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Abstract 
 

The strange natural phenomena, ball lightning, is rich in mythology, but remains a mystery after centuries of scientific 
effort. Detailed eyewitness accounts describe luminous bubbles with diameters of a few centimeters to several meters 
that have been observed alongside lightning, typically moving horizontally, sometimes passing through windows and 
aircraft walls, and dissipating sometimes silently or violently after a lifetime of a few seconds. Using an electromagnetic 
model for ball lightning, this paper provides an analysis of the internally generated forces that can hold the ball lightning 
sphere together, specifically how three orthogonal electromagnetic waves propagating inside of a conducting “bubble” 
of free-floating charge are capable of providing the forces necessary to counteract the expanding forces generated by 
the bubble of charge itself. The spherical boundary conditions will be described including how they determine the 
allowable field shapes of the trapped propagating waves and that the forces acting on the sphere’s boundary are 
uniform.  
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1. A BRIEF HISTORY 
 
MANY papers have been written over the years that postulate 
Ball Lightning, BL, as intimately tied to electromagnetics. 
Recently, Shmatov

1
 outlined the history of various potential BL 

models and in particular models involving resonant 
electromagnetic structures. We add only that in 1973 
Jennison

2
 added that BL may be a stable EM phase-locked 

loop in a standing wave that externally exhibits a spherical 
configuration and in 1975 Handel

3
 proposed a mechanism that 

could create BL, specifically, that a localized electric field, a 
soliton, is formed by an atmospheric maser. These lead to 
Wu

4,5 
which extend the maser concept to microwave 

frequencies, detailing the formation of the BL bubble and the 
generation of microwaves in thunderstorms. Because these 
references, as well as others, are readily available, this paper 
will not elaborate on past electromagnetic models. 
 
 

2. INTRODUCTION 
 
Let us first consider the parameters and EM properties 
associated with a typical lightning bolt. These parameters as 
well as those from Wu

4,5 
outlined in the next section will be 

used throughout this paper. 
A typical lightning bolt length,   , is 5 km with a diameter of 
about 2 to 3 cm

6
. It is reasonable to assume a uniform 

distribution of free electrons in the lightning bolt and a roughly 
spherical region of free charge at the tip of the bolt with a 
radius,   , equal to 1.27 cm. Its speed,     is 
120000meters/second

7
. Whereas the charge of a single 

electron,   , is          coulombs
8
, a lightning bolt contains 

   = 15 coulombs
9
 of free electrons heading from the clouds 

down toward the surface of the earth. On average a gigajoule 
of energy is available with about 30000amps

10
.  
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When moving, like charges traveling in the same direction 
attract one another as shown in Fig 1. However, when the 
leading tip of the bolt suddenly stops, the magnetic field that is 
holding the moving electrons together in the tip is thrown into 
disorder.  
The next sections pertain to the number of free electrons 
liberated from the tip of the lightning bolt only. That is the 
number of electrons that comprise Ball Lightning, not all 
of the electrons in the entire bolt. The forces pushing 
outward due to all of the newly liberated free electrons in this 
region can be calculated using an estimate of the number of 
electrons liberated. The spherical volume of liberated charge 
(VC) and the volume of the lightning bolt (VB) are respectively. 

        
             meters

3
 (1) 

          
      meters

3
 (2)

 

The number of electrons in the spherical volume of liberated 
charge can be estimated as shown.  
                            (3) 
This number of expanding electrons is similar to the number 
expressed by Wu

5
. 

Coulomb’s Law, shows the relationship between the 
electrostatic force,  , in Newtons that is pushing outward 
relative to the radius, for the expanding bubble of charge. This 
relationship is displayed in Fig 2 and by 
            , (4) 

where the constant    equals       Newton 
meters

2
/coulomb

2
,    =    is the total charge of the free 

electrons pushing against one another,    =          
          coulombs, and   is the average radius of the 
expanding bubble using a centroid as shown in Fig 3. 
Fig 3 shows the spherical shape of BL’s conducting wall and 
how the density of the cloud of charge is concentrated near 
the sphere’s perimeter. 
Wu

5
 shows how free electrons and ionized air molecules form 

spherically shaped “bubbles” of free charge, of both positive 
and negative varieties. This can occur when the lightning bolt 
tip impacts a boundary such as a conductor or the earth. The 
lower mass electron cloud pushes itself apart more quickly 
than the heavier ions into the shape of a spherical shell. A 
spherical shape naturally occurs because of the way charge 
interacts with itself. Each electron sees the force from “all” of 
the remaining electrons as coming from their combined charge 
center. In addition, locally in the shell that is forming, nearby 
electrons push one another apart. Charge moving into a 
region of lower charge density is caused by ponderomotive 
force. 
 The time lapsed graphs that are included in Wu

5
 as Figure 3 

therein show the positions of the expanding electron cloud and 
put the radial velocity of the electrons at approximately 
              . We estimate an expansion of 0.375 meters 

per        seconds from those figures. The repulsive force 
of the electrons pushes them apart at close to the speed of 
light. A careful examination of Figure 4 in Wu

5 
reveals the 

diameter of the steady state electron cloud’s centroid to be 
approximately 0.458 meters or a radius of          meters. 
This size is associated with the resonant frequency of the 

evaluated sphere, 625 MHz. Similarly, the graphs demonstrate 
that the electrons, based on their speed, would take 
approximately            = 1.22 x 10

-9
 seconds to travel to the 

steady state bubble diameter.  
There is sufficient electric field strength (see Fig 12) in the 
microwave frequency band generated by the expanding 
charge to ionize the air molecules of the sphere. 
 
3. MAGNETIC FIELDS AND SPIN FORCES 
 

Moving charges generate magnetic fields and magnetic fields 
can move charges around. Three sources of strong magnetic 
fields and their spin forces have been identified: 1) the spin on 
the bolt due to the earth, 2) the spin on the expanding charge 
bubble due to the earth, and 3) the spin on the expanding 
charge bubble due to the bolt. The force exerted,  , can be 
quantified using the Lorentz Magnetic Force Equation, 

                , (5) 

which, because of the relationship between    and     in the 
considered cases can be simplified to  
              , (6) 
and the corresponding tangential spin velocity,   , can be 
found using 

            . (7) 

It is well known that plummeting free charges will spiral around 
the earth’s magnetic field lines as they rain down. 
The force and spin velocity due to the earth’s magnetic field 
can be calculated to be             Newtons and 

                   meters/second =            

respectively, using:  

 the earth’s magnetic field,  , equal to        Tesla
11

,  

 the mass of an electron,   , equal to          kg
8
,  

 the previously defined lightning bolt velocity,   ,  

 the lightning bolt radius,  ,  

 the fact that the worst-case angle, where the force is 
strongest, between the plummeting electrons and the Earth 
magnetic field occurs at   equals 90 degrees,  

 (6), and  

 (7). 
 
Fig 4 shows the force and subsequent spin direction of the 
expanding bubble of charge due to the earth’s magnetic field. 
This force on the expanding electron cloud is also only a 
function of     
The force and spin velocity due to the spin of the charge 

bubble due to the earth are calculated to be              

Newtons and     0.0128    respectively, using the values 
above and  

 the speed of expansion               , 

 the angle   from       = 45 degrees, 

 (6), and 

 (7).  
Finally, Fig 5 shows the force and subsequent spin direction of 
the expanding bubble of charge due to the magnetic field
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Figure 1: The magnetic fields of like charges moving in the same  
direction attract one another. 

 

 

 

 

 
           Figure 2: The forces acting on an expanding spherical bubble of charge. 

 
 
 
generated by the current in the bolt of lightning itself. The 
force and spin velocity due to the bolt are found to be   
           Newtons and    ~0.29    respectively, using the 
values above, 

 the angle   from        = 45 degrees,  

 the bolt’s magnetic field         Tesla (which was found 

using the radius            and (17)), 

 (6), and  

 (7). 
This force on the expanding electron cloud is only a function of 
   Ultimately, this force is weaker than and counteracted by 
the ponderomotive force and contributes no additional net spin. 
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Figure 3: Clouds of charge near the perimeter of the 
spherical bubble of charge have a centroid location 
where the force of their local cloud appears to come 
from. The forces act on the centers of charge. 

 
 

 
Figure 4: The force on the expanding electron 
cloud due to the earth’s magnetic field causes 
the electrons to rotate around the charge center 

in the direction of Phi( ). 
 

 
None of the forces causing spin are capable of compressing 
the sphere of charge. The forces generated are all tangential 
to the bubble surface. 
To restate, all previously described interactions of the 
expanding sphere of electrons with locally induced magnetic 

fields cause the electrons to spin around the sphere’s axes 
and do not generate forces that oppose expansion. The 
boundary conditions of the ball lightning sphere do allow 
electromagnetic field shapes inside a sphere of 
conducting free electrons. A mode that supports  
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Figure 5: The Force on the expanding electron cloud due to the 
current of the lightning bolt causes the electrons to rotate 
around the charge center in the direction of theta. 

 
 
 
 

 
Figure 6: These cross sections of the TE101 mode show the 
orientation of its electric and magnetic fields. 

 
 
 
electromagnetic fields which can generate inward forces 
and stop the expansion and stabilize the ball of electrons 
was identified and is discussed next. 
It is well known that a spherically shaped conductive shell can 
support internal resonant EM waves. Their resonant 
frequencies as well as the allowable transverse electric, TE, or 
transverse magnetic, TM, mode shapes can be calculated. 
The lowest order, electrically smallest, and simplest modes 

will be discussed here, as well as how they might influence the 
behavior of isolated clouds of “free” charge.  
Of course, in order for a ball of charge to reach a steady state, 
there must be an inward directed EM force ignited by the 
expanding charge bubble that is capable of counteracting the 
direct-current-like force pushing outward. But it is precisely 
this aspect that researchers have not solved.  
 Because of the spherical shape of the conducting wall there  
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are only a few EM rules that will influence the “steady state” 
shape of the trapped waves. The electric field, E, vector must 
be oriented perpendicular, normal, to the wall. All parallel 
electric fields go to zero at the wall. Away from the wall, 
parallel E vectors can exist and can reach a maximum ½ 
wavelengths away from the conductor. 
 The behavior of the magnetic field, H, is opposite that of the 
E field. At the conductive boundary, the H fields are only 
parallel. The normal component is zero. Likewise, away from 
the wall, normal H fields can exist and reach a maximum at ½ 
wavelengths away from the conductor. 
 Lastly, because of the constraints listed above, the spherical 
cavity’s size plays a role in the allowable stable resonant 
frequencies that can exist inside. The smallest cavity needs to 
be approximately a wavelength in diameter or larger; 
otherwise, the walls will be too close and will short out the E 
field. 
We will briefly review two standard spherical cavity modes, 
TM101 and TE101, that result in the smallest sphere at any 
resonant frequency. They are similar in size as a function of 
wavelength but do not provide the necessary uniform forces 
on the bubble of charge to stop its expansion to create a 
stable ball of lightning.  
 
4. COMMON CAVITY MODES 
 
Figs 6 and 7 show the TE101 and TM101 modes respectively. 
Solid lines depict the orientation of the electric fields whereas 
the dashed lines show the magnetic fields shape and 
orientation. 
The TE101 mode has a solution to the spherical wave 
equations of: 
              

12
 (8) 

where   is the radius of the sphere.  
At a resonant frequency of 625 MHz, would correspond to a 
radius of 0.343 meters. This is significantly larger than Wu

5
’s 

results show. In addition, the polarities of both the electric and 
magnetic fields will tend to push outward on the bubble (see 
Fig 6) and so this trapped mode is ruled out as a stabilizing 
mode. 
 

The TM101 mode has a solution to the spherical wave 
equations of:  
              

12,13
 (9) 

where   is the radius of the sphere.  
At a resonant frequency of 625 MHz, would correspond to a 
radius of 0.209 meters. This is somewhat smaller than what 
Wu’s results show. In this mode which is a non-propagating 
oscillating wave, the electric field is perpendicular to the 
spherical boundary. The oscillating charge,    is moving in the 

direction of and parallel to the electric field with velocity,   . 

The magnetic field            runs parallel to phi,  . Equation 
(5) suggests because it is a cross product, that any forces 
generated by this mode will run parallel to the surface of the 
sphere and not inward. Therefore, this trapped mode, shown 
in Fig 7, is also ruled out as a stabilizing mode. 
 

 

5. WHISPERING GALLERY MODE VARIATION 
 
This last spherical cavity mode, that is close to the same size 
as the bubble of free charge being introduced in this paper, is 
a “whispering gallery mode

14
,” WGM, variation. The mode 

described meets the outlined spherical boundary conditions of 
a stable trapped wave and is shown below to have sufficient 
force to hold the bubble together. The particular mode 
described here is the smallest allowable size of this mode for 
any given frequency.  
The WGM shown in Fig 8 is different than the previous two 
modes described earlier. The circumference of the sphere is 3 
wavelengths which corresponds to a radius of  
           (10) 

where   is the radius of the sphere.  
At a resonant frequency of 625 MHz, the radius,     , equals 

0.229 meters, which lines up almost exactly with the centroid 
of Wu’s modelled charge bubble.  
Each of 3 orthogonal propagating waves in the WGM is a 
transverse electromagnetic, TEM, wave which is dictated by 
the internal and external boundary conditions. At every point 
on the sphere both the electric and magnetic fields are 
orthogonal to their directions of propagation. All of the electric 
fields are radially polarized and have a toroidal shape in 
amplitude because the effective electric “short” along the spin 
axis. Each of the three TEM waves has its own unique and 
orthogonal spin axis. Fig 8 shows a cross section of one of 
those waves which is propagating out of the page at the top 
and into the page at the bottom.  
Because the propagating wave is a plane wave with a semi-
circular cross section, the magnetic field can be thought of as 
related to the electric field by the impedance of 176 ohms (see 
Fig 9).  
Magnetic field density,  , the electric field density, D, and 

impedance,  , equal: 
             (11) 

             (12) 

       (13) 
 
Such that the  

                   
        Ohm. (14) 

 

Fig 10 shows that the wave velocity,  , is a function of the 
angle between the centerline of the spin axis and any path 
away from that centerline. The wave velocity is  
           (15) 
Along the centerline,    , the wave velocity of the TEM 

wave is   , but it slows down for any angle    . This is an 
important fact that explains why the sum of all the forces 
pushing inward is a constant. Constant force pushing in on the 
surface is necessary for stability. 
 Fig 8 and Fig 11 show cross-sections of the internal electric 
and magnetic fields’ orientations of one of the TEM waves. 
The perspective of Fig 11 is from the negative x axis Fig 8. 
These opposing magnetic fields provide the attractive force 
necessary to push back on the expanding charge force. Unlike  
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Figure 7: These cross sections of the TM101 mode show the 
orientation of its electric and magnetic fields. 

 
 
 
 
 

 
Figure 8: This cross section of the WGM variation shows the 
orientation of the electric and magnetic fields for one of the 
three orthogonal propagating EM waves. The opposing H-fields 
on opposite sides of the sphere pull the sphere together. 

 
 
 
the TE101 and TM101 modes described earlier, three orthogonal 
propagating TEM waves trapped in a sphere with a 3-
wavelength circumference have a direction of charge and a 
proper phasing around the sphere to provide a uniform stable 
force pushing inward against the outward force of the 
expanding charge. The expanding charge moving at a velocity 
of   , along with a tangential magnetic field density,       , 

has enough force to initiate the electrons to move tangentially 
at very close to the speed of light. This gets the ball rolling so-
to-speak. Because of the 180-degree phase difference and 
opposite direction of propagation on the other side of the 
sphere, the induced TEM travelling waves now have enough 
charge moving in the right direction to provide an inward 
pushing force. At a specific frequency the forces will equalize  
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Figure 9: TEM wave-front impedance calculation. There is a 
fixed amount of energy, charge, and therefore voltage in the 
expanding volume. The electric and magnetic fields are related 
by the free space impedance of 377 ohms per unit area. 

 
 
 

 
Figure 10: A plane wave propagating around its spin axis 

has a wave velocity that is a function of theta ( ). Theta is 
the angle between the wave centerline and any off-axis 
component. 

 
 
and expansion will stop. That frequency will depend on the 
initial conditions of charge, energy etc. and in turn determine 
the sphere’s size. 
The strength of the EM force that is pushing in opposition to 
the expanding charge bubble can now be calculated using the 
parameters described earlier.  

Assuming each of the three WGM’s TEM waves consist of 1/3 
of the expanding charge bubble’s total charge, the charge of 
each of the three wave is                

    Coulombs. 

 



 

 
9 
 
 

 
Figure 11: Side view of a single TEM wave propagating around 
its spin axis showing the force generated from the opposing H-
fields pulling the sphere together. 

 
 
 
In turn the average current during the expansion is     

                        Amps. Integrating over the cosine 

distribution on the toroid surface from –π/2 to π/2 will double 
the current. 
The voltage of the waves generated by the expanding charge 
can be found by Ohm’s Law:                    

   Volts.  
Fig 12 shows the electric field strength of the EM wave as the 
bubble expands  
                (16) 

The resulting electric field strength is very high relative to the 
breakdown in air at standard temperature and pressure, STP.  
 
The magnetic force equation, can be used to calculate the 
force pushing in on the sphere of charge using 1/3 of the total 
charge,     , and      is equal to the speed of light. An 

estimate of the magnetic field density,    , as it appears on the 
opposite side of the sphere is required. Fig 13 shows how   
varies around a single conductor,  
          , (17) 
vs. a uniform wall of conductors,  
           . (18) 
 

For the latter, it is evident that   is uniform and does not vary 
with distance, d. In addition, if L is the length of the planar 
arrangement of conductors,      , so that both   and   are 
constant at any distance   from the wall of conductors. Fig 14 
depicts what the magnetic field density would look like on the 
opposite side of the sphere. Because it more resembles the 

uniform current sheet, (18) is a better estimate. The curvature 
of the sphere might make the field a little stronger than the 
calculation that follows by focusing the field.              

V/m, and                  Tesla are calculated using 

(16) and     . 

The inward pushing force for each of the three WGM can then 
be found from (5) and an adjustment made for the integral of 
cosine

2
 from      to     that increases the force by      

                         Newtons (19) 

The combined force from all three WGMs is thereby   
         

         Newtons. 

 
6. WGM UNIFORMITY 
 

Fig 15 describes perhaps the most important feature of the 
three propagating TEM waves that allows for the forces that 
each wave generates to add up uniformly around the surface 
of the sphere. (5) is adjusted to contain a cosine

2
 term such 

that                   , because of how the wave 
velocity and the magnetic field density vary across the toroid. 
A, B, and C are three orthogonal spin axes. At all points on the 
sphere’s surface the squared terms, one from each toroid, will 
add up to a constant. Specifically, 

        
       , (20) 

        
       , (21) 

        
       , (22) 

and the sum of those cosine squared terms  
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Figure 12: There is sufficient electric field strength to 
ionize air molecules in the bubble of expanding 
charge. 

 
 

.  
Figure 13: The strength of the magnetic field density  for a 
single conductor vs. a planar wall of conductors. The planar 
wall has a uniform magnetic field density. 

 

 

 

              Constant.(23) 
Consequently, the total Force from the three tori pushing 
inward on the surface of the sphere is uniform. This is critical 
because the charge bubble pushing outward is also uniform 

everywhere on the surface. 
 

7. WGM FORCE BALANCE 
 
Referring to Fig 2 again, with a uniform force pushing outward 
and a uniform force pushing inward these forces balance and 
support a stable spherical bubble of charge at a resonant
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Figure 14: The strength of the magnetic field density   at the 
opposite point on the surface of the sphere is fairly uniform like 
that of a planar current sheet. 

 
 
 

 
Figure 15: The Force each wave provides at any point on the 
sphere is proportional to the cosine

2
 of the off-axis angle of its 

plane wave. Consequently, the total force from the three tori 
pushing inward on the surface of the sphere is uniform. 

 
 
radius almost exactly equal to 0.229 meters. This corresponds 
to Wu

5
’s data and is consistent with the resonant radius 

predicted by the WGM cavity described in this paper. 
 
8. CONCLUSION 
 

 “Ball Lightning” is not common and may comprise different 

phenomena grouped together under one name, a 
straightforward EM analysis of the energy, charge and initial 
conditions applied to an expanding ball of free spinning 
electrons using the parameters of a typical lightning bolt 
shows that self-generated trapped TEM waves contained 
inside the ball are capable of providing the compressing force 
necessary to keep the ball ionized and of a stable size. The  
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size is dependent on frequency. Of Shmatov’s

1
 eight 

characteristics of BL, the proposed theory matches six. The 
two not addressed, “can decay loudly or quietly” and “has the 
characteristics of arcing, noise and smell,” may also be true. 
 
This research did not receive any specific grant from funding 
agencies in the public, commercial, or not-for-profit sectors. 
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