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Abstract. The streamer formation in a positive point-plane gap both in air and
nitrogen has been studied. The primary electrons were created by laser radiation.
This gave the opportunity to initiate streamers in a wide range of voltages
including the range of a steady corona in air as well as to defermine the formative
time lags. A streamer starts when the space charge density reaches a ctitical
value In a spatially localized region. In a divergent field the streamer formation

is preceded by the accumulation of space charge, i.e. it has a multi-avalanche
nature. A model for calculation of formative time lags is presented. For a virgin
gap the model describes fairly the accumulation process. For the voltage range of
steady corona in air only the qualitative description of the mechanism is given.

1. Introduction

In a homogeneous field a streamer starts at voltages
where the number of charge carriers of an avalanche
exp(f apdx) (ap = the first Townsend coefficient for
Laplacian field) reaches a critical value N, ~ 108,
In this case the field intensity of the space charge of
ions becomes comparable to the intensity of the applied
field. However it is possible to reach the same critical
space charge field when a large number of avalanches
develop within the diffusion radius of an avalanche.
Thus the critical total number of carriers can be reached
at lower fields as was demonstrated in experiments with
c-particles [1, ch 5].

In inhomogeneous fields the streamer formation is
possible at voltages where the mean number N of charge
carriers of a single avalanche is less than 10%. In that
case the avalanche-to-streamer transition is explained by
the stochastic nature of the avalanche growth [2], the
larger avalanches (N > N) grow into streamers. In a
point-piane gap (hemispherical 0.1 cm in diameter point,
gap spacing = 4 cm) in air the calculated number N
for Laplacian field at the onset potential Uy =~ 8 kV of
a cathode-directed steamer is ~ 10% the development
of an avalanche of N ~ 10% carriers has a very low
probability [1, ch 3]. Such a large difference of N, /N ~
10* rather indicates that in a highly divergent field the
streamer formation has a multi-avalanche nature: the
critical conditions are achieved by the accumulation of
the cloud of positive ions from several avalanches.

This paper describes the formation of a streamer
without external triggering (a non-initiated streamer) as
well as the formation of initiated streamers. Initiated
streamers start due to a high number of primary electrons
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which are created by laser radiation. With this method of
streamer initiation (i) the time moment and the place of
liberation of primary electrons can be fixed, and (ii} the
number of primary electrons can be varied easily. These
factors allow the formative time lags to be determined
as a function of voltage and the number of primary
electrons.

2. Experimental set-up: methods

2.1, Discharge gap

A positive DC corona is studied in a point-plane gap
(figure 1). The gap spacing is 4 cm, the point electrode
is a hemispherically capped wire of diameter 0.1 cm.
Points made of different materials (Pt, Al, Cu, Mo)
are used. The plane electrode is an aluminivm disc of
diameter 20 cm with a probe electrode of diameter 1.5
cm in its centre. The point electrode is stressed. The
stabilized power supply allows the voltage to be varied
with a smallest step of 10 V.

2.2. Gases

Experiments are carried out in ambient air and in
nitrogen. The discharge in nitrogen is studied in a
stainless steel chamber. It is evacuated to 105 Torr
with the help of an oil diffusion pump trapped by liquid
nitrogen. The chamber is raised to 100 °C in a few hours
and is then filled with nitrogen {99.996% N,, the content
of HO is less than 0.005 gm™?) and the pressure is set at
atmospheric pressure. In such a medium the ‘ageing” of
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Figure 1. Experimental set-up. 1, primary electrons are
released at the probe electrode; 2, primary electons are
created at the gap axis by a focused laser beam. A =20
k2, C = 2000 pF, Ay = 50, 470 Q, R, = 470 @, 1.3 k.
HV, high voltage supply.

the gas takes place. There are two most striking effects
of ageing:

(i) the current-voltage curve of a negative corona
changes with time as previously described [3, 4],
(ii) recorded drift times of electrons from the cathode to

anode decrease drastically with time.

It is known [5] that small traces of water vapour in
nitrogen lead to an increase in the drift velocity. For this
reason it is assumed that ageing is primarily caused by
liberation of water vapour from the electrodes and the
walls of the chamber. To reduce the influence of water
vapour a bakeable trap with silica gel is set into the
chamber. As a result the changes in the current-voltage
curve of the negative corona slow down considerably and
the drift velocity is maintained constant for a long time.
Of course, the stabilization of discharge parameters may
be caused by the absorption of other impurities (like
the vapour of the diffusion pump oil) which are also
absorbed by silica gel.

2.3. Primary electrons

Primary electrons are created by the radiation of excimer
lasers wavelength (A = 308 nm) which have different
pulse lengths (10 ns and 100 ns) but nearly the
same maximum pulse energy ~ 100 mJ. The stepwise
attenuation of laser radiation is carried out by means of
calibrated grids. Two different ways for production of
primary electrons are used:

(1) Electrons are released from the cathode by photo-
effect: a divergent laser beam is directed to the probe
electrode (figure 1, 1}. To avoid side effects (like
heating of the electrode surface) the illuminated area
at the probe is &~ 1 cm in diameter and the energy
of a laser pulse does not exceed some millijoules.
Changing the attenuation of laser radiation the
number of released electrons varies from 10° to 107.
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The estimated order of magnitude of the coefficient
of secondary emission y is ~ 1075,

(2) Electrons are created by laser beam directed
perpendicularly to the gap axis and focused on
the gap axis at some distance xp from the point
electrode (figure 1, 2). With transverse triggering
one can neglect additional effects caused by the laser
radiation at the electrodes. The maximum intensity
I, used near the beam focus does not exceed 5 x 10'°
W cm™2. The intensity I, is considerably lower than
that needed for optical breakdown (I ~ 10'2 W cm™2
for A = 350 nm [6]). The total number of charge
carriers released by 2 laser pulse is determined in a
parallel plate gap of 1 ¢m spacing. The laser beam
is focused to the mid-gap and the charge of current
pulse in the gap circuit as a function of gap voltage
is determined . From 1.5 to 3 kV the charge does
not depend on voltage. From this value of charge the
number of charge carriers is calculated. The number
of charge carriers which corresponds to I, both in
air and nitrogen is nearly the same and has an order
of magnitude of 10%. The number of carriers created
by a 10 ns pulse is somewhat less than that produced
by a 100 ns pulse.

In air the distance x; is established with the accuracy
of some tenths of a2 millimetre. Due to the laser
instabilities the position of the focal point varies from
pulse to pulse within the same limits. In the case
of experiments in nitrogen the accuracy is less as
experiments are carried out in the chamber and the direct
measurement of xo is impossible. Besides this the role
of laser instabilities in nitrogen is somewhat larger as the
chamber is situated at a greater distance from the laser
than the gap in air.

Near the beam focus the dimensions of the trace
created by the radiation at a photo plate is ~ 0.01 x 0.02
cm? and it remains nearly constant in limits of 0.6 cm
along the beam axis. It is supposed that the ionization
by laser radiation mostly takes place within this volume
and thus the guessed value of the concentration of
charged particles of a plasma ball in the beam focus
is ~ 10" cm™3. This concentration is high enough to
lock electrons to ions as it is proved by the computer
calculations [7], a plasma ball exists for a long time and
only a small leak of electrons towards the anode occur.
This viewpoint is also supported by our measurements
(figure 9): the plasma ball is created by a 10 ns laser
puise but the duration of the flux of electrons to the
anode exceeds 80 ns.

2.4. Measurements of current and time intervals

The DC is measured by an ammeter in the circuit of
the plate and the probe connected in parallel . For
the nanosecond resolution measurements of the current
of streamer pulses a 350 MHz bandwidth oscilloscope
of 50 £ input resistance is used: a 50 £2 coaxial
feedthrough [4] (figure 1, Ry, = 50 £2) is fitted with
a 50 § transmission line. In the case of detecting low-
current pulses (less than 10~* A in height, see sections
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Figure 2. Sketches of current pulses. A: measurement of
drift ime L. 1, current pulse in the probe circuit (A = 1.3

kS time constant © = 1.5 x 10~7 s); 2, current puise in the
point circuit (R, = 470 &, ¥ = 5 x 10-% s}, B: full curve,
current pulse in the point circuit at U > 8 kV (R = 50 );
broken curve: current pulse of a streamer. The hatched
area corresponds to the critical charge eN,,.

3.1 and 3.2) in the probe and the point circuits the larger
values of resistors are used (Ryo, Ry =470 82, 1.3 k),
and signals are recorded by the help of an oscilloscope
of 1 M2 input resistance. Therefore the circuits are
mismatched and the recorded signals are integrated.

The waveform of a laser pulse is recorded by a fast
photodiode situated close to the discharge gap.

The time intervals are determined from the screen of
oscilloscope. The time interval between the low-current
pulses in the probe and the point circuits (drift time t;,;
see section 3.2, figure 2A) is measured with an accuracy
of 0.05 us. The time interval between the leading
edges of laser pulse and streamer pulse (delay time #;
see section 3.3} is measured with a higher precision.
To achieve it a variable delay cable is switched in
series with the photodiode. The accuracy of delay time
measurements is 4 ns and it is determined mainly by the
reproducibility of the adjustment of variable delay.

The light emitted by the discharge is detected by a
fast photomultiplier and a static image intensifier.

2.5. Formulae for calculations

For computer calculations carried out by the Mathcad
program various data are used. Numerical values of
the constants in the expressions are given for our gap
geometry; voltage U is in volts, pressure p is in Torr,
distance x from the point tip is in c¢m.,

The reduced field intensity E/p (V cm~! Torr) along
the gap axis is calculated according to the expression

E(x)/p = 3.6 x 107U (x + 0.05) 2 exp[2(x + 0.05)].

Up to distance x = 1 cm it is a good fit {8] to the
electric field distribution, obtained by the method of
charge simulation [9]. At larger distances x the field
is calculated according to the formula derived in [10] in
hyperbolic approximation

1 1.4U
px(2a—x)+{a—x)r
a=4cmand r =0.05 cm.

Ex)/p~
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The ionization coefficient o is in cm™. The
approximations from [11] are used:

a/p = B.6exp(—254/E/p) for air

a/p = 8.8exp(—275/E/p)

The drift velocity v, of electrons is in cm s~'. For air
the expression from [13] is used

for nitrogen.

V= 106(E/p)0'1]5.

For nitrogen two different quadratic fits are derived: the
first

v = 10%0.27 + 0.471E/p — (E/p)*) E/p<20

is based on experimental data from {14, ch 1], the other
one

v = 10°[0.7 + 0.35E/p — 5.643107%(E/ p)?]

is for higher fields and the data are from [15].

3. Results

3.1. Types of non-initiated positive corona

In air the sequence of different corona types does not
differ from that described earlier by several investigators
[15, ch 3]. The first detectable discharge type is
a burst pulse which spreads along the point surface,
It is possible to observe burst pulses about 200 V
below the inception voltage Uy of onset streamers. At
voltages close to Uy the amplitude of larger burst pulses
achieves 0.1 mA and their duration is nearly 1 us ,
the corresponding light pulse is shorter (% 70 ns) . At
voltages U > Up both burst pulses and streamers exist.
Uy depends on humidity and pressure of ambient air and
varies from 7.8 to 8.0 kV. No dependence on electrode
material is mentioned. In the narrow range of voltage
near the inception voltage the burst-to-streamer transition
is observable: the steep current rise of a streamer pulse
is preceded by a step. The recorded current waveform is
very similar to the avalanche-to-sireamer transition in a
homogeneous field [1, ch 5]. The magnitude of the step
is close to that of burst pulse and its duration does not
exceed 20 ns. With the voltage increase the duration of
step diminishes quickly and already 50 V above Uy it is
difficult to separate the step from the main pulse. The
burst-to-streamer transition is described in more detail
elsewhere [16]. The peak value of largest current pulses
of streamers is 9 mA and their half width is &~ 100
ns. The streamers are recorded in the range of ~ 200
V. They have a branched structure and some branches
develop up to 10 mm from the point. At higher voltages
the discharge exists in the form of a steady glow, its
current increases from 0.5 A at 8.5 kV up to 9 uA at
14 kV.

In nitrogen the onset potential of the discharge is
considerably higher: at 9.7 kV the first pulses of 0.25



©A in amplitude are recorded, their duration ~ 107 s is
determined by the time constant of the recording system.
The number of electrons N > 10° in a pulse is close to
the calculated number of charge carriers in an avalanche
at this voltage. According to the static picture from
several pulses (observed by the image intensifier) a large
area of the hemispherical part of the point electrode is
covered by a very faint luminous layer.

At 9.9 kV a steady discharge is established. With
the voltage increase the DC current of steady discharge
increases gradually from I pA at the onset up to 8 ©A at
14 kV. At the point surface near its tip a more intensive
luminous spot with sharp borders is observable. The
area of the spot is (1.2-1.5)10"* cm?® and above it a
faint Juminous channel extends far into the gap. From
time to time the spot jumps to another place. Only few
jumps per minute occur. The jump is accompanied by a
sudden change of DC current (e.g. at U = 10.1 kV the
current changes within the limits 1.8-2.2 ©A) as well as
by the streamer formation. It is difficult to say whether
there are streamers also during the constant current or
not. The height of the current pulse of a streamer vary
from 16 to 20 mA and the halfwidth of pulses is ~ 800
ns. By appearance the streamers are less if any branched
than in air. The length of a non-branched channel varies
within the limits 0.8-1.5 ¢m and the channel is often
deflected from the gap axis, the branching occurs mainly
at the end of the streamer channel.

In dry nitrogen the extinction voltage differs from
the inception one: the steady discharge exists up to 8.7
kV. The extinction current of discharge is ~ (.12 pA.
The same behaviour as at voltages above the inception
voltage is observed: the sudden change of current is
connected with a streamer formation, the length of
streamer channel is diminishing with voltage decrease.

In non-dried nitrogen the extinction voltage equals
to the inception one and the streamer is branched like in
air.

3.2. Determination of drift times and ionization
integral

Most of the experiments are carried out in nitrogen. The
primary electrons are liberated from the probe by a 10
ns laser pulse.

The drift time #, is measured (figure 2A) as a
function of voltage (figure 3). The results for dry
nitrogen are close to that calculated on the bases of data
from the literature (section 2.5). The presence of water
vapour reduces drastically the drift time.

The numbers of electrons leaving the cathode N,
and reaching the anode N, are determined from the
areas { idt of current pulses of the probe and the point,
respectively. During their drift the number of electrons
changes due to the losses as well as due to the ionization
multiplication in a high field near the point. Up to 4
kV in dry nitrogen within the limits of experimental
errors there is no difference between N; and N, (in
non-dried nitrogen N,/N, < 1). As the value of the
calculated ionization integral [ eodx is close to one in

The multi-avalanche nature of streamer formation

1" \
9

~3

DRIFT TIME t_, (us)
o
(o}
)

VOLTAGE U (kv

Figure 3. Diift time £, of electrons as a function of voltage.
<. non-dried nitrogen, 20 h after filling with fresh gas. +
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Figure 4. lonization integral as a function of voitage.
Full curve: air, Laplacian field. Dotted curve: nitragen,
Laplacian field. Curves for Laplacian field are calculated
from the border of ionization zone. O: experimental
results. Broken curve: a quadratic fit to experimental
results.

this range of voltage it is possible to conclude that in
this case the role of losses is negligible. At higher
voltages (U = 5-8 kV) N, increases with voltage but
the waveform of current pulses does not change and
the relation N,/N. does not depend on laser intensity.
So the curve In(N,/N.) = f(U) may be treated as
a dependence for experimental jonization integral. In
figure 4 the experimental points, a quadratic fit of

In{N,/N.) = f adx = 5.2U% — 0.61

as well as the calculated curves f apdx = f{U) for a
Laplacian field are presented.

At voltages U > 8 kV the waveform of current
pulses of the point circuit changes. The simple
waveform is replaced by a more complicated one (figure
2B): there is a higher hump at the beginning of a
current pulse. At higher voltages from this hump a
steep current rise starts (figure 2B) that corresponds to
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streamer development as it is also confirmed by image
intensifier observations. The onset voltage of an initiated
streamer U; depends on laser intensity: in the case of
four-fold increase in intensity U; diminishes from 8.7 kV
to 8.2 kV. But independent of U; there is a critical total
number of charge carriers N} = (2-5)x 107 (figure 2B)
near the point which must be achieved by the moment
of transition,

In the case of similar experiments in air the time
interval between anode and cathode current puises is
nearly 3.5 ms and it corresponds to the drift time of
negative ions. Using a hemispherical 1 mm point only
large burst pulses are initiated in the region of onset
streamers.

3.3. Measurements of delay times

Experiments are carried out in both ambient air and
nitrogen. The primary electrons are created by a focused
laser beam at the distance xp from the point. The long-
pulse as well as the short-pulse laser are used, but the
results do not depend remarkably on the pulse length.
Delay time ¢4 needed for the start of an initiated streamer
depends on voltage U, laser intensity 7 and distance xp.
Delay time is determined only for those values of xg, 7
and U for which the jitter of ¢4 does not exceed some
nanoseconds.

By appearance an initiated streamer has a branched
structure, the length of branches increases with voltage
increase. At higher laser intensities the branches
developing towards the laser beam will prevail [17, 18].

In air the maximum distance is xg = 0.8 cm. At
larger distances independent of laser intensities used the
initiated streamers are not observed. For all distances
under observation the behaviour of curves t3 = f(U) is
similar. The results for xy = 0.5 cm and for the long
laser pulse are presented in figure 5. At every intensity
I = constant below the inception voltage of non-initiated
streamers Uy, the delay time decreases with the voltage
increase and achieves its minimum near the potential Uy,
Further increase in voltage also leads to an increase in
delay time. In the region of steady corona the delay time
remains nearly constant. At every voltage the decrease
in intensity causes the increase in delay time.

In nitrogen the dependencies ¢ty = f(U} are recorded
up to a distance xy = 1.6 cm. This maximum distance
is limited by the dimensions of viewport and not by
the jitter of #3. As in air the initiation of streamers is
possible at voltages remarkably less than the inception
voltage of non-initiated discharge. Compared with air
the dependence on laser intensity at U = constant
is considerably less. A typical curve of 1y = f(U)
is presented in figure 6: the delay time diminishes
gradually as the voltage increase.

4. Discussion

A non-homogeneous discharge gap may be divided into
two typical zones [19]: the drift zone and the ionization
zone. In our gap at the voltages under observation, the
border of the ionization zone x; is at a distance < 0.06
cm from the point tip.
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4.1. Feedback mechanism in nitrogen

Near the onset in air (U = 8 kV) the calculated (figure
4) size of an avalanche exp( f cpdx) is two orders of
magnitude less than that at the onset potential (U = 10

'kV) in nitrogen. At the same time, for a self-sustained

discharge, the replenishment factor y exp(f apdx) must
be 1 (y = the coefficient of secondary emission).
This means that compared with air the efficiency of
secondary process{es) in nitrogen is much less. It is
widely accepted that in air the different discharge forms
(burst pulses, streamers, steady corona) are supported
by the photoionization as a y-mechanism, processes at
the cathode play a minor role {15]. Only the results
of experiments carried out in synthetic air [20] seem to
prove that the development of the repetitive streamers is
also supported by the cathode processes.

In nitrogen the photoionization is not so effective
and the role of the cathode becomes dominant.
This viewpoint is supported by different experimental



observations (see section 3.1):

(i) Instead of a luminous layer concentrated close to
the point surface in the case of a steady corona
in air, the channel of the steady state discharge in
nitrogen extends far to the gap and, as was observed
in purer conditions [21], the channel of a very weak
luminosity bridges the gap. As a rule the channel
of a steady discharge is deflected from the gap axis,
most probably it starts from the edge of the probe
where the field intensity is higher. Observed jumps
of the DC current with corresponding replacement of
the bright anode spot may be caused by a change in
emissive site at the cathode.

(ii} The streamers in nitrogen are less branched and a
non-branched channel is deflected from the gap axis
like the channel of steady discharge. So it is probable
that a streamer develops along the channel of a steady
discharge, i.e. along the preionized path.

(iii)The difference between the inception and extinction
voltages is not explainable supposing that the gas
photoionization as a feedback mechanism of steady
corona is dominant.

(iv)The detected current pulses at the onset of discharge
correspond to single avalanches, i.e. a burst-pulse-
like mechanism is not active.

So it is quite reasonable to assume that the steady
discharge in nitrogen is a glow with its typical cathode
region at the plane electrode, and the preionization
ahead of a non-initiated streamer in nitrogen is caused
rather by the background steady discharge than by the
photoionization :

4.2. Conditions for streamer formation

Multi-electron streamer initiation both in air and nitrogen
is possible in a wide range of voltages including the case
of low fields (U}, &~ 7 kV) where the calculated number
of the charge carriers of an avalanche is ~ 107 as well as
in the region of steady coropa. It is obvious that in all
cases similar critical conditions must be established at
the moment of streamer formation. Furthermore, these
conditions must not differ from those for single electron
initiation.

As has previously been demonstrated by experiments
with a-particles in a homogeneous field [1], the streamer
formation is determined rather by the critical density of
charged particles than by the size of a single avalanche.
In our experiments only the critical number of charge
carriers U}, ~ 107 near the point (see section 3.2) is
directly determined. Due to the gap geometry most
of charge carriers are created in a thin layer at the
point surface. The area of this layer should not differ
considerably from that for a non-initiated streamer. A
non-initiated streamer in nitrogen (section 3.1) starts
from an anode spot of ~ 10~ ¢m? in area. So an
estimated critical value of the charge surface density
is o ~ 107% (C cm™). Calculated maximum field
intensity (E ~ 10° V cm™!) of the anode spot treated
as a charged disc differs by less than 40% from the

The multi-avalanche nature of streamer formation

value of Laplacian field intensity at the point surface
at the inception voltage (Up =~ 8 kV) of streamers in air.
This result coincides with the general formulation of the
criterion for streamer formation: a streamer starts when
the intensity of the space charge field is close to that of
applied field.

In the case of a steady corona in air the situation
is more complicated. There are no problems with the
achievement of a critical number of charge carriers as
the point surface is covered by a laterally extended layer
of ionized gas. According to the general analysis of
corona stability [19] this type of discharge is stable as an
accidental current increase will also enhance the positive
space charge layer and thus weaken the field at the point,
ionization is reduced and the original current is restored.
The stability of steady discharge also follows from the
analysis of its posittve-slope I-U curve. For streamer
formation the field at the cathode side of the layer must
be high enough to ensure that ionization increases there,
It becomes possible when in a spatially localized region
of the layer the increase of ionization rate dn/dz for some
reason occurs. It may lead to the spike-like extension
of the region of ionized gas towards the cathode, i.e.
a streamer forms. The cited model is supported by
experimental results:

(i) In air a burst-pulse starts near the point tip and then
due to the photoionization spreads over the point.
During its development a space charge layer forms
at the point surface. At UV > Uy a burst may grow
into a streamer (section 3.1). The probability of
transition is determined by the competition between
the cathode-directed extension of ionization due to
the accumulation of space charge in a limited area
and the development of discharge to the lateral parts
of the point. The last process diminishes the field
at the cathode side of the layer and thus it lowers
the probability of streamer formation. For this
reason the transition always occurs at the initial part
(t < 20 ns) of the burst as later the field is too
weak to ensure the development of cathode-directed
fonization instability.

(ii) It is possible to create streamers in the region of the
steady corona in air (figure 5, U > 8.5 kV) where
the point is covered by an extended jonized layer.
In this case the local increase of dn/dt is caused by
entering a large number of electrons created by a
laser shot into the ionization zone in the limits of a
small area.

(iii)Experiments with voltage pulses (! kV in height
and of 100 ns duration) superimposed to DC voltage
demonstrate another possibility to create streamers
in the steady corona region in air [17]. As arule, a
streamer starts from the lateral part of the layer where
the layer is less homogeneous and so it is easier to
achieve the local ionization instability.

Thus for streamer formation independent of the
magnitude of Laplacian field and the initial distribution
of the field, a critical space charge density must be
achieved in a spatially localized region.
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4.3. Interpretation of delay times

In [22] transverse triggering was also used and the
experiments were carried out in similar conditions
(point-plane gap, ambient air). In this paper the delay
time ?4 was interpreted as a time interval needed for
streamer development from the anode to the cathode (the
current pulses were recorded in the circuits of the probe
and the outer part of the cathode), i.e. the drift time
of the electrons to the jonization zone nor the final time
interval required for the space charge accumulation were
taken into account.

We shall present the measured delay time (section
3.3) as ty = Ar + 4. After

xi dx
A= | —
’ f WE®/P)

the first electrons from a plasma ball at the distance x,
reach the border of ionization zone at x; and # (formative
time) is the time interval needed for the accumulation
of critical space charge in the ionization zone. The
measured values of ¢4 and the calculated values of At
as a function of voltage both for air and nitrogen are
presented in figure 6. As one can see:

(i) even in the case of large number of primary electrons
and at the onset of streamers in ar (U = 8
kV) an accumulation period precedes the streamer
formation,

(i) formative time #; = t3 — At in the region of steady
corona in air increases with the voltage increase,
(iii)in nitrogen #; diminishes with voltage increase and it

is close to zero at the onset of non-initiated discharge.

4.4. Model of space charge accumulation

The model describes the space charge accumulation in
a virgin gap only and so the streamer formation in the
region of the steady corona is not treated here.

We assume that during the formative time # the flux
of electrons nyv,; into the ionization zone is constant (n,;,
v, are, respectively, the concentration and the velocity
of electrons at x;). Most of the electrons enter the
ionization zone within the limits of a small area 5.
In the ionization zone the number of charge carriers
N increases and during the time interval SIN(3t) =
Hei v 8285 exp( f ordx) positive ions accumulate inside a
thin disc-like volume situated close to the point surface.
It is supposed that the ions are immovable during the
accumulation.

During the accumulation the ionization coefficient
changes due to the space charge effects. The space
charge causes the redistribution of the total field and
o decreases [I, ch 3]. According to recent studies
[23] in a homogeneous field at E/p = 37 V cm™!
Torr, the avalanche growth retards when the surface
density of primary electrons is higher than 10® cm~2,
In our experiments the estimated density of primary
electrons at x; exceeds this value and that is why the
experimental ionization integral [ adx is Jower than that
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Figure 7. Formative time 4 in air as a function of voltage,
Electrons are created at x; = 0.3 em. Full curves are
calculated according 1o the model. +: | = #,, the full
curve corresponds 10 ng = 2.8 x 10" em=3, x: { = Iy/4,
i .-E 1,85 x 10'% cm™2, ¢: | = In/B, Ng = 1.26 x 100
em=>,

for a Laplacian field (figure 4). The actual smooth
dependence of {‘a(x, )dx on time is unknown and it
is replaced by a step-wise one: at the initial stage of
accumulation the ionization occurs in Laplacian field, at
the later stage the ionization is governed by [ erdx (figure
4). Furthermore, we suppose that there is no remarkable
difference in f ardx for air and nitrogen. The estimated
duration of the initial stage is very short compared with
that of , e.g. at U ~ 8 kV and ny ~ 10 cm~? (this
value of ng corresponds to our experimental conditions
(figure 8)) the time interval for accumulation of 10°
charge carriers is less than 1 ns.

After a formative time f; the surface density eN /58
(e = elementary charge) of space charge layer reaches
its critical value o, (section 4.2) and a streamer forms.
Thus according to this rough mode] the formative times
are calcolated as

Ocr

te(U,ng) = .
oU, na) EMei Ve exp(f adx)

In this expression the concentration ny is a free
parameter and its value has been chosen to achieve the
best coincidence of the model with the experimental
results,

The curves & = f{U) (xp = 3 mm) for air and for
various laser intensities are presented in figure 7. Within
the limits of its validity (i.e. at voltages below the onset
of steady corona) the model describes fairly well the
accumulation process. It is likely that the increase in #
in the voltage range of steady corona is caused by the
decrease in the field at the cathode side of the ionized
layer; thus for achievement of the critical field there,
longer formative times are needed.

For all distances xy > 2 mm the coincidence with
experimental results is similar. If the electrons are
released closer to the point the experimental values of ¢
are systematically longer than predicted by the model.
This may be caused by the field reduction near the
plasma ball created by the laser radiation: according
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Figure 8. Concentration n at the border of ionization zone
as a function of relative laser intensity. +: electrons are
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Figure 9. Formative time £ in nitrogen as a function of
voltage. Full curves are calculated according to the model.
Electrons are created at o = 0.4 cm. +: 100 ns laser
pulse, full curve carresponds to n, = 2.2 x 10 em-3, ¢:
10 ns laser pulse, ny = 0.6 x 10'9 ¢m—3,

to [18] the streamer branches never pass through the
position of plasma ball.

The concentration of electrons ng reaching the
ionization zone varies in limits (0.5-3) x 10" cm™3, i.e.
approxmately 10° electrons per nanosecond pass the area
88 = 10~* cm? at the border of the ionization zone. In
figure 8 the dependencies n; = F(I) for different x in
air are presented. The concentration »,; logarithmically
depends on laser intensity ng = Aln(I/f), the constant
I; has a simple physical explanation: it is the minimum
laser intensity which is able to ionize the gas and its
estimated order of magnitude is ~ 10® W cm? (the
corresponding energy of laser pulse is &~ 2 mJ). The
slope A is different for different xo: it describes the
decrease of the number of electrons due to attachment
during their drift towards the point.

The dependencies i = f(U) (xp = 4 mm) for
nitrogen are presented in figure 9. The calculated curves
are close to the points determined from the experiment
for the whole range of voltage under observation.

The multi-avalanche nature of streamer formation

Thete are several unsolved problems in this field.
Some of these (the most exciting for us) are:

(i) The actual spatial distribution of charge carriers near
the point during the space charge accumulation.

(ii) The mechanism of streamer formation in the case of
steady corona.

(iii)The mechanism of non-initiated streamer formation
and development during the sudden change of current
of steady discharge in nitrogen,

5. Conclusions

It has been proved experimentally that in the case of a
large number of primary electrons a streamer forms at
voltages considerably lower than the inception voltage
as well as in the range of steady corona.

For streamer formation an ionization instability must
develop in a spatially localized region. The local
increase in ionization leads to an increase in the
space charge field in this region. A streamer starts
when the space charge field achieves a critical value.
These conditions are common in different experimental
conditions.

At the inception voltage of streamers in a
homogeneous field the number of charge carriers of a
single avalanche is high enough to reach the critical field
but if the gap is undervolted a large amount of primary
electrons and/or an accumulation period of space charge
are needed for streamer formation.

In a highly divergent field in air even at the
inception voliage a space charge accumulation precedes
the streamer formation as the number of charge carriers
of an avalanchie is much less than the critical number
and so the streamer formation has a multi-avalanche
nature. The increase of the inception voltage in nitrogen
is caused by the low value of secondary emission
coefficient.
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