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1. INTRODUCTION
The principal features of the stepped leader are well established by observation. The leader
channel, which is a precursor to the main lightning arc discharge, proceeds from the cloud to
the ground in a series of steps. The faintly luminous steps, 10 to 200m in length, but typically

50m, are a few meters in diameter. Each step becomes luminous in less than l(xs and is

followed by a period of darkness of between 10 and 120|xs. Then a further luminous step
forms at the end of the first step, but the preceding steps do not again become luminous. The
stepped leader extends towards the ground in many such steps, usually branching several
times on the way to the ground to form a series of steps. When one of the branches reaches
within a few hundred metres of the ground, an upward directed leader can be initiated from a
tall point, for example the tip of a tree, a church spire or a lightning air terminal, and move
towards the downward moving stepped leader. On joining the stepped leader, the lightning
return stroke, which is a high current arc discharge, proceeds from the ground to the cloud.
There is no generally accepted explanation of the stepped leader behaviour in terms of basic
physical processes. Existing theories generally involve significant gas heating within the
stepped leader.

In the present paper, the stepped nature of the leader is proposed to arise due to a combination
of two physical phenomena. (1) Electron transport is dominant over ion transport, during the
luminous step stage, because electron mobilities are about 100 times larger than ion
mobilities, and the streamer front velocity is determined by electron ionization effects.
During the dark time between steps, there are only ions and charge transport is very much
slower. (2) The second effect leading to stepped behaviour arises because the electric field
required for electric breakdown in air prior to a discharge is ~ 30kV/cm, and is very much
higher than the electric field of 5kV/cm that is required to sustain a glow discharge in air [1].
During the luminous step stage, electrons tend to produce space charges to make a uniform
field in the streamer of ~ 5kV/cm. During the dark time between steps, there are no electrons
but only ions. Time is required for ion drift to produce a space charge sheath of negative ions
at the head of the streamer to produce a field of ~30kV/cm sufficient for electron ionization to
produce a new luminous step.

2. CALCULATIONS.
Approximate numerical solutions have been obtained of the equations for the conservation of
electrons, negative ions and positive ions, coupled with Poisson's equation to account for
distortion of the electric field due to effects of space charge. Poisson's equation is given by

V.E = - ( n + - n e - n.) ( 1)
£0

where E is the electric field, e = 1.6x10'19 C is the electronic charge eo = 8.85xlO"14 CV"1

cm~l is a physical constant, n+ is the positive ion density, n. is the negative ion density and
ne is the electron density. The general features of leader development, ie (a) rapid growth of
a luminous step (b) stalling of the luminous step at a length of about 50m and (c) a dark
period before the development of the next step, are obtained from the numerical calculations.
However, these gross features can be obtained approximately from simple analytic
considerations.

(a) Growth of a luminous step.

The observed times for the formation of the luminous leader are less than 1 ys, which for a

55



leader length of 50m implies that the velocity of the streamer front is 5 x 10^ cm/s, or 500
times the drift velocity of the electrons, which is 10^ cm/s for a field of 30kV/cm [1]. Such
high streamer velocities are indeed possible, due to the effects of rapid ionization [2]. The
rapid propagation is illustrated by the following physical argument. For a 5m radius
streamer, the field of more than 30kV/cm required at its tip will extend approximately 5m in
front of the tip. For a field of 50kV/cm, the ionisation coefficient a = 150/cm and the drift

velocity W = 2x10^ cm/s [1]. Then using ne = exp(ctWt), the time, t, for growth of n e from 1
to 10l3/cc is only 10ns. The time for electron flow from the resulting plasma to produce a
further sheath field of 30kV/cm, as for ions discussed in Section (c) below, is given by neWt

= 2x 10*0, giving t = 20 ns. Ten such stages, to span 50m, still result in a total transit time of

the streamer front of less than I \xs. This calculation assumes a background electron density
of 1/cc from sources such as cosmic rays.

(b) Stalling of the luminous step.
Behind the high field region at the head of the streamer, there is a much lower field in the
streamer column, generally of the order of 5kV/cm. Then electron attachment is much greater
than electron ionisation and electrons are rapidly converted to negative ions. The much slower
drift velocity of the ions compared with electrons means that ion densities and the electric
field within the streamer column are frozen in time compared to electron transit times. As a
consequence the streamer ceases to propagate after all of the voltage initiating the streamer is
taken up with providing the electric field of the streamer column. The length of the luminous
streamer is largely determined by the requirement of ~ 5kV/cm in the luminous channel to
sustain electrons without attachment [1]. An estimate of streamer length is obtained by
calculating the voltage drop from the high field of 30 kV/cm at the head of the ion column,
which will extend over a distance of the order of 5m for a leader of radius 5m. Thus the
voltage drop:is ~ 15MV and the length would be expected to be 15MV/5kVcm'l or 30m, in
approximate;agreement with observations.

(c) The darkjperiod before formation of the next streamer.
In this dark period, the electric field is everywhere less than 5 kV/cm, and all electrons have
become attached to form negative ions. The previously luminous streamer channel has
become a column of positive and negative ions of approximately equal density. From detailed
calculations of streamer properties in air, this ion density is of the order of 10 ̂  cirr^ [2].
The residual field within this ion column causes ion motion, negative ions moving towards
the ground and positive ions toward the cloud. The principal result of this motion is to
produce a negative ion sheath and thus a strong local field at the head of the ion column.
When this field reaches the critical field of 30 kV/cm, ionization can again occur from any
residual electrons present, resulting, for example, from cosmic radiation. Then a new
streamer will form at the head of the ion column.

Thus the dark time is the time required for ions to flow to produce the critical electric field.
The integrated number of ions per unit area for a field change of AE = 30 kV/cm is directly
calculable from a one dimensional solution of Equation (1). For the large leader diameters of
several m, sheath thickness properties can be taken as linear. Thus Jh- dx = 2x10*0 cm~2,

where x is the distance. With ion mobility, \i. ~ 2 cm^s"* V~l, and equating Jh.dx = n. \i. Et,

we obtain a time t = 20 \xs required for the ion flow to produce a field of 30 kV/cm and thus a

new streamer. This time agrees well with typical dark times between stepped leaders of 50 \xs.
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