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ABSTRACT

Based on the results of plasna esperiments and rescarch wark done by Dawson and Jones. Trubnikov. Endean.
and piher researchers, three requirements for producing and maintaining plasma ball lightning have been found: 1)
rotation of plasma, 2) the density of charged particles #, > 3.15= 107"w", 3} a stable confinement of plasma. In this
modcl, the energy densily of hall lightning ranged from 107 7 em® Lo 10* ]/ em’, the farmation, shape. stability.

energy. mamtaining processes and other properties of ball fightning were explained reasarmahly.
1. INTRODLCTION

Ball Jightning. a riddle in the atmosphere, has puzzled scientisis for more than 200 years.
Even nowadays it cannot be well explained because of the following two difficulties. First, we
have nol known what mechanism makes the plasma ball be stably confined in certain volume
for a long time. Second. where does the energy for the longlife ball come from? As we know.
without energy supply the plasma ball with high temperature will collapse immediately. The
theory proposed by P.L. Kapitsa, an eminent scientist, of radio frequency (1955} explained
some properties of ball lightning, such as entering room through chimneys. windows or gaps
in the wall, or going into a cave, or penetrating the metal shelf of an aeroplane ete. Later on,
Dawson and Jones (1969), Trubnikov (1972), Jennison (1973} and Endean (1976) developed
the ideas of stationary wave and resonant cavily in microwave band. But they did not explain
how the resonant cavily forms in the beginning and how the instability of plasma confinement
is overcome. Therefore they have not thoroughly solved the problems of shapes and energy
supply of ball lightning.

The relationship between the existence and maintenance of ball lightning and the sur-
rounding electric environment has also been a controversial problem so far. However, light-
ning—triggering experiments and photograph research conducied by Fieux ef al.(1975) is
worth noticing. They discovered that beard lightning often appeared after strong linear light-
ning and big beard lightning appeared where lightning wunnel curved. [n one of their expen-
ments, a lightning ball was observed afier a strong linear lightning. When the ball rose to the
experimental tower of 24 meters in height. another lightning discharge struck the top of the
tower. But the ball was not affected. This fact demonstrated that lightning ball which comes
mainly from normal lightning is an independent entity which preserves and releases energy on
its own. The shape of the ball, having little connection with the surrounding electric field. is
determiped by its own internal electric and magnetic fields. i

On the basis of observational facts and laboratory results, this paper atlempts o discuss
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the formation and maintenance of ball lightning.
H. THE CONDITIONS FOR PRODUCING BALL LIGHTNING: ROTATION OF PLASMA

In order to give a satisfactory explanation of the shape of ball lightning we propose the
hypothesis that ball lightning is a body of rotating plasma. The reasons are as follows:

13 Up to now. all the observational facts have shown that ball lightning in the atmos-
phere is a rotating body in shape. 80+—90% of ball lightning observed are in approximately
globe shapes. others are in shapes of luminous rings, halos or coronas. Fire balls rapidly ro-
tating or rolling along the earth surface were also reported. Fire balls associated with rotating
wind. tornadoes were observed too. All of these reports support the hypothesis of rotating
plasma. '

2} Rotating plasma is closely related to the internal dynamic equilibrivm of the ball. Ac-
cording to Lehort{1971), plasma rotating at high speed in magnetic field should satisfy the fol-
lowing expression:

1 P I 1 , : .
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where A,. angular component of magnetic potential vector: m. mass of particles: g. electric
charges of particles; r, rotation radius of particles; @, potential of particles, footnote “0"
for @, rge Agge Vene refers to quantities at the initial time 7, of the rotation.

From expression (1) we can see thal, when magnetic field is strong encugh lo make
Larmor radius much smaller than the macroscale and Larmor frequency o much greater than
particle’s angular velocity €2 and the position of particles (r. z) moves slightly away from the
shell of gyration rydg=rAd,. the value of terms on the left—side of expression (i} will be-
come negative. This is impossible according to expression (1). Therefore expression (1) indi-
cates that particles can only mave near or on the gyration shell ryd,,=rd,. which is called
the forbidden regions. Finally many layers of plasma shell form. This is just the shape of ball
lightning(fire ball).

In an axially symmetric rotating coordinate system when cleciric and magnetic fields are
constant. it can also be proved that the rotating movement of plasma will reach dynamic equi-
librium which abeys law of isorotation. The centrifugal force produces the curvature of mag-
netic lines which confines particles. (hat is the so—called “confinement of centrifugal force™.
Furthermore, the most important thing is the electric and magnetic fields inside the fire hall
also confine charged particles.

We stili adopt the argument of Dawson and Jones(1969) that the fire hall is maintained
by resonant cavity with microwave inside the ball. We suppose that this cavity is initially
formed by the retating plasma. The distribution of electric and magnetic field inside the reso-
nant cavily are shown in Fig.1.

As we sce from Fig. 1, field pattern inside the ball withoat rotation may be illustraied by
1(a) and 1(c). In the latter case, fire ball may be oval or other rotaling bodies in shape. Under
both of these circumslances electric fields are perpendicular Lo magnetic field within fire balls
and the direction of E ¥ B is always toward the center of the ball, which pinches the particles.
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Fig. 1. Field disteibution in the resunant eavity. Gt Electric field on the eyuatorial plaae, 1br Magnetw field on
axial seclion 10 resonant cavity without rotalion, ic) Magnetw field an axial section in resonant cavity with rotation,

(dy Magnetic oscillation and formation of fire ring.

There are high—trequency electromagnetic waves in the resonant cavity. Let us assume
the variation of magneltic field as in Fig.1(d). Frem Maxwell equation

0 = .
_‘T:_VXE' (2)
and -
FF=EX:B . (3)
B

we know that equation (2) indicates that high frequency magnetic field B produces ring elec-
tric field E and the interaction of & and E is deseribed by equation (3). which induces the
drift velocity of particles foward the center of the batl. This velocity confines particles. Fig.
1(d) can also be used to explain the formation of ring lightning because high frequency E
naturally gives oul ring discharge and plasma. Consequently the case of Fig.1(c) s just like a
magnetic mirror in which magnetic moment o is a quasi—constant,

dit _ s Fpy =
0 AW, /By=0. (4

where W = l—mlf’: is the kinetic energy in the direction perpendicular to magnetic lines.

Hence in the magnetic mirror pariicles will be bound in shapes of spheres. ovals, rotating
bars, disks or donghnuls according 1o the strength of magnetic field B and the velocity v
A good instance of which is the Van Allen radiation zone of the earth.

In ptasmu experiments (Lehort, 1971}, plasma rotation is generated by particle drift
described in equation (3). The field distribution of ball lightning resonant cavity as Fig. 1, will

[P © v AL Sy 11 W=
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cause the drift velocities F, due to the curvature of field lines, Vw due to magnetic gra-
dient, and Vvﬂ due to the pressure gradient:

— ng” x F
L =—— 5 FXBh, 3
BT (5)
T W =
Vs =718, X Y B). {6)
§8,
I’H’vp = — l 3 VJD x B. (69
ngB

Equations (3}, (5. (6) and (6") are all the rotating movement. Thal means as long as the
magnetic field exists, the plasma rotation will surely appear in the resonant cavity,

Summarily, the confinement of plasma in the direction perpendicular to magnetic lines is
determined by the equilibrium of electric, magneltic. drift. centrifugal and pressure gradient
torces. While along the direction of magnetic lines, confinemeni mainly depends on
the centrifugal force and closed field lines.

3) The rotation of plasma is a manner of preserving energy by which initial ro-
tating kinetic energy be stored in fire balls. These preserved energy then gradually be turning
into electric and magnetic energy by the movement of rotation to lengthen the lifetime of the
ball. This process was demonstrated by experiments made by Anderson and Baker(1958). If
the initial rotating energy comes from lightning. we can estimate the total rotation energy of
ball lightning. The medium velocity of lightning according to observation, is 10° cm /s
(Ishikawa, 1961}, then typical rotation energy density contained in lightning ball is

i LI } iE 4, 1 )
EpV 25x1.29><]0 x10  ~10 )/ cm . {7}

Rotation can also produce and maintain plasma resonant cavity, which is the wall catch-
ing microwave energy and preventing energy inside the ball from escaping. Without rotation.,
it is difficult to explain the long lifetime of the balls. and the large energy observed.

4} Rotation may overcome mnstability of plasma confinement. In experiment. the
conlinement of plasma is frequently unslable. which results in the failure of controlled
thermonuclear reaclion sa far. But it has been found both in theoretical and experimental
studies that the torque of magnetic lines can resist plasma instabilities. As the magnetic lines
are frozen in plasma, the rotation of particles will certainly carry Lhe lines to move and result
in torsion. Experimenis of 7 pinch showed that at first lines were torqued by rotation, then
internal transverse lines were completely separated from the external lines, and line loops ap-
peared. These line loops confine particles. Rotation may also be a necessary condition for
producing standing waves or solitons. It was observed in experiments that standing wave wery
formed in a plasma resonant cavity (Gaboviki. 1972) with the fundamental wavelength of

L=2L .
where J. is the characteristic size of resonant cavity. And, the solitons were also formed in
plasma resonant cavity due to plasma turbulence (Kim. 1974) especially the Langmuir
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solitons with wave number &, observed in experimental Langmuir turbulence. These
solitons have properties of self~focusing and self-concentrating, With the decrease of &,
wave packet solitons turn continuously into simple Langmuir solitons. When &, = 0. solitons
standing at the same place. do not move any more (Kadomtsev, 1983). Solitons and standing
wave can maintain plasma resonant cavity slably for a long time.

5) Other researchers work on the rotating of the ball lightning. Endean(1976) considered
ball lightning as a rapidly rotating bady with a magnetic boundary field of a speed greater
than light speed. Therelore he dismissed the instabilities of plasma confinement. Morikawa
and Rebhan (1970} found the toroidal hydromagnetic equilibrium solutions with spherical
boundaries of plasma in vacuum. And hydromagnetic analogues of Hill’s vortex were noted
for many years to explain ball lightning. Ryan and Vonnegut's experiments of high—\;o!lage
discharges to a plane (1971} produced a small lornado—like voriex, the rotation of air current
which makes the discharge stable was examined in laboratory. Wooding(1972) analogized 2n
almospheric laser 1o ball lightning because a plasma vortex is produced when laser pulse
strike a solid surface. ¥oitsekhovskii B.V. and Voitsekhovskii V.V. treated ball lightning as
an electrostatic vortex because a liquid drop falling into a stationary liquid produces a
hydrodynamic vortex. Meissner{1930) suggested that rapidly rotating vortex formed where a
sharp change in the direction of lightning channel was ball lightning, while Bruce(1963)
thoughi that the escape of a high—pressure, ionized jet through the weakened magnetic sheath
at a bend of lightning channel formed the ball.

o

11. CONDITION 1 FOR MAINTAINING BALL LIGHTNING: n 3315 = 107 "’

For the purpose of explaining the long lifetime of ball lightning, we should consider the
energy contained in the ball and how the energy be prevented from dissipation. This discus-
sion will lead to deriving the condition 1 for maintaining plasma ball: n> 3.15%
107" where, n,. is the electron densily, « is the frequency of microwave in plasma res-
onant cavity.

I. Energy Contained in Ball Lightning

We consider the energy carried by ball lightning consists of three parts: rotation. thermal
and microwave, namely:
;::lplf":+§nkT+i(EE+.§l). (8)
20 0 2 Lo
where. on the right hand—side of (8), the first term is the energy density of rotation; the second
term is the internal energy density of plasma, the third term, the electromagnetic wave energy
density captured in the ball’s resonant cavity.
g, mass density of air, V. rotating speed of air,
n. density of plasma, 4. Boltzmann constant.
7. absolute temperature. &, energy density of ball lightning.
Lel us take lypical measurement data of the aimosphere and lightning
p~107" g/em’, V,~10" cm /s,
T~10" K, n~10"7 sem’ (at T~10° K, see Table ).
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We get

Jovi~0tysem's Jenr~107 5 som’

As for the mcrowave energy S-IE(EQJ-E:)in Ball Jightning, according 1o

Krider's measurement (1983). the peak radiation power of lightning return strokes is
21 2% 10" W and the return strokes last about 4.4+ 1.8 us. It means that the maximum ra-
diation energy produced by lighining strokes is about 10~ 10™J. If the energy is all captured
by a 20 cm diameter  lightning  ball, the microwave energy densily in the ball is about

SITE(E? + Bﬂ)~ 16'~10°5/cm’. From the estimation above. we may see that, if a light-

ning ball does not contain energy of rotation and microwave (it will disappear immediately),
the minimum epergy density as plasma internal energy is about ~ 1077 J/cm’. then. the
range of ball lightning energy density is about

10 *1/em’ ¢ 0% 1 em’ 19)
The total energy for the ball of 20 cm in diameter 15

Hﬂ%wh%nkng—n(ﬁ +734'J']“’V=107 L -

+10° 1 +10' g

wave therm  ° (10)
[t shows that in the lightning ball, energy of rotation is much greater than
electromagnetic wave and internal energy. The total energy ~ 10° 1 is in agreement with

Singer(1971} and the lowest energy density  ~ 1072 3/ em’ is in agreement with Barry(1980).

2. The Processes of Energy Preservaiion and Dissipation in Microwave Resonant
Cavity of Balt Lightning

The rotating plasma experiments have verified that the kinetic epergy of rotation can be
converted into plasma internal energy through the following three processes(Anderson, 1958).
The Ist is particle drift movement which causes Joule heating process. The secondary electric
field resulting from particle drifts of field curvature gradient and mass gradient caused by
plasma rotation. turns the kinetic energy into electromagnetic enetgy directly. The secondary
electromagnetic field in plasma stimulates many kinds of wave and radiation, heats plasma
and accelerates particles to enhance collisions of particles. The second process is the heating
effect of viscous drag and the third is the heating effect of turbulence converted by plasma ro-
lation. These three processes constantly turned the rotation energy into internal energy of ball
lightning.

The microwave energy captured in the ball can also be converted to internal energy of
plasma. We can prove that. for cylindrical resonant cavity, plasma is resonanted at the follow-
ing frequency
(L

g
i
=t
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while for the spherical resonant cavity, the resonant frequency is

=

[I%]

=

12)

J
where «, is the Langmuir frequency. The resonant frequencies consist of a series of
frequency. formulae (11) and (12) express the fundamental resenant frequencies. On the oth-
er hand, plasma will give out various kinds of waves as observed in experiments
(Gaboviki, 1972). One of these waves is radiated by ions at the following frequency

w::————"——-.____".ﬁ_f . (13}

I+ A
| !
\. yak T
where @, and  w,; are frequencies of jon wave and ion Langmuir wave. respectively.

T,. n, are temperature and density of electrons, respectively, 7, is the wave length of ion

wave, y is a consiant between 1~ 3. All these waves produced in plasma will reheat the
plasma.
3. The Effect of Energy Preservation and the Maintenance of Resonant
Caviry for Boll Lightning
To lengthen the lifetime of fire balls, the energy inside the ball should be prevented from

escaping. [t has been demonstrated (Krall and Trivelpiece, 1973) that plasma shells could be
treated as ideal conductor in terms of the absorption and reflection of electromagnetic waves,

which require:

w ~w, 0
: 1 ) ejn‘ :Lnl(r2
o =w ‘o =—+ {14)
! m,g, e,
W ovm .',cup x 557 x lOi\f;-: (15)
according to (14).
n 3315% 10 "’ (16}

(16) is the condition for maintaining bal! lightning,

As mentioned above, rotation produces many layers of plasma shells which form the res-
onant cavity. Microwave absorption and resonance all take place in the cavity. Particulasly
we should point oul thal the rapid rotation of plasma can make plasma be in turbulent state
in which solitons and standing waves are formed (Kingsep, Rudakov and Sudan,1973). It has
beer: observed in experiments that solitons created and strengthened resonant cavity (Kim et
al. 1974) and that standing waves with wavelength J} appear in cylindrical or spherical
plasma cavity(Gaboviki, 1972):

i=2L, (17)
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where L is the scale of the cylinder or sphere. . Is the wavelength of the standing wave.
These salitons or standing wave strengthen the resonant cavity.

X
Euie R

l

Fig2 The reflection and ahsorption of electromagnetic waves by the plasma shell.

Now lel us consider some actual lightning dala and see if the (16) can be used to lightning
in the atmosphere. According to Berger's(1975) spectral measurements. the frequency of
microwave radiated by lightning is generally 3 10°~3x 107 Hz, which requires 10/ em*(n_
{107/ em”, while OrvilY's(1968) measurements showed 10"/ em'(n_ (10" ./ cm’. It follows
that all actual lightning in the atmosphere can satisfy the requirements for maintaining ball
lightning. Onee lightning radiation is captured in plasma ball. it can not escape from the ball
shells and will be absorbed gradually by the ball.

Energy dissipation of the plasma ball lightning is realized through three processes: the
combination of charged particles. plasma convection and diffusion, and plasma radiation, we
could compute the longest possible lifetime of ball lightning if we know the rate of energy dis-
sipation in the three processes and the total energy contained in the ball.

Extinction results possibly from two processes. One is the perturbation resulting in the
increase of plasma instability which canses the eollapse of plasma confinement {explosively).
The other is exhaust of energy in the ball (quietly}.

IV, CONDITION Il FOR MAINTAINING BALL LIGHTINING: A STABLE CONFINEMENT OF PLASMA

The instability of the plasma confinement is one of the most difficull problems in ex-
plaining ball lightning. As mentioned above. the torsion of magnetic lines resulting in plasma
rotation can resist some ol plasma instabilities and prevent momentum and heat of particles
from escaping. However, it is not strong enough to overcome the instability of plasma
confinement. One of the possible ways is through motion of the fire ball in the air(Endean
1976). Therefore, in laboratory experiments. especially in the experiments of high frequency
discharge, 4 tangent rotating air current or axial air current is generally blown to stabilize the
discharging plasma.

Now let us analyze the stability of a fire ball moving downward. Assuming magnetic
lines in gravitational field is in ¥ direction (horizontalj, the variation of plasma density and

P T T
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magnetic field in Z direction (positive upward) satisfies the equilibrium condition

a

B
(P0+g)=*ﬂg, (18)

é

az

where P, is air pressure is magnetic pressure. pg is gravity. perturbation velocity is as-

' 8z
sumed as

- ru,

Vixzy=Ve ™= i+ v ke ™ (19)

Using the hydromagnetic dynamic equations and normal mode method, we obtain:

Z‘V,
Ldp & 1 1 _E -
- )—— -k 1+ ¥'.=0, 20
G 2) (20)
consider
ldp _ g Ve @V
o dz constant and P 4 =0, (20
hence
k( j_léﬂ)p =) (22)
w Pz
*" the disturbance ¥7_#40,
: __gdp
Cw 5 do” (23)

from Eq.(23) we can see that when dp / dz}0. namely density increases upward then @ <0
plasma is unstable; but when dp / d=<0, density decreases upward. then w “30. plasma is
stabte. If disturbed plasma osciltates at the following frequency

gdpy;
e . 24

From Eq.(24) we know thal in gravitallon field, a plasma ball falling freely across mag-
netic lines is in dynamically disequilibrium but in stable state. This can explain the fact of ball
lightning falling downward. This also prompts us that it may be an outway to pinch plasma in
disequilibrium process for the stable confinement of plasma.

On the other hand., it is very important to analyze the condition under which atmospheric
solitons are produced to discuss the stability of ball lightning. Plasma experiments (Kim el
al.,1974) have verified that solitons were formed in turbulence of plasma. This turbulent
plasma were produced by strong electromagnelic wave or electronic stream. In turbulence,
microwave resonant cavity with much lower particle density appeared and wave energy ex-
erted was converted to plasma waves and then trapped and resonated in the cavity of solitons.
Electromagnetic waves in these resonant cavity produced a so—called podermotive force,




72 Advances in  Atmospheric Sciences Vol.6

12 e, (25)

r "X

which pushed particles out of the wave packets (solitons) and resulted in a density cavity

e'n 2
dn=-——7—E. (26)
8mi o T
v ”
where 7 is the plasma temperature; #, plasma density; ér. density change in the resenant

cavily, m, and £ are the frequency and electric field exerted to produce plasma turbu-
lence.

From (26) we know that density change da in solitons is in direct proportion to exerted
electric field En Eqs.(25) and (26) confirm the ideas of Dawson and Jones(1969),

Trubnikov(1972).

In practical lightning discharge, the rapid movement of rotation and electromagnetic
waves radialed by lightning may produce plasma turbulence and form plasma solitons. The
idea of solitons may well explain the ball lightning appeared in aeroplane. However, the detail
relationship between lightning and solitons, especially the connection of solitons with rotating
plasma. requires further study.

V. CONCLLUSIONS

We have discussed the processes of production, maintenance. extinction of ball lightning
and its shape. energy and stability in this paper. As we adopi ideas of Kapitsa (1955),Dawson
and Jones(1969), Trubnikov{1972), Endean(1976) and other former researchers, who reason-

ably explained the movement as well as other properties of the ball. we can describe the gen-
[}

eral picture of ball lightning. Firstly, a plasma with density of n_33.15x 10 "o should be

produced by no matter what processes, such as lightning discharge. violent electromagnetic
oscillation in the atmesphere, eruption of volcanoes, tornadoes and earthquake. These pro-
cesses are all uble to produce high density plasma, which makes it possible for us Lo explain
other fire ball in the atmosphere, for example, UFQ, earthquake fire balls and fire balls ap-
pearing in volcanic eruption or tornadoes, etc. Secondly rapid rotation should exist, by which
plasma resonant cavity or solitons forms. Rotating energy. wave energy in the cavity are
continuously converted (o plasma heat energy. to heat and maintain the fire ball. On the other
hand. inside the ball microwaves radiated by plasma itself and sianding wave form lo
strengthen the resonant cavity, The rotation of the ball and its relative movement with respect
to the air resist the instability of plasma confinement and creale possible conditions for pro-
ducing solitons. The energy inside the ball including rotation, magnetic waves and internal
energy determine the lifetime. The extinction of the ball is completed through two processes.
One is energy exhaustion which results in smooth disappearance of the ball. The other is dis-
turbance which stimulates the development of the instability in the plasma ball and results in
explosive disappearance or collapse of the ball. Injury may happen in explosion because there
is still a lot of energy containing in the ball. This picture is only  rough framework for ball
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lightning. The more detailed understanding. especially the resonant cavity formed by solitons
need further study.
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