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Abstract 

An observation has been made in Canberra, Australia, of ball lightning that entered the open door of a 
garage, and bounced on a piece of wood in the garage ceiling. The ball left a residue, both at the position 
of the first bounce, and also its second contact with the wood. X-ray fluorescence spectroscopy 
measurements showed that these residues contain silicon, aluminium, calcium, titanium, sulphur and 
iron. The results suggest that the ball has a core of positive ions, probably remaining from the initial 
formation of the ball, as a result of lightning arc melting. Theoretical calculations have been made of the 
development of a sphere of positive ions of density of 1010 cm-3 with radius 10 cm. Plasma formed by 
ionization at the edge of the sphere produces a shell of near-zero electric field that impedes dispersion 
of the ions occurring from self-repulsion. After a millisecond, the sphere develops to have equal densities 
of positive and negative ions, with zero internal electric field and surrounded by low density positive 
ions. 
 
Introduction 
This paper reports two separate investigations. The first is a report of an observation of ball lightning 
(BL) in Canberra, Australia, that occurred in 1993. The report is significant in that ‘bouncing’ is reported 
from a solid wooden plank leaving a residue. Previous interactions of BL with a solid have been largely 
with glass, where the BL is formed at, or passes through, a glass window, leaving little or no residue [1]. 
The second investigation reports on calculations of the predicted behaviour of a sphere of positive ions, 
where the sphere diameter and charge density are so large that the electric field at the edge of the 
sphere is greater than the breakdown field. Plasma formed by ionization at the outer circumference then 
reduces the electric field and dispersion of the ions, but develops to be a ball of positive and negative 
ions of equal density and zero electric field within the ball. Several recent models of BL have proposed 
that significant densities of charged ions initiate BL [2,3]. 
  
Observation of bouncing ball lightning 
The observation is typical of the many observations of BL, which describe the BL as having a lifetime of 
about 10s, a diameter of a few cm, and a luminous output approximately equivalent to that of a 100 W 
incandescent light bulb. The present observation, made by Mr Joe Keunan, of Canberra, Australia, 
reports BL travelling towards him above his driveway while he was watching a thunderstorm from the 
open door of his garage. The ball passed beside him into the garage and then rose to make contact with 
a plank of wood stored near the ceiling of his garage. The ball bounced from the solid wooden plank 
and on a second impact with the wood exploded with a loud bang, which Joe described as ‘like a rifle 
shot’. This behaviour of BL contrasts with many observations of ball lightning being formed at glass 
windows and apparently passing through such windows. Such observations inside of houses generally 
report little or no deposit on the windows. Figure 1 shows a newspaper photograph of the present 
observation and figure 2 shows photographs of the deposits left at the first and second contacts of the 
BL with the wooden plank. 
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Figure 1. Newspaper report of the ball lightning observation of Joe Keunan; Canberra Times, 11 Feb. 1993. 
 
 

 
 
Figure 2. Photographs of wooden plank showing the position of (a) the first impact and (b) the second impact of 
ball lightning.              
 

Figure 3 shows results of the X-ray fluorescence analysis of the surface of the wood at the position of 
the first impact, conducted by Mr Milutin Stoilovic. Traces are found of iron, titanium, calcium, sulphur, 
silicon and aluminium. If ball lightning is largely an electrical discharge, the deposits suggest deposition 
from ions present in the ball, probably produced during the formation of the ball. It is noted that while 
the recombination coefficients of molecular ions such as N2+ are of order 10-7 cm3 s-1, the recombination 
coefficients of atomic ions, such as of metals, are frequently much smaller, i.e. of order 10-9 cm3 s-1, so 
that a significant time variation in ionic composition would be expected. If ball lightning is largely 
composed of burning or oxidising material, as has frequently been suggested [3-5], the deposits would 
arise from vaporisation of particles within the ball. 
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Figure 3. X-ray fluorescence analyses of the wooden plank at the position of the first impact of ball lightning. 
 
Calculated development of a ball of positive ions 
The possibility is examined that ball lightning is an electrical discharge. Electrical discharges consist of 
electrons, negative ions and positive ions in an electric field. Equations governing the motion of these 
particles in an electric field are well established. The electric charges themselves can create electric 
fields due to their own space-charge fields. So far there has been no consistent set of conditions to 
explain the major properties of ball lightning, namely an approximately spherical plasma that maintains 
itself without self-dispersion for times of the order of 10 s, produces an approximately constant light 
output for this time, and even can pass through closed glass windows. Attempts are being made to 
explain such effects, for example [2, 3, 6], from solutions of the basic equations, even if they provide 
only a partial explanation of these properties. The influence of an additional particle, namely oxygen 
metastables, was attempted in reference [6], by representing the increased ionization resulting from the 
detachment of electrons from negative ions by metastables by an increased ionization coefficient. 
However, this approximation grossly overestimates the increased ionization for short discharge times of 
the order of 1 µs, when high densities of metastables have not yet developed. 
 

The behaviour of a sphere of positive ions of density 1010 cm-3 and radius 10 cm is predicted here, where 
the space-charge electric field from these ions is sufficient to produce ionization at the edge of the 
sphere. Such charges would normally disperse in a time of less than 10 µs, as ion drift velocities for 
fields at the edge of such a sphere are the order of 105 cm s-1. Ionization from the high field at the 
circumference of the ball produces a shell of plasma, and streamers from electrons are inwardly directed 
towards the centre of the sphere.  It is of interest to see if this process might prevent dispersion of the 
sphere, especially if there were to be a series of pulses similar to Trichel pulses [7]. Figures 14 and 15, 
discussed later, show both inward and outward streamer-like structures, probably initiated by small 
numerical increases in the electric field due to the rectangular numerical grid. From spherical symmetry, 
it would be expected that the ionization would be in a spherical shell. The present results find that these 
streamer effects do reduce dispersion of the ball without ionization, but after 1 ms the ball is convertedto 
a ball of positive and negative ions of equal density, with zero electron density within the ball and zero 
internal electric field. 
Continuity equations for electrons, positive ions, negative ions and Poisson’s equation to account for 
space charge effects are as follows. 
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𝜕𝜕𝜕𝜕
= 𝑛𝑛𝑒𝑒(𝛼𝛼 − 𝜂𝜂)𝑊𝑊− 𝛻𝛻. (𝑛𝑛𝑒𝑒𝑊𝑊) − γ𝑛𝑛𝑒𝑒𝑛𝑛+                                            (1) 

                           

                           𝜕𝜕𝑛𝑛+
𝜕𝜕𝜕𝜕

= 𝑛𝑛𝑒𝑒𝛼𝛼𝑊𝑊 − 𝛻𝛻. (𝑛𝑛+𝑊𝑊+) − γ𝑛𝑛𝑒𝑒𝑛𝑛+ − γ𝑛𝑛−𝑛𝑛+                                      (2) 
 
                               𝜕𝜕𝑛𝑛−

𝜕𝜕𝜕𝜕
= 𝑛𝑛𝑒𝑒𝜂𝜂𝑊𝑊 − 𝛻𝛻. (𝑛𝑛−𝑊𝑊−) − γ𝑛𝑛−𝑛𝑛+                                             (3) 
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 ;                                                              (4) 

 
Here ne is the electron density, n- and n+ the negative and positive ion densities, E the electric field, e 
the electronic charge, W, W-  and W+ are respectively the electron, negative ion and positive ion drift 
velocities, α, η, and γ are respectively the ionization, attachment and recombination coefficients, t the 
time and ε0 the vacuum permittivity. 
 
Crucial among the input material functions are the attachment and ionization coefficients, which are 
given in Figure 4 as a function of the electric field for atmospheric-pressure air. It is seen that electron 
attachment is greater than ionization for electric fields less than 2.5 MV m-1 (25 kV cm-1), so that all 
electrons rapidly become attached to form negative ions. If all regions have electric fields below this 
value, the discharge is extinguished. The present calculations for a sphere of positive ions of radius 10 
cm and initial uniform density of 1010 cm-3 predict zero electric field at the centre of the ball and a field 
at the edge of the sphere of ~ 6 MV m-1, leading to significant ionization at the perimeter of the sphere. 
Figure 5 shows the predicted positive ion densities resulting from this ionization after 0.02 µs. Densities 
at the interior of the ball remain at 1010 cm-3, as the electric field is less than 2.5 MV m-1. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Ionization and attachment coefficients in air.                    Figure 5. Positive ion density after 0.02 µs. 
 

The calculated electron and negative ion densities are shown in Figures 6 and 7; at the edge of the 
sphere, these are of the order of a hundred times the original positive ion density of 1010 cm-3. The sum 
of the new negative particles equals the total of the new positive ions, as at ionization equal numbers of 
positive and negative charges are produced. For modifications to the initial electric field, it is the net 
charges that are significant. Figures 8 and 9 show the net positive and negative charges. Figure 10 
shows the calculated electric field at 0.02 µs. The shell of ionization has produced a region  
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Figure 6. Electron density at 0.02 µs.                                                         Figure 7. Negative ion density at 0.02 µs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Net positive charge at 0.02 µs.                                                    Figure 9. Net negative charge at 0.02 µs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Electric field at 0.02 µs                                                          Figure 11 Electric potential at 0.02 µs. 
of near-zero electric field near the perimeter of the original sphere of radius 10 cm, indicated by the 
circular white shell of the figure. This reduced field significantly reduces the dispersion of positive ions 
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from the original repulsive electric field before the onset of ionization. The calculated electric potential 
of the ball at 0.02 µs shown in Figure 11 is of the order of a 1 MV.  
 
Figures 12 and 13 show the electric field and potential after 1 ms. The electric field is reduced to near 
zero within the sphere. The original sphere of positive ions of density 1010 cm-3 and radius 10 cm now 
has equal densities of positive and negative ions of density ~ 1010 cm-3 with a radius of still approximately 
10 cm. The ion density varies with time approximately as 1/γt, as can be obtained by integrating equation 
(2) after substituting for zero electric field and equality of the negative and positive ion densities. The 
electric potential of the ball, from Figures 11 and 13, is reduced from ~ 1 MV to 180 kV due to the 
dispersal of the initial positive charges.  
 
                                                                               
 
 
 
 
 
 
 
 
 
 
 
 
 
          Figure 12. Electric field at 1 ms.                                                 Figure 13.  Electric potential at 1 ms. 
 
The positive and negative ion densities at 1 ms are shown in Figures 14 and 15. These densities are 
almost exactly equal within the ball, consistent with the zero electric field within the ball, shown in figure 
12. The streamer-like structures surrounding the ball, shown in figures 14 and 15, probably result from 
slight numerical variations in the electric field because of the use of a rectangular grid for the spherical 
ball. From Figure 14, the ball is surrounded by positive ions, which produce electric fields of order 1 kV 
cm-1, well below the 25 kV cm-1 required for ionization. Electron densities are everywhere zero because 
of attachment of the electrons to form negative ions. These results are similar to those previously 
reported by Morrow [3] in a one-dimensional analysis using spherical coordinates. 
                                                                    
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14.  Positive ion density at 1 ms.                                             Figure 15.  Negative ion density at 1 ms. 
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Summary 
A report is made of an observation of bouncing ball lightning on a wooden plank. X-ray fluorescence 
measurements reveal deposits of iron, titanium, calcium, sulphur, silicon and aluminium on the plank. 
To investigate possibilities of a sphere of positive ions being contained by inward-directed streamers 
and thus help explain ball lightning, calculations have been made of the behaviour of a 10 cm radius 
sphere of positive ions of initial density 1010 cm-3. After 1 ms, the sphere is transformed to have equal 
densities of positive and negative ions varying as ~1/γt, no electrons, zero electric field, and is 
surrounded with positive ions of density ~ 108 cm-3. These properties of the temporal development of a 
simple ball of positive ions are of value in interpreting calculated effects of oxygen metastables, which 
will be presented in subsequent work. 
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