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It has been shown [1-3] that the discharge buildup time 7 for ini-
tiation by single electrons substantially exceeds the time expected
from the one-avalanche streamer mechanism in the case of gapsabout
1 mm long breaking down in 107° sec or so. This indicates that the
mechanism involves many avalanches. If the discharge is initiated by
many electrons (104), the current rise is due to avalanche multiplica~
tion of initiating electrons [4]. Then 7 equals the timeforan avalanche
to build up to about 10 electrons [5].

Little is known about electron multiplication in one-electron ini-
tiation, except that a diffuse glow occurs throughout the gap during the
initial buildup, together with narrow channels of low luminosity {6],
while the stage of rapid current rise can be ascribed to avalanche mul-
tiplication of secondary electrons {4]. Here we consider electron mul-
tiplication in the primary process, and also the mechanism of secondary-
electron extraction in one-electron initiation in strong fields.

1. Electron spread in an avalanche, An electron appearing at the
cathode leads to production of an electron avalanche. If the field is
strong, many electrons are formed in the avalanche as it advances a
distance much less than the gap width. The field produced by the elec-
trons and ions begins to influence the behavior of the avalanche. The
ion field retards the tail of the electron avalanche, while the electron
field will accelerate the electrons at the head, i.e., the electrons be-
gin to spread out. This effect appearseven during the exponential growth
of the avalanche.

The electron density ny and ion density n} are as follows in a cy-
lindrical coordinate system 1, z:
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Here 1y is the diffusion radius, D is diffusion coefficient, o is the
coefficient of collisional ionization, and v- is electron drift velocity.

The following are {71 the electron and ion fields in an avalanche
as functions of z:
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in which qg is electron charge.
We normalize the expressions for the fields and space-charge den-
sities:
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Figure 1 shows ng, Dy, Eg, and Ej as functions of (z =v_t)/1q4.

To the right of the point where E = E{ we have E¢ > E;. The field
Ee + Ej is added to the external field and will tend to detach electrons
from the head. The sum field is reduced to the left of Eg = Ej and the
electrons are retarded. Consider the nutnber of electrons in a field ex-

ceeding the external field, for which we determine thesurfaceat which
Ee + E; = 0 and take the integral oves the entire volume in the direc-
tion of increasing r an z. For approximate purposes we restrict consider-
ation to determination of the surface at which the projection of E¢ + Ej
on the z-axis is zero.

We assume the distribution of n; and ng to be spherically symme-
trical., The center of density for the ions liésat y = —B, where B isde-~
fined by

Ei ("_ ﬁ! a): 0.

Then for the critical surface whose coordinates are p(y) we have
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Numerical solution of (1.5) fora = 1 and 2 shows that p(y) may be
approximated by a parabola:

p = 2.4y — b)°F, (1.8)

in which b= 0.495 fora = 1 and b = 0.645 fora = 2.
The proportion of electrons within the paraboloid is
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where z, is deduced from (1.6) with p = 0 and (z) from (1.6) with the
substitution
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The N forg = 1 and 2 are, respectively, 0.18 and 0.13.

The number N of electrons in the avalanche increases as time pas-
ses, while o decreases and ry increases, Calculations {7~9] weremade
fora = arg at p = 760 mm Hg and E/p = 150 V/cm-mm Hg in order to
estimate N(UJ, As o increased from 0.70,y to 0.980y there was about a
10% increase in ¢, and Fig. 1 shows that this leads to increase in NG,
This result agrees with measurements of avalanche radius in vapors of
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Fig. 1. Normalized ne, nj, Ee, and

Ej at the z-axis near the center of the
electron cloud.
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organic liquids [10], but these data indicate that the avalanche radius
is greater than rq for N = 5 « 107 on account of Coulomb repulsion be-
tween the electrons. This reduces E¢ and correspondingly reduces the
electron spread.

This means that more than 10% of the electrons will be moving
with a velocity exceeding v. even at the start of retardation of the av-
alanche by Ej, while the rest will move at less than this velocity.

2. Avalanche chains, When E; becomes comparable with the ex-
ternal field, the electron head becomes detached from the avalanche
and starts to form a new avalanche, and so on. The proportion of elec-
trons lost from the avalanche will be less than the N(1) derived in the
previous section because only electrons whose speed considerably exceeds
V- will be lost.

Counsider the total number of electrons in such a chain. We neglect
overlap between the electron and ion clouds, and we also assume that
the avalanche broadens by free diffusion. If we also assume that the av~
alanche grows exponentially with o = const, the following is the num-
ber of electrons in the avalanche for one initiating electronwhenEj = E:
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in which ug is the thermal velocity of the electrons.
Electrons detached from the head move in the field

E* = kpE (ky > 1),

since the field of the electron cloud will be superimposed on the ex-
ternal field E. The number of avalanches in a path z is

zfz = za/lnN, | N*,

in which zj is avalanche length and N* is the number of electrons
ejected from the avalanche. Then the total number of electrons in such
a chain is
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The conductivity of an avalanche chain across the gap (z = 6) is
Nyt ~qe87%, Itisfound [8,9] for nitrogen at E/p> 10 V/em-mm Hg
that up ~ 0.3(E/p)°'62, i.e., the conductance is ~ 2.5-10'6(135)'1
ohm™L.

Chains of avalanches such as those described above should take the
form of thin weakly luminescent channels at the stage at which there
is still no potential drop in the gap; such channels would appear tohave
been observed [6].

In fact, narrow channels within about 10”° sec acquired a diameter
of about 107 ¢m and crossed the gap in not more than 10™%sec for § =
= 0.4 cm, p =46 mm Hg, and E/p = 1.43 * 10° V/cm-mm Hg.

An avalanche chain under such conditions should have a diameter
of about d; ~ 2 V6Dt and should bridge the gap in a time t ~ §/k,v_,
in which ky > 1 takes account of the increase in the speed of the ava-
lanche chain relative to v_. If the electrons are ejected for E; = E we
have kv ~ 2, For nitrogen [8,9]

D =%y upp_ = 3.10 cm® sec?,

S0 we get

di=~3-10% cm f = 1,5-107% sec.

These agree with observed values in order of magnitude [6].

Secondary electrons are produced by photons from the primary ava-
lanches. If we assume that these photons are emitted by excited mole-
cules with a mean lifetime 7y, the time of discharge buildup should be
of the order of 7}, as is observed [3,12].

The concept of avalanche chains is confirmed by the presence of
many channels in the final stage of breakdown. An avalanche chain is
of low conductivity and is quasi-neutral, so the time of spark voltage
drop related to avalanche electron multiplication should not be depen-
dent on the number of original inidating electrons, as is found [4].
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Fig. 2. Change in photoelectric emission from

copper for § = 1 mm, p = 760 mm Hg, and U

(kV) of: 1) 30, clean electrodes, 2) 30, after

4000 sparks, 3) 10, clean electrodes, sparkil-

lumination, 4) 10, after 4000 sparks, sparkil-
lumination.
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Fig. 8. Field emission from copper with § = 1 mm

at U= 30 kV and p (mm Hg) of: 1) 20, cleanelec-

trodes, 2) 760, clean elecirodes, 3) 20, after4000
sparks, 4) 760, after 4000 sparks.

3. Secondary processes. The distribution in the discharge delay was
examined in relation to the surface state of the cathode in order to in-
vestigate the role of the cathode in the secondary process. The method,
of measurement was as previously described [8]. We plotted f(t) =
= {ln nt/nol, f(ty) = 1 (n; isthe number of discharges with a delay of t or
more, and ng is the total number of discharges). If t; >» 10" sec, the
f(t) curves become straight lines. Copper and tungsten cathodes gave a
marked dependence of t; on the number of previous discharges. Numer-
ous measurements of t; showed that t increases with the number of sparks.
The effect is slight for the first few hundred sparks, but it becomes
marked for n > 10°. These effects are not observed for aluminum cath-
odes [13].

There are two reasons for increase in t;: 1) the photoelectric emis-
sion from the cathode may deteriorate, which reduces the effects of
secondary processes, 2) if the discharges reduce the field emission from
the cathode, this will reduce the electron current iy that initiates the
breakdown and thus will increase t,, because t; « 1/i; for E, p, and &
constant.

The following tests were performed to establish which of these two
effects governs 1y(ny). WithE=3 " 10° V/em, § = 0.1 cm, p = 760 mm
Hg (air), and clean copper electrodes, we measured the delay and drew
up F(t) curves. The same electrodes were then used with the same p
and & at E = 10° V/cm with illumination from an auxiliary spark via a
quartz window (curves 1 and 3 in Fig. 2). Then4000 sparks were passed,
followed by recordings with and without the spark {llumination (curves
2 and 4 in Fig. 2).

Curves 1 and 2 are to be compared with 8 and 4, which character-
ize the photoelectricemission, Line 4 is much less steep than line 3,
which shows that the cathode emissivity is much reduced by 4000 sparks.
The f(t) for low pressures similarly serve to characterize the change in
field emission in response to a number of discharges.

It has been found [8] that for § = 0.1 cm at atmospheric pressure
there is a certain probability P < 1 of electron emission from the cath-
ode even at high overvoltages. The ratio E/p had to be increased to
produce P = 1. We therefore recorded two distributions at E =3 + 10°
V/cm for clean copper electrodes, one at 20 mm kg and the other at
760 mm Hg (curves 1 and 2 in Fig. 3). The curves were againrecorded
after 4000 sparks (curves 8 and 4). As P =1 implies that ig = 3¢/t for
the electron current from the cathode that initiates breakdown, the



slopes of the F(t) curves for 20 mm Hg (1 and 3 in Fig. 3)characterize
iy at the start and end. The sparking tends to increase the field emis-
sion [14].

Photoelectric emission from the cathode is thus an important secon-
dary process in the production of discharges in the nanosecond range.
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