EFFECT OF BRANCHING PROCESSES ON THE GLOW OF THE DISCHARGE
CHANNEL DURING BREAKDOWN IN A HIGHLY NONUNIFORM FIELD

M. F. Danilov UDC 537.521.7

The branching of a discharge channel is certainly part of breakdown processes in a
long spark gap. This is evidenced by photographs of lightning, a long spark in air, and a
creeping spark on the surface of a dielectric [1-4]. Data on branching processes have been
presented most fully in [1]. The information about them in [2-7] is less detailed, and as
a rule attention is centered on the time characteristics of the processes, which are dis-
cussed within the framework of one-dimensional models. Creeping-spark studies [8, 9] re-
vealed that the discharge-channel glow has a longitudinal nonuniformity which arises in the
initial phase of the breakdown, is absent near the maximum of the bulk current, and then
reappears in the final stage of the discharge. We note that it is spatially linked to the
channel-branch points. A nonuniform glow is also observed during a lightning discharge near
bends in the channel in the final stage of the main discharge [1]. In view of this, atten-
tion must be focused on the fact that side branches often run from the bend points.

We consider the model of a space-charge sheath with allowance for the branching pro-
cesses. The model is used to calculate the electric field in the branching region and an
explanation is given for the longitudinal nonuniformity of the discharge-channel glow in a
long spark gap.

The diccussion is confined to relatively slow processes when we can disregard the vor-
tex component of the field which is comparable with the potential component only when the
current changes at a rate exceeding 10'° A/sec [6]. The electric field strength E in the
discharge zone is then determined by the volume density p of the electric charge, according
to the Poisson equation

div E = pleg (1)

(e, is the electric constant). The space-charge distribution is formed in accordance with
the continuity equation

dp/ot + divi=10 (2)

(} = 6E is the current density and ¢ is the electrical conductivity). Using (1), we recast
Eq. (2) in the form

9p/0t - grad o-E + pole, = 0. 3)

The scalar product grado: E determines the process whereby the charge increases at the bound-
ary of the conducting channel, where grado- E < 0, At the same time in the zone of high con-
ductivity the space charge relaxes with a characteristic time 1T = go/o ~ 107** sec. The
charge density in this case tends asymptotically to p, = —grad o+ Eey/o. Estimates show that
p, is several orders of magnitude smaller than the charge density in the sheath. Streamer
[5, 6] and autowave charge-transfer processes also participate in the formation of the
space-charge sheath. They are initiated in the region of high-field strength near the chan-
nel boundary and then develop outside that zone, smearing the region of charge localization.
As a result, the space-charge layer becomes substantially thicker and the field strength at
the channel boundary decreases.

First we consider the sheath structure when there is no branching and then the changes
that take place in this structure when side branches appear. No experimental data on the
charge distribution in the sheath are available. We assume, therefore, that the average
charge density depends on the coordinates as
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Here x and y are the coordinates in the direction along and across the axis of the discharge
channel, respectively; the channel axis coincides with the straight line y = y; and vg is of
the same order of magnitude as the radius of the streamer zone. The parameter p, < 1 shows
that the average charge density in the region of the channel is lower than in the other part
of the sheath surrounding it. For simplicity we assume that with respect to the third coor-
dinate z the charge is concentrated in a thin layer and its distribution is described by the
Dirac & function. This assumption can be substantiated by the fact that preferential direc-
tions of charge development along the plane of the surface exist under certain conditions.
Such a situation occurs, e.g., when a creeping discharge develops along the boundary between
a gas and a solid dielectric. We estimate the nature of the charge distribution in the lon-
gitudinal direction, i.e., find @ (x), by using the dependence of the electric field in the
discharge channel of a long spark on the coordinate x [5], for which the field strength and
potential can be described approximately by the formulas

E(x) = b/(L — 1)+ (5)
@) =bln(L —x)—cx +f (6)

(b, ¢, and f are constants and L is the channel length).

Adopting the model of the charge distribution (4) and the potential of the electric
field (6) and solving the electrostatic problem for the charge distribution, we find a (x).
Figure 1 shows an example of calculation of @ (x) and gives the results of calculation of
the field strength E(x) for the charge distribution obtained. The field potential was cal-
culated by the convolution method [10] and the field strength, from the formula E = —grad ¢.
The distribution of an isolated system [10] of space charges p(x, y) was given on a 32 x 32
net. The results of the calculation confirm that the charge distribution obtained is con-
sistent with the initial conditions of the problem (5), (6).

We now go on to discuss the branching processes. The lack of a bulk conduction current
is a characteristic feature of the incomplete stage of breakdown in a long spark gap. The
current in the external circuit should be treated as a bias current [5]. In other words,
the conduction current in the discharge channel is closed by bias currents in the space sur-
rounding the channel [9]. Conductivity in the breakdown zone varies from ¢ ~ 107 1% § [111,
which is a typical value for air under normal conditions, to ¢ ~ 103-10* S [1, 3, 5], which
is typical of the leader channel in air. From the ratio of the conduction current density
to the bias current [12] j/j. ~ o/e,w for a large frequency range (w ~ 1072-10'3 sec™!) we
find that jc < J in the discharge channel and j « je in the unperturbed space surrounding
the channel. The streamer zone can be regarded as a region where j ~ je. In a nonlinear
medium it is energetically more convenient for the conduction current to flow in narrow
channels at a high current density and high conductivity {13], which is manifested by con-
traction. The bias current, by contrast, depends little on the properties of the medium
and is proportional to the effective area of the lateral surface of the discharge channel.
In order to ensure that the conduction current and the bias current are equal in the incom-
plete stage, the narrow conducting channel should branch, increasing the areas of its lat-
eral surface. An exception are discharges (or individual parts of them) produced at high
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values of dU/dt, when breakdown develops without branching since the rapid growth of the
voltage ensures the necessary value of bias current. The appearance of a side branch causes
changes in the structure of the sheath of the main channel, which reduce mainly to a decrease
in the charge density in the zone around the axis of the side channel. We assume that the
side branch has the same kind of charge distribution in the sheath as in the main channel,
but they may be of different lengths. This can be taken into account, e.g., by introducing
a scaling factor for the coordinate %, measured along the channel axis. The charge-distri-
bution model then has the form

Pl (pél), d<<re

= a(palexp (— @), d>re, (7)

0 (z, y)

where p, is the scaling factor, p, = 1 for the main channel and p, 2 1 for the side channel;
d is the minimum distance from the point X, y to the axis of the main or side channel; in
the general case r. depends on the angle o between the axes of the main channel and side
branch: top < re < (Ax + Ay)/4;5 rep is the channel radius; and Ax and Ay are the spacings
of the coordinate net. The changes in the structure of the space-charge sheath should af-
fect the value of the electric field. This assumption is supported by calculation of the
field strength carried out for the charge distribution (7) with allowance for the channel
branching. Calculation shows that the dependence of the field on the coordinate & on the
axis of the main channel ceases to be monotonic. Near a branch point it undergoes modula-
tion, which is observed over a wide range of charge-distribution parameters (7) (rgs P1s> P2>
and r, were varied). We considered channels with one branch point, having one or two sym-
metrically arranged side branches. Figure 2 shows examples of calculations of the field
in the channel for the following parameters of the model: p; = 0.1, 0.15, p, = 4.0, rg =
L/32, and r, = L/3200. Two side channels emerge at an angle o = 45° from the branch point
with the coordinate & = 0.5 L.

Since the density of the energy released in the discharge per unit time is W = aE?,
the spatial modulation of the field strength should result in the modulation of the chan-
nel glow. This can explain the longitudinal nonuniformity of the flow and the beaded struc-
ture described in [9]. Naturally, such a glow structure cannot be steady-state since modu-
lation of the electric field causes modulation of the conduction current and this leads to
a redistribution of the charge and a change in the channel glow. Indeed, the length of the
bright segments in the incomplete stage increases with time, but the glow does not become
entirely even [9]. As a rule, a less bright segment, which can be identified with the re-
gion of lower field strength near the point £ = 0.55 L in Fig. 2, can be observed near a
branch point. The branching channel formed during the incomplete stage of the breakdown
undergoes further substantial changes but in all likelihood continues to exist, preserving
its principal geometrical parameters until the breakdown is completed. The linkage of the
long-glow segments of the channel to the spatial structure of the glow of the incomplete
discharge, therefore, is attributable to the effect of the sheath of the residual space
charge as well as to gasdynamic perturbations initiated in the region of the branching [9].

In conclusion, we must point out that the system of side branches, having a consider-
ably lower brightness than the main channel has, is often not recorded experimentally but
it can nevertheless play a significant role in the formation of the space-charge distribu-
tion and thus affect the energy processes in the discharge channel.
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MAGNETOACOUSTIC SHOCK WAVES IN A NONUNIFORM PLASMA
FLOW

V. A. Pavlov UDC 532.593

The flow of the solar wind around the planets and other bodies generates a weak magneto-
acoustic shock wave [1]. The problem of describing a shock wave in a nonuniform plasma flow
arises in this and similar situations [2]. Here we propose an approximate method of describ-
ing the field in the vicinity of a magnetoacoustic shock front. Based on the geometrical-
acoustics (ray) description, this field is represented by a series, in which second-order
small terms are taken into account by solving a Riccati equation. The magnetoacoustic shock
intensity is estimated, and a relation is derived between the velocity of the shock front
and the cross section of the ray tube. An algorithm is proposed for converting the fields
from the moving frame to the laboratory frame.

1. We describe the field in the cold plasma by the magnetohydrodynamic (MHD) equations

80/dt + div (pv) = 0, divH = 0, (1.1)
AH/0t —curilv, H] = 0, dv/dt — (u/p)lcuriH, H] 4 g(r} = 0.

Here p, v, and H are the density of the plasma, the velocity, and the magnetic field, and
H and ¢ are the permeability and the gravitational acceleration. The subscript 0 refers to
the unperturbed field: 0o = 04(2), vy = vy(z)e,, H, = const. The fields are perturbed by the
presence of a fixed smooth body, around which the plasma moves in a nonuniform flow. We
transform to a local coordinate system (frame) associated with the flow velocity vo(z)éx at
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