
Part 3. Voltage front perturbation effects
Les Renardieres Group

Indexing terms: Arcing, Breakdown and gas discharges, Gas discharges, Load and voltage regulation, Ouervol-
tages

Abstract: Withstand voltage ratings for air insulation are partly based on test data obtained with standard
biexponential impulses. The importance of the time parameters of the test impulse, with the distinction between
lightning (LI) and switching (SI) standard impulses, is well established. The paper (Part 3) describes tests on a
6 m rod-plane gap with stresses which depart substantially from the biexponential voltage-front. Results are
presented of the effect on leader growth, propagating under a switching impulse of critical shape, of a superim-
posed voltage perturbation of either LI or SI shape. For either type of perturbation, the time at which it is
applied is important. The LI perturbation could arrest a young leader or enhance the propagation of a more
mature leader. The electrical and spatial response of the discharges to such fast voltage perturbations is
described. For SI perturbations, the change in the voltage derivative dU/dt, caused by the perturbation, controls
the rate of change of the leader growth, and will provide a useful parameter in the modelling of nonstandard
impulse breakdown. For such modelling, the results also justify the useful simplification that the linear charge
density of 50 ftC/m of a developing leader is unchanged by either LI or SI perturbations.

1 Introduction

The important influence of the time to crest on breakdown
voltage is well known for standard test impulses of double-
exponential shape. Departures from this shape may just as
fundamentally affect the leader and leader-corona growth
in the gap, and may often better represent the surge shapes
which arise in practice. The difficulty of generating such
shapes in the test laboratory at very high voltages has
limited the amount of work on nonstandard voltage fronts.
The present double-impulse test programme offered the
opportunity to extend the available knowledge in this area.
To provide as wide a range of data as possible, the second
impulse was designed to create either a rapid (LI) or slow
(SI) perturbation to an already growing SI discharge. The
impulse combinations used are given in Table 1, which
cites the three types of voltage perturbation which were
applied to the basic 240/9000 (is impulse. After the pertur-
bation at time At, the total voltage applied to the gap is
thus the sum of the instantaneous values of the two
applied voltage magnitudes.

Table
Basic in

Crest U
kV

1: Impulse combinations
lpulse

+ Shape
(IS

+ 1530 240/9000
+ 1455 240/9000
+ 1668 to 2162 240/9000

Voltage perturbation

Crest U-
kV

-800 to -1100
-470 to -1200
+490

Shape
(IS

2/30
100/1500
100/1500

At
(JS

30 to 180
60, 120
60, 120

Section 2 will describe the results obtained with LI per-
turbation, and Section 3 those with the SI perturbation.

In the test programme, the electrical and optical mea-
surements were particularly designed to analyse the effect
of voltage perturbation on the leader propagation phase.
The spectroscopic investigation was also included in this
programme, as it was possible in this case to synchronise
the leader reillumination with the spectral-analysis time-
resolving equipment (Section 2).
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2 Lightning impulse perturbations

2.1 Breakdown voltage and time-lag characteristics
In Fig. 1 the variation of the breakdown probability with
the delay At is represented; the positive voltage is at the
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Fig. 1 Probability PB of breakdown
Dependence on LI perturbation delay At
x 2/30 pis, -800 kV
O 100/1500/«, -800 kV
• 2/30 /a, -HOOkV

constant level U50 = 1530 kV and the negative voltage is
at L/" = -800 kV, or -1100 kV. For delays ranging from
0 to 90 us the breakdown probability decreases from 50%
down to 0%. Correspondingly, the average breakdown
times (Fig. 2) do not vary appreciably before they become
unmeasurable for At = 90 //s. At At = 90 ^s, even if the
negative voltage is raised above —1100 kV the breakdown
probability remains zero.

For delays above 90 /is the breakdown probability
300
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Fig. 2 Time to breakdown
Dependence on LI perturbation delay Ar

200

438 IEE PROCEEDINGS, Vol. 133, Pt. A, No. 7, OCTOBER 1986



IEE PROCEEDINGS,  Vol. 133, P t .  A, No. 7, O C T O B E R  1986 



increases gradually again from 0 to 100%. The average
breakdown times are in this case smaller than those for the
original unperturbed gap; they increase slightly with At,
and tend asymptotically to the original value. Three At
regions may therefore be defined on the basis of the break-
down probability data:

(i) unperturbed region: At < 60 fis
(ii) choking region: At a: 90 fis
(iii) acceleration region: At > 120 us
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2.2 Transient records
The three regions referred to in Section 2.1 are clearly seen
in Fig. 3. This gives synchronised examples of image-
convertor photographs, charge, current and positive and
negative applied voltages. In the case At = 30 /zs, the
current and charge pulses which are associated with the
voltage perturbation are not always accompanied by a
change in the leader propagation, which remains contin-
uous until the final-jump stage. The choking region associ-
ated with At = 90 fis is shown in Fig. 3b. When the voltage
perturbation is applied, a large leader corona (i.e. from the
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leader tip) and channel reillumination occurs, and the
leader propagation stops. The reason for the choking effect
is seen in the current and charge records, which show a
large injection of space charge in the corona region, fol-
lowing which the current extinguishes. Fig. 3c is an
example of the acceleration stage when the voltage pertur-
bation is applied at At = 150 /is. In this case, the leader is
so well developed that the large leader corona extends to
the plane electrode. The final jump is launched and break-

£ 0.4

50 150100
c time,(js

Fig. 4 Electric field behaviour for LI voltage perturbation
(a) At = 30 /*s; (b) At = 90 JIS; (c) At = 150 fis
Row 1: Field, measured at probe L, EL
Row 2: Geometric field GL
Row 3: Space-charge field XL
Row 4: Field/charge ratio XL/Q

down follows; closure of the shutter prevents fogging of
the film. The charges Qlt AQ2 and Q2 as defined in this
Figure are used for quantitative analysis.

The electric field strength at the plane electrode was
also recorded for the three regimes, and examples are given
in Fig. 4. The records (a), (b) and (c) for At = 30 fis, 90 us
and 150 ^s, respectively, consist in rows 1 to 3, of the mea-
sured total electric field EL at the central probe L (see Part
1), and the geometrical and space-charge fields at this
probe. The record of XL is obtained by digital subtraction
from EL of the geometrical field GL at probe L created, in
turn, by the two voltage impulses. The measured field
changes A£ + and A£ — are also defined in this Figure. At
At = 30 //s, the space-charge field XL shows a step
increased followed by a further gradual rise associated
with the continued leader propagation. At At = 90 /is, in
contrast, no further rise occurs after the rapid stoppage of
the leader. At At = 150 us, the step in XL is followed by a
field decrease. This is the result of charge neutralisation by
interaction of the leader corona with the plane before the
final jump phase. For all At, the ratio XL/Q (row 4) is an
indication of the proximity of the space charge to the
plane.

Further information on current and total light output
for At = 90 (is is given in Fig. 5. As described in Part 1,
these represent the average values for 518 impulses applied
during the spectroscopic studies. The optical record,
obtained by the broadband photomultiplier/slit arrange-
ment, shows a shape which resembles the current shape,
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with the notable exception of an initial large spike follow-
ing a rise time of about 200 ns.

be reduced, suggesting that a charge neutralisation process
occurs.
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Fig. 5 Fast time resolution records of LI perturbation effects
a Current /
b Total light output LT
c Image convenor photograph

Also shown in Fig. 5 is an image-convertor record of
high time resolution, which shows the result of the voltage
perturbations on the leader channel and leader corona.
The reillumination of the leader has a sharp front edge
corresponding to the peak of the light emission. The
corona streamer growth is also time-resolved sufficiently to
indicate the propagation velocity of the order of 1 m//is.
The brighter region between the leader and its corona
shows a brief phase of increased velocity of the leader tip
caused by the voltage perturbation before its arrest.

This evidence thus indicates a two-stage process in the
response of the discharge to the voltage perturbation. In
the first stage, the low-current/high-light-output transient
is representative of a voltage front propagation along the
leader channel which results in an increase of the tip
potential. The second stage ensues from the resulting
leader corona: this acts as a current generator, and the
light output and current then show a proportional
relationship.

For slightly longer At of 120 fxs and 150 fis, the choking
effect of the perturbation is weakened and breakdown
probability increases. Nevertheless, at At = 120 [is, Fig. 6
shows a leader-corona enhancement which is so vigorous
that it traverses the 6 m gap. In normal circumstances this
would inevitably result in breakdown of the gap, but here
the space-charge effect is sufficiently large so as to prevent
further leader growth and the onset of the final jump. The
interaction of the leader corona with the plane electrode is
shown to cause the electric field recorded at the plane to
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Fig. 6 Corona perturbation
Traversal of gap, current choking and space-charge field reduction
a Image convertor record
b Current /
c Space-charge field XL

2.3 Leader track analysis
A 3-dimensional analysis of the leader track on the basis of
the digitisation of orthogonal static photographs has been
carried out. This enables the spatial characteristics of the
spark growth to be compared with the electrical transients.
Fig. 7 gives an example of this work. Fig. la shows the
track as seen from the static cameras. The track co-
ordinates are recomputed so as to give the track profile as
it would have been seen from the image-convertor posi-
tion, in the absence of a streak sweep in the image conver-
tor (Fig. 7b). It is then possible from the two tracks in Fig.
1b, for example, to reconstruct a framing sequence for the
leader channel growth as in Fig. 7c. Thus the knowledge of
the real 3-dimensional leader length and the true time-
displacement of the image-convertor record can then be
combined to give the real velocity of leader propagation.
Fig. 7/and g give the real leader velocity and length for an
example of the case At = 30 iis, together with the accom-
panying current and charge records. In this case, a small
elongation of the real leader length can be seen following
the voltage perturbation, and that the real velocity peak is
an order of magnitude greater than the continuous propa-
gation velocity.

2.4 Strioscopic measurements
The experimental technique of slit-aperture strioscopy with
image-convertor axial-streak photography enables the
effect of the voltage perturbation on the leader channel
cross-section to be examined quantitatively by microdensi-
tometer. Fig. 8 gives examples of such records and their
analysis. The three regimes of At are again represented. In
Fig. 8a at At = 60 fis the progressive leader expansion with
time is clearly seen. Two shock waves are associated with
this expansion. The first was generated near the leader tip
shortly after inception. The second occurred following the
voltage perturbation. A rapid expansion of the leader
channel then took place which increased the area from
about 4 to 6 mm2. Fig. Sb shows a similar behaviour at
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At = 90 /is. The existence of a second leader channel can
also be seen here, below the expanding leader. No expan-
sion occurs in this second channel, which indicates that no
conduction is taking place. Fig. 8c, at At = 150 /is, shows a
number of discontinuities. At about 130 fis, before the
application of the voltage perturbation, a 'natural' restrike
has occurred, accompanied by a shock wave and channel
expansion. The resemblance between this effect and that
which occurs following the controlled perturbation at
At = 150 ps indicates that the 'natural' restrike may be a
consequence of channel or leader-corona instability. Full
breakdown occurred at about 180 us. The photograph
shows the strong shock wave and channel expansion
which is a consequence of the large current peak.

2.5 Spectroscopic measurements
The spectroscopic characteristics of the leader channel,
during the voltage perturbation at At = 90 /is, have been
studied. The use of a slit to isolate the light from a small
segment of the leader at 80 mm from the anode has
enabled these characteristics to be time resolved. Fig. 9
shows such a record of the effect of the perturbation. The
transient of Fig. 9a is the temporal resolution of the light
output at a wavelength 337 nm. This may be directly com-
pared here with the form of the total light ouput from the
same section of the leader channel, which is shown in Fig.
9b. This clearly shows that the first peak of this total light
is associated with a smaller spectral range than the remain-
der of the total-light transient. This has therefore been

A photo B photo projection on IC streak
0 IC plane

spark (rock reconstruction

50 100
time.ps

200

Fig. 7 Leader track analysis (At = 30 /is)
a Reconstruction of orthogonal tracks
b Projected track and streak
c Computed framing sequence; time steps 10 /is
d Current /
e Charge Q
/Leader real velocity D
g Leader real length L
Time to breakdown TB = 240 its
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divided into two time regimes I (voltage front propagation)
and II (corona and leader extension) for further study. Fig.
10 illustrates the full spectral range which has been record-
ed, respectively, during these two time regimes. In regime I
the second positive system of N2 is emitted strongly. Emis-
sion of the ionic spectrum of N + is also found. The atomic
spectra of neutral N and O are almost absent. By contrast,
in regime II, the N2 second positive system is significantly
weaker, probably because of molecular dissociation due to
the temperature increase. This is confirmed by the appear-
ance of the principal lines of atomic N and O and of Ha.

2.6 Charge and field characteristics
More than seventy impulses for the At range 30-150 /is
were analysed to quantify the charge injection character-
istics, and these results are illustrated in Fig. 11. The
charge Q1 is the average value of the total charge flow
accompanying the positive discharge development up to
the instant At. The increase in Qt with At is consistent
with an average discharge current during the leader phase
of about 0.8 A, with a slight fall in leader current after
100 /is. This may be associated with the falling slope of the
applied voltage.

When the voltage perturbation is applied, a sudden
charge injection AQ2 occurs. The amplitude of the average
value of AQ2 increases continuously with At. This behav-
iour arises because of the more vigorous leader corona
occurring from the more extensive leader growth.

Even for a well developed leader, the amplitude of the
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Fig. 9 Time-resolved light output resulting from LI voltage perturbation

a Monochromatic light output at X = 337 nm (LC, arbitrary units)
b Total light output (LT, arbitrary units)
Origin At = 90 ^s
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Fig. 10 Discharge spectra at LI perturbation
a Regime I: initial light peak b Regime II: subsequent emission
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Fig. 11 Charge injection characteristics
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step AQ2 is more than 50% of the charge QY previously
injected. These data are for a negative voltage perturbation
of -800 kV. Additional results for -1100 kV and for
At = 90 {is did not show a significant increase of AQ2. The
upper curve shows the average value of the total charge
injected after the voltage perturbation including AQ2. In
the case of breakdowns, they represent the charge flow up
to the onset of the final jump. For withstand, it is a
measure of the final charge value less Qv The large
decrease in the value of Q2 from the unperturbed region
At = 30 fis to the choking region At = 90 us is the result of
the effect of AQ2, in the leader corona, on the leader pro-
pagation. For longer At, Q2 is little greater than AQ2. This
is because after the perturbation the discharge is either
effectively stopped or proceeds rapidly to the final jump.

The step injection of charge AQ2 arising from the
voltage perturbation causes a corresponding increase of
the space-charge fields at the plane. Fig. 12 represents the
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average value of this step increase in the field AX_ at two
locations on the plane, the axial probe L and the off-axis
probe H at a radial distance of 1 m, as a function of At.

1.0
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0.4

H

100
At.(js
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Fig. 12 Space-charge field change caused by LI voltage perturbation at
probes L and Hfor V_ = 800 kV

The greater magnitude of AXL _ with respect to AXH _ is
a consequence of the symmetrising effect of the averaging
process, so that the Figure typifies an axial discharge
growth. The field changes AX_ are approximately linear
with At. Thus the saturating characteristic of AQ2 with At
is compensated by the closer approach with At of the
leader-corona space charge to the plane.

The space-charge field change AXL_ arising from the
perturbation is shown in Fig. 13 as a function of both the
space-charge field AXL+ (existing immediately prior to the
perturbation) and the associated charge step AQ2 follow-
ing the perturbation. Fig. 13a shows that the ratio
AXL-/AXL+ is about unity, i.e. the space charge field is
approximately doubled by the perturbation. This occurs
despite AQ2 being little more than one half of Qu because
the space charge causing AQ2 is largely associated with the
leader corona. The values of AXL_ and AQ2 for individual
discharges are given in Fig. 13b.

The total charge flow Q(t) is accompanied by changes in
the leader cross-section, as already noted in the strioscopic
photographs. This relationship between the leader cross-
sectional area S(t) and the charge Q(t) is shown in Fig. 14.
In the perturbation region (broken curve) the charge input
increases much more rapidly with respect to S(i) than in
the equilibrium regions on either side. This large power
input causes an overpressure within the channel and
shock-wave generation as observed in the photographs. It
can also be seen in Fig. 14, that, in the case of withstand,
the channel cross-section continues to increase after the
cessation of charge flow; this is a manifestation of the
relaxation processes and thermal diffusion which exist
within the leader channel.

2.7 Discharge extension
Fig. 15a shows the nature of the spatial extension of the
leader and leader-corona system when the voltage pertur-

bation is applied. This sketch illustrates the continuous
growth of the positive leader to an axial length Zl 5 with
associated corona length Sl5 at the time of perturbation.
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Fig. 13 Space-charge field change AATL_ by LI voltage perturbation
a AXL_: dependence on &XL +
b AXL_: dependence on &Q2
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Fig. 14 Correlation of leader cross-sectional area S(f) and charge flow
Q(t)

Following the perturbation at At, the leader and its leader
corona are suddenly extended to lengths Z2 and S2,
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respectively. The leader growth may then continue either
to a final length of Z3 at time t3 for the case of withstand,
or may continue to the final-jump phase.

tSF TB

SO 100
t,|js

b

50 100
At ,MS

150

Fig. 15 Effect of LI voltage perturbation on discharge leader and leader
corona spatial extension

a Definitions
b Axial leader lengths at At and t3
c Overall discharge lengths immediately before and after the perturbation at At

The brightness of the discharge perturbation process
prevented reliable measurement of Z2 for a sufficient sta-
tistical study. However, Fig. 155 gives data for Zt and Z 3 .
For At = 0, Z3 is the average axial leader length at with-
stand. The increase of Zv with At is a measure of normal
positive leader growth at an axial velocity of about
1 cm//js (compared with the average real velocity of about
1.5 cm//xs). The limiting length Z3 exhibits a strong
minimum because of the choking effect discussed earlier.
Although Z2 cannot be reliably measured, the total dis-
charge length Z2 + S2 following perturbation is more
easily found. Fig. 15c shows both Z t + St and Z2 + S2,
from which the overall discharge extension of up to 2 m
caused by the perturbation is seen.
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The probability of breakdown can be shown to depend
on the value of Z1 at the instant of voltage perturbation.
Despite the small sample, this is clear from Fig. 16,

Fig. 16 Histogram of leader length at time of LI voltage perturbation

Breakdown events shaded

where histograms of Zx are shown for the case of I/" =
-800 kV, and At varying from 30 fxs to 180 (is. The
leaders which resulted in breakdown of the gap are
shaded. This illustrates all three regimes of behaviour; for
At = 30 us the breakdown probability is approximately
50%, and the cases of breakdown occur uniformly for all
Zx. At At = 90 fis, the choking effect prevents breakdown
for all Zj. For longer At, the breakdown probability
increases for large Zu whereas leaders of shorter Z1 may
still be choked.

Fig. 17 quantifies the discharge extension associated
with individual discharges. Fig. 17a shows Z2 + S2 as a
function of Z1; with At as a parameter. For At = 90 /is the
effect of U~ on this relationship is given in Fig. lib, from
which it may be seen that the voltage increment which is
necessary to cause a one metre extension of the discharge
is approximately 400 kV. This value of 4 kV/cm is close to
the generally accepted gradient associated with positive
streamers.

The discharge current measurements and the leader-
track analysis have been combined to give the relation-
ships of Fig. 18. This shows five curves for voltage
perturbations of different At values. The relationship
between the instantaneous charge value Q(t) and the real
leader length L(t) remains almost unchanged for all these
cases. The current and velocity increases observed in the
leader growth as a result of perturbation are thus linearly
interrelated, and the nature of the channel appears
unchanged as far as the charge flow per unit length is con-
cerned. It should be noted that, because two leader chan-
nels were often present, the value of L(t) in Fig. 18

IEE PROCEEDINGS, Vol. 133, Pt. A, No. 7, OCTOBER 1986



represents the sum of the two leader lengths; thus the slope
of about 50 jiC/m is the actual charge per unit length on
each channel.
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Fig. 17 Discharge extension: influence of At and {/_
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Fig. 18 LI perturbations: correlation between electrical and spatial
measurements
At = 30-150 /is
Charge Q; real leader length L: current /; real leader velocity v

3 SI perturbations

3.1 Introduction
It has been seen that sudden perturbations of the LI type
on the voltage front caused rapid electrical and spatial
changes. Perturbations of the SI type may be expected to
cause less discontinuous behaviour, but to have effects
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related to an increased slope of the voltage front and to an
overvoltage of the gap.

The positive impulse was constant at 1455 kV (240/9000
/is) which corresponded to the U50-a level (a = 75 kV).
The negative switching impulse perturbation (100/1500 us)
had a crest value between -470 kV and -1200 kV. Two
delay times, 60 fis and 120 us, were used. The breakdown
probability was 100% for all {/_ > -500kV.

3.2 Time-lag data
Fig. 19 shows the time to breakdown TB as a function of
V _ for both At values. For a perturbation of -470 kV, %

200

60 ps

ir,kv
Fig. 19 Time to breakdown dependence on SI perturbation amplitude
U~ and delay At

is reduced below the basic positive impulse value, but is
not significantly dependent on At. For larger pertur-
bations, TB is significantly shorter at At = 60 /is, even
though the total prospective crest potential difference is
nearly the same. The acceleration of the discharge process
by the change of slope of the voltage front is thus more
effective at this earlier stage.

3.3 Transient response of discharge to SI
perturbation

As suggested by the TB data, the response of the discharge
to this perturbation can be strongly dependent on At. Fig.
20 gives for both At values an example of image-convertor
streak photographs, charge, current and positive and nega-
tive applied voltages. At At = 60 ^s, the voltage pertur-
bation occurs at a fairly early stage of leader growth. The
leader channel is not significantly reilluminated, and the
leader corona is little changed. Nevertheless, a small
current spike accompanies the perturbation, and the leader
current and velocity are somewhat larger than before the
perturbation. This acceleration of the leader at an early
stage is the cause of the strong reduction of TB. At
At = 120 us, the perturbation is superimposed on a much
more fully developed leader. Some reillumination of the
leader and a stronger change in the leader corona is found.
The current spike following At is also larger here. The sub-
sequent leader current, which had begun to decrease before
At, is now 2 to 4 times greater and the leader velocity is
increased. The final-jump phase follows within 20 to 50 fis;
the total 7^, however, is as long as with At = 60 /is despite
the higher perturbation U~ in this example.

Fig. 21 shows the electric field changes at the central
field probe L for the same two discharges as in Fig. 20.
The total, geometric and space-charge fields, EL, GL and
XL are displayed, together with the field/charge ratio
XL/Q. The field changes occurring at At = 120 us are
greater, and the change of slope of the XL transient is very
marked. The increase in value of the XL/Q ratio after At
reflects the closer approach of the space charges to the
plane as a result of perturbation.



Fig. 20 Test records of SI voltage perturbation
(a)A( = 60 ps; (b) At = 120/is
Row 1: Image converter photographs Row 2: Charge g Row 3: Current / Row 4: Positive voltage U* Row 5: Negative perturbation voltage U'

3.4 Leader track analysis
Detailed examination by digital reconstruction was again
carried out in these experiments, as described for the LI
perturbation tests in Section 2.3, Fig. 7. This confirms that
the SI perturbation does not fundamentally change the
charge/real-length and current/real-velocity relationships
of the leader (Fig. 22). The scatter in the QjL plots (slope
50 ^C/m) are the result of nonvisible second leaders for
breakdown events. This does not affect the I/v character-
istic.

The acceleration of the leader real velocity following the
perturbation was measured from high time-resolution
image-convertor photographs. This velocity is shown in
Fig. 23 to be an approximately linear function of the rate
of change of the voltage difference (t/+ + U~) across the
gap. The two velocity populations y, and v2, existing
immediately before and immediately after the pertur-
bations, are commonly related to the change of voltage
slope at At. The two velocities vt and v2 are not, however,
correlated with each other.

3.5 Temporal characteristics
The average variation of the charge behaviour with time,
for the different values of the crest of the SI perturbation,
is shown in Fig. 24 for both At. The perturbation in charge

is consistent with the sample records given earlier. The
similarity between these curves and the voltage-difference
shapes again may be taken to reflect the dependence of
leader propagation and current on the derivative of the
voltage.

The average value of the leader length as a function of
time is given in Fig. 25. The extension of the leader shows
the effect of the crest value of the SI perturbation, but this
is less marked than the effect on charge flow.

The space-charge field at the plane electrode shows
large changes, indicating a greater influence of the charge
flow than the leader extension. The data in Fig. 26 shows
the temporal variation before and after the SI perturbation
of X(t), which is the average value of the mean space-
charge field measured at the three field probes L, K and H.

3.6 Partial chopping
In nonstandard surge shapes, regions of negative voltage
slope dU/dt frequently occur. It is therefore useful to
observe leader behaviour for reductions in the applied
voltage. A brief study of these effects was included in these
tests. The basic impulse shape to the rod electrode (240/
9000 ^s) was of a crest between 1668-2162 kV (C/50 + a to
U50 + 6a). The partial chopping was effected by the appli-
cation to the plane electrode of a +490 kV (100/1500 /is)
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impulse at a At of 60 [is or 120 ^s. No breakdowns were
found even at U50 + 6o\ Fig. 27 gives image convertor and

E 0.6

a further 50% after partial chopping. For At = 120 us, no
further charge flow occurred.

50 100 150
timers

Fig. 21 Electric field behaviour for SI voltage perturbation
(a)Ar = 60jis;(fc)A<= 120 ̂ s
Row 1: Field, measured at probe, L, EL
Row 2: Geometric field GL
Row 3: Space-charge field XL
Row 4: Field/charge ratio XL/Q

electrical transient records for partial chopping at the two
At values. For At = 60 fis, a significant further leader
growth can occur, and the current flow is sometimes found
to continue for up to 100 /is.

However it is at a reduced level, and contains peaks
associated with weak reilluminations in the leader. The
increase of charge and space-charge field is also slowed
down. At At = 120 /is the partial chopping is especially
effective in arresting leader development. A complete stop-
page of growth occurs, even for U+ = 2162 kV. No leader
reilluminations or further charge or field increases occur.

The average charge flow characteristics are given in Fig.
28. The continuing charge flow after At = 60 //s at
U+ = 1668 kV is quantitatively shown here to amount to

20 40 60 80 100
v,km/s
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Fig. 22 Leader track analysis for SI perturbation
At = 60 JIS and 120 ^s
Current /; real leader velocity v; charge Q; real leader length L
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Fig. 23 Leader velocity before and after SI perturbation correlation
with rate of change of voltage
uL = real leader velocity just before At
i>2 = real leader velocity just after Ar
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4 Conclusion

Voltage perturbations of LI and SI shapes have been
found to affect the discharge development in different

250
-100OkV

50 150100
b time ,ps

Fig. 24 Temporal characteristics of charge: average values
a At = 60 ps; b At = 120 /is
Labels indicate crest voltage of SI perturbation

ways, as the leader and leader-corona phases of the dis-
charge were both influenced by the slope of the applied
voltage.

For perturbations applied to a basic positive impulse of
the critical time to crest, which was the case in these tests,
the time of application At of the perturbation voltage on
the basic impulse front was also an important parameter.

4.1 LI perturbations
(a) If the voltage perturbation was applied at an early

stage of leader development, namely up to an axial length
of about 0.5 m in the 6 m gap, the probability of break-
down was almost unchanged. On this basis, this can be
defined as the unperturbed region, although minor tran-
sient changes could be seen in the discharge structure. This
region corresponds to a perturbation delay At of up to
about 60 fis.

(b) When the LI perturbation was applied at a time
around 90 ^s, at which time the average axial leader length
was 1 m or more, the discharge was arrested so effectively
that even a 30% increase in the perturbation voltage failed
to cause breakdown. The cause of this choking effect was a
large transient ionisation growth in the leader and leader-
corona system. In the leader itself, the equilibrium condi-
tion supporting stable propagation is disturbed. For the
leader corona, a strong retarding space-charge field is
created, and the large corona extension into low-field
regions is itself unstable following the perturbation.

(c) In the choking region, the space-charge flow caused
a large increase in the space-charge field at the plane, and
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Fig. 25 Temporal characteristics of leader real length: average values
Labels indicate crest voltage of SI perturbation
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time, ps

Fig. 26 Temporal characteristics of space-charge field in central region
of plane: average values

Labels indicate crest voltage of SI perturbation

the streamers of the leader corona were sometimes
observed to traverse the gap. This interaction with the
plane would normally have initiated the final-jump phase,
and breakdown would have been inevitable. But the effects
causing discharge arrest remain dominant.

(d) The image-convertor, current and photomultiplier
measurements showed that the leader and corona system
perturbation occurred in two stages. A fast transient illu-
mination of the leader, with little charge flow, was an indi-
cation of the voltage front propagation which is necessary
to increase the leader tip potential. The large corona which
then followed this potential increase was responsible for
the charge injection by the perturbation.

(e) A quantitative comparison of the discharge extension
with the voltage perturbation indicates that the increased
voltage gradient in the gap may be concentrated mainly as
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an electric field of about 4 kV/cm within the extended
leader-corona streamers.

observed in these tests, and the time to breakdown TB was
decreased.

50 100
1ime,(js

Fig. 27 Test records of partial chopping by SI voltage perturbation

(a) A< = 60 ps; (i) Ar = 120 fis
R 1 I rtor photographs Row 3: Charge Q

Row 4: Positive voltage U*

(a) A< 60 ps; (i)
Row 1: Image conv
Row 2: Current /

Row 5: Negative voltage U
Row 6: Space-charge field XL

if) The application of the perturbation causes an over-
pressure to be developed within the channel. This results in
a shock wave from the boundary of the leader channel at
the instant At. The cause of this overpressure is the large
current increase, accompanied by a rapid elevation of tem-
perature. Additional evidence is provided by the spectro-
scopic observations: a large increase in number density is
caused by molecular dissociation within the leader as well
as the temperature rise. This overpressure relaxes rapidly
to a subsonic expansion.

(g) A 3-dimensional analysis of the leader growth has
enabled the response of the real leader velocity to be mea-
sured. This enables the important charge per metre charac-
teristic of the leader to be found. This appears to remain
approximately constant at the value of 50 fiC/m, which is
typical of normal positive leader growth. This constancy is
important for modelling of the perturbed discharge.

4.2 SI perturbations
(a) Because of the long-duration overvoltage caused by

an additive SI perturbation, breakdown was nearly always

(b) The earlier the time At of application of the pertur-
bation, the greater the reduction of TB, because of the
earlier acceleration of the leader.

1970kV .
120 MS

50 150100
time, |js

Fig. 28 Partial chopping: temporal characteristics of charge flow:

average values

Labels indicate crest voltage of basic positive impulse and time At of partial chop-
ping
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(c) The effects observed on the discharge growth depen-
ded not only on the time of the perturbation, but also
on the change of voltage slope caused by its application.

(d) Time-resolved photographs showed little change in
leader-corona structure for SI perturbations.

(e) Real leader length measurements again showed that
the charge per metre characteristic value of 50 /xC/m was
unchanged.

(/) The increase observed to occur in leader current and
real velocity were shown, following a transient condition at
At, to be proportional to the voltage derivative dU/dt of
the total gap voltage (basic impulse and perturbation).
This property may again form a useful parameter for mod-
elling of nonstandard impulse breakdown.

(g) The effect of a reduction of dU/dt by partial chop-
ping with an opposing SI perturbation has been shown to
depend on At. The arrest of the discharge is more effective
for longer At and thus longer leader lengths. In this case,
withstands resulted even for large overvoltages, because of
the difficulty of re-establishing stable propagation condi-
tions with the leader-streamer system after this type of per-
turbation.
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6 Appendixes

6.1 Spectroscopic analysis of the leader reillumination

S. BADALONI, I. GALLIMBERTI, AND G. HARTMANN

6.1.1 Introduction: Spectroscopic measurements are often
used in gas discharge studies as a diagnostic technique to
obtain information on the internal conditions of the
plasma channels: from the relative intensities of different
bands and lines the temperature of electrons and gas mol-
ecules can be estimated.

In previous experiments of the Les Renardieres Group,
spectroscopic results of the different discharge phases,
under positive switching surges, have been collected. In
1972 the spectrum of the leader corona and of the leader
channel were obtained in the range 220-780 nm, by using
two monochromators scanning the spectrum during a long
sequence of shots [1]. However, while the leader corona
spectrum was obtained with good sensitivity and reliabil-
ity, the leader channel spectrum was not equally satisfac-
tory, due to the weak emission. Quantitative
measurements were possible only during the channel
restrikes, which appeared at random times with random
intensities.

In 1975, the leader channel spectrum was obtained with
a spectrograph and time-resolved with an image convertor
camera [2]. Again, owing to the relatively weak emission,
the spectra were reliable only during the final jump and
the transition to the arc. For the present test period, the
spectroscopic measuring apparatus (one monochromator
with two photomultipliers for total and monochromatic
lights; see Section 2, Part 1) was specially designed for the
best reliability of the results. It has been applied to study
the leader emission during reilluminations caused by the
voltage perturbations (At = 90 /is), to obtain the maximum
light intensity and the minimum scatter from shot to shot.

In Section 2.5 some of the spectroscopic results
obtained have been presented. The most intense lines and
bands that have been observed belong to the molecular
and atomic systems of nitrogen and oxygen; also lines of
ionised atomic hydrogen are present. It has also been seen
that the spectrum is changing with time, and two time
windows have been defined for light integration and quan-
titative comparison (Fig. 9). They correspond essentially to
the propagation of a potential wave and to the injection of
the corona current into the leader channel.

In this paper some more details are reported on the
time sequence of the observed phenomena; then a more
analytic identification of bands and lines is proposed and a
comparative discussion of the actual and previous results
is presented.

Some specific spectral components have been selected
and their time evolution has been studied to obtain infor-
mation on the leader internal conditions and their changes
during the reillumination period.

6.1.2 Leader reillumination statistical scatter: As the
time-resolved spectrum was obtained by scanning the
whole wavelength range in a series of about 600 consecu-
tive shots, its reliability depends on signal synchronisation
and discharge reproducibility. All statistical effects related
to the experiments' execution have therefore been carefully
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analysed. The delay Atr between the trigger pulse that fires
the negative voltage generator and the recording digitisers,
and the steep front of the total light signal has been sys-
tematically measured. Fig. 29 reports the relative positions

Fig. 29 Statistics of leader reillumination inception: perturbation
voltage U _ , total light intensity LT, and histogram of inception time lags

of the average voltage perturbation and the average total
light pulse, together with the statistical distribution of
Arr. This distribution is very narrow (standard deviation
ffA«r = 80 ns) its scatter range 2aMr compares very well with
the measured jitter in the firing of the voltage generator
(170 ns). It can therefore be assumed that the statistical
fluctuations in Atr are better associated with the start of
the voltage perturbation than with the inception of the
reillumination processes. The latter occurs at a repro-

ducible level on the voltage front; and the signal synchro-
nisation errors are negligible.

The measured charge Qt that has flowed into the leader
channel up to the time of reillumination inception (tr = At
+ Atr) presents a coefficient of variation smaller than 3%,

which indicates that the conditions within the leader
channel just before the reillumination are highly repro-
ducible. Also the peak current I2 and the total charge Ag2
during the reillumination have a small scatter (less than
8%), which ensures that the reillumination characteristics
do not vary significantly from shot to shot. The obtained
time-resolved spectra can be therefore assumed to be reli-
able and not affected by random fluctuations or jitter in
signal synchronisation.

6.1.3 Identification of the spectral components: Each of
the signals of monochromatic or total light has been pro-
cessed automatically by computer: first the random noise
has been digitally filtered, and the systematic noise, due to
generator firing, measured by averaging the 'dark signal',
has been subtracted; then the monochromatic intensity
has been normalised on the total light signal; and finally
the relative intensity has been integrated over the two sel-
ected time windows (see Fig. 9). The two spectra obtained
with this procedure are reported in Fig. 30 (i and ii); for
comparison the spectra of a leader discharge gliding on an
insulating surface [3] are reported (a and b). In the first
row (a) the spectrum of the surface leader head (corona to
leader transition) is presented. It is essentially composed of
the molecular emission of nitrogen: the second positive
system (2s + ), and a weak emission of the first positive
system (ls+) together with some bands of the high-energy
singlet state transitions and of the N^ first negative
system. It appears very similar to the streamer spectra
measured in atmospheric air in both short and long gaps
[4-6].
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Fig. 30 Spectra of leader reillumination
(i) during the wave of potential gradient
(ii) during the leader corona charge injection

(a) spectrum emitted by the head of a surface gliding leader [3]
(b) spectrum emitted by the body of a surface gliding leader [3]
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In the fourth row (b) the spectrum of the surface leader
body is presented: it is composed of a continuum back-
ground with most of the more intense lines of the disso-
ciated atoms of nitrogen, oxygen and hydrogen; also the
ionised atoms N + and O + give some contribution to the
spectrum.

These two spectra have been reported here because they
represent the extreme cases of the leader channel plasma.
In the transition region the gas is still in molecular form
and the plasma is very far from local thermodynamic equi-
librium (LTE), with a gas temperature Tg ranging from
300 K to 1500 K and an electron temperature Te around
50000 K. However, in the body of the channel the gas is
fully dissociated and the plasma has reached LTE condi-
tions, with Tg =s Te of the order of 20000 K [3].

The spectra of the leader channel during the reillumina-
tions present intermediate characteristics between these
two extreme cases.

In phase (i), the N2 second positive system can be
clearly identified, with a relatively high intensity. The N2
first positive system is also present with an intensity which
is higher than in case (a). Some lines of dissociated oxygen
can be observed while the atomic lines of nitrogen are
practically absent, whereas some bright lines of ionised
atoms N + and O + can be observed.

This indicates that in phase (i) the gas temperature is
higher than in the head of the gliding leader: the O2 mol-
ecules are partly dissociated, but the gas temperature is not
high enough for dissociation of N 2 , which needs a higher
energy than O2 (9.75 and 5.08 eV, respectively). The N2
molecules are partly excited in the metastable A3Lu+ state
and in the long-life vibrational states, which favours the
population of the B3Ug state and the emission of the first
positive system; the electron temperature should be rela-
tively high, but smaller than in the gliding leader head
because the N^ first negative bands and the transitions
between the high energy N2 singlet states are not observed.

In phase (ii) the N2 second positive system appears
much weaker than in phase (i); the N2 first positive system
has almost disappeared, while many atomic lines of
oxygen, nitrogen and hydrogen appear with a relatively
high intensity; the spectrum portion in the range 500-
800 nm is very similar to that observed in the body of the
gliding leader (except for the intensity of the Ha line, which
comes from the dissociation of the plexiglass molecules in
the case of the surface discharge). This indicates a rise in
gas temperature with respect to phase (i), which causes an
increase in N2 and O2 dissociation, and probably a
decrease in electron temperature. Also a weak background
continuum component can be identified in this phase.

6.1.4 Time evolution of the spectral components: Some
of the brightest lines and bands of each spectral system
have been selected to be representative of the whole
system: the most intense bands of the second positive
system have been added to give a representative signal for
the N2 molecular emission; the same has been done with a
few atomic lines of N, O and H to represent the emission
of the dissociated components. The most intense group of
N + lines around 500 nm (3d3F—> 3p3D) has been used as
representative of the emission of ionised atoms.

In Fig. 31 the time evolution of these components is
reported, together with the voltage perturbation front and
the current and total light pulses. The three spectral com-
ponents have very different patterns: the ionised atom
emission increases smoothly with the perturbation voltage;
the molecular emission increases abruptly just before the
current rise and it decays with a relatively fast time con-

stant; the atomic emission is delayed with respect to the
other two and reaches its maximum in correspondence

94 96 96
time.|js

Fig. 31 Time evolution of different spectral components: N2 molecular
emission; N + ion emission; N, O, H atomic emission

The signals of applied voltage U_, current /, and total light LT are also reported
for comparison

with the current peak value. It is clear that the total light
derives from the combination of the patterns of these spec-
tral components.

When the voltage perturbation is applied, the voltage
drop along the leader channel and the potential at its tip
are raised. As a consequence, the current increases smooth-
ly up to a time (93.5 /*s in Fig. 31) at which a new large
corona starts from the leader head. From this time, the
current increases in a large bell-shaped pulse due to the
corona charge injection into the channel head. During the
present experiment, it has been shown (Appendix 6.4) that
the electron density in the channel varies almost pro-
portionally to the current. The inception of the leader
corona (at t = 93.5 /is) produces a potential wave which
travels along the leader and ionises the gas molecules. This
corresponds to the phase (i) reported in Fig. 9: in this
phase a sharp rise of the molecular N2 emission appears
due to both the propagating field front and the electron
density increase.

The relatively fast decay time constant of the N2 emis-
sion is probably associated with an increase of the disso-
ciation processes within the leader channel, due to the
increase of both temperature and electron density. This is
consistent with the delayed appearance of the atomic emis-
sion which reaches the maximum intensity, together with
the current, and then varies proportionally to the current
itself.

The behaviour of the N + emission is more difficult to
explain. The intensity rises just after the voltage applica-
tion much earlier than the charge injection; then it does
not appear to vary in proportion to the electron density.
The upper level of the observed lines (3d3F) lies 23.1 eV
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above the ion ground state, so that its population would
be very low under LTE conditions. The observed emission
appears therefore anomalous for both intensity and time
evolution. A tentative explanation of this behaviour will be
given in the following.

6.7.5 Leader channel thermodynamic characteristics: A
quantitative estimate of the characteristics of the leader
channel plasma from the present results is very difficult: in
fact the observed spectra indicate that LTE is not realised
with the channel. Owing to the longitudinal electric field,
the electrons have a higher temperature than the neutral
molecules and transfer energy from the field to them in
elastic and inelastic collision. However, in phase (i) some
atomic lines of oxygen have been observed while the
atomic lines of nitrogen are absent. This indicates a gas
temperature Tg in the range 4000-5000 K, where the disso-
ciated oxygen population largely exceeds that of disso-
ciated nitrogen [2]. In phase (ii) the temperature Tg should
increase because all the O, N and H atomic lines appear
and the N2 molecular emission decreases. A temperature
range 5000-6000 K seems appropriate for this phase.
These temperature ranges represent first approximation
estimates because the gas is not in LTE conditions and
dissociation is caused also by the electrons drifting in the
electric field.

The electron temperature Te can be estimated on the
basis of the energy exchanges between electrons and
neutral particles in the plasma. A stationary value of Te
state can be reached when the energy transfer from the
electrons, because of the temperature difference Te — Tg, is
equal to the energy gain from the field [7]:

(1)

where / represents the fractional energy loss per electron
collision, fj.e the electron mobility, X and v the electron
mean free path and velocity, respectively. In this equation,
it is implicitly assumed that the main process of electron
energy relaxation is by elastic collision. This yields

(2)

In Appendix 6.4 the values of the electric field in the leader
channel have been derived as a function of the injected
charge; they range from 5 to 0.5 kV/cm and can be plotted
as a function of the gas temperature Tg (Fig. 32). On
this basis, from eqn. 2 the electron temperature has been

30-r-5
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T,.« 103K
Fig. 32 The field E and the electron temperature Te in the leader
channel as functions of the gas temperature Tg

calculated. It does not vary much from a newly formed
leader section (Tg = 1000 K) to an old leader section
(T9 = 6000 K). The fields reported in Appendix 6.4 just
before and just after the voltage perturbation are about
1.0 kV/cm and 0.85 kV/cm, respectively, and correspond to
T8~5000 and 6000 K and Te^ 15 300 and 14700 K,
respectively. These gas temperatures are in good agree-
ment with the spectroscopic estimates.

The convergent Tg and Te characteristics in Fig. 32 indi-
cate that the leader plasma tends to an LTE condition
when it becomes older. The electron temperature values in~
Fig. 32 have to be considered upper limits, because the
inelastic collisions accelerate the energy relaxation pro-
cesses and lead to a lower Te.

Let us now consider the emission of the N + lines. Just
before the voltage perturbation, Te ~ 3Tg and the popu-
lation of each excited state depends on both temperatures.
The equivalent temperature of the excited states (which
defines its population through the Boltzmann factor)
assumes an intermediate value between Te and Tg, depend-
ing on the population and depopulation rates. The elec-
tron collisional population rates increase with the energy
level of the state, because the impact cross-section
increases [8]. Conversely, the quenching depopulation
rates decrease with the energy level because of the energy
and momentum transfer rules. As a consequence the low-
level states assume equivalent temperatures not far from
Tg, while the high-energy levels assume temperatures near
Te. The population of the different energy levels can there-
fore assume a quasistationary distribution, following a
Boltzmann law with increasing temperature: each state is
populated by electron collisions from the lower lying level
at lower temperature. This can explain the high population
of the N + 3d3F state, which would be almost in equi-
librium with Te, and the high intensity of the emitted lines,
as soon as the voltage perturbation is applied. However, at
the moment of charge injection this intensity cannot
increase proportionally to the electron density, because the
lower levels from which the 3d3F state is populated are
pumped up and rapidly depleted because of their limited
population. The emission is therefore saturated. On the
contrary, the N2 molecular bands are populated from the
N2 ground state, which cannot be depleted, and hence the
emission intensity increases almost proportionally to the
electron density, until it starts to decrease because of disso-
ciation.

6.1.6 Conclusions: The specially designed measuring
system and the careful synchronisation of the signals have
made it possible to obtain time-resolved spectra of the
leader channel during the reilluminations. The main spec-
tral components are the molecular bands and atomic lines
of nitrogen and oxygen, together with some lines of ionised
atoms.

The time evolution of each spectral component has been
derived and discussed to obtain information on the plasma
internal conditions. Gas and electron temperatures have
been estimated which are consistent with the leader char-
acteristics deduced from electrical measurements.

6.2 On the leader diameter derived from density profiles
of static pictures

F. RUHLING

6.2.1 Introduction: One of the standard techniques used
for the optical study of long sparks is static photography.
If the photographic arrangement and the film properties
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are adequately selected, the static picture not only permits
spark track analysis, but also enables the leader diameter
to be measured [9]. As this measurement yields the diam-
eter of the final state of the channel, it is confined to the
case of a voltage withstand.

6.2.2 Measurement of leader diameter: The leader diam-
eter is measured from the microdensitometer plot of the
density profile across the micro-image of the leader track.
To obtain a measurable size of the image, a teleobjective is
needed for long-spark experiments. The visible light
emitted by the leader channel was recorded by a camera
which had an ordinary glass 135 mm/4 teleobjective. With
this photographic arrangement [9, 10], it proved to be
convenient to use a 400 ASA film, with respect to grain
size and density-exposure characteristic. If A and / denote
the distance of the gap axis and the focal length of the
objective, respectively, the demagnification of the image
[11] becomes

R = A/f- 2 = 129 (3)

in the present experiment.
The typical image density profile of a leader section is

similar to the Gaussian error distribution curve. The width
of this profile dph at half amplitude (Fig. 33a) is considered
to be significant for the photographic leader diameter [9,
10].

/b(r)dr

10 5 0 5 10
distance.mm

Fig. 3 3 (a) Typical image density profile of a leader section measured at
(1) and (b) modified profile obtained by integrating the image density curve
D(r) of a schlieren record (see Fig. 38)
a Definition of the photographic diameter dfi

b Definition of the diameter d,(t) derived from D(r)

Fig. 33b refers to Fig. 8a and illustrates the relationship
of this density profile to the image density output of a
schlieren record using slit-streak technique. When that
record is analysed by a microdensitometer (Appendix 6.3)
the image density fluctuation across a leader section then
produces a kind of radial image density D(r), which is fairly
similar in overall shape to the sine curve. The integral of

this curve (Fig. 33ft) is comparable to the image density
profile derived from static pictures. Owing to the definition
of the time-dependent diameter ds(t) of a schlieren record,
the theoretical boundaries of the channel are defined much
more off-axis than those derived from static pictures. It
remains for further analysis to consider the correlation of
the integral of D{r) to leader channel properties. It is
assumed that the integral approximately indicates the
variation of neutral particle density, whereas D(r) is a
measure of changes in the refraction index according to
variations in the density of the neutral species [12].

6.2.3 Comparison of static photography with schlieren
technique: For impulse tests the relevant final diameter of
the leader is that one which exists at the end of the leader
propagation. At that time the impulse current has
decreased to zero. The associated value d0 can be mea-
sured from the slit-streak schlieren record.

As the leader channel continues to expand, the imprint
of the leader on the film implies a larger diameter dph
according to the definition of Fig. 33.

Measurements from both methods for the same shot are
comparable. Owing to the tortuosity of the leader track,
different values of dph can be measured. The bars in Fig. 34
indicate the scattering of dph. Using the approximation

d0 = \.l{dph - 2.5), mm

the diameter d0 at the end of leader activity can also be
estimated from static pictures. This relation is obtained
from the 'voltage perturbation' experiment (Section 2.4).

Fig. 34 Correlation between the photographic diameter dph and the
diameter d0 derived from schlieren records at the time at which the leader
current has decreased to zero (see Fig. 8)

6.2.4 Features of the photographic leader image: During
the application of the first impulse usually two leaders
develop simultaneously (Section 2.5). Fig. 35a gives an
example for a short basic leader, which is reactivated after
At = 400 us to nearly the same length as the nonreac-
tivated one. The reactivation phase is associated with
50 nC of additional charge injection (Fig. 36a). It is clear
from Fig. 35 that three different leader diameters can be
measured. The reactivated leader (1) provides an extremely
large image density profile, which is probably due to the
channel expansion during the delay of At to the applica-
tion of the negative voltage (Fig. 36b).

However, the old long leader is only partially affected
by the reactivation of the short one. The first part (2)
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differs clearly in the width of the channel from the second
part (3), assuming that it is deionised after At. There is

Fig. 35 (a) Static picture during 'leader decay' experiment (combination
i(a), At = 400 //s) and (b) associated image density profiles of leader sec-
tions at points (I), (2), and (3)
f Right leader: short basic leader before reactivation

" | Left leader: long basic leader, non-reactivated

some evidence that the first part has kept a sufficiently
high ionisation rate with respect to the conductivity
return. This phenomenon can only be observed during
long reactivation phases.

It is evident from static photography that the positive
6r

J
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150 300
time. ps

Fig. 36 [a) Records of current/charge for the shot illustrated in Fig. 35
and (b) record of image convenor

{Right part: basic leaders. The weak short leader is covered by the long leader
(2,3)
Left part: reactivation phase of the short basic leader (1)

leader which propagates into a space-charge field (Section
4) is much brighter than the standard leader. The image
density profile of Fig. 37b gives an example. It represents a
large leader diameter of 6.6 mm and has a peculiar shape
in the low-density region. This may be explained as the
effect of a strong radial corona along the leader channel
caused by the pre-existing space charge originating from
the negative electrode (Fig. 37a) (see Part 4 of the paper).

-5 0 5
distance, mm

Fig. 37 Example illustrating discharge channels of different polarity
a Lower leader: negative leader starting at Ar = 40000 fis before the positive one
(U- =2250kV)
Upper leader: positive leader which propagates into negative space charge
b Typical density profile of a positive leader section during the 'pre-existing space-
charge' experiment (£> = image density; real leader radius, mm)

In conclusion, although the photographic recording
technique has some limitations, it is considered to be
useful for leader diameter measurements, especially in the
gap space where schlieren techniques are difficult to apply.

6.3 Characteristics of the leader channel derived from
schlieren records using slit-streak technique

P. DOMENS, J. DUPUY, A. GIBERT, F. RUHLING
AND B. HUTZLER

6.3.1 Introduction: The measuring system for obtaining
schlieren (strioscopic) records has been described in Part 1.
This paper deals with the analysis of the imprints of the
leader channel taken in streak mode, which enables the
direct measurement of the temporal development of the
thermal diameter.

To correlate the leader diameter 4> to electrical param-
eters, the most relevant parameters, the current / and the
charge Q injected into the gap, have been measured.

The streak-mode refers mainly to the voltage pertur-
bation experiment (Part 3). A part of the results relate to
the experiments of the pre-existing space charge (Part 4).

6.3.2 Method of analysis: As the limits of the thermal
leader channel are well denned on a schlieren picture, it is
possible to measure the leader diameter at any instant by
means of a suitable enlargement of the film negative. A
higher precision can only be obtained from the measure-
ment of micro-image properties in terms of image density
fluctuations. For this purpose the records were analysed
by a double beam microdensitometer. A magnification of
50 was used, with 50 mm on the plotting table then being
equivalent to 1 mm on the schlieren sample.

The density profile recorded on a 50 ASA negative film
exhibits a maximum and a minimum value as illustrated in
Fig. 38. These values are related to a ground density level
Do which corresponds to the exposure by the auxiliary
luminous flash source (Part 1). The density profile is
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divided into a clear and a dark side, where the separation
line displays the location of the leader channel axis. As the

1.0

leader itself. From the S{t) curves of Fig. 8, the effect of
such events can be clearly seen in terms of a fast expansion

Fig. 38 Density profile of a schlieren record and definition of the leader
diameter (p

off-axis transition to the ground density is not definite, a
quarter of the density amplitude has been used for the defi-
nition of the limits of the leader channel (Fig. 38).

Besides the measurement of the diameter, the total
variation of density DD = D1 + D2 has been measured as
the sum of the positive and the negative amplitude. This
density property is considered as being related to the
neutral density perturbation inside the leader channel.

6.3.3 Results: The presentation of the results is divided
into four sections corresponding to the four phases of the
leader growth:

(i) initial phase, lasting a few microseconds
(ii) expansion phase, during current injection
(iii) phase of perturbated expansion
(iv) final jump phase, or (v) zero-current phase, in the

case of withstand.

(i) Initial phase: There is evidence that the inception of
the thermal channel of the leader is associated with the
emission of a sonic wave. The microdensitometer analysis
confirms that there is no density fluctuation before the
instant of the sonic wave generation. The sonic wave is
clearly detectable during the experiment with pre-existing
space charge. Typical schlieren pictures and corresponding
increase of the leader cross-section are shown in the paper.
If the initial phase of the schlieren record is analysed in
detail, the birth of an initial sonic wave is clearly indicated
(Fig. 39).

(ii) Expansion phase: The curves of the leader cross-
section as a function of time show a steady increase of the
cross-section (Part 3). A linear dependence may be
assumed for the main parts of this phase. This behaviour is
more justified if the current is flowing continuously. The
straight portions of the curve relevant for the expansion
phase provide an approximate mean value of 0.1 m2 s"1

for dS/dt, which decays to half this value for later portions
of the expansion phase, which is normally associated with
a decreasing current. The values are derived from shots
obtained from voltage perturbation experiments.

(iii) Perturbed expansion: By means of micro-image
analysis, it is possible to obtain a reasonable time
resolution of about 1 /is for a 200 /is streak schlieren
record. This resolution enables the detection of discontin-
uous leader expansion caused by the application of the
second impulse or by the natural reillumination of the
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Fig. 39 Examples of the initial phase of a leader development starting
from a sphere electrode {part 4)

of the channel. The so-called explosion starts with a mean
value S(t) = 0.3 m2 s"1 which is at least three times higher
than the value of the normal expansion phase. The corre-
sponding value of the radial velocity is 310 m/s. If no
breakdown occurs the rate of expansion decays to 0.02 m2

s"1 or lower depending on the current, which will have
stopped flowing in most cases.

(iv) Final-jump phase: The transition from the steady
expansion of the leader to the final jump may begin with a
significant increase of the radial expansion velocity, as
illustrated in Fig. 40. The radial velocity increases from

16

E •
E
in $

50 150 200100
time. |js

Fig. 40 Leader section as a function of time for three different break-
down cases
The photograph illustrates the final jump phase

about 6 m/s to 45 m/s. The continuous expansion dS/dt of
0.02 m2 s~l increases to 0 .5m2s" ' .

(v) Zero-current phase: Schlieren pictures show that,
even if the current has dropped to zero, the leader channel
still expands. This is due to the thermal expansion of the
channel into the surrounding air at atmospheric condi-
tions.

The temporal evolution of DD follows the increase of
the injected charge (Fig. 41). Whereas the diameter <f>{t)
exhibits a step due to the current peak at At of 60 /is, the
density curve is only slightly influenced by this perturba-
tion. When the current extinguishes in the region of 150 /is,
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the DD values start to decrease. To exclude an influence of
the flash source, its radiation as a function of time has

0.6r

0.5

= 0.4
Q.
2 0.3
o
D0.2

0.1

150

100:

50 150 200100
time.ps

Fig. 41 Variation of density DD as a function of time with associated
temporal development of diameter <j> and charge Q
DD(t) = D,(t) + D2(t)

been analysed. In spite of the fact that the radiation is not
fully constant, the density level of the imprint is high
enough for the recording of the characteristic maximum
and minimum densities.

6.3.4 Discussion and interpretation:
(a) Zero-current phase: The rate of expansion of the

section S of the thermal channel is lower than 0.02 m2 s"1.
After a time lag (Fig. 41) the density of the neutral species
within the leader is increasing with time. A mass transfer
does exist between the leader channel and the external air.
Then the mass of the gas contained in the leader channel is
no longer a constant.

(b) Initial and perturbed expansion: For sudden energy
inputs there is an explosive mechanism with a local pres-
sure enhancement. A shock wave is then launched as evi-
denced by the experimental sonic wave. After this
explosive mechanism, the local pressure P inside the leader
channel returns to a normal value near Po (atmospheric
pressure). Thus, the expansion of the leader channel takes
place with a constant internal mass. Nevertheless, the
leader structure is not homogeneous (neutral species dis-
tribution presents a minimum on the axis [13]) and this
structure is a function of time. The rate of energy transfer
fT from the charged species to the neutral species is also a
function of time, with a value about 20 to 30% for a
microsecond time interval [13].

(c) Expansion phase: The energy conservation principle
for a given constant internal mass of gas leads to the
expression [14]

(4)
y - 1 dt

where y = Cp/Cv and E denotes the longitudinal electric
field in the leader. For experimental values of:

one finds

I = 1 A y = 1.4 P = Po

104 V/m

For the initial stage of leader expansion we assume fT =
0.3. Thus one finds

E = 1 kV/cm

This value is consistent with known values from earlier
results [10, 14].

For the later leader lifetime we assume fT = 1. Thus
E = 0.35 kV/cm. This value indicates that the longitudinal
electric field near the energised electrode decreases with
time, in accordance with a previous formula [15].

6.4 Space-charge distribution and leader channel
characteristics

I. GALL1MBERTI AND A. OSGUALDO

6.4.1 Introduction: When a switching surge of positive
polarity is applied to a long rod-plane gap, the breakdown
process is characterised by the formation and propagation
into the gap of a 'streamer-leader' system (Fig. 42): the

Fig. 42 Schematic representation of the leader-streamer system

most important ionisation phenomena occur in the front
of the streamer region, supported by the field created by
the leader channel and the positive space charge.

The leader channel, a relatively conducting plasma
channel, elongates into the leader corona glow, collects the
glow current and conducts it towards the HV electrode;
however, its resistivity is appreciable and a voltage drop of
few kV/cm exists along it.

During the streamer-leader development, electrical mea-
surements (voltage, electric field, conduction or displace-
ment current, charge) can be taken with probes only on
the electrode surfaces: therefore, it is possible to study the
electrostatic configuration of the leader-streamer system
not from direct measurements inside the gap, but only
from boundary conditions on equipotential surfaces.

To gain information on the field and potential distribu-
tions inside the discharge, it is necessary to assume space-
charge and leader-channel models and then try to match
the experimental boundary conditions. However, the
assumed models are always so simplified that the gained
information is generally very poor [9, 16].

In this Appendix a relatively detailed electrostatic
model of the streamer-leader system [18, 19] is used to
analyse the electrical boundary measurements, together
with the time-resolved photographic characteristics. Such
an analysis is applied to stable propagation conditions and
to perturbed conditions, to estimate the dependence of the
streamer-leader characteristics on the discharge param-
eters and on the stress that is externally applied.
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6.4.2 The streamer-leader electrostatic model: The
streamer-leader system is schematically represented in Fig.
42: the streamer and the leader extend over a lengths Ls
and Z,, respectively. In the model the discharge is assumed
to be rotationally symmetric, and the leader channel is
assumed to propagate straight along the gap axis.

To calculate the field at any point in the gap, three dif-
ferent contributions have been taken into account, and
their effects have been superimposed:

(a) The electrode-leader system: This system is formed
by the positive rod at a potential U +, by the negative
plane at a potential U _ , and by the leader 'pseudoelec-
trode', which has a longitudinal voltage drop AC/, and a
tip potential U,t = U + — AC/,. The leader pseudoelectrode
has been represented with a very slender paraboloid, with
a curvature radius at the tip of a few micrometres [17].
First, the purely geometric field, in absence of any leader
channel, has been estimated and then the presence of the
leader pseudoelectrode has been taken into account.
During the present experiment, the application of the same
voltage to both electrodes did not result in the same field
distribution (Fig. 2, Part 1): the geometric field has been
therefore estimated by combining the calculated fields of
this Figure.

In Reference 19 it has been shown that the effect of a
leader channel on the field distribution in front of the
leader head can be represented, with a good approx-
imation, by a weighted combination of the geometric field
with the field produced by the leader pseudoelectrode at
the potential Uu. The weights depend on the rod curva-
ture radius and on the leader length.

(b) The space-charge region: The leader corona extends
from the leader tip down to the streamer advancing front;
however, the space charge lies not only in that region, but
also in all the part of the gap that has been crossed by the
subsequent coronas; this is a bell-shaped region where the
net space charge Qo is distributed nonuniformly, with a
density increasing near the axis and towards the HV elec-
trode.

Such a kind of distribution has been simulated [18, 19]
with a sector of rotational ellipsoid limited by confocal
hyperboloidal surfaces: it is geometrically characterised by
its length b = Z, + Ls and by its maximum diameter 2a
(Fig. 42).

In Reference 19 it has been shown that, if an ellipsoidal-
hyperboloidal co-ordinate system is introduced and a
uniform charge density is assumed in this frame, the actual
density gives results similar to that of the practical case,
and the field can be calculated analytically along all the
gap.

(c) The induced charges on the electrode surface: The
contribution to the field in the gap, due to the surface
charges induced on the plane electrode by the space charge
Qo, can be easily studied by means of the 'image charge'
method.

On the contrary, the application of this method to the
rod electrode would be approximate and rather compli-
cated: as proposed in Reference 19, if the rod is approx-
imated by a rotational hyperboloid with equivalent
curvature radius, the induced charge Q, can be analytically
calculated as a fraction a, of the space charge Qo: a, is
called the induction factor, and is a purely geometrical
parameter; it depends only on the electrode curvature
radius and on the space-charge extension. The field in the
gap can be then calculated by assuming an appropriate
distribution of Q{ on the rod surface [19].

The charge induced by the space charge Qo on the
leader pseudoelectrode can be simulated by almost uni-
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formly charged segment [19], which slightly reduces the
contribution of the electrode-leader system; this reduction
has been neglected in the present calculation.

6.4.3 Analysis of experimental results: The described
electrostatic model of the discharge makes it possible to
calculate the electric field on the plane electrode, and to
compare it with the time-resolved experimental results, if
the basic model parameters (Z,, Ls, a, Qo, U + , U _ , Uu)
are assigned as functions of time.

The geometric parameters (Z,, Ls and a), have been
derived from the spark-track computer reconstruction (see
Fig. 16, Part 1) and from the streak photographs; the value
of Z, can be quite accurate; on the contrary the values of
Ls and a are very inaccurate. However, a sensitivity
analysis of the computed field values on the plane elec-
trode has indicated that they are not very sensitive to Ls
and a variations.

The net space charge Qo does not coincide with the
measured charge Qm: in fact Qm is lower by the charge Qf
on the measuring electrode.

It is therefore

(5)

The correction factor depends only on the rod curvature
radius and on the space charge extension b: it can there-
fore be calculated if the geometric parameters are known.

The voltages C/+ and C/_ are obviously known as func-
tions of time. The only parameter which could not be mea-
sured is the leader tip potential Uu: however, it can be
estimated with an iterative procedure to give the best fit of
the experimental field values on the plane.

Fig. 43 gives an example of the model application for
the optimisation of Ult in the case of both LI and SI
voltage perturbation.

In the subsequent rows are presented, respectively, the
experimental lengths of the leader Z, and of the streamer
front b, the measured charge Qm and the corrected net
space charge Qo, the measured field at probe L, the rod
potential and the optimised leader tip potential with
respect to the plane, and the average field along the leader,
calculated as the ratio of AC/, to the real leader length L,,
obtained also from spark track reconstruction.

In the left-hand side example (LI perturbation) the
streamers reach the plane when the negative voltage is
applied; and the space charge is neutralised by a very
small fraction; however, the streamer front starts again
from a less-advanced position in the gap.

It can be observed that the charge Qo is 1.5 to 2 times
the measured charge Qm, the higher values being associ-
ated to the smaller space-charge sizes.

The leader tip potential is slightly increasing in the
phase of stable propagation, before the application of the
negative voltage. Then, for all kinds of perturbations, it
follows the rod potential, without any discontinuity in the
voltage drop AC/,: as a consequence there is no appreciable
variation in the leader average field, even if the current
increases from a fraction to some tens of amperes.

The average field decreases with time, in a very stable
way and as a result is only slightly influenced by the elec-
trical stress applied to the gap. Such a time-decreasing
characteristic is consistent with previous estimates [20]
and explains the decreasing part of the breakdown-
voltage/time-to-crest characteristics ((/-curve).

The average field E can be correlated quite well with the
leader real length L deduced from spark track reconstruc-
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tion (Fig. 44): it indicates that the local field in any section
decreases with the age of the section itself.

where S is the leader cross-section, e the electronic charge,
ve the electron drift velocity and fie the electron mobility.

300

y.200

o
100

0
(

600

I 400
>
UJ"

200

' . M S

200

150

Fig. 4 3 Analysis of the leader-streamer propagation characteristics
a LI voltage perturbation, Ar = 90 JJS; b SI voltage perturbation, Ar = 60 ^s.
Row 1: Leader and streamer front advancement Row 3: Measured field at the centre of the plane Row 5: Average field E along the leader channel
Row 2: Measured charge Qm and total charge Qo Row 4: Applied voltage [/„ and leader tip potential U,,

6.4.4 Discussion: The results presented in the preceding
section have indicated that the electric field in the leader
channel does not change significantly over a wide range of
current values. The current depends on both electric field
E and electron density ne

f f
= neevedS = eneE \ne

Js J s

/ = I n.ev. dS = eu.E I «„ dS (6)

IEE PROCEEDINGS, Vol. 133, Pt. A, No. 7, OCTOBER 1986

As the field does not change significantly with the
current, from eqn. 6 it can be concluded that the electron
density within the leader channel varies proportionally to
the current. This indicates that there is no local thermody-
namic equilibrium (LTE) within the channel: in fact, if
LTE would be realised, the ionisation degree and the elec-
tron density would be functions only of temperature T and
gas number density Af (Saha's equation); when a current
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peak appears, that lasts for a few fj.s, T and N cannot vary
by a factor 10 in such a short time; furthermore, the tem-
perature cannot decrease when the current decreases.

Let us now consider a generic leader section: the local
field E differs from the average field E; however, if it is

Fig. 44 Average field E as a function of the real leader length Lt

It is therefore necessary to state that the ionisation in
the leader channel is due to a field effect: the electron tem-
perature is much higher than the gas temperature, and
supports a high rate of collisional ionisation. When the
current decreases the electron density is reduced by dissi-
pative processes: the electron-ion recombination should be
fast enough to follow the current variations [17]. Under
these conditions the electron continuity equation can be
written in the form

3t (7)

where a is the ionisation coefficient and a is the recombi-
nation coefficient: here the longitudinal variations of ne are
neglected, together with the radial ambipolar diffusion;
furthermore, plasma neutrality is assumed within the
channel.

Both terms on the right-hand side of eqn. 7 are very
large and their difference is very rapidly changing with the
reduced field E/N. Under stable conditions {dnjdt = 0),
the equilibrium electron density is

ne =
<xfieE

(8)

This is a very steep function of E/N: for T = 5000 K and
E = 1 kV/cm we obtain E/N = 6.5 x 10~16 V cm and
ne = 5 x 1 0 u cm"3; from this value, ne can increase by a
factor 10 with a change of E/N of the order of 10%. This
explains the experimental observations: E/N remains
approximately constant in the leader channel, in spite of
voltage perturbations and current pulses; however, the
absolute field E decreases with time because of the
decrease of N due to channel heating and expansion.
When a transient perturbation occurs, a slight change in
the field gives a large value of bnjbt in eqn. 7 and makes
the density ne follow the current /.

As E varies with time in proportion to the gas number
density N, it has to be directly related to the energy input
into the leader channel itself. This relationship can be
deduced from the present experimental results if the
average field E is plotted against the measured charge Qm
(Fig. 45): in fact QJJJ + + U_) represents the total energy
delivered by the HV generators.
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Fig. 45 Average field E as a function of the measured charge Qm

assumed that £ is a function of the total charge flow
through the section, the average field is given by

E(QJ = 7T I ~E(Q) dQ (9)
Qm Jo

By differentiation, the local field £ can be calculated

E(Qm) = E(QJ -Qmj^- (10)

In Fig. 46 the dependence of the local field E on the charge
flow through the leader section is compared with the

500

0 50 100 150
Q.fJS

Fig. 46 Actual leader gradient E and cross-section S as functions of the
charge in the section

The points represent model calculations [6]

dependence of the leader cross-section on that charge,
experimentally determined from schlieren records (Fig. 14).
The product E(Q) • S(Q) is almost constant: as E/N is also
constant, it follows that the product S • N, which rep-
resents the mass within the channel section, remains
approximately constant during the channel expansion.

The results derived in Fig. 46 have been compared with
the corresponding values predicted by the non-LTE leader
thermodynamic model presented in Reference 17, and the
agreement is very satisfactory. They have been also com-
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pared with the simplified model presented in a previous
Les Renardieres Group publication [20]. In this model
direct relations have been derived between the leader
cross-section, the longitudinal gradient and the charge:

S =

No

1 + 2
y - l E Q

KT0S0

(7)

(8)

where y is the ratio between the specific heats, p the pres-
sure, and To and So the values of leader temperature and
cross-section at the moment of its formation.

The value of E/N in the model depends slightly on the
current: it varies from 5 x 10~16 to 1 x 10~15 for currents
ranging from 0.1 to 100 A.

The computed results are reported in Fig. 46 for So =
1 mm2, To = 1000 K and E/N = 6 x 10"16 V cm. The
section S and the electric field E vary a little faster than the
experimental observations, but the general trend and the
values of the product E • S are in excellent agreement with
those deduced from the experiment.

6.4.5 Conclusions: The use of an electrostatic model of
the streamer-leader system has made it possible to derive
the leader tip potential and the average field along the
channel. The tip potential increases slightly during the
stable propagation, and follows the applied voltage during
the perturbations; the average electric field, on the con-
trary decreases with time, and is not significantly affected
by perturbations or current pulses.

The discussion of the results has illustrated some inter-
esting characteristics of the leader channel:

(i) no LTE is achieved within the channel
(ii) the ionisation is associated with field effects rather

than with thermal effects
(iii) equilibrium between ionisation and recombination

defines the electron density within the channel
(iv) during the leader expansion, the mass within the

channel remains approximately constant, so that the
density is inversely proportional to the section

(v) the reduced field E/N is also approximately constant,
so that the field remains directly proportional to the
density and inversely proportional to the section

(vi) a decreasing characteristic of leader gradient against
charge (associated with leader expansion) is obtained, that
is consistent with the [/-curves and the saturated break-
down characteristics of long gaps.

All these leader characteristics confirm those assumed or
predicted by non-LTE thermodynamic models of the
leader development that have been proposed in recent
years [17, 20].

6.5 Model of streamer-leader development under
voltage perturbation

I. GALLIMBERTI AND E. POLI

6.5.1 Introduction: In the Les Renardieres experiments
[9, 16] it has been observed that the discharge of long
airgaps under positive switching surges is associated with
the propagation into the gap of a streamer-leader system
(Fig. 42). The streamer ionisation front feeds an electronic
current into the leader-corona glow; this current is col-
lected by the leader head and gives the necessary energy
input for the head advancement [17]. In turn, the propa-
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gation of the relatively conducting leader channel sustains
the field at the boundary of the leader corona and sup-
ports the activity and the advancement of the ionisation
front.

Under switching surges, the streamer-leader system
reaches a stable propagation condition, which seems to be
essentially related to the voltage rate of rise. It has been
suggested that the minimum breakdown voltage in the U-
curve, which is associated with the critical front duration,
derives from the establishment of optimum conditions for
the stable propagation of the streamer-leader system.

In the present experiment it has been shown that the
streamer-leader system, propagating under stable condi-
tions, reacts in different ways to a perturbation of the
applied voltage, depending on the form of the perturbation
and on the time at which it is applied. For lightning type
perturbations (short duration transients), three types of
reactions have been observed:

(a) When the LI surge is applied in the early stages of
the discharge progression, the reaction is very small and
the streamer-leader propagation is rapidly stabilised
leading to the normal unperturbed behaviour; the break-
down probability and times are unchanged.

(b) When the LI surge is applied in intermediate stages,
the reaction is very marked. The leader corona is strongly
enhanced, the leader advances in a rapid jump, but then
the discharge extinguishes and does not restart, even if the
streamers reach the opposite electrode. The breakdown
probability goes to zero.

(c) When the LI perturbation is applied on later stages,
the discharge is significantly accelerated and develops
rapidly to the final jump. In this case, the breakdown
probability raises again, and the breakdown times become
shorter.

For switching surge perturbations (long duration
transients), the reaction of the streamer-leader system is
not so marked. The application of the perturbation accel-
erates the development of the discharge, the acceleration
being smaller in the earlier stages of development.

If a positive switching surge is applied to the plane,
decreasing the actual potential difference between the elec-
trodes, the discharge is always choked and stops any
further development.

In this Appendix a model of the streamer-leader system
is described which has been used to simulate the stable
propagation of the discharge [18, 21]. This model is then
applied to perturbed voltage conditions, for both LI and
SI transients, to verify to which extent it can represent the
streamer-leader reactions.

6.5.2 The simulation model: The present model of the
streamer-leader system makes use of simplified formula-
tions of more sophisticated physical models of single dis-
charge phases. The simplifications that have been
introduced lead to a completely analytical formulation,
whose basic equations are given in Table 2. The flowchart
of the model is reported in Fig. 47: it is organised into four
interrelated sections, which correspond to the four groups
of equations in Table 2. In the first, the field and potential
distributions into the gap are calculated and the field at
the streamer ionisation front is derived; in the second,
reproduction and the advancement of the streamer heads
is simulated; in the third, the current and charge injected
in the leader tip are calculated; and, in the fourth, the
leader advancement characteristics are derived.

(a) Field and potential distributions: An electrostatic
model of the streamer-leader system has been proposed
[18, 19], which makes it possible to calculate potential and



Table 2: The basic equations

List of symbols

Physical parameters
0 = attachment coefficient

DB = thickness of streamer heads
h = absolute humidity
N = gas number density
Ns = number of positive ions

Length, velocity and acceleration
cr,, a2 -streamer-acceleration coefficients

as-streamer acceleration
D - gap length
Ls = streamer length
Ve = electron velocity
VL = leader velocity
Vs = streamer velocity
Z, - leader length

Charge, potential, field and current
A, B = HV-rod and leader-tip coefficients
C, Cj = space-charge and induced-charge

coefficients
E = field in the leader plasma

Egs = geometric field at the streamer front
<£9> = average field on the electron mean

free path for attachment
E, = total field at the streamer front
/, = leader current
Q = leader charge
<j, - leader charge per unit length

Uo= HV-rod potential
Ail, = potential drop along the leader
Ult = leader tip potential
C5 = potential at the streamer front

Equations

(i) Us = A(ZS)UO + B(Zs)Ulr + [C(ZS) + C,{ZS)-\Q

(iii) U,r = U0-AU,

(iv) AU, = 1-407^ /n+1 .04x10 2 5 - | ( a -1 ) )

dN, NsVj 49-0.243 x10-5F,1
(V) dt = Us I**' Ds J

dVs dN. dE,
(vi) a s = d T = O i ^ r + ° 2 d z ^

(vii) l,=eNs(Vs-V,)E-f + ̂ (Ve+V,)[-\ -mpi-nL,))^-
u,, usn u ,t

(viii) Q=\ 1, dt
Jo

(ix) y, = -

(MKS units)

field and potential
distributions

U0(t)

leader current
and charge | streamer advancement

Fig. 47 Flow-chart of the leader-streamer advancement

field along the gap in a completely analytical form. In the
present model, it is necessary to calculate the leader tip
potential Ult, the potential Us and the field Es in the
streamer front, which guide the streamer propagation.

In Reference 19 it has been shown that the potential Us
and field £s at point Zs = D — ZL — Ls, which appear as
the externally applied potential and field to the propagat-
ing streamer heads, result from the superposition of the
contributions of electrodes, leader channel, space charge
and induced charges (eqns. i and ii). A(ZS) and B(ZS) rep-
resent the contributions to the local potential, respectively,
of the HV rod and of the leader channel, per unit poten-
tial; C{ZS) and C^Z^ represent the contributions, respec-
tively, of the space charge and of the induced charges, per
unit charge. The analytical form of these different contri-
butions is reported in Reference 19.

The leader tip potential can be derived from the applied
voltage Uo if the voltage drop A17, along the leader
channel is known (eqn. iii).

The analysis of the experimental results, by use of the
same electrostatic model of the streamer-leader system,
presented in Appendix 6.4, has shown that the leader gra-
dient is a decreasing function of the charge flow into the
channel, because of the thermodynamic phenomena which
cause an expansion of the channel itself. These results are
in very good agreement with the predictions of non-LTE
thermodynamic models of the leader channel which have
been recently proposed [17, 20]. In the present case, refer-
ence has been made to a simplified model [20] which has
the advantages of a completely analytical formulation: it
gives the voltage drop At/, as a function of the leader
length Z, and of the injected charge Q (eqn. iv).

(b) Streamer advancement: A streamer model has been
developed [22, 23], which makes it possible to simulate the
propagation of a single streamer if the externally applied
field is known. The streamer head is represented as a
sphere of diameter Ds containing Ns positive ions, in front
of which develops a series of secondary avalanches orig-
inated by photoelectrons; the electrons of the secondary
avalanches neutralise the positive charge of the streamer
head and leave a track of positive ions, which represents
the new streamer head in a more advanced position in the
gap.

The streamer propagation results from a series of ele-
mentary steps of this type, each of them governed by an
energy conservation equation.

A similar cumulative equation (eqn. v) has been used for
the sheet of streamer heads which forms the front of the
leader corona. In this case, Ns represents the total streamer
front charge, Ds the thickness.

In Reference 21 it has been shown that the streamer
velocity Vs depends essentially on the local field in which
the secondary avalanches develop, which is partly due to
the externally applied field, partly to the field of the head
positive charge. The velocity Vs therefore increases almost
proportionally to a linear combination of Es and Ns.

A similar linear relation (eqn. vi) has been used in the
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present model for the streamer acceleration. The coeffi-
cients <*! and a2 have been estimated according to the
results reported in Reference 23.

(c) Leader current and charge: To calculate the current
input in the leader tip, let us assume a reference frame
moving into the gap with the same velocity VL as the
leader channel.

For the leader channel, the moving charges are rep-
resented by the Ns positive ions of the streamer front
advancing with a relative velocity Vs — Vt, and by the cor-
responding electrons moving in the glow region with a
relative velocity Ve + Vt towards the leader tip.

The positive-ion current component can be easily calcu-
lated, as the positive ions are localised in a very thin
region: it is given by the first term in eqn. vii, where Egs is
the geometric field produced in the streamer front by the
leader tip at potential Uh and by the rod at potential Uo.

The electron current component has to be integrated in
the whole glow region, taking into account that the elec-
tron number decays exponentially towards the leader tip
because of attachment. It is given by the second term in
eqn. vii, where <£9> represents the average geometric field
produced by the leader tip and the rod over a distance \jr\
behind the streamer front (which represents the electron
mean free path for attachment).

The total charge which has flowed into the leader tip is
obtained by integration of I, (eqn. viii).

(d) Leader advancement: A leader head model has been
developed [17] which makes it possible to simulate the
leader propagation, if the current /, that feeds its tip is
known. In this model, the leader head is represented as a
slender paraboloidal surface, across which a jump in con-
ductivity is present, from the low value of the corona glow
to the high value of the leader channel. Such a jump in
conductivity is assumed to be caused by the detachment of
negative ions (under the combined action of field and gas
temperature), which liberates a large number of free elec-
trons.

In the model, the current and field distributions in front
of the leader channel are calculated and the energy transfer
and relaxation processes under nonequilibrium thermody-
namic conditions are simulated, to compute the rate of
electron detachment in the transition region where the
conductivity jump exists.

The leader advancement velocity is proportional to the
leader current (eqn. ix), through a constant q, (eqn. x),
which represents the charge per unit length necessary to
realise adequate conditions for the conductivity jump and
for the leader propagation.

In eqn. x all the variables have to be expressed in MKS
units.

6.5.3 Computed results: The model has been applied to
the simulation of the leader propagation, under the experi-
mental conditions used in the tests, on the effect of voltage
perturbation.

(a) Lightning impulse perturbations: For LI pertur-
bations the three cases of different leader reactions
(At = 30, 90 and 150 ^s, respectively) are reported in Fig.
48, for a negative crest voltage U_ = -800 kV. In all
cases, the sharp lightning impulse produces a transient
increase in the leader tip potential Uu and hence of the
field on the streamer heads £s; this causes an acceleration
of the advancing streamer front and a consequent increase
of streamer length (Fig. 48). At the same time, the increase
of the geometric fields Egs and <£s> leads to a rise in the
current /, that feeds the leader tip and to an increase of its
advancement velocity.

466

The size of this change of the leader-streamer propaga-
tion characteristics depends on the time at which the per-
turbation is applied.

For At = 30 us the space charge and the leader conduc-
tivity are relatively small and the change in the propaga-
tion characteristics is limited: as the streamer front
elongates far from the leader tip the field Es is reduced and
the streamer velocity decreases. The leader channel
advancement velocity is not affected immediately by the
reduction of the streamer activity, because the electronic
component of the current /, decays slowly with the attach-
ment time constant. Owing to this fact and to the rela-
tively high rate of rise of the applied positive voltage U+ ,
the fields Es, Egs and <£g> are rapidly restored to the
values of normal propagation and the leader-streamer
system recovers stable advancement conditions (Fig. 48a).
After the short transient perturbation, the discharge con-
tinues to propagate as in the unperturbed case. The break-
down probability is not significantly affected, and the
breakdown times remain almost unchanged.

For At = 90 us, the space charge and the leader conduc-
tivity are higher and the change in the propagation charac-
teristics becomes larger. The streamer elongation leads to a
more significant reduction of the field £s and of the
streamer velocity Vs. In this case, the rate of rise of the
positive voltage U + is much smaller, so that the fields Es,
Egs and <£9> cannot recover fast enough and the streamers
continue to decelerate until they stop. After a few micro-
seconds the electronic component of /, extinguishes and
also the leader stops (Fig. 48b).

For At = 150 /is the propagation of the leader-streamer
system is mainly governed by the space-charge field, which
gives the major contribution to £s [6]. When approaching
the opposite electrode, the contribution of the image
charge in the plane is added, and the field £s rapidly
increases. For this reason the sharp elongation of the
streamers after the application of the perturbation does
not lead to a decrease of the field £s. The streamer velocity
increases near the plane (Fig. 48c), and the final jump
follows when the streamers reach it.

In this case, the discharge evolution is accelerated, and
the breakdown times are shortened. However, also, for
At = 150 fis withstands of the gap can occur for leaders
with an oblique path that reach a relatively short axial
length at the time when the voltage perturbation is
applied. This can be simulated in the model by introducing
a tortuosity coefficient [17]. In this case, the same behav-
iour as in Fig. 4Sb is obtained.

The simulation model can reproduce quite well the
leader-streamer advancement characteristics when LI
voltage perturbations are applied; also the average values
of current and charge are consistent with those experimen-
tally observed (Fig. 48). However, the amplitude of the
current pulse that follows the application of the pertur-
bation is very much different. This is probably due to the
fact that in the real case a new corona develops from the
leader tip, which overlaps the existing corona glow and
injects a large charge into the leader channel (Fig. 48b).
This is not simulated in the present model, but it could be
simulated by an appropriate increase of the space charge Q
and of the number of positive ions Ns in the streamer
front. However, as the model results reproduce fairly well
the leader-streamer reactions that have been experimen-
tally observed, it can be assumed that the new corona
does not change the propagation mechanism, but only
influences the charge distribution of the pre-existing leader
corona.

(b) SI perturbations: For SI perturbations, two cases
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are presented in Fig. 49, namely, At = 60 us, V _ =
-0.45 MV, and At = 120 /is, C/_ = -1.0 MV. In the first

-300

behaviour is observed, but with much larger variations of
leader and streamer velocities (Fig. 49b). Owing to the fact
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Fig. 49 Analysis of the discharge development with SI perturbations

(a) At = 60 )is, (6) At = 120 us
Row 1: Measured current and charge Row 3: Computed development of the streamer-leader syste
Row 2: Image convenor photograph Row 4: Computed current and charge

case, the impulse application increases the field Es and
accelerates the advancement of the streamer front. Also the
fields Egs and <£g> increase, leading to a higher leader
current /, and velocity Vl. Owing to the relatively slow rise
time of the perturbation voltage, the leader-streamer
system reaches new equilibrium conditions with a larger
streamer length and a higher leader current and velocity
(Fig. 49a). This new regime of propagation always leads to
breakdown, with a slightly smaller time to breakdown.

In the case of At = 120 fis, U_ = —1.0 MV, a similar
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that, under these conditions, the propagation of the leader-
streamer system is essentially governed by the space-
charge field, the streamer propagation is continuously
accelerated until the streamer front reaches the plane. Also
for the SI case, the average current and charge values are
consistent with the experimental observations, but the
changes predicted for the perturbation application are
smaller than the observed ones.

During the experimental test period, the effects of the
crest voltage of the perturbation on the leader-streamer



propagation were studied. The model has therefore been
used to predict the dependence of the leader velocity on
the voltage rate of rise, and of the breakdown times on the
crest voltage. The comparison between computed values
and experimental results (Figs. 50 and 51, respectively)
shows excellent agreement.

The last type of voltage perturbation which was investi-
gated in the experimental test period was the case of
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Fig. 50 Measured and computed leader velocity before (K,) and after
(V2) SI application as functions of the rate of rise of applied voltage
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Fig. 51 Measured and computed time to breakdown Tb as a function of
U~ with SI perturbations for two different values of At

partial chopping, when two positive voltages are applied
to both electrodes. The simulation of one of these cases is
reported in Fig. 52, for Ar = 120 us and t/_ = -0.45 MV.
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Fig. 52 The discharge development with a choking impulse (At
120 us, U- = -0.45 MV)
Row 1: Image convenor photograph
Row 2: Computed development of the streamer-leader system

At the time when the perturbation is applied, the streamer
propagation suddenly stops, due to the drop of the field
Es. The leader advancement, however, continues for a
short time, owing to the delay in the extinction of the elec-
tronic component of the current /,. This appears to be
consistent with the experimental observations, which show
an exponential tail in the current record and a short leader
head advancement after the streamers have disappeared.

6.5.4 Conclusions: The proposed model of the develop-
ment of the streamer-leader system is based on the simpli-
fied simulation of the different discharge phases. It is
completely analytical and can be implemented on small
personal computers.

It represents fairly well the stable propagation of the
streamer-leader system and its reactions to all types of
voltage perturbation applied during the experimental tests.
The computed current and charge have consistent average
yalues, but the big pulses associated with LI perturbation
do not appear, probably because, in the real case, they are
associated with new coronas developing from the leader
tip.

Times to breakdown and leader advancement velocities
are also satisfactorily simulated for different voltage rates
of rise.
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