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Abstract—The interaction between the lightning leader and the space charge accumulated near the top of a
ground object in the atmospheric electric field is considered using analytical and numerical models devel oped
earlier to describe spark dischargesin long laboratory gaps. The specific features of a nonstationary coronadis-
charge that developsin the electric field of athundercloud and adownward lightning leader are analyzed. Con-
ditions for the devel opment of an upward lightning discharge from a ground object and for the propagation of
an upward-connecting leader from the object toward a downward lightning leader (the process determining the
point of strike to the ground) are investigated. Possible mechanisms for the interaction of the corona space
charge with an upward |eader and prospects of using it to control downward lightning discharges are analyzed.
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1. INTRODUCTION

Lightning discharges are the most frequent and most
dangerous effect of atmospheric electricity on ground
objects. During the lightning season, each square kilo-
meter of the Earth’s surface suffers one to ten lightning
strikes (two to four strikes in moderate-climate regions
of Russia). Intracloud lightning discharges occur three
to four times more frequently. The frequency of light-
ning strikes increases with the height of a ground
object. On theflat ground near M oscow, narrow objects
~30 min height (like radio masts or towers) suffer, on
average, one lightning strike every ten years; a 100-m
high building undergoes a strike nearly every year; and
such an extremely high structure as the Ostankino TV
tower suffers 25-30 lightning strikes every year.

Unlike Benjamin Franklin, modern experts on light-
ning protection are acquainted with mechanismsfor the
development of lightning; however, the means that are
at their disposal differ little from Franklin's lightning
rods. Being above an object to be protected, the light-
ning rods intercept the approaching lightning channel.
However, conventional methods of lightning protection
often do not meet the needs of modern practice. Light-
ning rods are capable of efficiently protecting a certain
point of the object, e.g., its easily flammable or explo-
sive element. It isthis purpose for which they were pro-
posed by Franklin two and ahalf centuriesago. Modern
buildings, however, contain almost no flammable ele-
ments. Precast or monolithic concrete does not burn,
whereas its metal armature efficiently conducts the
lightning current to the ground. In this respect, modern
buildings need no lightning protection. The most dan-
gerous effect for them is the electromagnetic field
excited by the lightning current, rather than its thermal
effect. The lightning current increases at arate of more

than 10'! A/s and gives rise to dangerous overvoltages
in the electric circuits of the object under protection.
Among the elements that are in most danger are low-
voltage control and automation circuits and microelec-
tronic devices, as well as channels for information
transfer and processing.

It makes little sense to set lightning rods on the roof
to protect a building from electromagnetic strays. After
intercepting the lightning discharge, the rod will any-
way direct the current into the building armature; as a
result, the overvoltage level will be amost the same as
in the case of an unprotected roof. To significantly
reduce electromagnetic strays, it is necessary to elimi-
nate lightning strikes in the close proximity of the pro-
tected object. For this purpose, lightning discharges
must be either intercepted (or redirected) far away from
the object. In principle, distant lightning interception is
feasible. This requires the creation of long-range light-
ning protectors covering a sufficiently large area. Gen-
eral considerations naturally lead to the idea of using
very tall lightning rods. However, mounting such rods
is rather expensive. Moreover, the radius of the pro-
tected region increases rather slowly with the height of
the lightning conductor. For example, lightning strikes
to the ground were observed at distances as short as
200 m from the 540-m-high Ostankino TV tower,
which can be regarded as an extremely tall lightning
rod. For ordinary lightning rods, the radius of the pro-
tected region (at the ground level) is close to the rod
height, whereas in the case of the Ostankino TV tower,
itisnearly three times smaller. Obviously, substantially
increasing the height of conventional lightning rods
would have no significant effect. This is why methods
for actively influencing lightning discharges have been
searched over the last few decades.
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Two approaches that yield diametrically opposite
effects have been developed concurrently. The aim of
the first approach is to increase the attraction of light-
ning to the lightning rod as much as possible, whereas
the aim of the second approach is to hinder the propa-
gation of lightning toward the protected object. Both
approaches are based on Golde's hypothesis about the
lightning attachment (the place of the lightning strike)
[1, 2]. According to this hypothesis, lightning propa
gates toward a ground object because of the develop-
ment of a highly conducting plasma channel (the so-
called upward-connecting leader) from its top. The
upward leader channel is produced in a strong electric
field of a thundercloud enhanced by the approaching
leader of downward lightning. The mutual attraction
between these leaders of opposite polarities results in
their merging, thereby determining the point of strike.

All methods for controlling lightning discharges
with the aim of lightning protection can be ultimately
reduced to either exciting (as early as possible) an
upward-connecting leader from the lightning rod or,
alternatively, hampering its devel opment from the pro-
tected object. However, the devel opment of these seem-
ingly clear ways of affecting lightning discharges
encounters great difficulties and is thus far from being
complete. The point is that Golde's hypothesis has not
yet been confirmed theoretically. For a number of prin-
cipal issues, the process of mutual attraction between
the leaders and the problem of the lightning attachment
are still poorly understood even at a qualitative level.
Laboratory experiments fail to shed light on these phe-
nomena because of the significant differencein the spa
tial scales and the absence of justified scaling laws.
Until recently, theory was not able to estimate the effi-
ciency of nonconventional approachesto lightning pro-
tection. It is only in recent years that certain progress
has been made owing to the parallel use of experimen-
tal data on laboratory spark discharges, theoretical
models (often semi-empirical) of such discharges, and
results from natural lightning observations and com-
puter simulations of different stages of the lightning
formation. However, this problem is still the subject of
vigorous debate among practical engineers and also
“pure’ geophysicists (see, e.g., [3-6]). Thefact that the
authors of the present review are involved in this dis-
pute might to a certain extent deprive the text of the
paper of its chronicle neutrality.

Thefocus of our review is one aspect of the problem
of the lightning attachment: the interaction of the light-
ning leader with the corona space charge that is accu-
mulated near the top of the protected object in the atmo-
spheric electric field. Based on the results of anaytical
considerations and numerical simulations, we analyze
different ways of affecting the lightning trgjectory and
demonstrate the feasibility of their practical implemen-
tation with the help of specially designed corona sys-
tems.

The problem can be divided into several moreor less
independent physical tasks. First, it is necessary to
understand to what extent the attachment of the |eader
channel of downward lightning is related to the origin
and stable development of an upward leader from the
top of the protected object. Second, there is a need for
aquantitative description of anonstationary coronathat
is first formed in the thundercloud electric field and
thenin thefield of adownward leader with quitealarge
channel charge. Third, one must find out to what extent
the redistribution of the electric field in the vicinity of
the corona electrode is able to affect the origin and sta-
ble development of the upward |eader that givesrise to
an upward lightning discharge. Asis well known, sky-
scraper objects with a height of 200 m and more are
mainly subject to upward lightning flashes. Finally, itis
necessary to revea a possible mechanism for the influ-
ence of the corona space charge on the downward light-
ning leader. Here, the point is either the delayed origin
(or termination) of an upward-connecting leader or
such achange in itstrgjectory that eliminates the strike
to the protected object. At present, the above issues are
at different stages of their development and require fur-
ther investigation. The general picture, however, is
clear enough to predict prospects of new lightning pro-
tection technologies.

2. ATTACHMENT OF LIGHTNING
TO A GROUNDED OBJECT IN THE CASE
OF A CONVENTIONAL LIGHTNING ROD

2.1. Development of a Leader froma Grounded Object
in the Atmospheric Electric Field

The development of aleader from agrounded object
dueto the enhancement of the atmospheric electric field
by the charge of the approaching channel of a down-
ward leader isareal phenomenon. It can easily be mod-
eled under laboratory conditions [7, 8]. The leader
starts after theinitial flash of a pulsed corona—abunch
of streamers with a common stem. It is the streamer
flash from which the leader channel begins to develop.
The streamer-flash current flowing through the stem
delivers an energy sufficient for the heating of the cold
streamer plasma to the temperature of ~5000 K. Elec-
trons are then produced mainly due to the processes
whose rate depends slightly on the electric field, and a
longitudinal electric field of ~10% V/cm is quite suffi-
cient to maintain the channel in the conducting state
over afairly long time [9-11]. Theoretica predictions
and experimental data show that, under normal atmo-
spheric conditions, the necessary gas heating in the
stem can be achieved if the voltage drop over the
streamer branchisno lower than AU, = 400 kV [8, 12].
Such a voltage drop is sufficient to form a branch of
cathode-directed streamerswith alength |, of about 1 m.

The formal criterion for initiating a leader in the
stem of the streamer flash can be written as

AU(l,) > AU, = 400 kV. 1)
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This criterion can easily be satisfied under real condi-
tions even for relatively low grounded objects without
assistance of the electric field of the downward leader.
For example, when the thundercloud electric field near
the ground is E,,, = 20 kV/m (which is quite redlistic),
a grounded rod of height h = 20 m enables a voltage
drop of AU = E,,h ~ 400 kV near the top of the rod.
Nevertheless, no one has ever observed |eader develop-
ment from such a low grounded object located on flat
ground in the absence of a close cloud-to-ground light-
ning discharge. The reason is that the leader develop-
ment must be preceded by a streamer flash starting from
the rod top. There is no problem in exciting a streamer
flash under laboratory conditions when the rise time of
a pulsed voltage is from a few microseconds to a few
milliseconds. However, the actual thundercloud electric
field increases very slowly between the lightning dis-
charges (over tens to hundreds of seconds). In such a
field, a quiet streamerless corona occurs over a long
period of time. This kind of corona has also been
observed under laboratory conditions. Such a corona
consists of athin (less than a few millimeters) ioniza-
tion zone and the outer region occupied by the drifting
ions [13]. The length of the outer zone can be very
large—up to tens or even hundreds of meters.

The most important feature of the streamerless
corona (it is sometimes called an ultra corona [14]) is
the stabilization of the electric field at the surface of the
coronaelectrode at the level of coronaignition, E,.,. For
the simplest electrode configurations, this field can be
calculated by the empiric Peek formula [15]. This cir-
cumstance and the fact that the ionization zone is nar-
row alowed one to develop a simple and widely used
numerical model of acoronain along air gap (see[13,
16]). The model assumes that the ions are emitted
directly from the surface of the corona electrode of
radius r, and the boundary condition E(ry) = E., =
const is satisfied on the electrode surface. This allows
one to ignore the processes occurring in the ionization
zone and to restrict oneself with an analysis of the ion
drift in the outer region. For this purpose, the continuity
equation for the density of the ions, which drift with a
given mobility,

on;
a_tJ +VIOnuE) = S,
is solved together with Poisson’'s equation for electric
field E,

VLE(r) = ple,.

Here, p = eZn is the space charge density, n; and |; are
the density and mobility of the jth ion species, and Sis
the term describing the production and loss of ions in
ion—molecular reactions.

Analytic solutions to these equations were earlier
obtained for the simplest electrode systems with a
spherically symmetric or an axisymmetric electric field
(concentric spheres or coaxial cylinders of unlimited
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length) and one ion species. The solutions were
obtained for a steady-state operating mode, assuming
that the discharge voltage was constant and the drifting
ions had time to cross the discharge gap.

Steady-state solutions cannot be used to analyze the
coronain an atmospheric electric field because the field
itself varies significantly over time, whereas the ions
have time to cover only a minor fraction of the gap
between the grounded electrode and the cloud over the
characteristic time of the electric field variations. Asthe
electric field increases, the space charge front propa-
gates away from the top of the corona electrode; this
clearly indicates that the discharge is nonstationary.

An approximate analytical description of a nonsta-
tionary corona performed in [17, 18] isin good agree-
ment with the results of numerical simulations carried
out for conditions typical of a streamerless coronain a
thundercloud field [18]. The details of anaytical stud-
ies and numerical simulations are beyond the scope of
the present study. Below, we will consider only those
features of anonstationary coronathat areimportant for
analyzing the conditionsfor the origin and stable devel-
opment of the leader from a grounded object.

2.2. Features of a Nonstationary Corona

A nonstationary corona can be observed in gaps of
any length. The discharge remains nonstationary until
the space charge front reaches the opposite electrode
and the applied voltage ceases to change. All other fac-
tors being the same, the duration of the transient regime
isafunction of the gap length. In the ground—cloud gap,
steady-state regime may not be established at all. The
main difference between nonstationary and stationary
coronasisthat, in the former, the current is determined
not only by the instantaneous value of the applied volt-
agebut alsoitsgrowthrate[17, 18]. Asaresult, the cur-
rent in anonstationary coronacan be many times higher
than that in a stationary corona. This is illustrated in
Fig. 1, which shows the results of the numerical solu-
tion of the above equations for a 5-m-long laboratory
gap. Theunsteady current exceedsits steady-state value
when the voltage rise time is much shorter than the
propagation time of the space charge front across the
gap. The approximate analytical theory gives similar
results [17, 18]. It will be shown below that the depen-
dence of the current onthefield growth rateisof crucia
importance for the initiation of a leader from the
grounded electrode.

A nonstationary corona is also characterized by a
much weaker dependence of the current on the ion
mobility p. Instead of the direct proportionality
between the steady-state corona current i . and , the
functional dependence of the current on the ion mobil-
ity in a nonstationary corona is determined by the gap
geometry: i, ~ W'/? for spherical geometry and i, ~
In(u'?) for cylindrical geometry. For the limiting case
of plane geometry, the current does not depend on the
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Fig. 1. Numerical simulations of the current of a transient
corona in a gap between concentric spheres with radii of
1 cmand 5m. Thevoltageincreaseslinearly to 300 kV over
atimet; and is kept constant at t > t;.
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Fig. 2. Time evolution of the corona current from a 50-m-
high rod electrode in a thundercloud field linearly increas-
ing to 20 kV/m over 10 s.

mobility at all [19]. The weak dependence on the
mobility allows one to simplify the calculation model
of a corona in a thundercloud field; in this case, the
lightning protection can almost aways be calculated
with allowance for only oneion species.

To sustain the current of a nonstationary corona at a
fixed level, one has to continuously increase the gap

voltage (the thundercloud €lectric field). The law
according to which the field should increase over time
is again determined by the geometry of the corona sys-
tem. For a spherical electrode, the corona current will
remain constant if the electric field increases as E,(t) ~
t!3, and in the limiting case of aplane system, it should
vary as Ey(t) ~ t. A long conductor of small radius occu-
pies an intermediate place between these cases[19]. In
a constant electric field E,, the more uniform the field
of the corona electrode, the faster the decrease in the
coronacurrent. In the limiting case of aplane electrode
whose own electric field is uniform, the current almost
instantaneously drops to zero. The decay of the corona
current at Ey(t) = const impedes the accumulation of a
significant space charge near the top of the corona
electrode.

Analytical studies and numerical simulations show
that, if the thundercloud electric field significantly
exceeds the external field E,., required for corona
onset, then the corona current i . depends weakly on
the electrode radius. According to the calculated time
dependences i, (t) presented in Fig. 2, the fivefold
increase in the radius of the rod electrode leads to the
15% decrease in the current amplitude. The main cause
for the decrease in the current is an increase in the
threshold field E,,, for corona onset. Even if one
increases the el ectrode radius to afew meters, provided
that the condition E,.,, < E,.,. IS satisfied (e.g., by
placing short needles over the electrode top), then the
corona current changes by no more than a few tens of
percent. According to analytical estimates and numeri-
cal simulations performed for grounded electrodes a
few tens of meters high (such as conventional lightning
conductors and protected objects), the maximum
corona current in a thundercloud field is about 107* A.
Therefore, over a corona lifetime of ~10 s, a charge of
~10~3 C isinjected into the atmosphere. Although the
front of the charged ion cloud can propagate from the
corona surface over a distance of up to 10> m, the ion
density exceeds the natural background of ~10° cm™3
only at distances of shorter than ~10 m from the top of
the grounded electrode [18].

The approaching downward leader intensifies the
corona due to a significant increase in the field growth
rate dE,/dt, rather than to the amplification of the atmo-
spheric electric field by the leader charge. Thisisillus-
trated by the results of numerical simulations presented
in Fig. 3. The calculations were performed for a 5-cm-
radius rod with a height of h = 50 m. The downward
leader started from the height of 3000 m, when a lin-
early increasing thundercloud field had already reached
avalueof 20 kV/mover 10s. Theradial deviation of the
downward leader with respect to the grounded rod was
r = 150 m. The electric charge per unit length of the
downward leader was assumed to be constant and equal
to 0.5 mC/m, which corresponded to an ordinary light-
ning. It can be seen that, even for a significant radial
PLASMA PHYSICS REPORTS  Vol. 31
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Fig. 3. Time evolution of the corona current during the
propagation of the downward |leader with alinear charge of
0.5 mC/m. The time is reckoned from the instant of the
leader start.

deviation of the leader (r/h = 3), the corona current
increases by nearly three orders of magnitude. How-
ever, this does not result in asignificant increase in the
coronacharge because of the short development time of
the downward leader, which propagates with an aver-
age velocity of 2 x 10° m/s and reaches the ground over
15 ms. In the case under consideration, the total corona
charge increases by only 10%. Nevertheless, this addi-
tional charge plays an important role. Since this charge
has no time to propagate far from the electrode, it is
concentrated near the surface of the corona electrode,
thereby greatly increasing the local ion density (Fig. 4).
As aresult, the point at which the electric field is max-
imal leaves the corona surface and begins to propagate
into the gap. This effect can be regarded as the propa-
gation of an ionization wave. From this instant, the
corona discharge cannot be treated as streamerless and
the model used fails to be adequate.

The condition for the termination of a streamerless
coronacan be derived from therelation (dE/dr), -, 20

using the approximate solution for the electric fieldin a
spherical coronasystem[17, 18]

ro i(r3—r3)
E= Ecor/\/'%"'_———fo—ﬁ—- (2
r GHQDL” Ecor
Thecritical current is[17]
icr = 8T[€0|JrOE§or' (3)

For the above case of an electrode with a top radius of
r,=5cmand for atypical ion mobility of p=15cn?/V s,
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we havei, = 15 mA, whichiscomparableto the critical
current of 10 mA obtained in numerical simulationsfor
arod electrode with the same radius.

Inequality (1), which determines the conditions for
the development of an upward leader, can be applied
only after the termination of the streamerless corona
and the onset of a streamer flash.

2.3. Viability of an Upward Leader

We are interested here in viable upward leaders that
are capable of growing inthe external electricfield after
emitting from the top of a grounded electrode. For a
leader to grow, it is necessary that the field in the leader
channel be weaker than the undisturbed external elec-
tric field [20, 21]. Only in this case will theincreasein
thelength |, of avertically growing leader be accompa-
nied by an increase in the difference AU, = U, — U,
between the potential of the leader tip Uy, = —E, I, and
the potential of the undisturbed external electric field
Uy = —Ey(h + 1)) at the position of the leader tip. It is
AUy, that determines the growth rate of the charge of
the propagating leader and, consequently, its current i,
and velocity v, .

If we ignore the disturbance of the external electric
field by the corona space charge, then the viability con-
dition for the nascent leader can be found from the
charge conservation law

iL =1 v = CAU,V, 4)
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Fig. 5. The height of a ground object at which a viable
leader can develop from the top of the object vs. external
electric field.

and following semi-empiric formulas[8]:

EL:iE;

L

b=300V/(cmA), 5)

v =aAU,)'"?  a=1500 cmi(sV¥?),  (6)

where 1, and C, are the charge and capacitance per unit
length of the leader channel, respectively. These formu-
las were shown to adequately describe leaders in long
laboratory gaps with lengths of up to 100 m [8, 20, 22].
Substituting expressions (4)—6) into the inequality
E, > E,, we obtain an estimate for the external electric
field that is necessary to sustain a leader propagating
from a grounded electrode of height h [23]:

3.7x10°

Eou = 5 V/m. 7

Under the thundercloud, near the ground, the electric
field undisturbed by the corona space charge of
grounded objects can be as high as 20 kV/m. According
to criterion (7), this field is able to sustain a nascent
upward leader propagating from an object whose height
is no less than h = 130 m. For ordinary objects with a
height of h =20-30 m, the required externa field must
be much higher, E;.. = 50-60 kV/m. Such astrong field
cannot be produced by athundercloud.

The actual critical field is significantly higher than
that predicted by criterion (7) because of the influence
of the corona space charge (Fig. 5). Thus, computer
simulations [23] show that, for aleader to grow from a
corona electrode in an external field of 20 kV/m, the
electrode must be higher than 225 m. In the absence of
acorona, aheight of 135 m is quite enough.

These estimates allow us to conclude that the main
cause for the propagation of an upward |eader from the
top of amoderately high grounded object isthe field of
the approaching channel of a downward lightning
leader, whereas an upward leader starting from a sky-
scraper object can develop even in a weaker thunder-
cloud field. The effect of a corona on the emission of a
viable leader under the action of the thundercloud field
has been confirmed by experiments with lightning trig-
gered by rockets drawing a grounded wire [24].

2.4. Phenomenology of the Downward Lightning
Attachment

Observations of lightning and experiments with
long laboratory sparks have shown that the discharge
channel undergoes many accidental deflections. Never-
theless, on the average, it propagates along the external
electric field. Hence, in order to deflect the leader of
downward lightning from the vertical direction, thedis-
turbing field must be comparable to the thundercloud
field E,. Thisisalso truefor an upward |eader propagat-
ing from a grounded object. Therefore, if the field gen-
erating the upward leader is mainly produced by the
downward leader (rather than the thundercloud charge),
then the attachment of downward lightning, which ends
in the lightning strike to the object, indeed begins with
the emission of aviable upward leader. In this case, the
nascent upward channel will propagate toward the
downward leader and, sooner or later, will direct it to
the object top. According to the above estimates, this
takes place for moderately high grounded objects near
which the thundercloud field is a few times lower than
E,., and the necessary field is mainly produced by the
charge of the approaching downward |leader.

It should be noted that the direct influence of the
charge of a grounded object on downward lightning is
significantly weaker than that required for the deflec-
tion of the channel trgjectory toward this object. Indeed,
alinear charge 14(2) that isinduced on the surface of a
grounded electrode with aheight hand radiusr, < hin
a uniform external field E, linearly increases from the
base of the electrode to its top:

411e,ZE,
To(2) = S22
In—-2

o

Even if al the charge of the grounded electrode

_ 2T[80h2E0

qel - Zh
In—-2

Mo

were concentrated at its top, the horizontal component
of the field induced by this charge at the position of the
downward leader tip (with aheight H and radia devia-
tion r) would not exceed
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For example, if H=r = 3h and h/r, = 103, we then have
AE, ., = 0.01E,, which is much lower than the thunder-
cloud field. Such adisturbanceistoo wesk to deflect the
downward leader toward the grounded electrode.
Hence, the lightning attachment is indeed provoked by
the emission of an upward leader directed towards the
downward leader tip. As the leaders approach one
another, the disturbing effect of the upward leader on
the downward oneincreasesin an avalanche manner; as
aresult, the latter gets redirected toward the grounded
object.

For skyscraper-type objects, the situation is different.
Here, the thundercloud field can be quite enough to
maintain aviable upward leader that has started from the
top of a grounded object. It follows from criterion (7)
that, for E, = 20 kV/m, this becomes possible for
grounded objects higher than h = 130 m. The nascent
leader will not necessarily develop toward the down-
ward leader, whose influence is yet weak. There is no
reason to cal it an upward-connecting leader since,
being controlled by the thundercloud field, the leader
channel will propagate mainly upward, thereby form-
ing a ground-to-cloud lightning discharge, rather than
toward the downward leader.

Note that, in this case, the downward lightning dis-
charge aso is not affected by the upward leader. The
disturbance of the external electric field near the tip of
the downward leader is much smaller than the thunder-
cloud field and is not able to deflect the leader channel
toward the grounded aobject. On the average, the down-
ward leader keeps propagating downward.

Thus, Golde's hypothesis is not applicable to sky-
scraper-type grounded objects, because, in this case,
the downward leader does not control the propagation
of the nascent upward leader. According to the results
of numerical simulations presented in Fig. 5, thisisthe
case for objects higher than 200 m. Observations show
that it is these objects that most often undergo upward
lightning strikes [25].

Nevertheless, the emission of an upward leader is
hardly possible without a downward lightning dis-
charge because the dowly varying thundercloud field is
not able to increase the corona current from the top of a
grounded object to thethreshold valuei,, corresponding
to the excitation of astreamer flash. To show this, it suf-
ficesto consider an approximate analytical solution for
an isolated sphere of radius r, [17, 18]. According to
this solution, the current of a nonsteady corona with a
linearly increasing voltage U(t) = Ayt is

A3
u_ (8)

i(t) =2met 3
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This formula holds for the quite high effective voltage
u() > r E., that isusually observed during athunder-
storm. In this case, the corona current is almost inde-
pendent of the sphere radius. The critical current, deter-
mined by formula(3), isreached at avoltage amplitude
of U, = U(t) = Ayty, which isequal to

3i2t
U e = |~ ©)
41U go

For atypical critical current of i, = 10 mA, we have
U... = 18.5 MV. Even for such an extremely high
object as the Ostankino TV tower (h = 540 m) and for
the maximum possi bl e regeneration rate of the thunder-
cloud charge (t; = 10 ), the required voltage drop can
bereachedin an externa fidd ashigh asE,,,,, = U,,.x/N =
34.5 kV/m. Such ahigh field is hardly expected to fre-
guently occur during a thunderstorm without involving
downward lightning discharges.

2.5. The Frequency of Lightning Strikes
to a Grounded Object

Here, we consider lightning strikes to an isolated
grounded object whose height is much larger than its
transverse dimensions, e.g., a conventiona lightning
rod. The frequency of lightning strikes can be most eas-
ily determined for relatively low objects that do not
excite upward lightning discharges and suffer only
downward lightning strikes. As was shown above, the
attachment of downward lightning proceeds via the
development of an upward-connecting leader. Hence,
the main problem is to find the instant at which the
upward leader starts and to test its viability taking into
account the design features of the grounded object and
the space charge injected from its top into the atmo-
sphere under the action of a corona discharge. As soon
as the start instant of a viable upward leader has been
found, the height H, of the tip of the downward light-
ning channel at the beginning of the attachment process
can be determined by solving a purely electrostatic
problem. The radius of the attraction zone can then be
found using the equidistance principle [20]. Asaresult,
we obtain an estimate for the frequency of lightning
strikes to an object of a given height and configuration.

Note that, in spite of its primitivity, the equidistance
principle iswidely used for estimates in lightning pro-
tection. According to this principle, a downward light-
ning leader does not feel the ground until its tip comes
down to acertain height H,, called the attractive height.
Thelightning channel then propagates a ong the shorter
of the two paths: along the path of length H, toward the

ground or along the path of length A/(Ho—h)2+ r?

(wherer istheradial deviation of the downward |eader
tip with respect to the top of the object of height h)
toward the grounded object. The equality of these
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Fig. 6. Current and propagation velocity of an upward
leader starting from a 30-m-high electrode as functions of
the leader length.

lengths determines the attractive radius of a downward

lightning,
Ry = n2Hoh—h>.

The calculation algorithm is as follows:

(i) Determining the characteristics of a nonstation-
ary coronaat the top of agrounded rod electrodefirst in
a thundercloud field that varies in a specified way and
then in the field of a downward |leader approaching the
ground.

(i) Calculating the position of the downward leader
tip at the instant when the corona current becomes
equal to the critica vaue that is necessary for a
streamer flash to occur.

(iii) Checking whether condition (1) for the origin of
an upward leader in the stem of the initial streamer
branch is satisfied.

(iv) Calculating the parameters of the upward leader
propagating in the space charge layer of the coronaand
checking its viability.

The computer code developed [18] allowed us to
calculate the corona current from arod electrode in an
arbitrarily varying thundercloud electric field. When
simulating acoronain the sum of the thundercloud field
and thefield produced by adownward |eader, the |eader
was represented by an infinitely thin vertical charged
channel. The propagation velocity of the leader was
assumed to be constant. In the smplest version of the
code, the distribution of the linear charge density along
the leader channel was also assumed to be constant,
T,(2) = const. However, the code also alowed usto per-
form calculations with an arbitrary distribution 1,(2),
e.g., with a charge density linearly increasing from the

(10)

baseto thetip of the leader channel (such adistribution
correspondsto the polarization of an ideal conductor in
a uniform electric field). To check the viability of the
nascent upward leader, we used the above simplified
semi-empiric theory, which relates the leader current,
the leader propagation velocity, and the longitudinal
electric field in the channel to the difference AU,
between the |eader tip potential and the potential of the
undisturbed external field at the position of the leader
tip. In calculations, the nascent upward |leader was rep-
resented by a straight charged channel. At every time
step, the charge distribution along the channel was
determined by solving a set of integral equations with
potential coefficients. The equations related the poten-
tial of each channel segment with its charge, the
charges of al the other channel segments, the space
charge in the gap, and the external field created by the
thundercloud and the downward leader. The images of
the charges in the ground were taken into account. The
obtained charge distribution was used to find the poten-
tial of the upward leader tip. Using this potential, the
running values of the leader current, the leader propa-
gation velocity, and the field in the leader channel were
then determined.

Figure 6 presents the result of simulations (similar
to those described in [26]) of the development of an
upward leader from a 30-m-high grounded electrode
with a hemispherical 2-cm-radius top. The downward
leader started at a height of 3000-m at the instant when
the linearly increasing (over 10 s) thundercloud field
reached 20 kV/m near the ground. The downward
leader propagated toward the ground with avelocity of
2 x 10° m/s. The radia deviation of the downward
leader with respect to the grounded el ectrode was 90 m.
The density of a uniformly distributed linear charge
was 0.5 mC/m. The corona current exceeded its critical
value 13.7 ms after the start of the downward leader,
when itstip had already propagated down to a height of
225 m and the voltage drop across the streamer zone
was nearly three times higher than AU, =400 kV, which
was required for the emission of an upward leader. The
leader was stable since the very beginning of its propa-
gation. The propagation velocity of the upward leader
and its current increased relatively slowly only over the
first several meters of its path, where the corona space
charge was maximum. Over 1 ms, the leader passed
about 30 m, went beyond the space charge layer, and
then propagated freely.

Figure 7 shows the calculated height H,, of the
downward leader tip at the start instant of a viable
upward leader as a function of the radial deviation r.
The calculations were performed for a grounded elec-
trode with aheight h = 30 m for the same conditions as
in Fig. 6. The solution to the equidistance equation
H,p = [r? + (Hy, — h)?]"2 determines the limiting radial
deviation r = R,, a which downward lightning is yet
attached towards the object and the height H,,(r = R,) =
H, fromwhich it startsto be attached. In Fig. 7, H, = 8h
PLASMA PHYSICS REPORTS  Vol. 31

No.1 2005



THE EFFECT OF A CORONA DISCHARGE ON A LIGHTNING ATTACHMENT 83

and R,, = 3.8h, which corresponds to an attraction area

of §; = nR; =0.04 km? (onelightning strike per twelve

years of operation for a lightning strike frequency of
about two strikes per year per kilometer squared, which
is characteristic of central Russia). Similar calculations
for a 100-m-high object with a 2-cm-radius top give
Hy,= 5h and R, = 3h. The ratio R,/h decreases with
increasing h over the entire range of the practically
important heights and for different densities of the lin-
ear charge of the downward lightning leader used in the
model.

The above method for determining the start instant
of an upward leader is applicable to objects with
heights from a few tens of to a few hundred meters.
Numerical simulations allow one unambiguously
determine the conditions for the origin of a viable
upward leader. Quite another matter istheroleit plays
in the lightning attachment. Our results show that the
development of an upward leader from a sky-scraper
object does not necessarily affects the downward light-
ning discharge. There may be a situation in which the
upward and downward leaders will not sense one
another, i.e., there will be no attraction between them.
The leader of the downward lightning discharge will
propagate towards the ground or some another
grounded object. The evolution of the excited upward
leader is not known in advance. It can decay or convert
into an upward lightning flash. Since upward lightning
is almost as dangerous as downward lightning, it is
important to find the conditions under which it can
develop from different objects.

As was shown above, an upward leader can arise
from objects aslow as 10-20 m owing to the amplifica-
tion of the electric field by a nearby downward leader.
There may be a situation in which downward lightning
does not strike a grounded object but, nevertheless,
stimulates the devel opment of an upward leader fromiit.
For low objects, such a leader will develop as long as
the strong electric field of the downward leader exists.
This field disappears when the downward leader
touches the ground and the current wave of the return
stroke is excited. This wave propagates upward from
the ground at a velocity of about 30% of the speed of
light. It recharges the lightning channel and substan-
tialy reduces its electric field [20]. As a result, the
upward leader ceases to propagate. In Fig. 8, the leader
starting from a 30-m-high object stops developing as
early as 3 us after the downward lightning leader has
reached the ground.

For sky-scraper objects, the situation is quite differ-
ent. We simulated the development of an upward leader
from a 200-m-high grounded rod electrode with a top
radius of 2 cm [27]. The process was induced by a
downward leader with a linear charge density of
0.5 mC/m. Theradial deviation of the downward |eader
was 750 m. The upward leader started when the tip of
the downward leader came down to a height of 520 m
and was at a distance of 860 m from the electrode top.
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Fig. 7. Height of the downward leader tip at the instant of
the excitation of an upward leader from a grounded elec-
trode of height 30 m and radius 2 cm as a function of the
radial deviation of the downward leader with respect to the
electrode. The downward leader chargeisuniformly distrib-
uted along the leader channel with alinear density of T, =
0.5 mC/m. The dashed curve shows the locus of points cor-
responding to the equal distancesfrom the downward leader
tip to the ground and to the object top.
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Fig. 8. Current and propagation velocity of an upward
leader vs. leader length. The height of the grounded elec-
trode is 30 m, and the radial deviation of the downward
leader with alinear charge of T, = 0.5 mC/mis 150 m.

Such adistant lightning discharge was not ableto strike
the eectrode; however, it efficiently sustained the
development of the upward leader. By the instant when
the return stroke of the downward lightning discharge
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Fig. 9. Current and propagation velocity of an upward
leader vs. leader length. The radial deviation of the down-
ward leader with alinear charge of 1. = 0.5 mC/mis750 m,

and the height of the grounded object is 200 m.

began, the upward leader had grown to approximately
80 m, i.e,, it had gone beyond the cloud of the corona
space charge. For afreely propagating leader, the pres-
ence of the corona charge leads to the amplification
(rather than the attenuation) of the external field. No
longer restrained, the upward leader continues to
develop even after the neutralization of the charge of
the downward leader during the return stroke of light-
ning. The only effect is that the propagation velocity
and current of the upward leader decrease for a short
time, after which these again begin to increase (Fig. 9).
This process finaly results in the origin of upward
lightning, which strikes the ground object.

Because of the lack of data on the attachment mech-
anism, it isimpossible to predict with certainty the fur-
ther evolution of an upward leader starting from a high
grounded object. It can either be attracted to the down-
ward leader (in this case, the development of a down-
ward lightning leader completes with a strike to the
object) or, as was shown above, continue to propagate
toward the cloud, thus converting into an upward light-
ning discharge. If one does not distinguish between
downward and upward lightning strikes, the total fre-
guency of strikes can be found using computer simula-
tions. Aslong as one searches for the maximum possi-
ble radial deviation of the downward leader at which a
viable leader can develop from the top of a grounded
object of a given height, the algorithm for solving this
problem isidentical to that discussed above. This devi-
ation determines the effective interaction radius R,—
the radius of the areawithin which any downward light-
ning either strikes the grounded object or induces an
upward lightning discharge from its top. Figure 10

Rt M
2000
T, =1 mC/m
1500 +
1000 0.5 mC/m
500 -

1 1
500 600
Height, m

1 1 1
200 300 400

Fig. 10. Effective interaction radius Ry of a grounded
object as afunction of its height.

showsthe calculated values of R, [27] for two different
linear charges of the leader of downward lightning.

The number of lightning strikes estimated from the

effective interaction radius (Njighy, = nOTtR§ff , Where n,
is the number of lightning strikes per unit area of the
ground surface) can be verified experimentaly. In par-
ticular, one can use the representative data from obser-
vations over the Ostankino TV tower [25]. For the aver-
age yearly number of lightning strikes to the ground
near Moscow of n, = 2.5-3.0 km, the tower suffers
about 30 lightning strikes over the lightning season.
Our calculations provide a similar result for the R
value corresponding to that shownin Fig. 10 for alinear
charge of a downward leader of ~1 mC/m.

3. PROSPECTS FOR CONTROLLING
THE FREQUENCY OF LIGHTNING STRIKES
TO A GROUNDED OBJECT

Aswas mentioned in the Introduction, there are two
approaches to the problem of lightning protection that
yield diametrically opposite effects; the reduction of
the number of lightning strikes to the protected object
and, alternatively, the increase in the attraction of light-
ning to the lightning rod. The implementation of these
approaches should not be related to the use of such
exotic, expensive, and not quite reliable means as a
high-power laser that lengthens the grounded el ectrode
with a long plasma channel or chemical reagents
destroying the thundercloud. It seems that the only
acceptable means may be a counter discharge that is
formed in arelatively weak electric field, is character-
PLASMA PHYSICS REPORTS  Vol. 31
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ized by a moderate voltage drop, and can operate in a
controllable regime, e.g., a streamer or streamerless
corona discharge.

Attempts to excite an early counter discharge with
the aim of emitting an upward-connecting leader that
should intercept downward lightning are described in
[5, 28, 29]. On the other hand, the grounded coronasys-
tems have been considered that should delay or almost
completely prevent the emission of an upward-connect-
ing leader [30]. Such systems are supposed to guaran-
tee that downward lightning will not notice the object
under protection.

Below, both these approaches are analyzed using the
results of numerical simulations.

3.1. Lightning Protection Systems Based
on the Early Sreamer Emission

The concept of lightning protection on the basis of
early streamer emission (ESE) is very simple. The top
of thelightning rod is shaped in such away asto enable
the earliest excitation of astreamer flash; i.e., theradius
of curvature of the electrode top is made as small as
possible. It is assumed that the early initiation of a
streamer flash stimulates the early development of an
upward-connecting leader. As it propagates toward the
downward lightning leader, it intercepts the channel of
the latter. To boost this effect, extra voltage (usualy, a
few tens of kilovolts) is applied to the top of the corona
electrode. To obtain this extra voltage without employ-
ing an external power supply, the current flowing
through the electrode top in the early stage of the
counter discharge can be used. For example, this cur-
rent may charge a storage capacitance, which then dis-
charges through the forming LC circuit. The extravolt-
age thus obtained is applied to the top of the corona
electrode (for this purpose, thetop isinsulated from the
ground). The efficiency of ESE lightning rods is
claimed to be many times higher than that of conven-
tional lightning rods.

Unfortunately, there are no reliable statistical data
on the efficiency of ESE lightning rodsin the literature.
Moreover, there are no works on laboratory studies that
could clarify (at least at a qualitative level) the relation
between the conditions for the excitation of a counter
discharge from a grounded el ectrode and the probabil-
ity of striking this electrode by along downward spark.
Nevertheless, as early as in the mid 1970s, a series of
experimental studies aimed at determining the so-
called critical radius of ahigh-voltage electrode in long
air gapswere carried out in[31, 32]. It was shown that,
when a positive pulsed voltage with arise time of sev-
eral hundred microseconds was applied to a rod—plane
or sphere—plane gap, the electrical strength varied only
dlightly with increasing anode radius r,, until the radius
exceeded a certain critical valuer .. The critical radius
was found to be fairly large and to be a function of the
interel ectrode distance. For example, in agap of length
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Fig. 11. Streak image of aleader in a 8-m-long rod—plane
gap after a positive voltage pulse with a rise time of about
3 msisapplied to the rod.

~10 m, the critical radiusisaslargeasr,. =30 cm. The
explanation of this effect was givenin[33]. In brief, the
essence of the effect isthat thetoo early excitation fails
to provide the required viability of the leader. It first
forms in the so-called flash mode (with long pauses
between the flashes) [34], and its stable continuous
propagation begins only after increasing the applied
voltage (Fig. 11).

The fact that the critical radius r, is rather large
casts some doubt on the concept of ESE lightning pro-
tection. In [26], numerical simulations were performed
of the excitation of a counter discharge from a
grounded electrode of given height, starting with the
generation of a nonstationary corona in a sowly
increasing thundercloud field up to the initiation of a
streamer flash due to the field amplification by the
charge of an approaching downward leader. The proba-
bility of emitting an upward leader and the viability of
the nascent leader while it propagates in the cloud of
the corona space charge were estimated. The calcula
tions were performed for different top radii of the
grounded electrode. The results presented in Fig. 12
show that varying the electrode top radius within the
range r, = 0.1-1 cm (which is typical of the lightning
protection practice) affects the conditions for the exci-
tation of a streamer flash but does not influence the via-
bility of the upward |eader.

The above effect of the electrode top radiusr, onthe
excitation of a streamer flash is quite expectable
because, according to formula (3), the critical current
nearly linearly dependsonr, for spherical electrodes as
long asthe coronathreshold field E,,,, can be considered
constant. However, for small electrode top radii, just
after the excitation of astreamer flash, either condition (1)
for the origin of an upward leader is not met or the
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Fig. 12. Height of the downward leader tip at the instant of
a streamer flash and at the start instant of a viable upward
leader propagating from the top of a 50-m-high lightning
rod vs. top radius. The downward leader with a linear
charge of 0.5 mC/m starts from a height of 3000 m at the
instant when a thundercloud field linearly increasing over
10 shasreached avalue of 20 kV/m. Theradial deviation of
the downward leader is 50 m.
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Fig. 13. Propagation velocity of an upward leader emitted
from the top of a 150-m-high grounded rod under the action
of a 1-ms controlling voltage pulse vs. leader length. The
|eader startsat theinstant when athundercloud field linearly
increasing over 10 s has reached avalue of 20 kV/m.

nascent |eader is not able to penetrate through the layer
of the corona space charge in a still relatively weak
external field. Hence, the sharpening of the electrode
does not increase the efficiency of the lightning rod. In

this respect, it worth noting the results of field experi-
ments [35, 36], which did not reveal any advantage of
lightning rods with a pointed top against those with a
blunt top (on anumber of principal issues, those exper-
iments need amore thorough analysis, which isbeyond
the scope of this study).

Besides a decrease in the top radius, ESE from the
top of a grounded electrode can also be provoked by
applying an additional voltage between the top of the
electrode and its grounded base. There is no doubt in
the efficiency of this method. The only problem is to
determinetherequired value of this controlling voltage.
Attempts to resolve this problem experimentally were
made several decades ago. In recent years, numerical
simulations have been used for this purpose.

The results of numerical simulations presented in
Fig. 13 demonstrate how an upward leader developed
from a 150-m-high grounded el ectrode grows under the
combined action of a thundercloud field that increases
to 20 kV/m over 10 s near the ground surface and the
field produced by applying an additional (controlling)
voltage U,,,,, to the electrode top. The full width at half-
maximum of the additional voltage pulseis1 ms. It was
shown that, for the leader to propagate without bound,
the amplitude U,,, of the additional voltage pulse
should exceed 2 MV, which is much higher than the 20—
30 kV voltage that can be obtained by accumulating
energy from the atmospheric electric field due to the
corona current (as is assumed to happen in ESE light-
ning rods).

To qualitatively estimate the effect of theincreasein
the potential of the lightning electrode top by this quite
amoderate value provided by the internal scheme of an
ESE lightning rod, it is necessary to consider the fol-
lowing circumstances. First, thisvalueislessthan 10%
of the threshold voltage drop AU, = 400 kV required to
enable the leader emission from a grounded electrode.
Second, it is quite easy to increase the voltage drop by
20-30 kV in a natural way. For this purpose, it is
enough to increase the height of the lightning rod by
only 1.0-1.5 m in a thundercloud field of ~20 kV/m.
Finally, to produce an electric field comparable to the
above controlling field due to the effect of an approach-
ing downward |leader, it is quite sufficient that the |eader
pass a relatively short additional distance toward the
ground. Indeed, in the first approximation, the leader
field near the ground, just under the leader tip, can be
estimated as follows:

T
21megHy,'

L:

where Hy;, isthe height to which the leader came down.
The drop between the zero potential of the top of a
grounded lightning rod of height h and the potential
PLASMA PHYSICS REPORTS  Vol. 31
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induced at the position of the top by the charge of the
downward leader is

_T.h
AU = 2megHy,’

For example, if H,;,/h =5, whichistypica for theinitial
stage of lightning attachment, and 1, = 0.5 mC/m, then
we have AU, = 1.8 MV. The controlling voltage pro-
vided by theinternal scheme of an ESE lightningrodis
less than 2% of thisvalue. To increase AU, by 2%, itis
sufficient that the length of the downward leader
increase by approximately the same amount, which is
too small to lead to any significant consequences.

Finally, let us consider the experience acquired in
the use of electric-power transmission lines. The ener-
gized wires of these lines are at a certain potential with
respect to the shield wires, the wires of dc power trans-
mission lines having potentials of opposite polarities.
Nevertheless, no difference in using lightning wires to
protect ground objects and high-voltage power trans-
mission lines (at least, up to voltages of 500 kV) has
been observed. Moreover, no difference has been
observed in the number of lightning strikes to the posi-
tive and negative wires of adc power transmission line,
although about 90% of al downward lightning dis-
charges carry a negative charge.

According to the above, the increase in the potential
of the lightning rod by a few tens of kilovolts cannot
significantly affect its protecting ability. Thus, to date,
there are no experimental dataor theoretical predictions
indicating the increased efficiency of ESE lightning
rods against conventional ones.

3.2. Lightning Protection Systems Based
on Suppressing the Upward-Connecting Leader

Systems of this kind are being actively discussed
now [5, 6]. These are multipoint corona systemswith a
total radius of up to 10 m. The corona needles with a
height of about 10 cm and radiusr,; ~ 1 mm (or less)
uniformly fill a surface that has the shape of an
umbrella. The total number of the needles can be as
high as several thousands. The corona space charge is
assumed to suppress the emission of an upward leader
and thusto prevent lightning strikes to the object above
which the system is placed.

The main objection to employing this method is that
the increase in the number of the corona points dightly
affects the space charge injected into the atmosphere by
a well-developed corona. Indeed, if the atmospheric
electric field greatly exceeds the threshold level E,,
corresponding to corona onset, then a continuous
coronais formed over the surface of the system so that
the corona space charge covers the entire system. As
was noted above, under these conditions, the corona
current depends dlightly on the radius of the corona sur-
face. This is aso true if the surface of the system is
divided into many separate corona sites. Figure 14
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Fig. 14. Time evolution of the corona current through an
isolated rod electrode and from a multipoint corona system
of radius 2 m at the same coronathreshold field E;,.

shows the calculated time evolution of the corona cur-
rent from an isolated hemispherical 2-cm-radius elec-
trode and from a multipoint corona system of radius
2 min athundercloud electric field. The needle dimen-
sions are chosen such that the coronas from these nee-
dles are excited at the same value of the thundercloud
electricfield (about 1.4 kV/m), which increaseslinearly
to 20 kV/m over 10 s. One can seethat, in awell-devel-
oped corona, the corona current through the rod differs
from that through the multipoint system by no more
than 15%.

However, the increase in the injected charge is of
minor importance for the protection ability of a multi-
point corona system. The most important point is that
the corona current is nearly uniformly distributed over
the needles. Therefore, the current flowing through a
needle decreases in proportion to the needle number
N,q; 8s aresult, it does nor reach the critical valuei,,
corresponding to the excitation of a streamer flash. To
illustrate, for a needle radius of r,, = 0.1 cm (which
correspondsto E, . = 75 kV/cmandi . =2 mA) and for
N,q = 5000 (which is quite redlistic), the total corona
current must exceed 10 A for a streamer flash to be
excited at any needletip. To compare, for asingle elec-
trode with atypical radius of 2 cm, thiswould occur at
acoronacurrent aslow as 10 mA.

Figure 15 showsthetotal coronacurrent fromamul-
tipoint corona system as a function of the height of the
downward leader tip for aradial deviation of r =50 m
with respect to the grounded electrode. As before, the
leader is represented by an infinitely thin vertical
charged channel with alinear charge of T, = 0.5 mC/m.
The propagation vel ocity of the leader is assumed to be
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Fig. 15. Tota current from a multipoint corona system of
radius 2 m and height 50 m asafunction of the height of the
downward leader tip. The linear charge of the downward
leader is 0.5 mC/m, and itsradia deviation is 50 m.

2 x 10° m/s. Simulations show that, under these condi-
tions, the current flowing through a single needle can-
not exceed the critical value. For thisto occur, thetip of
the downward leader should more closely approach the
corona electrode. By choosing the size of the corona
system and the number of needles, it is always possible
to keep the current flowing through the corona points

below the critical level i, = 8TIgUr, 4 Ef and thus to

prevent streamer emission. The only exception is the
case of the zero radia deviation of the downward
leader, when itstip isjust above the corona system.

The situation becomes critical when the ionization
condition is satisfied not only at the needles but also at
the surface of the system. In this case, the streamer flash
may be excited at any point on the surface or even at a
point near the surface where the electric field can be
much higher than that on the surface. Such an anoma-
lous disturbance of the electric field is caused by an
intensely accumulated space charge. As was mentioned
above, this charge does not have time to propagate by a
significant distance during the development of a down-
ward lightning leader and is thus accumul ated near the
grounded top. Figure 16 shows the electric field
between the needles on the surface of a multipoint
corona system as a function of the height of the down-
ward leader tip. The simulations were performed for a
hemispherical corona system of radius 2 m placed at a
height of h =50 m. By the start instant of the downward
leader with a linear charge of 1 mC/m (a high-power
lightning discharge), the thundercloud field has
increased to 10 kV/m. For aradial deviation of r = 160 m

Electric field, kV/cm

10 L

100 150 200
Height of the leader tip, m

Fig. 16. Maximum electric field on the surface of a hemi-
spherical multipoint corona system of radius 5 m as afunc-
tion of the height of the downward leader tip.

of the downward leader with respect to the system axis,
the electric field near the surface of the system does not
exceed 22 kV/cm. This means that no streamer flash
accompanied by a subsequent upward |eader can occur
in this case. For r = 80 m (r/h = 1.6), the field near the
surface of the corona system increases to 30 kV/cm as
the downward leader tip comes down to H, = 90 m
(Hy/h = 1.8). Such a situation corresponds to the
approximate equality of the distances from the down-
ward leader tipto the ground (H,)) and to the coronasys-

tem (J/(Ho—h)®+r?). Recall that this equality deter-
mines the lightning attractive radius R,.. Finaly, forr =

30 m, the condition for the emission of an upward
leader is satisfied already at a height of H, = 125 m,

when H, > /(Ho—h)?+r?; this definitely ensures a

lightning strike to the corona system.

Thus, employing a large-radius multipoint corona
system substantially (severalfold) decreases the attrac-
tive height of the leader of downward lightning and,
consequently, the attractive radius R,, as compared to a
conventional lightning rod of the same height. Note that
the number of lightning strikes to a grounded object

decreasesin proportion to R .

All other factors being the same, the calculated
attractive height H, depends strongly not only on the
leader linear charge T but also on its distribution along
the channel. It istheselightning parametersthat are still
poorly investigated. To avoid the uncertainty related to
PLASMA PHYSICS REPORTS  Vol. 31
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Fig. 17. Reduction factor of the lightning strike number for
a 50-m-high object as a function of the radius of a multi-
point corona system.

this, it is reasonable to deal with the ratio between the
attractive radius of a conventional lightning rod (R,)
and that of alarge-radius multipoint coronasystem (R,)
rather than with the absolute value of the lightning
attractive radius. Obviously, both R, and R, should be
determined with allowance for the effect of the corona
space charge as was described in Section 2. Computer
simulations show that the uncertainty in determining
the parameter K, = R,,o/R,, is much lower than in deter-
mining the attractive radius itself. This parameter is
convenient for an analysis because the lightning attrac-
tion areais proportional to Rﬁt ; hence, the quantity Kazt

is, in fact, the factor by which the number of lightning
strikes to an object is reduced when the object is pro-
tected by a multipoint corona system instead of a con-
ventional lightning rod. Figure 17 shows the protection
efficiency of such a system installed at 50-m height as
afunction of the system radius. It can be seen that, for
a system of radius 4-6 m, the number of strikes by
downward lightning discharges can be reduced by one
order of magnitude and more.

The results presented in Fig. 18 give an idea of to
what extent the effective interaction radius R
decreases for sky-scraper objects protected by a multi-
point corona system. For example, setting a multipoint
corona system with a radius of 5 m at the top of the
Ostankino TV tower would decrease R.i; by a factor of
6.4, which correspondsto anearly fortyfold decreasein
the total number of lightning strikes.

Such a high expected efficiency of amultipoint pro-
tection systems deserves further thorough investiga-
tion. The main attention should be paid to the experi-
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Fig. 18. Effective interaction radius Ry as afunction of the

height of an object protected by alightning rod and that pro-
tected by a multipoint corona system of radius 5 m.

mental study of the conditions for the conversion of a
streamerless corona into a streamer one that gives rise
to an upward leader propagating from the top of a
grounded electrode. The analytical estimates used in
this paper have not yet been confirmed even under lab-
oratory conditions.

It should be noted that abbove multipoint corona sys-
tems can in no way be regarded as a panacea that will
resolve the problem of the lightning protection of sky-
scraper objects. Such systems provide only local light-
ning protection. They reduce the number of lightning
strikes onto their own surface and the object compo-
nents directly covered by it. Beyond the protecting
“umbrella,” the protecting effect of a corona charge
decreases very rapidly. Thisdoes not allow oneto useit
to protect large-area objects. Note that, for extended
corona conductors, the effect of a corona space charge
has not yet been studied.

4. CONCLUSIONS

(i) The development of an upward leader from the
top of a grounded abject is determined by the amount
and distribution of the space charge injected into the
atmosphere by a corona discharge in the thundercloud
electric field and the field of a downward lightning
leader.

(if) Theoretical analysis and computer simulations
have shown that the corona discharge in the atmo-
spheric electric field is nongtationary. In contrast to a
steady corona, its current depends not only on the
instantaneous value of the electric field but aso on the
rate of its time variations. This dependence, as well as
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the dependence of the corona current on the ion mobil-
ity, is strongly affected by the geometry of the dis-
charge gap. The current of a well-developed nonsta-
tionary coronadepends only weakly on theradius of the
corona electrode.

(iii) The critical current of a nonstationary corona
above which it cannot occur in a streamerless mode has
been estimated. The formation of a streamer flash from
a grounded electrode can result in the development of
an upward leader if the voltage drop along the streamer
branches exceeds a certain threshold value.

(iv) The corona space charge impedes the propaga
tion of the nascent upward leader inside the ion cloud
formed by the corona discharge. Consequently, any
simulations of the leader propagation from stationary
grounded objects without allowance for a corona dis-
charge areinvalid.

(v) Golde's hypothesis that the attachment of the
leader of downward lightning is affected by an upward
leader developing from a grounded object is valid only
for moderately high objects that are incapable of excit-
ing upward lightning. Generally, the development of an
upward leader from a grounded sky-scraper object only
slightly affects the attachment of downward lightning,
although it is usually the lightning field that is the rea-
son for the leader origin. The nascent upward |eader
propagates toward the thundercloud (in the form of a
separate upward lightning discharge) rather than
toward the leader of downward lightning.

(vi) A numerical model has been developed for esti-
mating the frequency of the lightning strikes to
grounded objects of various heights with allowance for
the effect of the corona space charge. The estimates
obtained agree with the results from observations of
skyscraper-type objects.

(vii) Analytic results and computer simulations
show that ESE lightning rods are unable to provide the
expected manyfold increasein the protecting efficiency.
Thisis because a substantial decrease in the top radius
of the lightning rod, aswell as an additional increasein
the potential of the rod top by a few tens of kilovalts,
does not provoke the early onset of a viable upward
leader.

(viii) Setting a large-radius multipoint corona sys-
tem on the object insignificantly increases both the
corona current and the space charge formed near the
corona top. Nevertheless, the use of such systems can
reduce the frequency of lightning strikes by one order
of magnitude or more. The reason is that the corona
current is nearly uniformly distributed over numerous
corona points; as aresult, the current of any point does
not exceed the critical value corresponding to the origin
of a streamer flash followed by the initiation of an
upward leader. In contrast to conventional lightning
rods, the efficiency of multipoint corona systems does
not decrease when placing them on sky-scraper objects.

(ix) Multipoint corona systems provide only local
lightning protection. They reduce the number of light-

ning strikes onto their own surface and the object com-
ponents directly covered by them. The question of
extending the protection area of such systems il
remains open.
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