.
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4.2. Specific developments

O1

Introduction. The self-induced magnetic field, Bs , created
by the arc is an important phenomenon. Near the cathode,
it governs the pumping of the surrounding gas in the plasma
core. More generally, the magnetic field leads to the pressure
forces that we need to incorporate in the momentum equations.
In the low-voltage circuit breaker device, the arc is under
the influence of Bs but also the magnetic field, Bc , from the
contribution of the contacts due to current circulation. The
 in the chamber is thus the sum of Bs
total magnetic field, B,

and Bc .
The current carrying path between the contact and the arc
generates a loop effect that moves the arc to the quenching
chamber. If we want to represent this effect, current
conservation must be assumed between the material contacts
and the plasma. Generally, the transition between the two
media is not modelled, and a current density distribution or a
constant value is assumed in the rails.
One way of obtaining the total magnetic field at all the
points of the calculation domain is to use the Biot–Savart Law:

µ0
r − r 3 
B =
d r
(14)
j(r  ) ×
4π
|r − r |3
domain
The advantage of the Biot–Savart Law is that it can be applied
to various complex geometries, but on the other hand the
calculation time is long [11].
This method can be used to calculate the magnetic field
contribution of the rails and the self-induced magnetic field due
to the plasma. Nevertheless, we can see (equation (14)) that
the magnetic field at one point results from the contribution of
all the other points of the calculation domain. Consequently,
obtaining results is considerably slowed down. For example,
for our 260 000 cells, this requires 260 0002 operations.
So, in order to gain calculation time, we propose to
obtain the total magnetic field without using the Biot–Savart
formulation.
Proposed approach. One way to shorten the calculation time
consists of considering the contributions of the plasma and the
contacts to the total magnetic field (respectively, Bs and Bc )
separately. In the plasma the potential vector is calculated to
obtain Bs ; three new scalar equations (equations (6)–(8)), one
for each vector component, are introduced and solved for each
iteration.
The potential vector method in the plasma could be
combined with the Biot–Savart formulation in the electrodes.
The number of points, r  , to consider would be then lower than
in the case of the use of the Biot–Savart formulation in all the
domain. The points, r  , should be restricted to the points of the
rails covered by the current density. Nevertheless, the number
of operations, depending on the grid spacing and on the length
of the rails covered by the current intensity, will be higher than
in the proposed approach.
This vector potential method will be used only in the
plasma domain, and we will use another method for the rail
contributions, Bc .

P2

P1

4.2.1. Approach for magnetic field calculation

D

θ1

θ

θ2

M

Figure 11. Schema of the magnetic field contribution due to the
electrode (upper rail contribution).

The electrodes can be assumed to be rectilinear segments
with a given length, and it is then possible to use equation (15).
µ0 I
B1 (M) = −ey 
(sin(θ2 ) − sin(θ1 ))
4π D

(15)

Practically, the total calculation geometry is divided in
domains: ‘live cells’ for the plasma region and ‘wall cells’
for the conducting material. Calculations loops are made on
the geometry, and following the domain, the potential vector
method or equation (15) is used, and the total magnetic field
at each point corresponds to both contributions.
The magnetic field contribution of the rail to one point can
be deduced directly with only three parameters: two angles and
one distance.
For each new position of the arc roots at the cathode and
anode, the contributions of the two contacts are determined.
For all the points of the plasma domain, we calculate the
contribution of the two rails as presented for the upper one
in figure 11. Over time, the contribution of the rail is recalculated only if the arc root positions change, that is to say if
the segment length of the current intensity is modified (distance
between P1 and P2 in figure 11).
We compared the results obtained by the Biot–Savart
and the rectilinear segment formulations. In this calculation,
the current intensity is equal to 100 A, and only the upper
rail contribution is presented. The results are presented in
figures 12 and 13 for the Biot–Savart formulation and for the
rectilinear segment formulation, respectively. For all the tests,
the wide segment corresponds to one cell in the y-direction and
is associated to 100 A, that is to say that when we compared
the two approaches for 800 A, we took eight cells in the
y-direction. We can see (figures 12 and 13) that the two kinds
of result are very similar, except close to the segment. So, due
to the time difference (more than five-fold) between the two
approaches and the small differences in the results, we chose
to use the segment formulation presented in figure 11 in our
developments.

4.2.2. Method for the moving arc model
Introduction. In the arc chamber due to convective, pressure
and magnetic forces, the arc moves between the two contacts.
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Figure 12. Magnetic field (T) obtained by the Biot–Savart Law.
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Figure 13. Magnetic field (T) obtained by the rectilinear segment formulation.

k=1
Domain (upper)

k = nk/2
Domain (lower)
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volume

i = ni
k = nk

Xj

i=1

Figure 14. Description of separation of the geometry in various
slices to enable a self-coherent displacement of the arc.

The literature only reports few complete studies where the
arc root can move [5–13]. Nevertheless, on the proposed
approaches, the arc motion is not correlated with the
characteristics of the medium.
The aim of our study concerning this point is not to
represent all the physical mechanisms occurring in the arc
604

motion but to propose a model able to represent an arc
movement taking into account parameters as the local gas
temperature or the local electrical conductivity. The physical
model proposed here is based on the literature on high-voltage
circuit breakers [47, 48] and plasma torches [49]. In the first
case, around current zero, the models predict from an applied
transient recovery voltage the interruption capability of the
system (the existence of the arc). The theory is based on the
global conductance corresponding to the integrated value of
the electrical conductivity in the chamber directly correlated
to the mean electrical conductivity. In plasma torch models,
the arc attachment is located in the cylindrical hollow anode at
a position depending on the values of the current intensity and
the gas mass flow rate. The mean arc attachment position
is then determined by the Steenbeck minimum principle
[50]. But this theory is only used in the two-dimensional
model because in the three-dimensional model the arc length
does not allow us to know its position along the angular
direction. In order to determine the three-dimensional arc
position, the theory is based on the gradient potential and
on the mean electrical conductivity. Using this theory, the
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arc fluctuations and the movement frequency were compared
with experimental measurements, and a good agreement was
found [49]. The proposed approach is based on these two
examples.
Proposed approach. As arc root movement does not vary
linearly inside the real device and cannot be described by
simple analytic laws, it seems important to be able to propose
a model of self-acting displacement of the arc in the geometry.
So, we use a method that enables determination of the most
probable positions of arc attachment at the anode and the
cathode. This is done by horizontally dividing the chamber
into two calculation domains (upper and lower) as presented
in figure 14. For each domain, at each time step, the mean
conductivity (equation (16)) is calculated on elementary slices
along the direction of arc movement (Ox) to define the most

probable position for attachment: integration is only made on
the plasma cells.
 nk/2 ni
 nk  ni
dV
dV
σ
σ
σ̄lower (X) =
σ̄upper (X) =
N
N
1
1
nk/2 1
(16)
where N is the number of plasma cells in the given slice.
At each time step during calculation, the elementary
volume presenting the highest mean conductivity is chosen for
the next position of arc attachment. For a given attachment,
due to the arc bending under the influence of the magnetic
forces, the new position is close to the attachment position.
Nevertheless, the presented method allows the arc to re-strike
at any other position if the conditions are satisfied. The anodic
and cathodic positions are independently determined, and the
current density distribution given by equation (11) is applied
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Figure 15. Temperature fields in air; (a) t = 40 µs, (b) t = 310 µs (I = 100 A; autonomous arc root velocity).
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Figure 15. Temperature fields in air; (c) t = 580 µs, (d) t = 870 µs (I = 100 A; autonomous arc root velocity).

on both electrodes centred on the determined position. The
current intensity in the electrodes then flows from the edge
of the calculation domain, P1, to the new position of the arc
attachment, P2 (figure 11). The distance between P1 and P2
is then used to calculate the magnetic contribution of the rail.
The same method is used for both electrodes.
With this proposed method, the cathodic and anodic roots
can move independently and with different velocities.

the opposite side of the splitters. Indeed, the arc roots move
more quickly than the arc centre due to the magnetic forces
from the rails.
It is difficult to obtain experimental temperature and
velocity measurements due to the arc motion and to the
characteristics times of the phenomena. So in order to partially
validate the model, figure 16 plots the mean velocity of the
cathode and anode roots in an air plasma for a dc current of
100 A. This mean velocity is defined by

4.3. Results in a transient state

[(position at time t) − (position at time t = 0)] × 0.166
time
(17)
The value 0.166 is the grid spacing (in millimetres in the
Ox-direction), which is constant in our case.
Experimental measurements exist in the literature giving
the evolution of a low-voltage electric arc using a matrix of
microcoils that behaves like a magnetic camera [16, 17]. The

In this section, we present the circuit breaker results in a
transient state using the approach of autonomous arc root
displacement with possibilities of re-strike.
Figures 15(a)–(d) concern a transient case in air for a
current intensity equal to 100 A. The temperatures are given at
t = 40, 310, 580 and 870 µs, respectively. For t = 310 and
580 µs, we can observe a bending of the arc column towards
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Figure 16. Arc root motion velocity versus time in an air plasma.
(a)

re-striking velocity as around 30 km s−1 in our case for a pure
air plasma.
Although the model does not take into account all the
physical mechanisms, it allows us to find the same order of
magnitude of the time parameters and allows us to give an idea
of the arc behaviour in the circuit breaker chamber. We are now
going to use this model for a parametric study on the influence
of the nature of the medium.
Figures 17(a) and (b) present the position of the cathodic
and anodic roots versus time for the mixtures air, air–5%PA6
and air–10%PA6. The arc in air–5%PA6 slides from its initial
position to the final one without re-strike. On the contrary, in
the air and air–10%PA6 plasmas, a re-strike occurred on the
anodic root position between 200 and 300 µs.
Of course, the homogeneous cases are far from the real
situations, and the envisaged proportion of PA6 may be small
for a current of a few kiloamperes. But this study shows the
influence of the proportion of PA6 on arc behaviour and on the
re-strike phenomenon.
Finally, for one case (air–5%PA6), we plot in figure 18,
the axial current density distribution for three different planes,
k = 5, 17, 30, corresponding to axial distances from the upper
electrode equal to z = 3.25, 11 and 19.5 mm and for a given
time t = 700 µs. The figures represent the above views of
the geometry. The rectangular grey surfaces correspond to
the splitter and to the electrode. Due to the arc bending, the
central position of the current density distribution varies along
the z-direction. At the first and last positions, the current
density distributions are less expanded due to the arc root
attachment.

(b)

5. Conclusions

Figure 17. (a) Cathodic root position versus time and plasma
composition. (b) Anodic root position versus time and plasma
composition.

studies allow us to determine the average speed of the arc versus
the peak value of the current and to determine the re-striking
time. For a current of around 100 A, the mean velocity is
around 10 m s−1 [16]. The re-striking velocity is estimated by
the same authors at around 10 km s−1 .
We can note from figure 16 that the anode movement is
more chaotic and that the mean velocity is around 10–20 m s−1 .
The decrease between 200 and 300 µs corresponds to a back
movement of the attachment. A slow decrease corresponds
to a stagnation or back slide. We can also estimate from the
model the theoretical re-striking time. The distance between
200 and 300 µs corresponds to 3 mm; we can then deduce the

The aim of this work was to study the dynamics of the arc
in the chamber of a low-voltage circuit breaker. Due to the
numerous physical phenomena involved and to the complexity
of the real device, the assumptions are used in a simplified
geometry. Nevertheless, two specific points are studied: the
influence of the proportion of PA6 and the external magnetic
field on the arc movement.
First, the transport properties of air and mixtures of air
and PA6 are calculated and discussed. The calculations show
that the electrical conductivity decreases at low temperatures
with the presence of PA6. At the same time, the thermal
conductivity increases. These transport properties are tested
in a three-dimensional stationary model of an arc at 100 A in
a simplified circuit breaker geometry. The model estimates
the effect of PA6 on the arc properties: the electrical potential
increases with PA6 and organic vapours tend to decease the
radial extension of the arc.
Still, with this stationary model, the influence of a constant
external magnetic field on arc behaviour, according to the
plasma composition, is studied. Two different values of the
magnetic field are applied to shift the arc towards the splitters.
It is shown that the total voltage drop increases with the value
of the magnetic field and the presence of PA6.
Then, a transient state model is presented to study the
displacement of the arc through the circuit breaker chamber.
Two methods are proposed to deal with the magnetic field
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(b)

(c)

Figure 18. Current density distribution on the plane (a) z = 3.25 mm, (b) z = 11 mm and (c) z = 19.5 mm from the cathode (time: 700 µs)
in air–5%PA6 medium; I = 100 A.

induced by the current contacts in the chamber and to describe
a self-coherent displacement of the arc. This last point is
based on the estimation of the local electrical conductivity and
enables re-strikes of the arc.
Results of the transient model are then presented in
the same simplified geometry at 100 A. The self-coherent
displacement method is applied and the results for arc on the
arc behaviour in the chamber are presented. It is shown that
under forces, the arc roots are pushed towards the splitters as
in the middle of the geometry, the arc seems to move more
slowly. Finally, the behaviour of the arc in the presence
of PA6 is studied in the transient case of the self-coherent
movement.
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The PLASMAK™ Configuration and Ball Lightning
presented at the International Symposium on Ball Lightning; July 1988 (Tokyo, JAPAN)

P. M. Koloc, Prometheus II, Ltd.
BX 1037, College Park MD 20741, USA
Telephone (301) 445-1075
The PLASMAK™ plasmoid (PMK), an ideally MHD stable plasma configuration, will account for many of the commonly observed characteristics which
crop up repeatedly in eyewitness descriptions of the natural phenomenon Ball
Lightning. The PMK model will be presented and examined in terms of these
observed characteristics after a few preliminary comments.

Lightning Formation
For the purpose of understanding the nature of Ball and Bead Lightning
and their formation, a brief review with an appropriate extension of lightning
theory is necessary.
Over most non-mountainous terrain lightning strokes originate with a
negative darting leader which establishes a narrow conducting channel to continually lower charge (electrons) as it propagates nearly to the ground. For the
initial stroke this occurs in a series of relatively short steps. Branches often
form, but usually one path dominates. A cylinder of charge is set up in the air
as electrons is sprayed radially outward from the tip of the step leader and
subsequently the following darts, due to the convergence of the electric field
onto the channel tip. These electrons are then yanked outward to a distance of
two or three decameters before they slow and attach to oxygen molecules. The
slowing is related to the reduction in the field gradient due to an increase in
radial distance from the tip and conducting channel. Once established, the
charge cylinder shields the central charge supply channel from further field
emission losses. The negatively charged molecules are quasi-stable and because their mass is much larger and diffusion rate is much lower, they effectively clamp further outward radial migration during the remainder of the
lightning stroke.
The cloud potential is lowered by this process so that the vertical gradient
field at the ground region under the descending channel increases sharply.
When the vertical field reaches the breakdown voltage of two or three Megavolts per meter, a positive streamer (arc) rises from the ground and meets the
descending conducting channel at a substantial fraction of lightspeed. This is
depicted in Figure 1.
From this point the description varies from currently accepted hypotheses regarding the nature and dynamics of the lightning discharge.
In presently accepted theory, the stored electric field energy is converted
to the characteristic light flash and thunder through ohmic heating of the
channel and subsequent expansion of the channel air by the discharge current of the lightning stroke. Unfortunately, this does not account for the nearly
total conversion (99%) of energy into the shock or acoustical components of
lightning and the exceptionally low transformation of energy to the flash or
light (less than one percent).

Copyright 1988, 1995 Prometheus II, Ltd.

2

The PLASMAK™ Configuration and Ball Lightning

It is the author's contention that the principal energy conversion mechanism is current related but is NOT ohmic heating. Instead, it is a very efficient
magnetohydrodynamic (MHD) process in which currents are temporarily carried by energetic (relativistic) electrons so only a very negligible amount of ohmic heating occurs.
In this scenario, at the instant the return stroke reaches the descending
tip of a leader during one of its excursions and begins tracking back up the
leader channel, the cloud to ground potential is reoriented locally to become a
radial field with the field lines originating at the positive streamer and terminating on the charge cylinder. Because of the compressed distances and rapid
closing speeds, the gradient radial electric field is an order of magnitude
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FIGURE 1 LIGHTNING DYNAMICS
greater than what is necessary to establish an air breakdown (electron avalanche). Consequently, the charge cylinder electrons are ripped from their
moorings on oxygen and other electrophilic molecules and are accelerated with
greatly increasing speed between collisions. These electrons instantly runaway to relativistic velocities and are essentially collisionless for the rest of the
trip inward to the positive streamer. They close and intercept the ascending
return stroke.
As the positive streamer progresses throughout the remaining charge
cylinder and its branches, it collapses the charge cylinder and collects charge
in a sequence like falling dominoes. As the electrons in each vertical increment
section of the charge cylinder (ring) are discharged in turn, they follow a very
low inductance disk like path to the anode streamer. Consequently, the rise
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time for lightning has been observed in the tens of nanoseconds regime, which
corresponds nicely with the flight time.
The key to lightning channel formation of Ball and Bead Lightning has to
do with the magnetohydrodynamics occurring for the few milliseconds beginning with the time of the closing of the return stroke and descending leader.
As each vertical increment of the more or less axi-symmetric charge cylinder closes upon the advancing return stroke, the energetic runaway electrons
intercept and turn down the channel tip. This generates a flying tip of channel
segment with a colossal increase in current and an explosive production of a
dense surrounding azimuthal magnetic field. Since the adjacent air was
preionized by collapsing electrons from the charge cylinder the instant before,
and the rise time and field density are so extreme, an accelerating EMF sets up
a transient one to one image current (coaxial transformer) immediately outside
the surface of the stroke channel. This forms a conducting sheath that totally
traps the developing azimuthal field. Since the inductance of the channel segment is large with respect to the inductance of the disk path, the driving EMF
for the sheath current also causes its electrons to runaway to relativistic velocity. That is to say the reflected voltage driving currents in the sheath are of the
same magnitude as the EMF at the channel. The initial sheath current is substantially equal to the channel current.
Since each meter of channel length stores a megajoule of electric field energy or so, and the resistivity is essentially zero due to relativistic currents, a
megajoule of magnetic energy is generated in the space within the sheath. At
the outset of sheath formation the initial volume between the sheath and
channel is zero. Within a few tens of nanoseconds the currents could rise to
the point where the field exceeds five kiloGauss and the displacement of the
sheath begins. The megajoule of magnetic energy exerts pressure which converts most of its energy to kinetic energy of the sheath.
Once
accelerated,
the sheath ballistically moves radially
out-ward while at the
same time although
driven to exceptionally strong pressures
a smaller radial compression
displacement of the channel
inward occurs which
compresses
its
trapped axial field.
This is shown in a
cartoon in Figure 2.
Figure 2 Magnetically Driven Shock Wave
With an initial
fast rising magnetic
impulse generates a local EMF to drive the sheath currents to fractional lightspeed fully trapping the azimuthal flux within the sheath. Consequently, the
azimuthal field drives the sheath outward. It expands, radially displacing and
compressing air mass in a snow plow-like fashion, which adds to the shock
fronts mass and thus its velocity decelerates parabolically to the point where
the shock front no longer generates light. As this process continues the shock
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degrades to ordinary acoustic energy (thunder). Photographs of lightning bolts
are probably picturing the light generating shock and not the channel. The
shock produced light width could be a meter or so, while the return stroke
channel is one or two centimeters. As the sheath expands and the vacuum
field volume increases, a retarding EMF is generated which slows energetic
electrons to more thermal velocities. Consequently, energetic electrons are not
measured at the ground. Since the conducting sheath shields the channel currents at the outset, the peak currents in a lightning channel may not be correctly known.
The pinch effect in lightning has been considered a possibility for bead
lightning, and it has even been claimed to have been observed. This is not
likely. The earth's magnetic field is quite weak and has a sizable declination at
a large range of latitudes away from the equator. The amount of this flux,
which threads a circular cross-sectional area of a vertical charge cylinder (as
formed by a cloud to ground stroke), is larger there. See Figure 3. As the
charge cylinder is discharged, the runaway currents flow across this crosssection to the centrally located channel. But, because of their high conductivity and fast rise time, these runaways compress and trap this threaded flux
from the charge cylinder cross-section area into the cross-sectional area of the
central stroke channel. See again Figure 2. Only vertical strokes near the
equator or slant strokes which form a right angle with the earth's magnetic

Figure 3 Field Orientation to an Element of the Charge Cylinder.
field will not envelop a substantial axial field within their channels. This variable is depicted in Figure 3.
The "pinch effect" in which a self generated azimuthal field squeezes and
sometimes momentarily severs a plasma channel, cannot happen if that channel has a significant internal axial field. Pictures taken of possible lightning
channel pinches may instead be narrow obscurations of the channel by tree
limbs or power lines and the like. Incidentally, if the channel trapped axial
field is quite sizable, the stroke will have some resistance to bending. For vertical strokes, the larger the earth's field declination, the larger the vertical
component of the earth's field will be for trapping within the central channel's
axial field. See Figure 3. Perhaps that may explain the more straight, milder
zig zags and more direct paths to ground of lightning in Montana. This is in
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contrast to large looping forms of lightning that are seen quite often in the high
density lightning strike belt in Florida

Bead and Ball Lightning
Now all the elements are present to see how lightning might form Bead or
Ball lightning, or neither.
As an employee for Naval Ordnance Laboratory, the author had access to the
motion picture of the accidental explosively triggered lightning event which
terminated in the formation of a spectacular string of lightning beads. Other
such events have happened (Fieux, et al., 1975). When first discernible, they
ranged from a decimeter to no more than a meter and one half in size. In each
of the following frames the beads shrunk rapidly in size, with the smallest disappearing within a quarter second and the largest disappearing in not longer
than five eighths of a second. A number of them seemed to be associated with

Figure 4 Bead Lightning Event
the turning points of the initial stroke channel. A series of every third frame is
shown in Figure 4.
At the time that the bolt occurred, explosive shocks had already overlapped from three approximately equally distant (measured in the plane of the
water's surface) break out points during an underwater mine test. The sudden
raising of the salt water surface probably triggered the bolt. The overlapping of
the three shocks created an intense acoustic air density interference pattern
which formed a preferred series of twisted rarefactions through which the
channel was seduced. Several of these were helical. Thus the channel contained several spots of "lumped inductance". Since the total series inductance
was large, the channel rise time was greatly slowed. Consequently, more energy was stored in the lumped inductors and less in the driven shock. Under
MHD effects the helical section coalesced to form closed rings or toroids. With
the lack of energetic electrons, the resistive decay time for these magneto
plasmoids was only a few tens of microseconds, but since the energy along the
line was concentrated at these points, much greater heating was available to
the locally surrounding air. This resulted in the solid plasma balls of various
Copyright 1988, 1995 Prometheus II, Ltd.

The PLASMAK™ Configuration and Ball Lightning

6

sizes that were captured by the motion picture camera in later frames. Bead
lightning is very beautiful, and the beads observed on another occasion by the
author were dazzling in their brilliance.

Ball Lightning
If there is a single (or very few) occurrence(s) of (a) helical section(s) along
the lightning channel, then the overall channel inductance will still be very low
and the rise time sufficiently fast to spawn energetic electrons and an excellently formed sheath, as first described above.

Figure 5 Cutaway of Ball Lightning Formation
Due to the additional inductance per unit vertical length of channel, a
segment of the lightning channel in a helical shape will generate more local
flux just external to the channel. The added energy per unit length of channel
is entirely due to the poloidal component of field resulting from the circular
flow of current following the helical path. The plasma jacket or sheath surrounding the vacuum field of the helical channel segment is ballooned outward
by the associated increase in field pressure. This forms an outward bulge in
the otherwise cylindrically accelerating sheath. This is shown in Figure 5. The
ballooned sheath and attached unballooned channel sheath may have been
photographed as reported by Petrzilka (1967).
As the sheath expands, the helical stroke channel also changes dynamically. It has an accelerating contraction along its major axis, and tends to expand in the axi-normal mid-plane. Within tens of microseconds the plasma
loops contract to the point where they coalesce and form a toroidal loop. The
currents and internally trapped axial field reconnect during coalescence to
form a plasma ring which can relax to the Taylor state, containing both toroidal
and poloidal components of current and field. The image current in the sheath
responds to the change in helicity (pitch of the flux lines) and generates a
counter helical (barber-pole) image current in response. When the coalescence
is complete and the remnant axial lightning current in the channel is extinguished, the innermost edge of the sheath forms a current which is antirotational to the toroidal component of current in the plasma torus. There is
no image current to the internal toroidal field of the ring since it does not and
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never did it, at an earlier morphology, impinge upon the highly conducting inner surface of the sheath.
Finally, with the azimuthal field dissipated, the cylindrical portions of the
stroke collapse and extinguish, leaving a spheroidal magnetoplasmoid suspended in air continuing to exist off its considerable magnetic energy. The
Mantle and insulating vacuum field protects the Kernel plasma, and in turn its
high temperature cooling radiation maintains the necessary ionization in the
inner portions of the Mantle. In the case of Bead Lightning the excessively
slow rise time diminishes or precludes the formation of an energetic current
sheath, so that this sheath would disintegrate, allowing atmospheric air to
pour in and cool and release any otherwise trapped energetic currents. Without this conductivity the magnetic life time is reduced by five or six orders of
magnitude. That converts
magnetic energy into more
and hotter plasma via catastrophic ohmic heating. In
a well formed Ball Lightning, stability is aided by
the alignment of currents
and field lines in the Kernel
plasma, the ultra high conductivity of the energetic
currents, magnetic shear,
and a uniform pressure
over the external flux surface of the poloidal field.
This latter condition makes
the object omnigenous, and
that condition reduces energy losses as well as aids
stability. The model being
proposed here is that of the
Figure 6 A Tokamak
PLASMAK™ configuration.

The PLASMAK configuration
The quest for fusion forced science to recognize the views of ancient
Greeks that four states of matter exist, earth (solid), liquid (water), gaseous
(air) and fire (plasma), instead of just the first three. Fusion research may have
been a ploy used by some to seek easy funds from their governments to develop plasma science (Heppenheimer, 1984). Certainly, by far the major portion of funds spent in plasma physics has been tied to fusion research, and to
a lesser degree to space plasma physics. Secret investigations of very dense
plasma states associated with nuclear and thermonuclear weapons have also
been funded, but such information tends to be esoteric. Funding of plasma
science concerned with the plasma regimes of atmospheric electricity has yet to
be seriously considered.
An evolutionary path was struck by fusion plasma science in the development of magnetic fusion devices, especially the mirrors, Stellarators and the
tokamaks. The open mirror evolved to a closed Stellarator. This toroidal device evolved to a tokamak by conversion of the toroidal coil currents to a current within the plasma doughnut. It is at this stage of development that the
world effort is currently positioned. Funding of fusion is so large that simply to
Copyright 1988, 1995 Prometheus II, Ltd.
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obtain slight scientific improvements in the major programs has placed almost
all other programs and new startups under severe pressure. The international
effort seems to have now collapsed back onto the 1960's tokamak (Figure 6).
The introduction of the Spheromak and PLASMAK™ configurations
(Koloc, 1977; Rosenbluth and Bussac, 1979) has provided the next two evolutionary generations. A bit of work
has been managed on the Spheromak in the United States and
Japan (Katsurai, et al., 1980), and
there is also some theoretical work
in Europe and a sizable classified
program in the USSR, a spin-off
from the work of Kurtmullaev
(1981). The Spheromak has both
poloidal and toroidal currents
within the ring; thus it eliminates
the need for large toroidal field
(tokamak-like) coils that link the
plasma ring. The Spheromak is
depicted in Figure 7; notice the
similarity to Figure 5 which shows
the plasma helix before coalescence and a plasma sheath instead of a rigid
conducting shell. The principal advantage of a Spheromak is that the plasma
pressure as measured on the toroidal axis is about ten or twelve times the
confinement pressure at the conducting boundary. IF that boundary is generated with image currents in a highly conducting shell and NOT synthetically
using magnetic coils, the Spheromak is ideally MHD stable. It was the fear of
many for a long time that a stable magneto-plasma configuration could not be
found.
The PLASMAK™ configuration is the omega point (final point) of this evolutionary track, since even the current bearing confining boundary is a plasma. That
means that a PLASMAK™ magnetoplasmoid has reduced the complexity of a
tokamak reactor device to a simple gas blanket supported magneto-plasma
bubble. It has all the advantages of the Spheromak. The additional characteristic of this special plasmoid is that the plasma currents are carried by
energetic relativistic electrons which give it exceptional conductivity, lifetime
and improved stability.

Characteristics
Figure 8 depicts a copy of the Schneidermann photograph of a Ball Lightning as reported by Norinder (1965). A PLASMAK™ magneto-plasmoid cut
away is depicted in Figure 9; it consists of a central plasma ring with its currents and fields as well as an insulating surrounding vacuum poloidal field
that is trapped within a jacket or shell of plasma. The ring and its currents
and field is referred to as the Kernel, and the highly conducting plasma shell
with its energetic electrons skating on a vacuum field / plasma boundary is
referred to as the Mantle (Koloc, 1980). Thus PLASMAK™ is a contraction of
the phrase PLASma Mantle And Kernel.
To be brief, PMK refers to a
PLASMAK™ magnetoplasmoid, and by extension to its naturally occurring version, Ball Lightning. The polar feature on the ball may or may not be observable depending on the amount of stray field (percentage of poloidal flux not
trapped by the highly conducting Mantle) and the thickness of the Mantle,
Copyright 1988, 1995 Prometheus II, Ltd.
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Figure 8 Natural Ball Lightning
Figure 9
which can vary with the temperature (penetration power) of the bremsstrahlung (cooling) radiation from the Kernel plasma.
The commonly observed characteristics of Ball Lightning should be compatible
with what is known about the PMK/Spheromak model. Some of these will now
be examined, with reference made to excerpts from selected eyewitness accounts which are reported in examples or depicted in a few prints of photographs, sketches or paintings.

Energy
Since the PLASMAK™ configuration is a Spheromak topologically, the two
have the same magnetic energy (Bussac, et al, 1978) and pressure distributions. The field just inside the Mantle must support the atmospheric pressure
at equilibrium. That value is about five kiloGauss, or half a Tesla. On the
toroidal axis that value is sixteen or seventeen kiloGauss. The internal energy
of a Ball Lightning could easily be four to ten times that of the equivalent atmosphere. This does not include energy stored in atomic states, ionization or
chemistry.
"During a thunderstorm I saw a large, red hot ball come down from the sky. It
struck our house, cut the telephone wire, burnt the window frame, and then
buried itself in a tub of water which was underneath. The water boiled for
some minutes afterward, but when it was cool enough for me to search I could
find nothing in it.
(Morris, 1936
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This report of a ball descending into a tub of rain water and boiling the
water is interesting but not completely dependable since the size of the ball is
not given. Further, the measurement of the temperature of the water by hand
did not take into account that the water heated by the Ball Lightning encounter
could have been a relatively small portion, since the heated water would have
risen and remained very near the surface. A very thin evaporative cooled layer
could have reduced bulk cooling at the surface leaving a very hot-to-the-touch
layer just beneath. The "boiling" could have come from the highly localized explosive cavitation which would be similar to that generated by a red hot piece
of metal plunged into water and forms a thin insulating vapor layer around its
surface. Some of the gas released from the Ball Lightning under water could
have come from gradual deionization of the Mantle plasma and its subsequent
release as gas. Consequently, a more conservative estimate might consider

Figure 10 Evidence of Thermal and Magnetic Activity in Ball Lightning

only four liters to have been heated to boiling. This requires a little over a
megajoule. If a Ball Lightning based on the PLASMAK™ model has two thirds
of its energy in magnetic energy and the rest in atomic or chemical energy,
then that Ball Lightning would have had a crudely estimated diameter of eighty
centimeters.
Direct prolonged contact with the surface of a Ball Lightning can generate
burns and heating. In Figure 13, a copy of the Burndy museum sketch of Ball
Lightning clearly shows smoldering straw ignited by a very robust Ball Lightning.
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Lifetime
In a number of well known studies the lifetime of Ball Lightning has been
reported to be in the seconds to tens of seconds range. In the PLASMAK™
model, energetic currents of an MeV will produce seconds lifetimes, and ten
MeV currents can generate tens of seconds lifetimes. This dependence of a
PMK's life time on the energy of its electron currents is proportional to the
electron current's energy to the 3/2 power. Since the inductance of a PMK is
proportional to size, it follows that, excluding premature destruction by disruptions, the lifetime of a well formed PMK is also at least proportional to its
size. There may be an additional variance with size related to a yet to be determined correlation between the energy of the conducting electrons and size.
It is not so obvious how for a constant resistivity, the resistance varies with
size, since it depends upon the ratio of currents which are focused in at the
plasma vacuum boundaries where the densities are very low to the currents
flowing in the bulk plasma. This is because the thickness of these boundary
layers (affecting current cross-section) varies with pressure or densitytemperature and not size.
Certainly Ball Lightning persists longer than an air-plasma blob of a meter or
so in diameter as seen from the observation of Bead Lightning (Figure 4). Figure 10 is a sketch of the likely flow patterns and field surrounding the ball
lightning depicted in the Schneidermann photograph. This is used to demon
strate a lower bound on lifetime, the elevated temperature of the surface, and
magnetic characteristics of this Ball Lightning. The photo was taken in a North
by Northwesterly direction in northern Europe where the earth's magnetic field
has a declination of seventy to seventy five degrees. The Ball Lightning clearly
shows the protuberances of the PMK model, and their axis is aligned with the
earth's field. The sharp edge of the Mantle is caused by the clamping of electron thermal conduction by an embedded weak poloidal field parallel to the
surface everywhere except at the polar caps. At the caps the thermal electrons
are free to transport heat out along field lines with a large component normal
to the surface of the Mantle. This is actually helpful since it allows the Mantle
and field topology to act as a natural divertor.
In addition, it is clear that along the vertical axis a column of air is rising
which flows over the surface and gains velocity with height so that it erodes the
upper protuberance. This is due to thermal convection. The lower one is not
eroded since the velocity of flow at the lowest extremity is essentially zero. This
demonstrates thermal activity caused by a hot or very warm surface, and the
time that it takes to establish such a flow, several seconds, shows that the Ball
Lightning must have been in existence for at least that long.
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Magnetic Activity
An historical observation of a woman who was "chased" by a Ball Lightning at her own wedding was cited in an ABC television program by Arthur C.
Clarke and narrated by George Scott during 1984. The Ball Lightning "chase"
in this recounting could have resulted from the near neutral buoyancy of the
plasmoid and the natural tendency for light, airy objects to follow air currents
flowing from room to room as they course in one side of a house and out the
other. It would seem likely that the portals were open to ensure adequate ventilation for the guests. Additionally, considering the times and circumstance, it
is likely that iron (magnetic materials) in the form of dressing pins or "stays"
and wires in the supporting part of her wedding attire, including a fancy head
dress, could have had an attractive effect on the weak stray field of the Ball
Lightning, which is, by this model, a mild magnet. So if the theory is correct,
Ball Lightning may have been displaying its natural "magnetic attraction" for
the lady.
Occasionally Ball Lightning has been observed
to roll, spin and "hop"
over the ground. The
presence
of
magnetic
materials, such as embedded nails in flooring
or ferrite particles in the
soil, could account for its
general attachment to the
surface, and the variant
dispersal of these materials can explain deviations
in motion. In a PMK all
of these effects would be
due to field line tying with
its external or stray field.
A PMK would act as if it
were magnetized, as it is.
Professor Richman
was a scientist visiting
Russia from the British
Royal Academy for the
purpose of collaborating
in studies related to atmospheric electricity. Dr.
Richman was using a
long rod or pole "antenna"
which penetrated through
a hole cut in the roof so
as to collect and to measure the changing electric
field as low clouds would
pass overhead. See Figure 11. The galvanometer
Figure 11 A Lethal Ball Lightning Event
apparatus was used to
measure currents in a
gap in the pole about table level, while the "low" side of the pole on the other
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side of the gap passed directly into the ground. A lethal Ball Lightning was
formed in the gap apparently when a lightning bolt struck the upper exposed
end of the pole, and the gap apparatus was vaporized as the whole assembly
momentarily assumed the function of lightning rod. Unfortunately for Professor Richman, the stray magnetic field of the Ball Lightning was probably quite
large because of a slowly or poorly formed plasma Mantle (the external field
trapping plasma conducting shell). It was observed to "bounce" off from his
hand or wrist, and then the deflected ball struck his forehead and exploded,
thus rendering Professor Richman instantaneously and fatally unconscious.
The physical concussion generated by the explosion was judged by a
nearby assistant to have been the likely direct cause of Professor Richman's
death. However, it is even more likely that the Ball Lightning's catastrophic
disruption generated a lethal and internal brain stunning electric current due
to a transient electromagnetic pulse. By the PLASMAK™ model this happened
when the normally trapped and focused energetic currents of the Ball Lightning were spilled out through a rip in the conducting Mantle boundary. Because of the million times shorter "L/R" lifetime of the remaining magnetic energy driving replacement thermal currents, the field collapsed in a microsecond
or two, all of which generated a lethal current pulse in the partially conducting
brain. The original disruption or tear could have resulted from impact with
Professor Richman's head or glasses. Proximity was no doubt a principal contributor to the dose of current received by the respective collaborators present
that fateful day. More is discussed on the energy and explosive decay of Ball
Lightning below.
Helicity of lightning driven fast rising currents in a galvanometer and its
associated fields probably "induced" or plasmatized to form the culprit Ball ll
Lightning. Ball lightnings have been formed by switch gear and may be of this
same mechanism. This is discussed further below.

Rays and Energetic Currents
Figure 12 is a color copy of a painting rendered by an artist from his own
memory which clearly shows a Ball Lightning at the moment of disruption. It s
force balance is achieved by the net inward force of the toroidal field with
plasma hows two tangential sheets or beams pouring out in opposing directions from a hows two tangential sheets or beams pouring out in opposing directions from a longitudinal rent in the Mantle. The longer beam corresponds
to dumping of the Mantle energetic electron sheet that is focused at the vacuum field-Mantle boundary. Here the electron currents confine most of the
magnetic energy internally within the Ball Lightning and maintain a net longitudinal orbit as they do so. The focusing at the boundary comes from a balance between inward electric field pressure by a sharp boundary sheath that
forms at the vacuum field-plasma interface, and the outward pressure of the
magnetic field. Of course, overall inward f ring acting upon the vacuum flux as
it links through the "hole" of the ring. In addition the external pressure of the
atmosphere results in fluid pressure through the plasma layer to the field via
the current/fields interaction. The painting also depicts the much shorter but
oppositely directed sheet of ions (probably mixed species) which are much
heavier with opposite charge and circulation direction to electrons. Such an
observation (as well as other "beamed Ball Lightning") can provide some important es timates on the energetics of the currents in Ball Lightning. This can
be done
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assuming that the runaways, once released, will travel ballistically and slow as
any dense injected beam of similar energy in atmospheric air. Inside the PMK,
these electrons are COLLECTIVELY accelerated and maintained by the gradu-

Figure 12 Rays from a Disrupting Ball Lightning
ally decaying magnetic moment.
"November 24, 1886. Maracaibo, Venezuela. . . .The occupants threw themselves on their knees and commenced to pray, but their devotions were almost
immediately interrupted by violent vomitings, and extensive swellings commenced to appear in the upper parts of their bodies, this being particularly noticeable about the face and lips. The next morning the swellings had subsided, leaving upon the face and body large blotches. No special pain was felt
until the ninth day, when the skin peeled off, and these blotches were transformed into virulent raw sores. The hair of the head fell off upon the side
which happened to be underneath when the phenomenon occurred, the same
side of the body being, in all nine cases, the more seriously injured. . . Another curious attendant circumstance is that the trees around the house
showed no signs of injury until the ninth day, when they suddenly withered,
almost simultaneous with the development of the sores upon the bodies of the
occupants of the house."
(Cowgill, 1886)

E. T. F. Ashby related a story which made the rounds of the fusion community that he had found evidence of induced radioactivity from collision and
disruption of a Ball Lightning with a fireplace in a homestead in the United
Kingdom. Radioactivity can easily be induced by relativistic currents above five
million electronVolts. Estimates for a larger air borne PMK is that it could trap
relativistic currents with energies an order of magnitude higher than that
threshold. In the account above evidence for soft X-rays is given, although the
damage could have been caused by nuclear transmutation by the electron currents captured by heavy ions that found their way into the plasma Kernel, perhaps at formation.
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Color, Hue, and Odor
Other external observations that give clues include such incidentals as
color, and the change in hue and brightness can signal its changing dynamic
state. Some have halos of purple or blues that are noticeable when the background illumination is subdued. Such halos are caused by the photoexcitation
of extreme ultraviolet radiation that penetrates the air for one to three centimeters.
Lightning Balls that float quite freely in the atmosphere are commonly
yellowish to red orange. This is because copious amounts of nitrogen oxides
and ozone are generated by combined effects of ionizing radiation from the hot
Kernel plasma ring and energetic currents at the inner Mantle edge, and these
in turn can produce other molecular complexes including the explosive gas nitrogen pentoxide. These gases easily capture stray electrons, become negative
molecules and can "stick" to the surface magnetic field and form a dense, blue
and green light-absorbing layer. Combinations of ozone and nitrogen oxides
can render a "sulfurous" odor which has been commonly reported.
Viewing optical radiation of a Ball Lightning coated in these gases filters
the light, rendering a range of hues from yellowish to deep crimson. If the Ball
Lightning is magnetically coupled to its local environs, this layer can be "blown
away" by a relatively gentle air current. In very still air a Ball Lightning has
been seen to have a line of reddish gas (probably nitrogen pentoxide) streaming
downward or "dripping" from its lowest extremity. In some cases Ball Lightning
plasmoids have brushed organic matter which has altered its color to a pinkish-red, probably due to the emissions from excited carbon. Green Ball Lightning has been generated by aberrant discharges across copper electrodes or
wire bus involving high current or large inductive electrical equipment (socalled Switching Gear Plasmoids). The observation that Ball Lightning generates O3 and NOx has been observed scientifically, as noted in the account of a
very fortunate sighting given below.
"An observation reported in unique detail was made in 1967 by Dmitriev, a
chemist with experience in plasma studies. The ball appeared after an intense flash of ordinary lightning and passed over the observer, who was
camped on the banks of the Onega River in Russia. . . The glowing mass contained a bright yellow-white center 6 to 8 cm in diameter surrounded by two
outer shells. Next to the bright core was a dark violet layer 1 to 2 cm thick,
and outside this lay a bright blue shell 2 cm thick forming the outer boundary
of the ball. The entire mass was somewhat oval in shape, a few centimeters
longer than it was wide. . . The witness reported taking four samples of air
soon after the ball passed over him with evacuated gas sample bulbs which
happened to be ready for use. Analysis of the gas collected indicated the
presence of both ozone and nitrogen dioxide in amounts much greater than
normal in air... Other gases usually found in air were unchanged in concentration. The observer noted a strong odor at the time resembling that produced by high-energy radiation in air. A transistor radio in the observer's
camp gave increasing static in the early stages of the incident, which soon became a continuous rumble of increasing loudness. The ball itself was heard
crackling loudly at close distance by the eyewitness. It left a trail of bluish,
acrid smoke which slowly dissipated. As it approached the thicker forest, the
globe collided with several trees and emitted violent sparks in six or seven
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such encounters. The collisions caused it to zigzag, and its color changed
from the original white to bright red. After remaining in view for 60 to 65 sec,
the ball disappeared.
(M. T. Dmitriev, 1969, as reported in Singer, 1971).

Pulsating and Modulated Light
Many pictures exist of what appears to be a pulsing Ball Lightning in
flight. These are probably time exposures of street light pulsing at one hundred twenty hertz (driven by 50/60 hertz AC), and the "flight" was caused when
the camera was inadvertently moved before the shutter was closed. It seems
unlikely that, if Ball Lightning can be explained by the PMK model, it would
pulsate in such a way that its intensity would vary essentially by one hundred
percent, as seems to be indicated in many of these photographs as presented.
Further, such modulation has not been reported by direct human observation.
That does not mean that a regular modulation (probably much slower) but at a
fraction of full light intensity does not occur. This can happen if the Kernel
plasma ring is precessing or tumbling, as could occur with line tying of stray
magnetic flux to a background earth's field, or other external and especially
varying magnetic influences. This particular effect may be more noticeable if
viewing the plasmoid through polarizing filters, as commonly found in certain
types of sun glasses, or from partially reflecting surfaces. This is expected because some of the source radiation will be polarized by field effects.

External Power Supply?
The above cited ABC TV program also included an interview with an observer of Ball Lightning on board an Eastern Airlines flight, the British radio
astronomer R. C. Jennison, and it is typical of many such observations and
demonstrates a number of unique properties. The Ball Lightning's external
stray field would naturally set up image currents in the conducting aluminum
skin of the aircraft as it drifted, driven by front to aft air circulation from one
end of the aircraft to the other. The resultant slight pressure caused by compression of the conserved stray field flux by the aircraft's metal skin would be
all that is needed to orient the ball on the axis of the aircraft. Since the Ball
Lightning was stabilized against lateral displacements of air flow, and mild air
flow over the Ball Lightning's surface would result, this would wipe off the
normally present buildup of the light screening nitrous oxide blanket. Consequently, this Ball Lightning, instead of having a yellowish or orangish hue, in
this case was a beautiful bluish color.
Professor Jennison referred to the "SCREENED" [meaning confinement
within a highly conducting enclosure constructed of materials such as metal]
aircraft, which was a scientifically significant statement. This is because a
"screened" object can NOT depend on an external source feed for auxiliary
electrical energy with which to maintain itself. Thus models of Ball Lightning
requiring either or both external electromagnetic and electric fields for continued existence are eliminated from consideration. On the other hand, a
PLASMAK™ plasmoid does not require continuous external energizing since,
due to its high internal energy from the outset, it has sufficient energy to meet
all but the most stringent reported Ball Lightning feats.

Brisance
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The ABC TV program cited above also reported a Florida observation of
Ball Lightning that was a somewhat larger than average orange ball with bluish
and violet halos. The halo is probably due to air excitation by extreme ultraviolet generated by the recombination of N++ and O++ and an air penetration
depth of one or two centimeters. The ball was reported to have been displaced
to the floor when the observer swung her fly swatter at it. The force of the fly
swatter probably created a localized down draft, or the iron wire in the mesh
and handle attracted the Ball, which resulted in the Ball Lightning being pulled
downward, where it momentarily "rolled around" and exploded with the intensity of a "shotgun" blast (very loud fire cracker).
It has been commonly observed that Ball Lightning terminates explosively
perhaps fifty percent of the time, and in some cases the explosion has caused
considerable physical damage. The scientific explanation of this is that Ball
Lightning has a high internal energy and is disrupted by contact with the external environs or because the re-ionization power weakens to the point where
neutrals invade and cause resistive disruptions. The PMK model contains
about an order of magnitude higher average energy density than the surrounding air. Interdiction and loss of the energetic electron sheet current at
the Mantle and vacuum field interface instantaneously drops the conductivity
and causes thermalization of the stored magnetic energy within a few microseconds. This immediate conversion of the remaining magnetic energy shock
heats the plasma, which is now no longer confined by the resistively consumed
magnetic field. A supersonic expansion wave results, which develops a sharp
front as it propagates through the portions of the Mantle containing nitrogen
pentoxide or other unstable and labile photo-compounds, and triggers their
explosive decomposition. This process enhances the brisance of the outgoing
shock wave. Since this particular Ball Lightning (Florida incident) was orange,
it probably did contain some peroxides of nitrogen.

Bounce
The generation of Ball Lightning on board electric submarines was observed when emergency bank switching was used to practice disaster diesel
engine startup procedures. Since in this exercise the current switched exceeded the rated switch loading when all of the electric submarine batteries
were switched simultaneously, the practice was only done once or twice each
year. In one design the switch was in a compartment on one side of the conning tower and was operated by mechanical linkages from the compartment on
the other side. A small tunnel or crawl space under the conning tower connected the two compartments. During the exercise, green Ball Lightning would
form in the switch box and then travel through the crawl space and into the
control compartment. The Ball Lightning would then sting the legs of the
switch operators as the plasmoid extinguished with a pop, which is probably
due to a milder form of the EMF or EMP effects that caused the death of Professor Richman. The greenish color was probably due to the excitation of neutral silver or copper vapor originating from electrode erosion during switching.
It would seem that chemistry of the elements is not the important factor in Ball
Lightning, but rather magnetoplasma effects.
James Tuck succeeded in producing and filming a Ball Lightning in the
laboratory. The problem that Tuck faced in exploiting his work on Ball Lightning was that he was in his retirement phase-out period at Los Alamos when
he started his project. At the time Ball Lightning was considered to be "impossible" by too optimistic an application of the "virial theorem" (Finkelstein,
1969), and therefore there was no follow up interest in restarting the work.
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The two rolls of film photographing the event were not developed until several
months after Tuck had left the laboratory's employ in 1970 or 1971. All but
the last of his experiments did not include the arc suppression gear, which
consisted of a large iron "C" shaped flux core ring with the switch placed in the
gap of the ring. Such an apparatus has the magnetic helicity and can generate
the EMF's necessary to form a PMK like Ball Lightning with energetic currents.
Tuck's last experiment produced a ten centimeter diameter, very viable, and
rugged Ball Lightning (J. Tuck, 1970), although this formation technique is obviously not efficient. The original film more clearly shows the ball bouncing
when it intercepted the floor. Bouncing means that the internal pressures are
larger than the surrounding atmosphere. It indicates, too, that the ball is super
stable and tremendously rugged, as is predicted by the PMK model. Also, there
was no evidence of a trail of metal oxide "smoke", as would be generated by a
rapidly burning chunk of metal, i.e. magnesium. The ballistic path of the object did not show a "parabolic track" as would be the case for objects whose
mass density was greatly larger than air. The rapidly moving object appeared
to be bluish white, and as was expected did not appear to build up a surrounding nitrogen oxide and ozone gas blanket.
The Ball Lightning did not fade; it was vectored downward at an angle
and bounced from the concrete floor like a superball, but its trajectory was
quite straight with a curvature in the plane of the floor that seemed to be pulling it toward the steel wall to which it was traveling adjacent. Compression of
the gas plasma boundary upon impact will cause deformation of the fields.
Because the fields are more dense the nearer the Kernel plasma ring, the system is Rayleigh-Taylor stable. The flux, which is compressed more at one side
of the Kernel, exerts more pressure so that the whole magnetoplasmoid bubble
is repelled intact. Soap bubbles are also stable, but only slightly so by comparison to a PLASMAK™ magnetoplasmoid. Although the pressure is higher
within a soap bubble due to the combined effect of the external atmospheric
pressure and the surface tension, it is just barely so. The average energy of a
PMK is many times the boundary fluid pressure.

The Future
Applications of PLASMAK™ technology to fusion are exciting. Simple gas
compression to liquid densities of the blanket surrounding a fusion fueled PMK
will assure a burn. Since temperatures required for the burning of aneutronic
fuels can be reached, the fusion energy can be absorbed in the dense blanket,
turning it into a plasma suitable for the generation of electric power using inductive MHD technology. Protium Boride isotope eleven can be made to burn
in just a few milliseconds, so the electric generator would operate with continuous power at fifty or sixty hertz. Burn densities of tens of thousands of
millions of kilowatts per cubic meter are possible. Of course, each PMK would
be compressed to only one hundred cubic centimeters or so. From understanding the simple phenomenon of Ball Lightning, we may be on the threshold
of a new beginning in which Mankind and his dominion is no longer chained
by gravity but will be free to move among the stars.
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In conclusion, the PLASMAK™ model of Ball Lightning would appear to
be a promising candidate to explain Ball Lightning. However, the mystery of
Ball Lightning will be truly solved when sufficient funding is available for experimentation based on various models including the one introduced here.
Substantial funding must continue until a model is found that can produce artificial Ball Lightning repeatably and the results can be shown to be identical
with the vast majority of reported observations.
My appreciation to R.M. Fujii and D. M. Cooper in getting this paper out
in order to make an earlier flight schedule.

Figure 13 Ball Lightning: A Wood Carving
(Burndy Museum)
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