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1. The Mechanism by Which Lightning Develops.  The development  of lightning is an osc i l l a to ry  r e l a x -  
at ion p r o c e s s  which is bas ica l ly  e l ec t romagne t i c  in nature ,  common  to both l inear  and ball  f o rms  of lightning 
[1, 2]. Each osc i l l a to ry  cycle  of the lightning cons is t s  of  s tages  of "e lec t romagnet ic  ac t iv i ty  w and a subsequent  
s tage of "e lec t romagne t i c  ca lm.  ~ The p r o c e s s  is r e l a t ed  to a charged c h a n n e l - - a  column of a i r  emerg ing  
f r o m  a cloud, which is b reak ing  up in the a t m o s p h e r e ,  separa ted  f r o m  the surrounding med ium of ionized a i r  
and of reduced  density.  The charged channel of lightning, in view of the osc i l l a to ry  mode of the p r o c e s s ,  
pe r iod ica l ly  t r a n s f e r s  f r o m  a s ta te  of a weakly ionized a l m o s t  nonconducting charged path into a good con-  
ducting column and vice  v e r s a .  Along the lightning channel,  in the same  way as along a s ingle-conductor  wave-  
guide line of the rod  antenna type, f r o m  the cloud to the head of the channel a pa r t i cu la r  kind of ape:ciodic e l ec -  
t r o m a g n e t i c  wave (a channel wave) t r ave l s  governing the t r a n s f e r  of ene rgy  and charge  of the lightning. The 
propagat ion  of the channel wave is e x t r e m e l y  nonlinear and nonequil ibrial ,  s ince these waves a r e  cha rac t e r i zed  
by the abil i ty to c r ea t e  a nonequi l ibr ium high e l ec t r i c a l  conductivi ty in the channel behind the wave front ,  
n e c e s s a r y  for its propagat ion,  which depends on the wave field, by the ionizing action of the wave field. The 
channel wave a r i s e s  a t  the beginning of each cycle  a t  the point where  the ax i s  of the channel in t e r sec t s  the s u r -  
face of  the cloud, a f te r  which it p ropaga tes  hemisphe r i ca l l y  in space  outside the cloud with a speed close to the 
ve loc i ty  of l ight (determined by the solution of Maxwell ' s  equations).  In the cloud, while the channel wave is 
propagat ing,  due to s t r e a m e r  d i scharges  f rom the su r f aces  of ice c ry s t a l s  and drops of water ,  high e l ec t r i ca l  
conductivi ty rap id ly  occu r s ,  as a r e s u l t  of which the cloud becomes  a good conductor.  This fact,  i .e. the high 
conductivi ty of the cloud during the lightning d i scharge ,  der ived theore t ica l ly  in a s epa ra t e  j a p e r ,  in this case  
can be r e g a r d e d  as exper imen ta l ,  since the ene rgy  of the lightning close to the initial  e l ec t r i ca l  energy  of the 
cloud [3] can be obtained f r o m  the cloud only when the cloud has high e l ec t r i ca l  conductivity.  The ene rgy  of the 
lightning is t r a n s f e r r e d  by the channel waves mainly  outside the lightning channel in the fo rm of e l e c t r o m a g -  
ne t ic- f ie ld  ene rgy  and is only absorbed  in the volume of the channel.  The e l ec t romagne t i c  field of the channel 
wave,  propagat ing  in a i r  outside the lightning channel with the veloci ty  of light, pene t ra tes  into the volume of 
the channel  f r o m  the sides by diffract ion.  Hence, the channel wavef ront  moves  along the channel outside it and 
along its su r face ,  and also inside the channel a t  l ea s t  in a thin su r face  l aye r ,  with the veloci ty  of light. The 
field of the channel wave in the channel p roduces  a m a c r o s c o p i c  (volume-dis t r ibuted)  ensemble  of e lec t ron  
ava lanches  which occur  f r o m  the initial  e lec t rons  or  ions compr i s ing  the "ba re"  ionization of the channel. The 
intense e l ec t ron -ava l anche  p roces s  occu r r ing  a l m o s t  s imul taneous ly  immedia te ly  behind the wave-t~ront leads 
to a l m o s t  ideal e l ec t r i c a l  conductivity of the pa r t  of  the channel behind the wavefront  [2], while the e x t r e m e l y  
smal l  e l ec t r i c a l  conductivi ty of the pa r t s  of the channel in f ront  of the 'wavefront  where  the re  is no field is 
unconnected with the Joule los ses .  Hence, the channel waves  propagate  along init ial ly weakly ionized a l m o s t  
nonconducting channels  in the s ame  way as along good-conductor  waveguide lines.  The m o r e  high-powered the 
channel wave the g r e a t e r  the e l ec t r i ca l  conductivi ty connected with it  by the field behind the wavefront ,  and 
the c lose r  the propagat ion  is to ideal propagat ion.  Under lightning conditions the channel waves supplied with 
v e r y  high potent ia ls ,  p ropaga te  p rac t i ca l l y  ideally with the veloci ty  of light, the extension of the lightning 
channel being unconnected wi th  the cons iderable  t r an s f e r  of ene rgy  and cha rge  of the lightning, and occurs  
abrupt ly  with the veloci ty  of longitudinal e l ec t r i ca l  dr i f t  of the cha rges ,  per iod ica l ly  introduced into the 
channel by the channel e l ec t romagne t i c  waves propagat ing  with e l ec t romagne t i c  velocity.  ~he p r o c e s s  of 
p ropaga t ion  of the lightning is the re fo re  a two-ve loc i ty  p roce s s .  

In the regions  outside the channel,  in pa r t i cu la r  in the extension of the channel along its  axis ,  the 
p ropaga t ing  field cannot  produce  cons iderable  e l ec t r i ca l  conductivity since outside the channel there  is insuf-  
f icient  ba re  cha rge  density.  It is a lso  impor tan t  tha t ' in  the lightning channel,  (par t i cu la r ly  the s t rongly  heated 
reg ion  on the axis  of the channel) e lec t ron  cap tu re ,  in view of the high t e m p e r a t u r e ,  should not occur ,  and the 
excess  negative charges  ex is t  in the f o r m  of f ree  e lec t rons .  The increased  t e m p e r a t u r e  of the channel and the 
reduced  densi ty  of the a i r  in it  lead to improved  conditions for  c u r r e n t  flow in the channel (in the axial  core  of 
thechanne l )  compared  with the shell  (the r ema in ing  pa r t  of the channel) and cor responding ly  to an axia l  cu r r en t  
concentra t ion  leading to additional heating of the channel,  e tc .  
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When it r e aches  the head of the channel,  the channel wave is re f lec ted ,  s ince the geomet r i ca l  extension 
of the channel is a region where ,  in view of the absence  of cons iderab le  ba re  ionization, there  may  not be high 
e l ec t r i c a l  conductivity,  and this reg ion  the re fo re  behaves  as a d ie lec t r ic .  The channel  wave is r e f l ec ted  so 
that  f r o m  the head of the channel,  as  f r o m  the end of a cutoff s ingle-conductor  waveguide line, pa r t  of the 
energy  is los t  as radiat ion.  The re f lec ted  wave is usual ly  a l m o s t  immedia te ly  absorbed  in the leading pa r t  of 
the channel,  where  the r e s i s t a n c e  of the channel is pa r t i cu l a r ly  high. The absorp t ion  of the wave ene rgy  p r i -  
ma r i l y  in the leading pa r t  of the channel to a ce r t a in  extent  is analogous to the wel l -known fact  of the a b s o r p -  
t ion of the ene rgy  of an e las t ic  wave a t  the end of a converging f i l ament  (the "cowboy whip effect") .  In view of 
the gradual  i nc rea se  in the r e s i s t a n c e  in the leading p a r t  of the channel  and the "b lu r r ing"  of the wavefront  the 
intensi ty  of the r e f l ec ted  and rad ia ted  waves is compara t i ve ly  smal l .  (As is well known, a t  the b lu r red  
boundary of the media  and in the case  of b lu r red  wavef ronts ,  the waves  may decay genera l ly  without re f lec t ion  
and radiat ion.)  

With the at tenuation of the channel e l ec t romagne t i c  wave the s tage of e l ec t romagne t i c  act ivi ty  is completed 
in each cycle ,  and the s tage of e l ec t romagne t i c  ca lm  begins in the s ame  cycle .  After the at tenuation of the 
channel wave the channel  r e m a i n s  charged up to the potent ial  of the cloud and has high e l ec t r i ca l  conductivity 
eve rywhe re ,  excep t  the pa r t  a t  the boundary with the cloud. In the p a r t  c lose  to the cloud the e lec t r i ca l  con-  
ductivity drops  r ap id ly  due to the v e r y  intense r ecombina t ion  and capture  p r o c e s s e s ,  s ince the e lec t r i c  intensi ty 
on the su r face  of the channel in this p a r t  is l e ss  than the c r i t i ca l  value E*, n e c e s s a r y  to mainta in  high e l e c t r i -  
ca l  conductivity.  The channel a t  the ins tant  of t rans i t ion  f r o m  the act ive  to the ca lm s ta te  is the re fo re  d i s -  
connected f r o m  the cloud and ceases  to obtain ene rgy  and charge  f r o m  it. The e lec t r i c  intensi ty on the sur face  
of  the leading p a r t  of the channel  a t  the beginning of the ca lm  per iod is e x t r e m e l y  l a rge  (the " sharp-po in t  
effect") and much g r e a t e r  than the in tensi ty  of the ex te rna l  field (produced by the cha rges  of the r ema in ing  par t s  
of  the channel and the cha rges  of  the cloud). The ex te rna l  field (that is ,  outside the head of the channel) is not 
t he re fo re  in the ini t ial  phase  of the ca lm  stage of the d i rec t ing  act ion on the dr i f t  of the cha rges  of the leading 
p a r t  of  the channel,  i .e . ,  in the extension of the channel.  The dr i f t  motion of the leading p a r t  of the channel in 
these  init ial  phases  of  the ca lm  s tages  is de te rmined  by the inherent  field of the charges  of the head of the 
channel,  as  a r e s u l t  of which it  is unstable  and chaotic .  Any r a n d o m  per turba t ion  changes the d i rec t ion of 
mot ion of the head of the channel, and the high e l ec t r i c a l  conductivity of the channel e n s u r e s  the development  of 
ins tabi l i t ies  by the influx of energy.  At these  ins tants ,  in addition to chaotic wandering of the head of the 
channel branching of the channel due to ins tabi l i ty  is poss ib le .  The head of the channel,  due to the sharp ly  
inc reased  concentra t ion  of the field and ene rgy  d iss ipa t ion  [2], glows in this phase  pa r t i cu l a r ly  br ight ly ,  and its 
veloci ty ,  constant ly  changing direct ion,  has the highest  absolute  value.  The unordered  motions of the head of 
the channel  in the initial  phase  of the ca lm  stage of each cycle  a r e  unre la ted  to the sy s t ema t i c  d i sp lacement  of 
the head of the channel  in any specif ied direct ion,  for example ,  along the ex te rna l  field, which the head of the 
channel a t  these  ins tants  does not exper ience  in view of its sma l lnes s  compared  with the inherent  field of the 
cha rges  of the head of the channel. The head of the lightning channel a t  this t ime  wanders  randomly  inside a 
vo lume,  fo rming  dis t inct ive junctions of the t r a j e c t o r y  of the head, and on ave rage  r e m a i n s  on the spot although 

it  moves  rap id ly .  

The omnid i rec t iona l  d r i f t  spreading  out of  the channel  cha rges  leads to a reduct ion in the e lec t r i c  field 
a t  the su r face  of the c h a n n e l  When this field s t rength becomes  less  than a c r i t i ca l  value E* eve rywhere  on the 
sur face  of the channel,  ionization c e a s e s ,  and intense re laxa t ion  recombina t ion  and capture  p r o c e s s e s  rap id ly  
r educe  (in a t ime of the o r d e r  of  10-8-10 -1~ sec) the nonequi l ibr ium high conductivity in the channel. The dr i f t  
sp read ing  out of the cha rges  in the channel  when there  is no high e l ec t r i c a l  conductivity leads to a fur ther  
reduct ion  in the field s t rength  on its su r face ,  in pa r t i cu l a r ,  in the region of the head. The externa l  field 
becomes  cons iderab le  c o m p a r e d  with the na tura l  field of the cha rges  in the channel head. Under these con-  
ditions the field which is ex te rna l  to the charges  in the channel head d i rec ts  the dr i f t  motion of the cha rges  of 
the head, and this mot ion becomes  o rde red  and not random.  Beginning f rom this ins tant  the second phase of 
the c a l m  s tage  begins,  connected with the sy s t ema t i c  p r o g r e s s  of the head of the d ischarge .  With the r e l a x -  
a t ional  reduct ion  in the potent ia l  of  the channel due to spreading  out of the charges  when the e l ec t r i ca l  con-  
ductivi ty of  the channel  is low, pa r t i cu l a r l y  a t  the boundary with the cloud, the potent ial  d i f ference  between the 
cloud and the channel  and the field a t  the initial  point  o f  the channel (the point where  the axis of the channel 
i n t e r sec t s  the su r face  of the cloud) i nc rease .  At the instant  when the intensi ty  a t  the ini t ial  point on the su r face  
of one of the c r y s t a l s  o r  "drops of the cloud r e a c h e s  the c r i t i c a l  value requ i red  for  a channel wave to occur  (the 
e l ec t romagne t i c  wave of spa rk  breakdown} a t  the init ial  point  the next channel wave occu r s ,  which co r re sponds  
to the beginning of a new pulsat ion cycle .  
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At each cycle  the channel is again r egene ra t ed  and extended by a ce r ta in  amount  due to the longitudinal 
dr i f t  of the cha rges  acted upon by the field. The se l f -p ropaga t ing  p roce s s  of the development  of the lightning 
may  occur  f rom any prolonged weakly ionized reg ion  of sma l l  d imensions  (the nucleus of the lightning), if this 
r eg ion  is in a i r  and is connected with a cloud having a fa i r ly  high potential .  Channel waves  a r e  usual ly  p r o -  
duced on sha rp  need le -shaped  c ry s t a l s  which exis t  in s t o r m  clouds [4], since the t e m p e r a t u r e  of the s t o r m  
clouds is negative [5-7]. 

When making observa t ions  f r o m  l a rge  dis tances  the s t ruc tu re  of  the ]unction points,  i .e . ,  the ~.~egions of 
r a n d o m  wandering of the channel head, is usual ly  not seen,  and the ]unction points a r e  obse rved  as wider and 
b r igh te r  pa r t s  of the channel with poss ib le  b reaks  in the t r a j e c t o r y  or branching.  Since only rapid  r a n d o m  
motion of the head of the d i scharge  occu r s  a t  the ]unction points without any sys t emat i c  p r o g r e s s  of the d is -  
charge ,  in observa t ions  the junction points a r e  pe rce ived  as " in te r rup t ions . "  Thus, " in ter rupt ions  of the 
mul t i s tage  l eade r "  of the lightning a r e  in fact  phases  of pa r t i cu l a r ly  rap id  motion, which, although random,  do 
not lead to a constant  sys t ema t i c  d i sp lacement  of the d ischarge .  The channel with c l ea r ly  vis ible  ]unction 
points of cons iderab le  dimensions is pe rce ived  as "beaded lightning" [3]. A m o r e  detai led cons idera t ion  en-  
ables  one to obse rve  v e r y  rapid  r a n d o m  motion of the head of the channel at  each junction point with v e r y  br ight  
i l luminat ion.  For smal l  ve loci t ies  of motion of the head of the channel,  when the directed d i sp lacement  of the 
head of the channel during a single cycle  is smal l ,  the sequence of junction points which occur  rap id ly  one af ter  
another ,  is pe rce ived  f r o m  cons iderable  d is tances  as a single moving junction point, which can be identified 
with bal l  l ightning of l a rge  d imens ions .  The usual  ball  lightning is a displaced region of i l lumination of the 
channel head with a weak v e r y  slowed down ve r s ion  of the lightning p roces s  when the channel as a whole is 
invisible  [1, 2]. 

By definition [2] the channel is a c h a r g e - c u r r e n t  reg ion  of the channel e l ec t romagne t i c  wave,  i .e . ,  the 
p a r t  of the channel behind the wavefront  where  the field of the wave,  propagat ing  with the veloci ty  of light, 
p roduces  high e l ec t r i c a l  conductivity,  which depends on the e lec t r i c  field s t rength ,  and high c u r r e n t  concen-  
t ra t ions  and uncompensated space  charges  occur  due to the act ion of the field. The ve r t ex  of the channel is at  
the point of in te rsec t ion  of the channel axis and the f ront  of the channel wave and moves  along the axis  of the 
channel with the veloci ty  of light. The channel,  as an e l emen t  of the channel e l ec t romagne t i c  wave,  is e s s e n -  
t ia l ly  an e l ec t romagne t i c  format ion ,  always tangent to the e l ec t romagne t i c  wavefront  at i t s  ver tex .  This is 
the main  di f ference  between the channels and s t r e a m e r s ,  which a r e  usual ly  descr ibed  by the equatkms of e l ec -  
t r o s t a t i c s ,  i .e . ,  they a r e  e l ec t ros t a t i c  fo rmat ions  and propagate  with a veloci ty  much less  than the veloci ty  of 
light [8-10]. Spark d i scharges  on a l abo ra to ry  sca le  a r e  accu ra t e ly  descr ibed  by s t r e a m e r  theory  [8-10]. This 
theory ,  conf i rmed theore t ica l ly  and expe r imen ta l ly  in spark  gaps in the l abora to ry ,  is not appl icable ,  however ,  
to lightning d i scha rges  [2]. Under lightning conditions the e l ec t romagne t i c  m e c h a n i s m  of r e l axa t ion  osci l la t ions  
and the propaga t ion  of energy ,  charge ,  and c u r r e n t  f ronts  with the veloci ty  of e l ec t romagne t i c  waves as the 
channel of the d i scharge  p r o g r e s s e s  with the dr if t  veloci ty ,  i .e . ,  a two-veloc i ty  mode [1, 2], is decis ive .  A cco rd -  
ing to the re laxa t ion  p ic tu re ,  the ve r t ex  of the channel moves  f r o m  the source  (cloud) to the v e r t e x  of the d i s -  
charge ,  a f te r  which the channel d i s appea r s ,  and a f t e r  a ce r t a in  t ime  the next channel p ropaga tes  f r o m  the 
source  to t h e h e a d , e t c .  According to s t r e a m e r  theory  lightning is the propaga t ion  of a single s t r e a m e r ,  p r o -  
g re s s ing  with a ve loci ty  much less  than the veloci ty  of light. According to the re laxa t ion  theory  the lightning 
p r o c e s s  is de te rmined  by success ive  t r ans i t s  f r o m  the cloud to the head of the d i scharge ,  which moves  with the 
dr i f t  veloci ty ,  of many channels  (of the o rde r  of hundreds) ,  each of which propaga tes  with the veloci ty  of light. 

The re laxa t ion  osc i l l a to ry  m e c h a n i s m  of the d ischarge  acts  over  k i lomete r  lengths of the d ischarge .  The 
re laxa t ion  theory  is cons t ruc ted  a s ym pt o t i c a l l y ,  i .e . ,  for conditions far f r o m  the s t r e a m e r - r e l a x a t i o n  boundary,  
like the s t r e a m e r  theory  [8-10], it is cons t ruc ted  asympto t i ca l ly  for conditions fa r  f r o m  the ava lanche-  
s t r e a m e r  t rans i t ion.  The t rans i t ion  reg ions  a r e  e x t r e m e l y  complex  for calculat ions.  The asympto t i c  d e s c r i p -  
tion far  f rom the t rans i t ion  reg ion  co r r e sponds  quite well  to the actual  conditions of the lightning. But the 
asympto t i c  descr ip t ion  which r e l a t e s  to the conditions far  f rom the t rans i t ion  region between the s t r e a m e r  and 
re laxa t ion  m e c h a n i s m s ,  does not de te rmine  the p a r a m e t e r s  of the t rans i t ion  region.  ODe of the main  man i -  
fes ta t ions of the re laxa t ion  mechan i sm of a spa rk  d i scharge  is the gradual  nature  of the propagat ion of the 
lightning. The s m a l l e s t  obse rved  length of the pulsat ion s tage of the lightning is 10 m [3], so that the r e l a x -  
at ion m e c h a n i s m  occurs  for  d i scharge  lengths g r e a t e r  than this value.  Lightning is never  shor t e r  than s e v e r a l  
hundred m e t e r s  [11]. Hence,  the boundary between the s t r e a m e r  and re laxa t ion  mechan i sms  of the spark  d i s -  
charge  in a t m o s p h e r i c  a i r  co r re sponds  to a d i scharge  length of hundreds of m e t e r s .  The e l e c t r o n ~ t t i c - r e l a x -  
at ion p ic ture  of a lightning d ischarge  ag ree s  quite well  with obse rva t iona l  data. Regular ly  repea t ing  p ro p a -  
gation of channel waves  f r o m  the cloud to the head of the channel with the veloci ty  of light has been r eco rd ed  in 
obse rva t ions  as t r ans i en t  f lashes  of  a lightning channel - f l i c k e r s  of lightning [3, 8, 12], and in the case  of 
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infralightning, when the channel as a whole is invis ible ,  i t  has been o b s e r v e d i n  the fo rm of f lashes  of the head 
of the channel,  i .e . ,  bal l  lightning 113, 7, 14]. F r o m  observa t ions  ot l inear  lightning during the f lashes  "br ight  
i l luminat ion e n c o m p a s s e s  al l  the s t ages"  [11], in which the p a s s a g e  of  a channel in each cycle  along the whole 
channel f r o m  the cloud to the head occurs .  An e x t r e m e l y  impor tan t  fact  is the exis tence  of lightning emerg ing  
f r o m  the cloud but not r each ing  the ear th  [3, 8, 12, 5] which a r i s e s  f r o m  re laxa t ion  theory  and which has been  
obse rved  exper imenta l ly .  (According to the s t r e a m e r  theory  of a lightning d i scharge  emerg ing  f r o m  a cloud, it 
should r each  the ear th.)  The c h a r a c t e r i s t i c  lengths of lightning (5 kin) and its m a x i m u m  length (200 km) p r e -  
dicted by the re laxa t ion  theory  ag ree s  with the r e su l t s  obtained in [3, 5, 11, 12, 15] (according to the s t r e a m e r  
theory  the length of the lightning should be 0.2 km [10]). The ef fec t  of  the increased  br ightness  of the head of 
the lightning channel  which follows f r o m  the re laxa t ion  theory  has been r eco rded  in observa t ions  [8] and appea r s  
in all  c a se s  of  bal l  lightning [7 ,  14]. The lightning p r o c e s s  (in the bal l - l ightning vers ion)  has been seen mos t  
c l ea r ly  and in g r e a t e s t  detail  on photographs [13], a desc r ip t ion  of  which is given in [16]. The photographs  
c l e a r l y  show the meander ing  nature  of  the t r a j e c t o r y  inside the junction points ,  and the inc reased  br ightness  of 
the junction points can be seen.  This has a lso  been observed  in the photographs taken by Deryugin [14]. The 
app rox ima te  a g r e e m e n t  between the m i n i m um ene rgy  d iss ipa t ion  of l inear  lightning and the max imum energy  
diss ipat ion of bal l  lightning predic ted  by the re laxa t ion  theory  has been conf i rmed exper imenta l ly  [7, 2, 171. 

An accu ra t e  ma thema t i ca l  descr ip t ion  of the channel p r o c e s s ,  i .e . ,  the re laxa t ion  e lec t romagne t ic  osc i l -  
l a to ry  p r o c e s s ,  de te rmin ing  the development  of the lightning, r equ i r e s  the solution of a nonsta t ionary  (with a 
conductivi ty of the med ium vary ing  with t ime) ,  two-dimens iona l  (ax i symmet r ica l )  nonlinear (with the e l ec t r i ca l  
conductivi ty of the med ium depending on the field of the wave) and nonequil ibr ium (the ionization of the medium 
is not de te rmined  by the t empera tu re )  p r o b l e m  of the propagat ion  of an  e l ec t romagne t i c  field in a nonuniform 
medium taking into account  the g a s - d y n a m i c  motion and t h e r m a l  conductivity. Taese  fea tu res  of the p ro ce s s  
a r e  decis ive  p r o p e r t i e s  and cannot be ignored in o rde r  to s impl i fy  the calculat ions.  The ex t r eme  complexi ty  
of the p roce s s  r e q u i r e s  a spec ia l  s impl i f ied  approach  to i ts  ma thema t i ca l  descr ip t ion.  Such an approach is 
poss ib le  due to the pa r t i cu l a r  f ea tu res  of the p r o c e s s  i tself .  Its main  fea ture  is its cyc l ica l  nature.  ]he  
impor t an t  p a r a m e t e r s  of the s ta te  of the s y s t e m  (the potent ial  of  the cloud, the t e m p e r a t u r e  and density of the 
a i r  in the channel,  and the length of the channel) do not change v e r y  much during a single cycle  and can be 
a s sumed  cons tant  within the cycle  and cons idered  to change abrupt ly  f r o m  cycle to cycle .  Each cycle  m o r e o v e r  
decays  in the e l ec t romagne t i ca l ly  ac t ive  and ca lm  s tages ,  and each of the s tages  can be descr ibed  by its own 
equations taking into account  its fundamental  f ea tu res .  2bus,  although a l l  the above-ment ioned  fea tu res  of the 
p r o c e s s  a r e  impor tan t ,  and a r e  not amenab le  to s imul taneous cons idera t ion  in view of the cons iderable  ma the -  
mat ica l  complexi ty ,  the approach  fo rmula ted  enables  them al l  to be taken into account  fa i r ly  effect ively.  The 
a sympto t i c  na ture  of  the theory  connected with the v e r y  high values  of the supplying potent ia ls  leading to 
pronounced  e l ec t romagne t i c  p r o p e r t i e s  of the p r o c e s s  is a l so  a s implifying factor .  In this case  equations a r e  
used which do not de sc r ibe  the t rans i t ions  between the e lec t rodynamic  and e l ec t ros t a t i c  reg ions ,  in the s ame  
way as the u t t r a r e l a t i v i s t i c  approx imat ion  does not desc r ibe  the t rans i t ion  to nonre la t iv i s t i c  re la t ions .  Hence 
the equations of r e l axa t ion  theory ,  being based on the e l ec t romagne t i c  p ic ture  of the phenomenon, do not t r a n s -  
fe r  into the equations of s t r e a m e r  theory  [8-10], which a r e  based on the equations of e l ec t ros t a t i c s .  These a r e  

opposi te  l imit ing ca s e s .  

When there  is a charged channel (in its initial  s ta te  a weakly ionized charged channel [2]), the channel 
waves  can p ropaga te  in the comple te  absence  of an ex te rna l  field. The se l f -p ropaga t ing  p roce s s  of the develop-  
men t  of  the lightning, occur r ing  without a p rev ious ly  cons t ruc ted  channel,  is poss ib le  when there  is a weak 
ex te rna l  field,  which has no e f fec t  on the propagat ion  of the channel waves  and only advances  the head of the 
d i scharge  channel  in a ce r t a in  direct ion.  An example  of this is a lightning d i scharge  f rom a cloud which has 
two plane (para l le l  to one another) e l ec t r i c a l l y  charged  l a y e r s ,  one of which (the N-layer)  is  negative and has 
high e l ec t r i c a l  conductivity,  and the second (the p - l ayer )  which is s i tuated below it, posi t ive  and not e l ec t r i ca l ly  
conducting. The cha rges  of  the l aye r ,  genera l ly  speaking,  a r e  not equal.  Between the l ayers  (from the negative 
conducting to the posi t ive  nonconducting) a lightning d i scharge  develops d i rec ted  downwards.  On reaching  the 
pos i t ive  l aye r  and penet ra t ing  it, the d i scharge  continues its propagat ion  into the ex te rna l  region,  if there  is a t  
l e a s t  a sma l l  incipient  channel the re  in the f o r m  of an in i t i a lweak ly  ionized charged channel. The channel 
wave,  on reach ing  its end, dies away a f t e r  re f l ec t ion  and pa r t i a l  radia t ion,  leaving the channel highly e l e c t r i -  
fied. If the re  is a weak ex te rna l  field (less than 3 MV/m), due to the smal l  d i f ference  in charges  of the l aye r s  
o r  the cha rge s  of other  c louds,  the channel will  extend by d i rec t ional  dr i f t ,  pe r iod ica l ly  acqui r ing  ene rgy  and 
c h a r g e  due to the r e g u l a r l y  pass ing  channel waves.  Hence,  under  conditions when the d iss ipa t ive  r e s i s t a n c e  of 
the co re  of  the channel,  i .e . ,  i ts inner p a r t  f r o m  the point where  it  a r i s e s  to e m e r g e n c e  f rom the posi t ive  l ayer ,  
is sma l l  Ceompared with the wave impedance  of  the channel),  the potent ial  d i f ference  between the main  column 
of the channel (its ex te rna l  part)  and the posi t ive  l ayer  will be equal  to the potent ia l  d i f ference between the l a y e r s .  
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In the ideal case ,  for mathemat ical  s implici ty,  the e lec t r ica l  conductivity of the N-layer  will be assumed to be 
infinite, and the distance between the layers  will be assumed to be infinitely small .  In this case the cloud 
becomes  a double e lec t r ica l  layer  with infinite e lec t r ica l  conductivity having, genera l ly  speaking, a cer ta in  
uncompensated charge per  unit surface,  due to the difference between the charges  of the layers .  Tae field p ro -  
duced by this cloud in external  space can be ex t remely  small ,  whereas the potential difference supplying the 
d i scharge  may be ve ry  high. F r o m  the calculat ion point of view this s imples t  model is intended p r imar i ly  to 
explain the main features  of the channel waves and only descr ibes  ve ry  approximately  the actual situation in 
the a tmosphere ,  where the N-zone and p-zone  of the cloud have la rger  dimensions in all direct ions [3]. For 
more detailed calculat ions we will use another model below in which the absence of the important  effect  of the 
external  field on the propagation of the channel waves is not so c lear ly  seen. Physical ly  this becomes obvious 
when the channel waves are  compared with e lec t romagnet ic  waves in lines, for example,  in a cable. The field 
of the charges  in the source (the generator)  has no effect on the wave propagation,  and only the potential dif- 
ference is important.  In the case of a s ingle-conductor  line this is the potential difference between the line and 
ear th  produced by the genera tor ,  and if the line is directed ver t ica l ly ,  is ve ry  s imi lar  to the channel emerging  
f rom a cloud, with the difference that the waves themselves  propagating along it produce high e lec t r ica l  con- 
ductivity in the channel. 

2. Transfer  of the Energy of  the Lightning. The propagation of the channel waves,  which c a r r y  the 
energy of the lightning, is descr ibed by Maxwell 's equations 

rot E + ~o(9tt/at = 0, rot H eoOElOt = $, (2.1) 

e o div E -- p, d iv J /=  0, 

where for a ir  we take e = e0, #= #0. 

We will consider  the limiting channel wave using an example in which the pat tern of the field distribution 
of the channel waves in space can be seen most  simply. By a limiting channel wave we mean a channel wave the 
field strength of which is so large that the e lec t r ica l  conductivity produced by the field of the wave in the chan- 
nel behind the wavefront leads to a dissipative r e s i s t ance  (determining the Joule losses) ,  which is negligibly 
smal l ' compared  with the wave impedance of the channel. Under these conditions the energy losses a re  negli- 
gibly smal l  and propagation occurs  a lmost  ideally. 2he channel in its initial state is a weakly ionized charged 
channel, but behind the wavefront it becomes  conducting. (Note that the usual concentrat ion of ions in the air  is 
negligibly small  compared with the initial air  concentrat ion in the charged channel.) In the formulat ion con- 
s idered the pat tern reduces  to the propagation of a multistage e lectromagnet ic  wave along the channel like an 
ideally conducting s ingle-conductor  line. 2"he problem is solved in spherical  coordinates (x, 0, go) in the follow- 
ing formulation. We wish to determine the field of the e lect romagnet ic  wave in the conical  reg ion  between an 
ideally conducting plane 0 >000 = ~r/2 (simulating the surface of the cloud), and a thin ideally conducting cone 
0 = 00<<1 (simulating the surface of the pa r t  of the channel behind the wavefront). 2he wave occurs  at  the 
instant t = 0 when a potential difference V0(t) is connected in the infinitely smal l  gap between the cone and the 
plane at the point x = 0. The solution is considered for a finite time interval  f rom the initial instant t-- 0 when 
the wave ar i ses  to the instant t o when the wavefront  reaches  the radius x=a0, outside the l imits of which there 
is no channel. The boundary conditions a re  that the tangential component of the e lec t r ic  field on the surfaces  
0 = 000, 0 = 00 should vanish. There are  no space charges  and cur ren ts  in the region in which the field is de te r -  
mined, i .e. ,  when 0-<x-<a0, 00< 0 < 000. The source  condition is formulated by assigning a monotonically varying 
voltage V0(t) (in the form of a power function) at  the ends of the infinitely small  par t  between the cone 0 = O0 and 
the plane 0 = 000 at the point x=O 

0o0~ {0, t < 0, (2.2) 
Jim ~ EoxdO = V o(t) = 

o. Voo tp, t ~ O, p ~ O. 

The solution of MaxwelPs equations will be sought in the fo rm 

E =  ~ V ~ - OA/ot,  H ~ , u o  ~rotA, (2.3) 

A =  ~ x / x ,  �9 = F (x, t) A (o), ,7 = c (x, t) A (o), co = t / V ~  

The surface charge  and cu r ren t  densit ies w and j on the surfaces  0 = 06, 0 = 000 can be found using the well-  
known boundary re la t ions ,  af ter  which the charge  Q on the cone is obtained, r e f e r r e d  to unit length of the c i rc le  
radius x, and the radia l  cur ren t s  I on the cone Q=27rxg0Es(x, 00, t) sin 00, I=27rxHgo (x, 00) t) sin 00. 

2he functions F and G in (2.3) can be expressed  in t e rms  of Q and I as follows : 

F = AoQ/2~eoA (0o),: G = AoI/2geoA (0o) ~ Ao t = (dA/AdO)o sin 0 e. (2.4) 

The following equations a re  obtained for Q and I: 
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KOQ/Ox + LOI/Ot, + E = O, OI/Ox + oO. lOt = 0~, (2.5) 

where  E = E x is the longi tudinal  componen t  of  the e l e c t r i c  field,  and the p a r a m e t e r s  K and L a r e  given by 
(2.6) 

Subst i tut ing (2.3) into MaxweU's  equat ion  (2.1) for  E x = 0  leads  to the angu la r  funct ion A(0), and to the 
quant i ty  A 0 in (2.4) which is  given by 

A = In ctg 0/2, Ao = In etg 00/2. (2.7) 

The length of  the channe l  ao is r e l a t e d  to the r ad iu s  b o o f  its g r e a t e s t  t r a n s v e r s e  c r o s s  sec t ion  by the 
equat ion  b o = a  o tan 0o. For  a thin channe l  0o<~1 

A0 = In 2~0, v 0 = adbo. (2.8) 

Fo r  ideal  conduc t iv i ty  of the channel  the longi tudinal  componen t  E of  the e l e c t r i c  field is z e r o ,  and for  
high but  finite conduct iv i ty ,  the longi tudinal  componen t  E = E x is much l e ss  than the t r a n s v e r s e  componen t  E 0. 
In the r eg ion  ou ts ide  the channel ,  w h e r e  t h e r e  is no conduct iv i ty ,  the longi tudinal  componen t  can be neglected  in 
view of  i ts  s m a l l n e s s .  In the channe l  behind the 'wavefron- t ,  w h e r e  the  e l e c t r i c a l  conduc t iv i ty  is high, even a 
sma l l  longi tudinal  c o m p o n e n t  is i m p o r t a n t ,  s ince  it p r o d u c e s  a c o n s i d e r a b l e  c u r r e n t .  By O h m ' s  law we have 

E -= IR, (2.9) 

where R is the resistance of unit length of the channel. Equations (2.5) and (2.9) are the well-known ntelegraph ~ 
equations [18, 19], which are derived here together with the concrete expressions for the parameters K and L 
for channel waves directly from Maxwell's equations. 

Since we are considering a wave Which occurs at the initial instant of time t = 0 at the point x = 0, while 
the velocity of propagation of the perturbations is finite, a wavefront will exist moving with a certain velocity c. 
On the front x = x0(t), by the definition of the front, and for the charge Q per unit length of the channel and 
current I in the channel we have the following conditions : 

Q(xo,t) = 0, /(xo, t) = 0. (2.10) 

The so lu t ion  of  (2.5) and (2.9) for  R = 0 for the condi t ions  (2.2) and (2.10) wil l  be sought  in the s e l f - s i m i l a r  
f o r m  

Q = CVo(t)I(~)/K, I = CVo(t)g(~)/Z, 

V o = Vootp, ~ = x/xo(t), x o " c t ,  c = ycot Z = fiZo, ~ (2.11) 

w h e r e  x0 and c a r e  the r a d i u s  and v e l o c i t y  o f  the wave f ron t  r e s p e c t i v e l y ,  and C,/3,  y a r e  unde te rmined  con-  
s tan ts .  Subst i tu t ing (2.11) into (2.5) and (2.9) for  R = 0 we obta in  

( i  - -  y~)d] /d~ + p,~2~[ _}_ p?g/~ = 0, (2.12) 

(l - -  u -t- py2~g -4-P~?/= O. 

For  the funct ions  f ( 0 ,  g ( 0 ,  defined by (2.11) we wil l  take the n o r m a l i z a t i o n  f(0) = 1 and g(0) = 1, a p a r t  
f r o m  a cons tan t  f ac to r .  F r o m  (2.10) and (2.11) we have  f(1) = 0 and g(1) = 0. Hence,  fo r  the s y s t e m  (2.12) we 
in t roduce  the condi t ions  

](0) = t, g(0) = 1~ ](i) = 0, g(l) = 0. (2.13) 

The so lu t ion  of  (2.12) for  condi t ions  (2.13) d e t e r m i n e s  the p a r a m e t e r s  13 = 1, T = 1 and has the f o r m  
](~) = (i - -  ~)P, g(~) = (t - -  ~)P. (2.14) 

Since a c c o r d i n g  to (2.11) the v e l o c i t y  of the f ron t  is c = "}/co, the f ron t  p r o p a g a t e s  with the ve loc i ty  of  light. 

The so lu t ion  o f  (2.12) with the condi t ions  (2.13) for  p = 0 is def ined as the l imi t  of  the s e r i e s  of solut ions  

(2.14) as  p - - 0 .  The so lu t ion  for  p = 0  t h e r e f o r e  has the f o r m  

{l, 0 < ~ <  i, {1, O ~ < i ,  (2.15) 
/ (~) = _o, ~ = 1, g (~) = .o, ~ = i. 

Note tha t  the l imi t ing  t r ans i t i on  p ~ 0  in (2-.14) r e v e a l s  the phys ica l  mean ing  of the solut ion (2.15), the 
d i r e c t  d e t e r m i n a t i o n  o f  which f r o m  (2.12) and (2.13) is not  c o m p l e t e l y  obvious .  

The vo l tage  in the channel  is given by the equa t ion  

V = S EoxdO" (2.16) 
Oo 

192 



It follows f r o m  (2.16), (2.3), (2.4), (2.6), (2.7), and (2.11), that  V(x, t) = CV0f. Never theless  by (2 .10,  and 
(2.2) V(0, t)=V0(t), and by (2.13) f (0)=1.  Hence,  C= 1 and V(x, t)=V0(t)f( 0 .  Compar ing  this with the express ion  
for  Q f r o m  (2.11) we obtain 

V = KQ. (2.17) 

There  a r e  no Joule losses  in the channel in the case  considered.  The ra t io  of the voltage V0(t) =V(0, t) 
a t  the input to the channel to the input c u r r e n t  I0(t) = I(0, t) for l o s s - f r e e  propagat ion is ,  by definition, the wave 
impedance  of the channel as  a waveguide line. F r o m  (2.11), (2.3), and (2.6) putting C = 1, f l= l ,  g(0) = 1, we 
obtain the following e x p r e s s i o n  for the wave impedance :  

Zo = Ao/2n%Co" (2.18) 

Using (2.11), (2.14), and (2.2) and putting C = 1 ,  f i = l ,  T = l ,  we obtain 

Q = (i - x/cot)pVo(t)/K, I = (l --  x/cot)vgo(t)/Z o. (2.19) 

It can be seen  f r o m  (2.19), (2.6), and (2.18) that  in the case  of  an ideal wave cons idered  (an e x t r e m e l y  
h igh-power  wave producing ideal e l ec t r i c a l  conductivity behind i ts  front) the c u r r e n t  I in the channel and the 
c u r r e n t  Q per  unit length of the channel a r e  connected by the equation I= c0Q , where  co is the veloci ty  of light. 
It can a lso  be seen f r o m  (2.19) that  the cha rge  and cu r r en t  fronts  propagate  with the ve loc i ty  of light and not 
with the dr i f t  veloci ty ,  although the charges  move with the dr if t  veloci ty .  Under conditions when the d iss ipat ive  
r e s i s t a n c e  of the channel (the r e s i s t a n c e  de te rmin ing  the Joule losses)  is much less  than the wave impedance 
(2.18) (as o c c u r s  in the ease  of  lightning), propagat ion  occurs  a l m o s t  ideal ly  and, with a constant  feeding p o t e n -  

t ial ,  is c h a r a c t e r i z e d  by a prof i le  v e r y  c lose  to the r ec t angu la r  step prof i le  of (2.15). 

Using (2.3), (2.4), (2.19), and (2.7) we obtained the des i red  solution of Maxwell 's  equations descr ib ing  the 
propaga t ion  of the channel waves 

E = Q(x, t)no/2neoX sin 0, H = I(x, t)n~/2nx sin 0, (2.29) 

where  the region in which the field is defined is 0-< x-<x0(t), 00-< 0-< 000, 0-< ~-< 2~r, the vec to r s  nO, n:p a r e  the 
unit  vec to r s  of  the sphe r i ca l  s y s t e m  of coordinates  x, O, ep, while the functions Q(x, t), I(x, t) a r e  given by 
(2.19). The field inside the channel 0 ---x~x0(t),  0 <- 0 -< 00 for ideal propagat ion  is zero ,  but on the sur face  of 
the channel the value of field s t rength  of the wave r eaches  its h ighest  values  given by (2.20). The ene rgy  
densi ty of the field u = ~0E22 + ~ H 2 2  and the value of the energy  flux densi ty  vec tor  II = [EH] accord ing  to (2.20) 
outside the channel is given by 

u = Q2/4n2eoX2 sin :0, H ----- I2/4n~%cox 2 sin:0 (2.21) 

and is zero  inside the channel. The total  ene rgy  of the field of the wave is obtained by integrat ing the ene rgy  
densi ty u over  the volume.  For  the energy  in unit in terva l  of  length x we obtain f r o m  (2.21) and (2.20) the 
exp re s s ion  

U = KQ2/2 + LF/2 .  (2.22) 

Hence,  taking (2.17) into account,  i t  can be seen that  K and L a re  the i nve r se  capac i tance  per  unit length of the 
channel and the se l f  inductance per  unit length of the channel. Equation (2.22) a lso  follows d i rec t ly  f r o m  Eqs.  
(2.5). According to (2.21) the ene rgy  of the channel wave dis t r ibuted in the space  outside the channel,  in the 
case  of  thin lightning channels ,  which they in fact  a r e ,  is concentra ted mainly  in the su r face  of  the channel,  
which plays the ro le  of a d i rec t ing  waveguide line. When 00<<1 it follows f rom (2.20), (2.17), (2.6), (2.11), 
(2.15), and (2.8) that  on the su r face  of the channel (~ = 00 the e l ec t r i c  field is given by E I = u0V0/A0x, and in the 
g r e a t e s t  t r a n s v e r s e  c ro s s  sect ion x=x0,  where  the field E 1 is a min imum,  it is given by E0= rV0/A0x 0. For V0 = 
108 V [3, 12], ~,0 ~ 103, A 0 ~ 7.6, and x0 -~ 103 m (which, as we have seen,  is cha rac t e r i s t i c  for lightning), we have 
E0~- 1.3" 107 V/re. The c h a r a c t e r i s t i c  s t rength on the sur face  of the channel is g r ea t e r  than this min imum value.  
The channel  waves ,  c a r r y i n g  much more  intense e l ec t r i c  fields,  produce in the channels behind their  fronts  
v e r y  high e l ec t r i ca l  conductivi ty and the re fo re  p ropaga te  a lmos t  ideally up to the head of the channel. 

3. The Power  of the Lightning Taking L o s s e s  into Account .  The propagat ion  of channel waves without loss  
of ene rgy  was cons idered  above by solving Maxwel l ' s  equations.  To desc r ibe  channel waves taking energy  loss 
into account  we will solve Eqs. (2.5) and (2.9). The channel  will be a s sumed  for s impl ic i ty  to be a confined 
a x i s y m m e t r i c a l  su r face ,  va ry ing  in the same  way with t ime and descr ibed  in cyl indr ical  coordinates  r ,  (p, x by 
the equation 

r = f ix ,  xo(t ), ro(t)], (3.1) 

in which the p a r a m e t e r s  x0(t ) and r0(t), which depend on t ime,  a r e  the length and rad ius  of the g r e a t e s t  t r a n s -  
v e r s e  c r o s s  sec t ion  of the channel r e spec t ive ly .  In view of the s imi l a r i t y  we have 

~o = xo/ro = ao/bo; (3.2) 

193 



where  a0 is the m a x i m u m  length of  the channel (in the given cycle) ,  and b0 is the radius  of  the g r e a t e s t  t r a n s -  
v e r s e  c r o s s  sec t ion  of the channel  a t  the ins tant  to, when the v e r t e x  of the channel x=x0(t) r e aches  x = a o .  2 h e  
channel in the l a s t  ins tant  when it  exis ts  t = to, when its ve r t ex  r e a c h e s  the outer  l imi ts  of the channel,  becomes  
a r e g e n e r a t e d  channel,  whereas  f r o m  the p rev ious  channel to this ins tant  p rac t i ca l ly  nothing r e m a i n s .  Because  
of intense recombina t ion ,  the a i r  outside the new channel (which appea r s  a t  the end of the ac t ive  per iod of each 
cycle)  is ionized v e r y  litt le c o m p a r e d  with the a i r  in the vo lume of the newly c rea ted  channel.  In the case  of 
good conducting cons ide rab ly  elongated channels ,  which they ac tua l ly  a r e  in p r a c t i c e ,  the p a r a m e t e r s  K and L 
in Eqs.  (2.5) and the wave impedance  Z 0 do not depend on the specif ic  shape of the channel,  and a r e  exp re s sed  
with the condition (3.2) by Eqs.  (2.6) and (2.18), while the potent ia l  V i s  r e la ted  to the charge  Q per  unit length 
of the channel by Eq. (2.17), which a lso  follows f r o m  the meaning of the quanti t ies occur r ing  in it. It  is 
impor t an t  to note the nonaddit ivi ty of the local  r e s i s t a n c e  R pe r  unit  length of the channel occur r ing  in (2.9). 
The in tegra l  of R taken over  the whole length of the channel,  has no physica l  meaning and can be infinite under 
p r ac t i ca l  conditions.  In view of the nonconstancy of the c u r r e n t  I ove r  the length of the channel the in tegra l  of 
EI= RI 2, e x p r e s s i n g  the power  of the Joule losses  taken over  the length of the channel has phys ica l  meaning.  
The r a t io  of this in tegra l  to the square  of the input c u r r e n t  I0(t) = I(0, t) can be cal led the d iss ipa t ive  or  Joule 
r e s i s t a n c e  Z1D a sma l l  value of  which c o m p a r e d  with the wave impedance  (2.18) means  that  the propagat ion  is 
c lose  to ideal .  

The potent ia l  of the channel  V(x, t) on the bas i s  of x = 0 ,  i .e . ,  a t  the point of contact  with the cloud, is 
equal  to the potent ia l  of the cloud V0(t). The potent ial  of the cloud V0, which va r i e s  only sl ightly over  a single 
cycle ,  when the channel  wave p ropaga te s  in each cycle  can be taken as constant  (it changes abrupt ly  f r o m  cycle 
to cycle). Then from the condition V(0, t)=V0, using (2.17), we obtain 

Qo = Q(O, t) = Vo/K. (3.3) 

Relat ions  (3.3) and (2.10) e x p r e s s  the boundary conditions of the p rob lem.  The solution of Eqs. (2.5) and 
(2.9) with the conditions (3.3) and (2.10) has the f o r m  

Q = Vof(~)/K~ I -~ Vog(~)/Z , E ----- Voe(~)/xo(t)~ (3.4) 

TI = goh(~)/xo(t), ~ = x/xo(t)~ x o = ct, e = ~co, Z = ~Zo, 

where  f ( 0 ,  g(~)~ e ( 0  a r e  the des i red  d imens ion less  functions for which we take f(0) = 1, g(0) = 1, h( 0 is a 
specif ied d imens ion less  function, Z0 is the wave impedance  (2.18), Z is the input impedance,  and fl and V a r e  
p a r a m e t e r s  de te rmined  f r o m  the solution and the boundary conditions.  The r e s i s t a n c e  R(x) per  unit length of 
the channel  and its d imens ion less  equivalent  h( 0 in fact  depend on the field s t rength of the wave. In the solution 
(3.4) the quantity h( 0 is cons idered  as a functional p a r a m e t e r  which mus t  be matched to the actual  dependence 
of R on the field by  a r a t iona l  approx imat ion .  Up to the ins tant  t = 0 the r e s i s t a n c e  R is infinite since up to t = b 
the speci f ic  r e s i s t a n c e  of the channel  in its bas i s  is infinite. The potent ia l  of the channel charged by the p r e -  
vious wave a f te r  i t  has decayed with t ime d e c r e a s e s ,  and the potent ial  d i f ference between the cloud and the 
channel  i n c r e a s e s  leading to an i n c r e a s e  in the e l e c t r i c  intensi ty  between the cloud and the channel. At a c e r -  
ta in ins tant  at  the ini t ial  point  x = 0 where  the axis  of the channel in te r sec t s  the su r face  of the cloud the intensi ty 
r e a c h e s  a c r i t i ca l  value E** such that  the in tens i ty  on the su r face  of the ice c r y s t a l s  (usually needle shaped) of 
the cloud or  the wa te r  drops  r e a c h e s  the nbreakdownn value E*. Then a t  the initial  point " local  breakdown ~ 
o c c u r s  (an intense i nc r ea s e  in the ava lanche  ionization) as well  as a sma l l  reg ion  for  which R ~oo, while the 
d iss ipa t ive  impedance  Z 1 r e p r e s e n t i n g  the Joule ene rgy  diss ipat ion in the reg ion  is l e s s  than the wave 
impedance  of  the channel  Z 0. This reg ion  is an incipient  channel for  the channel wave descr ibed  by Eqs. (2.5) 

and (2.9). 

Substituting (3.4) into Eqs.  (2.5) and (2.9) we obtain 
(1  - -  ~~ -}-hg/~ = 0 ,  ( 3 . 5 )  

(i - -  V"-~2)dg/d~ + ~ h g  = O, 

e ~-- - -df /d~ -~ ~dg /~d~  = hg/~. 

The boundary  conditions (3.3) and (2.10) with the a s sumed  normal iza t ion  f(0) -- 1 and g(0) = 1, take the 
f o r m  (2.13). The solution of s y s t e m  (3.5) with (2.13) is 

i 

] (~) = ~-~ S h (~) g (~) d~/(l - -  7~-~2), (3.6) 
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The values  of the p a r a m e t e r s / 3 ,  T a r e  found f r o m  (3.6) us ing (2.13) 

~h(~)exp[-i'h(~)~d~/(l--~") ] (3.7) 

The ve loc i ty  of  the wave f ron t  f r o m  (3.4) and (2.7)c = y Co= c0 , i . e . ,  i t i s  equa l t o  the ve loc i ty  of  light. For  
the c l a s s  o f  solut ions  c o r r e s p o n d i n g  to h = cons t ,  we find f r o m  (3.6), us ing  (3.7), 

2 ~ (an)! [i - (i - ~)~+'~,'-~1 (3.8) 
/ ( ~ ) = i  B0/2,~/2) 0 2 ~ (n!) i2n + lz) 

g(~) = ('1 - ~2ihn , e(~) = 2 0  - -  ~2)hnlB(ii2, hi2), 

whe re  B(p, q) is the beta  function.  

The p a r a m e t e r  /3 in this ea se  has the f o r m  
= 2-~hB(i/2, h.12). (3.9) 

For  sma l l  h(h <<1) we have f r o m  (3.9) tha t  p ~ 1 +h In 2, and for  l a rge  h(h >>1) we obta in  f r o m  (3.9) the 
a sympto t i c  f o rmu l a  ~ ~_ V ~  We will  give the following e x p r e s s i o n s  for  the funct ions fh(~), gh(~), eh(~), 
i .e . ,  the funct ions f(~), g($), e(~) f r o m  (3.6)-(3.8) for  c e r t a i n  spec i f ic  va lues  of  h, and c o r r e s p o n d i n g  va lues  of/3: 

~,' 0 ~ < i ,  i l ,  0 ~ < t ,  (3AO) 
/ ~  ~ = t ,  g ~  ~ = i ,  eo=O,  13o=1, 

11 = t--2(arcsin ~)/n, gl = (I - -  ~2)i/z, el = 2(1 - -  ~z)V~-, ~l = n/2, 
.~ = I --  ~, g~ = t - -  ~o., e~ = I --  ~'0, ~ = 2, 

e3 = 4(1 - -  ~)~IV~, ~ = 3~/4, 

[~ = 1--3(3 --  ~)/2, g~ = (1 - -  ~)~, e~ = 3(1 - -  ~)~/2, ~ = 8/3. 

To d e s c r i b e  the channe l  p r o c e s s  under  condi t ions  which hinder  its o c c u r r e n c e ,  we can r e d u c e  the e l e c -  
t r i ca l  conduct iv i ty  of  the channel ,  which n e v e r t h e l e s s  s impl i f i es  the ca lcu la t ions .  This can be ach ieved ,  in 
p a r t i c u l a r ,  by neg lec t ing  the ioniz ing r o l e  of the field,  which pene t r a t e s  into the vo lume of  the channel ,  
a s s u m i n g  that the field o f  the wave ionizes  the a i r  only  on the su r f ace  of  the channel .  In this ca se  the ionizat ion 
a t  any point  a r i s e s  a t  the ins tan t  the s u r f a c e  of the channel  p a s s e s  through it,  a f t e r  which the point  will  be 
ins ide the vo lume  of  the channel ,  and a r e l axa t i on  r educ t i on  in the ionizat ion coef f ic ien t  wil l  o c c u r  in it due to 
r e c o m b i n a t i o n  p r o c e s s e s .  As a r e su l t ,  a t  each  point  inside the channel  the ioniza t ion  s ta te  ex i s t s  for  a c e r -  
ta in  t ime and a c o r r e s p o n d i n g  e l e c t r i c a l  conduct iv i ty ,  which can  be cal led a r e l i c .  One o ther  wor sen ing  
a s s u m p t i o n  is to ca lcu la te  the c u r r e n t  in the channe l  ignor ing  the p a r t  p layed by heat ing and the r educ t i on  in 
the dens i ty  of the a i r  in the channel  p a r t i c u l a r l y  on its axis .  

The e l e c t r i c  field p roduces  an  e l e c t r o n  concen t r a t ion  n~ = ;q/X2 in the gas ,  whe re  • is the e l e c t r o n  mu l t i -  
p l i ca t ion  f ac to r  e x p r e s s e d  in t e r m s  of  the f i r s t  Townsend p a r a m e t e r  ~ and the e l e c t r o n  dr i f t  ve loc i ty  v by the 
equat ion  Xt = ~tv ,  and X2 is the r e c o m b i n a t i o n  coef f i c i en t  [2]. If the field E 1 which p r o d u c e s  the dens i ty  n 1 
m o m e n t a r i l y  d i s a p p e a r s ,  the e l e c t r o n  dens i ty  begins  to fall  f r o m  the va lue  nl = ~/~/)(2 for  the value • c o r r e s p o n d -  
ing to the ex i s t ing  field,  to z e r o  by Eq. (1) given in [2] for  )q=0,  i .e . ,  a c c a c d i n g  to the equat ion  dn/dt-----• n2. 
The dens i ty  n will  t h e r e f o r e  fal l  in a c c o r d a n c e  with the equat ion 

~ = ~ , ( t  -r- X, t) : : l:Z.,(~ ~- ~), ~ : :  I'X, , Xt a#,, (3.11) 

w h e r e  ~t  and v c o r r e s p o n d  to the field E l produc ing  the dens i ty  n 1. 

E x p e r i m e n t a l  va lues  of  the f i r s t  Townsend coef f ic ien t  a 1 as  a function of the field E and the r e l a t i v e  
dens i ty  of the a i r  5 (the dens i ty  o f  the a i r  in units  of its dens i ty  at  the t e m p e r a t u r e  T0=273.16~ and a p r e s s u r e  
P0 = 105 N/m2) a r e  given a p p r o x i m a t e l y  by the equat ion (with an a c c u r a c y  of a p p r o x i m a t e l y  30%) 

~ / 8  : :  AI(E/6)a/~ exp (--B,6/E), A~ : :  120 v-:,'e-m-:/~, (3.12) 

B: = ],5-~07 V/m, 3 . t0  ~ V / m ~  E/6 ~ 3-t0Sv/m. 

The l ightning usua l ly  t r a n s p o r t s  negat ive  c h a r g e s  [3], so  tha t  below,  to be spec i f ic ,  we will  cons ide r  
nega t ive  (electron)  channe ls .  The e x p e r i m e n t a l  dependence  of  the d r i f t  ve loc i t y  of the e l e c t r o n s  on the fie!d 
can be r e p r e s e n t e d  (with an a c c u r a c y  of  a p p r o x i m a t e l y  30%) in the f o r m  
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v = • for 0,3.10 6 V/rn~ E/6  ~ 3.tO~ (3.13) 

v = • for 3. t06 v/rn ~ E / 6  ~ 300.106 V/m, 

• = 0,057 rn2. v-:-sec-I c-:, • = 100 mS/2.v-:/~, s ee  " i .  

Values of the recombinat ion coefficient  • (determined by the dissociat ive mechanism) are  given in [20]. 
The coeff icient  • depends on the mean e lec t ron energy,  decreas ing as this energy increases .  The mean energy 
of  e lec t rons  accelera ted  in the gas by intense ionizing fields is close to the ionization energy of the gas [21,221. 
For  a i r  the ionization potential  is approximately  15 V, and the mean energy of the electrons in air  when there 
is an intense ionizing field is close to this value. Thus, in a i r  of normal  density for fields of 107-108 V/m, 
which is typical for channels,  the mean energy of the electrons is approximately  e= 10 eV. The dependence of 
the recombinat ion  coefficient  X2 on the mean e lec t ron  energy e is given by the equation [20] • = •176 where 
is the energy  in e lec t ron  volts,  and X~= 0.8 �9 10 -13 m~sec. Since this value is obtained by extrapolation, it needs 
to be refined exper imenta l ly  and below we will only use it for tentative es t imates .  

We introduce cyl indr ica l  coordinates r ,  ~0, x with the x axis coinciding with the axis of the channel. Sup- 
pose r is the rad ia l  coordinate of the surface of the channel in the t r ansve r se  c ross  section x considered,  r '  is 
the radia l  coordinate of the point considered inside the channel in the same c ross  section, r - r '  is the depth of 
the point inside the channel, and v 0 is the mean radia l  veloci ty of the surface of the channel. The time t mea-  
sured f rom the instant when the surface  of the channel passes  through the point considered,  is t = (r - r ' ) /v 0. 
Since this is the t ime that the point is inside the channel, the ionization at the point considered re laxes  during 
this t ime, and the e lec t ron  density,  according to (3.11) n=v0/• - r ' + d i )  , d l  = 1/~ 1. The cur ren t  density along 
the channel J=eonv,  where e 0 is the e lec t ron  charge,  and v is the longitudinal component of the drift  velocity. 
The longitudinal component  E = E x of the e lec t r ic  field on the surface of the channel is much less than the 
t r ansve r se  component Er ,  and is approximately  equal to the total field strength,  while the longitudinal compo- 
nent V=Vx of the drif t  veloci ty  of the e lect rons  is much less than the t r ansve r se  component v0=vr ,  and is 
approximately  equaI to the total velocity. Hence, the t r ansve r se  component v0 of the velocity can be expressed 
in t e rms  of the t r a n s v e r s e  component E l of the field by (3.13), while the longitudinal component of the drift  
veloci ty  v=voE/El0 where E is the longitudinal component of the e lec t r ic  field. For  the cur ren t  density we 
have (with 6 = 1) 

J = ~E ~ - - r '  ' dl). (3.14) = eo• (r 

In deriving this equation we ignored capture,  which becomes important  when the field is reduced below 
3 MYm. On the whoIe, when the field fails to the c r i t i ca l  value E~ = 3 MV/m the e lec t r ica l  conductivity in the 
channel disappears due to recombinat ion  (in a t ime ~l of the order  of 10-8-10 .20 see) due to the sharp reduction 
in the ionization coefficient (3.12) and as a consequence of capture (with a charac te r i s t i c  time of 10 -8 see). 

The channel which occurs  at  the point of intersect ion of the axis of the channel and the surface of the 
cloud, propagates  with the veloci ty  of  light, expanding at the drif t  velocity,  and has a g rea te r  radius of the 
t r ansve r se  c ross  sect ion the fur ther  its c ross  section is f rom the ver tex  (since in this c ross  section the expan- 
sion process  goes on for a longer time). Hence, the channel has a ve ry  elongated needle-shaped form with 
zero radius of the t r ansve r se  c ros s  sect ion at the ver tex  x=x0(t) and a maximum at the base x=0.  Hence, the 
surface of the channel (3.1) can be approximated by a semieIipsoid of rotat ion 

x~",'x~ ~ r2/ro = 1, x ~ O. (3.15) 

The surface of the channel is approximated below by a diverging cone. This r ep resen t s  the condition of 
maximum mathemat ica l  s implic i ty  for solving Maxwell 's equations for a wave diverging f rom a point. For an 
infinite e lec t r i ca l  conductivity of the channel, when there  a re  no Joule losses in the channel, the approximation 
of the channel by a diverging body (as one moves away f rom the cloud) does not d is tor t  the propagation pat tern 
appreciably  compared  with the more  accura te  approximation by a body of converging shape. To take into 
account  the finite e lec t r i ca l  conductivity a more  accura te  approximation is necessa ry ,  such as (3.15). 

The radius  of the t r ansve r se  c ross  sect ion of the channel at  a distance x f rom the surface of the cloud 
will be represen ted  in the fo rm r =r0(t)~(}) , where ~=r/~0(t) is the dimensionless radius of the t r ansver se  c ross  
section,  and ~ = x/x0(t). For (3.15) we have 

r = r0(t)~](~) , ~(~) = (1 --  ~")V 2. (3.16) 

The total cu r ren t  along the channel is obtained by integrating (3.14) over the whole t r ansver se  c ross  
sect ion of  area .  Multiplying (3.14) by 2for 'dr '  and integrating with r e spec t  to r '  f rom 0 to r ,  we obtain 

I = E / R  = 2 n e o •  (3.17) 

where ~2 = (l+l/c~lr) In (~lr +1) - 1. For field strengths of the o rder  of 10L108 "v/m, determining the ionization 
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in the channel, and 5 = 1 the value of d i = l/a, from (3.12) is of the order of 10-6-10 -5 m. The radius r of the 

transverse cross section of the channel is of the order of a meter. Hence, air =r/di>>l , and in view of the 

logarithm, i.e., the very weak dependence of ~ on air the single value ~ = G0 can be taken for all the transverse 
cross sections of the channel in the calculations, determined from the characteristic value of the radius r =r 0. 

Hence, ~-~0=In air 0. It follows from (3.17), (3.4), (2.18), (3.15), and (3.2) that 

I 2 (3.18) h = hol~l (~),. he = %%%z~,eo• ~o = h~ a~z~'vs. 

The solution (3.6) for (3.18) and (3.15) takes the form 
! 

[-- l,J(i -- ~-; ~ .':IE, /(~) = ,  i ~ exp . " /  (3.19) 

' ~ e (~).= oxp t -  hj(i - ~=)'"q 
e(~)=oxp[-/,,, ( / - g ) , / ~  j ,  . -<~(,~o)(*--~:~) ''~ ' 

where K i is MacDonald 's  function. For h0<<l f i=l+h0+0.5h~ln h0/2+0.03681h~with h o : ,  I ~, ~ ] n/W~:. In (3.19), 
as in (3.10), together with (2.13), e(1) = 0, but solutions are  possible in which e(1)~ 0. 

The charges  in the channel, in view of high e lec t r ica l  conductivity, a re  concentrated in the surface layer.  
The surface charge  density ~o can be expressed in te rms  of the charge Q per unit length of the channel by the 
equation w=Q/2~r.  F rom the boundary conditions the intensity E 1 on the surface of the channel will be El= 
w / e o = Q / 2 ~ e o r .  Using (3.4), (2.6), and (2.16) we obtain 

E1 = ]Eoro/r = fEohl ,  Eo = Vo/Aoro = VoVo/Aoxo (3.20) 

(E 0 is the field strength at the base of the channel x = 0), where, according to (2.13), (3.4), (2.15), and (2.16) f= 1 
and V= 1. We always have ~-< 1 and usually f~  1 over  the whole length of the channel, apar t  f rom an ex t remely  
narrow region in the front. The field strength (3.20) considerably  exceeds the cr i t ica l  value E~= 3 MV/m. 
Thus, for V0 = l0 s V [3, 12], v0 -~ 103 (which, as can be seen, in fact occurs) ,  A0= In 2v0 = 7.6 for x0 = 103 m we have 
the least  value of the field strength on the surface of the channel E0= 1.3" 10 7 V m ,  which was a l ready  obtained 
above using Maxwell 's equations for channels of conical  shape. Over a lmost  the whole length of the channel we 
usually have f--- 1, and f rom (3.20) we obtain E 1 >E 0. A typical  range of field strengths E 1 on the surface of the 
channel is in the range f rom 107 to 108 V/m. For the calculated field strength of 1.3 �9 107 V/m the charac te r i s t i c  
ionization decay time after  the field is switched off according to (3.11) ~ = l/Z~ ~ 1 / % v  taking (3.12) and (2.13) 
into account  is 0.2 " 10 -l~ sec,  for a cha rac te r i s t i c  channel length x0 = 1 km the pa ramete r  ~0 in (3.18) in equal 
to 12, and in view of its logari thmic nature it depends only slightly (when ~ir0>> 1) on the specific conditions. 

Tne "self- ionizat ion n of the channels together with the e lec t romagnet ic  speed of propagation of the 
channel waves leads to the observed long length of lightning. The expansion of the channel with the drift  
veloci ty while the channel wave propagates with the velocity of light ever  ki lometer  distances does not enable 
the field on the surface  of the channel to fall below the cr i t ical  value of E~=3 MV/m, for which the ionization 
p rocess  ceases  and the e lec t r ica l  coupling with the cloud as a source  of lightning energy disappears .  Never-  
theless the field strength (3.20) is ve ry  much connected with the e lec t romagnet ic  nature of the process .  At 
high supplying potentials,  when the propagation is s t rongly e lectromagnet ic  in nature and occurs  quasiideally 
(/3~, 1), the values of Q0 and I0, i.e., the values of Q and I at  the base of the channel, a re  connected by the equa- 
tion Q0 = I0/c0, as follows f rom (3.4) and (2.13) or f rom (2.19). The existence of fa i r ly  intense cur rents  equal to 
for quasiideal  p r o p a g a t i o n  according  to (2.19), (3.4), and (2.13) I0-  ~ V0/Z0, are  connected with the va]Lues Q0 

I0/% = V0/c0Z0, which lead, taking (2.18) into account, to high field strengths E 0 accord ing  to (3.20). In the e lec-  
t ros ta t ic  picture for a good conducting s t r e a m e r  limited by the surface (3.15) and adjoining the well-conducting 
surface  of  the e lectrode,  using the well-known solution of the e lec t ros ta t ic  problem on a conducting ellipsoid in 
an external  field [19] it can be shown that E0= 0. The field s trength on the surface of the s t r eamer  in the region 
of the e lect rode is found to be less than the cr i t ical  value E~ = 3 MV/m, and there  is no e lec t r ica l  conductivity 
in the s t r eamer  on the surface of the electrode.  The s t r e a m e r  is disconnected, isolated f rom the e lectrode,  and 
cannot obtain energy  f rom the source.  Hence, the s t r e a m e r s  in air  of normal  density only develop in fair ly 
intense external  fields of the o rder  of 3 MV/m or grea te r ,  when they can acquire the energy neces sa ry  to develop 
direct ly  f rom the external  field. In the e lec t romagnet ic  picture of the re laxat ion theory the energy  is t r ans -  
ported along the channel of the discharge in the fo rm of an e lec t romagnet ic  flux f rom a very  high-power source 
(the cloud), situated at the base of the channel. This, however,  only occurs  during the stage of e lect romagnet ic  
activity. At the initial instants of the ca lm stages e lec t ros ta t ic  equil ibrium of the channel and the cloud occurs ,  
the e lec t r i c  field on the surface of the channel and at its base,  i.e., at the boundary with the cloud, vanishes,  
and the e lec t r ica l  conductivity at the base of the channel disappears .  At the initial instants of the calm stages,  
the channel is therefore  e lec t r ica l ly  switched off f rom the cloud and develops during the ca lm stages autono- 
mously without obtaining energy and charge f rom the cloud until the channel wave of the next cycle occurs .  
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The radius  r 0 of the base of  the channel increases  as given by the equation dr0/dt=v,  where the velocity v 
is found f rom (3.13) for E = E 0 given by (3.20). The channel occurs  at  the point x = 0, r = 0, so that r0(0) = 0. 
Since the channel propagates  with the veloci ty  of light co, its ver tex x = x0 reaches  the ver tex  of the channel 
x = a o  at  the instant  t o=ao /co .  At this instant  the radius r0(t ) of the base of the channel (where its t r ansve r se  
c r o s s  sect ion is a maximum) reaches  its highest value b0=r0(t0). The average  velocity of expansion of the 
channel at its base v o = b ~ / t o = b o c o / a o .  Hence, when 6 = 1, taking (3.2) into account,  we have 

b,  = (9•  '/3, v o = (9Co• `Is = co/%. (3.21) 

When solving the "longitudinal" p roblem the t r ansve r se  expansion of the channel at its base is assumed,  
according  to (3.2), to occur  with a constant  veloci ty of v 0 in accordance  with (3.21). 

When the channel wave propagates  the radius r 0 of the base of the channel increases  with t ime, while the 
field strength E 0 on the surface  of the channel at  the base x = 0, in accordance  with (3.20), decreases .  At the 
ins tant  when the field s t rength E 0 reaches  the cr i t ica l  value E~ = 3 lVi~m, the e lec t r ica l  conductivity in the par t  
of the. channel close to the cloud disappears  (in a time of the order  of 10-8-10 -l~ sec). The lightning channel is 
e lec t r ica l ly  disconnected,  insulated f rom the cloud, and the flow of energy f rom the cloud ceases .  In this case 
the channel wave, genera l ly  speaking, may propagate  further  for a cer ta in  distance as a rec tangular  e l ec t ro -  
magnetic pulse of finite length along the waveguide. This propagation is not supported by the source,  and the 
channel wave decays rapidly,  using the s tored energy  r e s e r v e .  We will a ssume for s implici ty that the propa-  
gation of the channel wave ceases  immedia te ly  af ter  the channel is disconnected f rom the cloud. Since the field 
s trength on the sur face  of the base of the channel is,  according to (3.20), E0=V0/A0r0, the g rea tes t  possible 

* . * $ . . 

radius  r 0 = b0, determined by the condition Vo/A0b 0 = E 0 , wzll be the maxzmum radius of the base of the g rea tes t  
, 

channel (the channel of the last  cycle),  while the length ao=a0 of this channel is given by (3.21). Putting ao =/,  
, 

b0 =s ,  and taking (3~ into account  we have 

l = 2coVo/3Ao• o (Eo)  3/2, s = Vo /AoE: ,  (3.22) 

v o=2%/3• o(E0) 3/2, A o = ] n 2 % .  

Since the value of l is the g rea tes t  length of the channel in all the cycles  it is the length of the lightning. 
The value of s, i .e. ,  the g rea tes t  radius of the base of the channel in all the cycles ,  is the maximum radius of 
luminosi ty of the lightning. Substituting into (3.22) the value co= 3.108 m/sec ,  and E 0 = 3" 10 6 V/m and f rom 
(3.13) ~0 = 102 m ~/2' V -b/2" sec-lD we find f rom (3.22) v0 = 1150 and A 0 = 7.74. 

For I and s we obtain the express ions  l = 5.0 �9 10 -5 V0m, and s = 4.3 �9 10 -8 V0 m. The potentials V 0 of the 
s to rm clouds lie in the range  f rom 3" 107 to 10 l~ V [3, 12, 5, 15, 7]. 

For the leas t  potential of 3 �9 107 V the length of lightning is found to be 1.5 km and the radius of the 
luminosi ty is 1.3 m. The exper imenta l  minimum length of the lightning is 2 km [3] and 1 km [12], and the 
minimum observed radius of the luminosity of the propagating lightning is 0.5 m [3]. For the most  probable 
value of  the cloud potential  of 108 V [3, 12] the theoret ical  length of the lightning is 5 km, and the radius of the 
luminosi ty  is 4.3 m. The exper imenta l ly  mos t  probable ("character is t ic")  length of the lightning is 5 km [3, 
5, 7]. The radi i  of the luminosity of the lightning lie in the range f rom 0.5 m to 5 m, which is also the range 
given by calculation.  For a cloud potential of 3" 108 V [5] the length of the lightning is 15 km, and according to 
exper imental  data is 14 km [5]. The theore t ica l  value of the maximum radius of the luminosity in this case is 
13 m, but there  is no corresponding  exper imenta l  data. Such longer lengths of lightning are  usually horizontal ,  
and develop inside the clouds where it is difficult to measure  the pa ramete r s  of the discharge channel. For a 
cloud potential of 4" 109 V [15] the theore t ica l  length of the lightning is 200 km. The grea tes t  length which has 
in fact  been observed is 150-160 km [11, 6]. The value of the potential of 101~ V [3] is in fact a nonrealizable 
upper limit,  and therefore  lightning with a corresponding length of 500 km does not occur .  Thus, the relaxat ion 
theory  de termines  lightning lengths in agreement  with observat ional  resu l t s .  Note that according to s t r eamer  
theory  the length of the lightning should be 0.2 km [10], which is 25 t imes less than the experimental  cha rac -  
te r i s t ic  length of 5 km [3, 5, 7], and 750 t imes less than the experimental  maximum length of the lightning of 

150 km [11, 6]. 

When a channel wave propagates  conditions a re  possible in which high e lec t r ica l  conductivity produced in 
the channel by the field of the wave behind its front occurs  not immediately  behind the front but at  a cer ta in  
distance f rom it. This occurs  when the e lec t r ic  field strength of the wave is compara t ive ly  small  and reaches  
a value sufficient for avalanche ionization only at  a cer ta in  distance f rom the front. Then at  the point where the 
high e lec t r i ca l  conductivity occurs ,  a second, in this case  the main, front occurs .  The e lec t r ica l  conductivity 
of the channel in the reg ion  between the fronts  - the region between the leading and main fronts - is connected 
with the initial bare  ionization of the channel and is ex t remely  small .  Although the re la t ive  energy losses  of the 
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field of the wave in the region between the fronts is high, the main flow of energy occurs  behind the main front 
and with r e spec t  to the total energy of the field of the wave the losses  in the region between the fror.Lts is 
negligibly small.  Hence, the energy losses  in the channel wave a re  determined by dissipation in the region 
behind the main front, and if the re la t ive  energy  losses  there are  small ,  propagation occurs  a lmost  ideally 
with the veloci ty of the main front,  ve ry  close to the speed of light. Note that according to the S o m m e r f e l d -  
Brillouin theorem [19] the leading fronts of the e lect romagnet ic  excitations propagate with the fundamental 
veloci ty (the veloci ty of light in a vacuum) i r respec t ive  of the proper t ies  of the medium, while the leading front 
mus t  usually be close to the main front, the velocity of which depends on the specific propagation conditions. 

The propagation of the channel wave with the leading and main fronts can be described most  simply using 
a p iecewise-constant  function h(~) in (3~ In the region 0 -< ~ <- ~1 behind the main front ~ = ~1 the field produces 
high e lec t r ica l  conductivity charac te r ized  by the quantity h = h0, while in the region between the fronts ~1 < ~ -< 1, 
where the e lec t r ica l  conductivity cor responds  to the initial bare  ionization and is ex t remely  small ,  h= hl>>h 0. 
Since the function h( 0 is always finite, h ~ o% f rom (3.6) and (2.13) it follows that 7 = 1, i.e., the leading front 
x0(t) according to (3.4) propagates with the velocity of light, x0 = Cot. The main front Xl(t) propagates in this 
case according to (3.4) with a velocity cl= ~0c0, x l=c l t  = ~lc0t. The pa ramete r  ~1 is found using the solution 
(3.6) and the additional condition express ing the fact  that the intensity E 1 on the surface of the channel defined 
by (3.20) on the main front x=xl ,  ~= ~1, where r = r l ,  is equal to the c r i t ica l  field strength E~=3 MVA-n, for 
which high e lec t r ica l  conductivity is produced in the channel 

f (~1) ~1-1 (~1) E0 ---- E~. (3.23) 

F rom the solution (3.6) for the conditions when h0/h 1 <<1, 1 - ~t <<1, we have 

[(~1) = ~-i(1 _ ~1)ho/2, ~ = 2-1hoB(~/2, h0/2), (3.24) 

where B(p, q) is the beta function. In the case of a cyl indrical  channel r = r  0 we have r~ =r0, ~(~i) = 1, and for 
the conditions when 1 - ~1 <<1, using (3.23) and (3.24) we find the velocity c 1 = ~1c0 of the main front 

~ = It  - 2 -1  (~E;/~0)~/~01 ~o (3 .25)  

Usingthe values determined above, namely,  v0 = 1.150 �9 103, A0= 7.74, ~0 = 12, • = 10 -15 ma/sec, and Vto = 
100 m~/2/V u sec and taking 6 = 1, we find f rom (3.18) h 0 = 0.02, and fl = 1.02 ~ 1, and f rom (3.25) c t = [1 - 2 -1 
(Eo/E0)l~176 0. Since E 0 = 3 MV/m and f rom the es t imate  given above E0= 13 MV/m~ we have c I ~,(1 - 2 '  10-~4)c0, 
i.e., the leading and main fronts pract ica l ly  coincide, tn pract ice ,  the channel has a form which is expanding 
f rom the head to the base,  i .e. ,  approximately  the form given by (3.15). At the points 0---~ -< ~1 according to 
(3.18) and (3.16)h= h 0 / ( 1 -  ~2)~/2 and for ~ > ~ the value of h is determined by the initial small  ionization of the 
charged channel (the par t  of the channel in front of the wavefront),  along which propagation occurs .  If when 
0 ~  ~ ~ ~1 h -- ho/(i --  ~:)~/2, and for ~ > ~1 for the value of h we have h < h ~  ho / ( l  - -  ~)~/ ' ,  and the main front 
moves more  rapidly than in the case  when h=h0/(1 - ~2)~/2 over  the whole range 0 -  < ~ -<i. In fact, along the 
ideal line (h = 0) the main front, like the leading front,  propagates  with the veloci ty of light, and for h ~ 0 as h is 
reduced the velocity of propagation increases .  Hence, a lower est imate  o~ the veloci ty of the main front when 
h <h 1 can be obtained using (3.23) with (3.16) and (3.19). 

According to (3.5) and dg=fl7~df, and, since y= 1 and for h0<<l fl ~ 1, taking (2.13) into account we have 
for the neighborhood of the point ~ = 1.1 - ~<<1, f ~  g. Equation (3.23) has the fo rm 

~](!~) = kog(~), (3.26) 

where k0 = E0/E o. Hence, using (3.16) and (3.19) for h0<<l we obtain the equation for ~ :  r/l = In k0r~--'-h0, ~ =  
For  h0= 0.02, E0= 13 MV/m, and E 0 = 3 MVAn we have ~1 = 0.999996. Hence, the veloci ty of the ~ 1 )  f rom (3.16). * 

main front  c~ = ~lc0 is a lmost  identical with the veloci ty  of the leading front~ i.e.,  the velocity of light. 

The solutions considered descr ibe  the propagation of locally fed channel waves w~en there is no external 
field. In prac t ice  they include the usual  cases  for lightning when the par t  played by the external  fieId in the 
ionization of the gas in the channel is negligibly smal l  compared  with the par t  played by the inherent field of the 
propagat ing wave. If the external  field has a considerable  influence on the ionization of the gas in the channel 
the propagat ion conditions are  improved.  The inherent  field of the channel wave on the surface of the channel 
is a lmos t  normal  to this surface,  since the longitudinal component is smal l  compared with the t r ansver se  com-  
ponent. Inside the channel the t r ansve r se  component is negligibly smal l  since it is related to the charges of 
the channel, which a re  concentrated on its surface.  Hence, inside the channel the main component is the longi- 
tudinal component of the e lec t r ic  field of the wave, i.e., the e lectr ic  field of the channel wave inside the channel 
is longitudinal (parallel to the exit of the channel). This field is usually smal l  and insufficient to ionize the gas 

. 
inside the channel. If there  is a longitudinal external  field approximately  equal to the c r i t ica l  value E 0 = 
3 MV/m, the inherent  longitudinal field of the wave, added to the external  field, leads to intense ionization over 
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the whole volume of the channel, which produces its high e l e c t r i c a l  conductivity. Unlike the re l ic  e lec t r ica l  
conductivity produced by the surface field and concentrated on the surface of the channel, which occurs  when 
there  is an external  field, the "act ive" e lec t r ica l  conductivity has a volume charac te r .  In this connection, when 
descr ibing the propagat ion of  the channel wave in intense external  fields, to simplify the calculations the re l ic  
e lec t r i ca l  conductivity can be ignored. The actual conditions of propagation of the channel waves a re  favorable,  
since the energy  losses in the channel waves are  less the grea te r  the e lec t r ica l  conductivity occur ing in the 
channels.  

Suppose that a field with an e lec t r ic  intensity E due to ionization a r r ives  in a cer ta in  volume of the gas. 
At the same time intense recombinat ion  occurs .  As a resul t ,  in unit volume of the gas an e lectron number 
densi ty is established given by [2] nl = xlt)c2, where Xl = al v is the e lec t ron  multiplication factor ,  and ai and v 
a re  given by (3.12) and (3.13). Eltie cu r ren t  density is J=e0nlv=e0aiv~x2. Using (3.12) and (3.13) and the value 
given above of )i2 = 10 -i~ m~sec we obtain for  the cu r ren t  density 

J / 5  = C~(E/8)  ~/~ exp ( - - B ~ 5 / E ) ,  C~ = i92 C. ~ec'i-V-~l~m-V~. (3.27) 

For  mathemat ical  s impl ic i ty  this re la t ion  can be approximated by the approximate equation 

] = a (E -- E*) ~- = %~-1 (E -- E:~) ~, (3.28) 

a0 = 2,6.10 -~A/V~, E0 = 3.10 ~ v/m., 

where,  when E < E* the cu r ren t  density is assumed to be zero.  This equation in the most  important  range of 
E/8 f rom 3" 106 V/m to 3" 107 V/m gives too low a value of the cu r ren t  density determined f rom (3.27) while in 
the range  f r o m  5" 106 V/m to 3" 107 V/m it r eproduces  it with an accu racy  to within 10%. (Similar equations 
for the cu r r en t  density in [1, 2] a re  based on er roneous  initial data.) 

EIhe mos t  in teres t ing and simple case  mathemat ica l ly  is when the external  field is paral lel  to the axis of 
the channel and has a value equal to the cr i t ica l  value E*, corresponding to the beginning of local breakdown 
(an intensely increas ing  avalanche ionization at the point considered).  In this case the total longitudinal e lec-  
t r ic  field will be E ' =  E * + E ,  where E is the longitudinal field of the wave. Then, substituting into (3.28) for E 
the quantity E ' =  E * + E  (where the quantity E is now related to the field of the wave) we obtain 

j = oE.  ~ = a06_lE2, ' a0 = 2,6.i0_2A/V ,.. (3.29) 

Suppose S= S(x) = ~Fr2(x) is the t r ansve r se  c ross  section of the channel at  a distance x f rom the cloud. 
Then in t e rms  of this t r ansve r se  c ross  sect ion I=JS ,  in which case f rom (3.29) we have E = (I/oS)V ~. Denoting 
fur ther  by E and I the corresponding values,  taking their  signs into account (and not their absolute value as 

above), and using (3.16), we obtain 
E = l ( ~ , ' ~ c l I  I)'/2. (3.30) 

The sys tem (2.5) and (3.30), substituting (3.4) and taking (3.16) into account,  reduces  to the equations 

(l - V~")~lc l i td~ + ~(2gla~ = 0, (3.31) 

(t -- ~,,~ + ~ ? ~ V  2g/(z[~ = O, 

The boundary conditions (3.3) and (2.10) with the assumed normalizat ion f(0) = 1, g(0) = 1 take the fo rm 
(2.13). The channel p a r a m e t e r  ~ in (3.31) has the fo rm 

a = % A , V  o %c~v'['jS. (3.32) 

The solution of (3.31) with (2.13) can be found in the form 

1 (3.33) 

1 

e (~) = ~ (~-)/~l (~), ~ (~) = "~ .i' ~d~,(l -- o~),~ (~), 

where the dependence of the pa r ame te r s  [7 and 7 on a is given by the equations 

1 (3.34) 
= 2aG ~ (0), !" G (~) d ~ / ( l  - -  ~2~2) 11 (~) = o;. 

b 

The solution (3.33) and (3.34) for an eliptic channel (3.15) is given in [1]. For u <<1 this solution has the 
form f (0  = 1 - ~, g(0  = 1 - ~2 e( 0 = 1, and the dependence of the pa rame te r s  fl, and 7 on a is given by the expan- 
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s ions fl = 2 a + 10~/9 + ..., Y = ~ -  10 v~9 + . . . .  When a << 1, which cor responds  to lightning conditions, the solution 
has the form f(~) ~, 1, g(0  ~ 1, e( 0 <<1 for all  }, besides the narrow region near the front of width h~ = i --  7 = 

g~/16a, where f(~) and g(}) fall rapidly  to zero on the front,  and e(}) increases  rapidly to a value on the front 
of e(1) = ~r 2. The pa rame te r s  fi and y can be expressed  in t e rms  of the asymptot ic  formulas  

Using the values obtained above for a0=0.026 A V 2, ,,0=1150, and 50=7.74 for V0=108 V we obi~tin f rom 
(3.32) a = 5730. The values of fi and Y are  found to be fl= 1.02 and Y= 0.9999. The front x0 = 7e0t is in this case 
the main front,  since the field strength on the front  exceeds the c r i t ica l  value E~ = 3 MVAn. In fact, the external 
field strength under the conditions assumed in this case is equal to E~ and addition of the wave field leads to 
intense ionization immediately  behind the front , where the field of the wave has a finite value. 1here  is no 
leading front under the conditions considered since we have ignored the re l ic  and bare e lec t r ica l  conductivity. 
The veloci ty  of the main front c=yc0=0.9999 % hardly differs f rom the velocity of light e 0. 

Since the charac te r i s t i c  impedance Z 0 is, by definition, the input impedance of an ideal line, the channel 
behaves with r e spec t  to the channel wave of specified power more  ideally the c loser  the input impedance Z is to 
the cha rac te r i s t i c  impedance Z 0. Hence, the condition for the channel to be ideal like a waveguide line for 
channel waves t r ans fe r r ing  the lightning energy,  is 

Z' ----- Z -- Z 0 << Z0. (3.35) 

It can be shown that the value  of Z' differs f rom the dissipative impedance Z 1 determined above, which 
determines  the Joule losses ,  only by a factor  of the order  of unity, and the quantity ~= Z'/Z 0 -~ Z1/Z 0 expresses  
(for Z'<<Z0) the fract ion of the energy  lost  by the channel wave as it propagates.  The condition (3.35) for the 
propagation to be ideal taking (3.4) into account can be writ ten in the form 

D ~ Zo/(Z -- Z0) = t/(~ -- 1) ~, 1. (3.36) 

The lost  f ract ion of the energy  is [= 1/D. The quantity D which expresses  by the condition D - - ~  the ideal 
nature of the propagation, is s imi lar  to the selectivity.  The usual  idea of selectivity re la tes  to linear sys tems.  
A lightning channel is not such a sys tem,  since its e lec t r ica l  conductivity depends on the field of the propagating 
wave. However, the value of D f rom (3.36) represen t s  the depar ture  of the process  f rom ideal, and as D ~  it 
defines propagation without loss.  In this sense the quantity D can be regarded  as the selectivity,  which, how- 
ever ,  depends not only on the proper t ies  of the channel but also on the power of the propagating wave,. F rom 
(3.36) for large D for the solutions (3.4), (3.19), and (3.4) and (3.33) for (3.15) and (3.16) we have the following 
express ions  : D = 1/h 0 and D = ~ Using the calculated values of h 0 and a for V0= 10 s V, h0-- 0.02, and ~= 
5730 we obtain D= 50 and 54 respect ively .  

Note that when a considerable  amount of energy is t ransmit ted along the lightning channel we h~ve D~ 1, 
since in this case  the losses  a re  of the order  as the t ransmit ted energy,  and grea te r  amounts of energy of the 
o rde r  of the e lec t r ic  energy  of the cloud may reach  the earth.  
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