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A generalized physical principle of development of plasma channel of a high-voltage pulse
spark discharge in a dielectric

Goal. Development of the generalized physical principle of development of plasma channel of a high-voltage electrical pulse spark
discharge in the homogeneous dielectric of the different aggregate state. Methodology. Basis of physical optics, theoretical electrical
engineering, electrophysics bases of technique of high-voltage and large pulse currents, bases of high-voltage pulse technique and
measuring technique. Results. Development of physical principle of development of plasma channel of an electric pulse spark
discharge is executed in a homogeneous gas dielectric on the applied example of the use in calculations and experiments of the
double-electrode discharge system (DEDS) with a long air interval, testing action of standard interconnect aperiodic pulse of high-
voltage of temporal shape of T,/T;~200 us/1990 us of positive polarity. The generalized formula is got for the calculation of total
length of l. of the real way of development of an pulse spark discharge in an air dielectric, which allowed to formulate the offered
physical principle in the following kind: «The plasma channel of an pulse spark discharge in a gas dielectric spreads from one of its
points to other after a way length of 1., providing the least falling on it of electric voltage of U.». It is shown that this principle in the
first approaching can be applied and to the homogeneous liquid and hard dielectrics. Comparison of the developed physical
principle of distribution of plasma channel of an electrical spark discharge is executed in a dielectrical environment with
fundamental Fermat physical principle (a law) for distribution of light in an optically transparent environment, which specifies on
mathematical likeness and closeness on destiny of these physical principles. Calculation estimations of falling of electric voltage of
U, on total length of 1. of the real zigzag way of development in the air dielectric of DEDS a «edge-planey with the least length of its
discharge interval of l,;,=1,5 m is presented, that a value U, does not exceed 9 % from the experimental level of aggressive voltage
of U,~611,6 kV in this DEDS for the aperiodic pulse of voltage of T,/T=200 us/1990 us. It is set that the estimated time of t;
advancement of leader channel of electric pulse discharge in air DEDS (Iin,=1,5 m) on its real way total length of 1.~1,53 m makes
t~15,3 us, and experimental duration of cut of Ty of the indicated aperiodic impulse of voltage utilized in experiments,
characterizing time of short circuit by the plasma channel of discharge of air interval in DEDS, appears equal T;~t~17 us.
Originality. The generalized physical principle of development of plasma channel of a high-voltage electrical pulse spark discharge
is first developed in the homogeneous dielectric of the different aggregate state. Practical value. Application in electrical
engineering practice and high-voltage pulse technique of the offered principle of distribution in the dielectrics of plasma channel of
an pulse spark discharge will allow to develop both new and to perfect the existent methods of computer design of electro-discharge
processes in the gas, liquid and hard insulation of different high-voltage electrical power engineering and electrophysics devices,
directed on the increase of reliability of their operation. References 25, figures 5.

Key words: plasma channel, spark discharge, dielectric environment, physical principle of development of plasma channel,
calculation, experiment.

Haoani pesynemamu po3poOKu y3a2anbHeHO20 @I3uuHO20 NPUHYUNY DO3GUNMIKY 6 2OMO2EHHOMY OIeNeKMPUYHOMY cepedosuuyi
NAA3MO8020 KAHALY BUCOKOBONIBIHO20 eIeKMPUUHO20 IMAYIbCHO20 ICKp0602o po3pady. Ilokazano, wjo Kanan O0aHO20 6udy
ENEKMPUUHO20 PO3PAOY 6 2A3060MY OIeNEKMPUKY POZNOECIOONCYEMBC NO 3U23A20N00IOHOMY WISAXY 3A8006x4CKU 1., axull 3abe3neuye
Hativenwe nadinus Ha Hoomy enekmpuunoi nanpyeu U, [na oOrpyHmyeawHs npuiiHAMux nOYAMKOSUX @I3UUHUX NONOMHCEHb i
sepughixayii ompumManux po3paxyHkoeux eneKmpo@izutuHux OaHux npeocmasneni pe3yabmamy 6UCOKOSOTbMHUX CUTLHOCHPYMOBUX
eKxcnepumenmie no eneKmpuyHoMy npoboio 0062020 NOGIMPAHO20 NPOMINCKY 8 080eNeKMPOOHIll pO3PAOHIU cucmemi «gicmps-
naowuHay (lnin=1,5 M) i3 3acmocy8aHHaAM CMAHOAPMHO20 KOMYMAYIUHO20 ANepioOUyHO20 IMNYIbCY BUCOKOI HANPYeU 4acoeol
dopmu T, /T200 mxc/1990 mxc nosumusnoi noaapuocmi. Buxonamo nopienauns pospodieHoeo @isuunozo NPUHYUny
PO3NOBCIOONCEHHS. NAA3MOB020 KAHANY BUCOKOBOTILNHO20 €NeKMPUUHO20 [MAYIbCHO20 ICKPOB8O20 pO3PA0Y 6 OieleKmpUiHOMY
cepedosuwyi 3 QynoamenmanvHum @izuunum npunyunom (3axonom) Depma 015 po3noCIOONCEHHs CEIMAA 8 ONMUUHO NPOZOPOMY
cepeoosuwyi, saKe 6KA3YE HA CXOXHCICMb 34 POPMOI0 MAMEMAMUUHO20 3aNUCY | OIUZLKICMb 30 3MICMOBHUM NPUSHAYEHHAM OAHUX
¢izuunux npunyunis. bidi. 25, puc. 5.

Kniouosi cnosa: ni1a3moBuii kaHaJ1, icKpoBHii po3psij, JieJeKTPUYHe cepeoBUIIe, Gi3SHUHUI IPUHIUN PO3BUTKY NJIa3MOBOI0
KaHaJy, PpO3paxyHOK, eKCIIepUMEHT.

State-of-the-art and relevance of the problem.
Electric pulse spark discharge in vacuum, gas, liquid and
solid dielectric media, which is carried out with the help
of high-voltage low- and high-current electrical
equipment, has found quite wide practical application for
both scientific and technological purposes [1-5]. Let us
point out that this type of high-voltage electric discharge
belongs to one of the known and well-studied classical
types of self-discharge in a dielectric today in
electrophysics [6-8]. Electric discharge technologies
based on the transformation of electrical energy stored,
as a rule, in powerful high-voltage capacitor batteries into
the energy of phase transitions, chemical reactions,
explosion of solid substances, shock waves, into
mechanical work, heat and other types of energy

[3, 9-11], have one fundamental difference from other
technologies: they are capable of providing a large energy
density in the pulse mode of its action to the substance
under investigation or the processed product (object). At
the same time, the time of this action can vary in a wide
range: from hundreds of milliseconds to units of
nanoseconds. Taking into account the prospects of
electrical discharge technologies based on pulse spark
discharge, in recent decades the following important
scientific results were obtained by domestic and foreign
electrical engineering scientists and electrophysicists in
this area of high-voltage pulsed technology (HPT)
[1, 3-12]: data on the dependence of the electrical strength
of many dielectrics from the length of the interelectrode
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gaps, the geometry of the electrodes used in these gaps of
different metals and conductive compositions, the
amplitude-time parameters (ATPs) of the electric voltage
(current) acting on the dielectric, and the electrophysical
parameters of the surrounding dielectric insulating
medium; volt-second characteristics of electrical
breakdown of many types of dielectrics; found
distributions of the strength of high pulse electric field in

linear and heterogeneous dielectrics placed in
interelectrode spaces with electrodes of different
configurations; determined main types of electric

discharge structures and the parameters of discharge
plasma channels in the main types of dielectrics at
different ATPs of voltage (current); obtained the first
adequate calculation data for computer modeling of
complex electrophysical processes of the development of
the plasma channel of an electrical pulse spark discharge
in some types of dielectrics.

Despite the above-mentioned scientific results, in the
field of modern HPT, in the study of pulse spark
discharge in dielectrics, those related to the development
of mechanisms and the description of analytical models of
the development of the plasma channel of this discharge
in them remain poorly studied issues. The presence of
similar mechanisms and analytical models will contribute
to the further improvement of computer modeling
methods of the development of the plasma channel of
electric spark discharge in dielectrics of various natures
[13-18], which have important applied value in the field
of high-voltage electrical engineering, industrial electric
power engineering, HPT, high-current electronics, nuclear
engineering and protection of aircraft and ground
infrastructure objects from the impact of atmospheric
electricity (lightning).

The goal of the article is to obtain a generalized
physical principle of the development of a plasma channel
of a high-voltage pulse spark discharge in a homogeneous
dielectric of a different aggregate state.

1. Problem definition. For the certainty of solving
this applied electrophysical problem, consider a high-
voltage double-electrode discharge system (DEDS),
which contains a potential electrode in the form of a metal
rod 1 of finite geometric dimensions pointed at the edge
and a grounded electrode in the form of a metal plane 2 of
unlimited geometric dimensions (Fig. 1). Let the electric
potentials of these electrodes 1 and 2 be equal to ¢; and
¢,=0, respectively, and between them in the interelectrode
air gap of minimum length /,;,, equal to the length of the
straight line drawn from the tip of the potential electrode
1 along the normal to the flat surface of the grounded
electrode 2, a homogeneous gas is placed by the following
atmospheric conditions [19]: gas pressure
P~(1.013£0.003)-10° Pa; absolute gas temperature
T, =(293.15+5) K; relative humidity of gas (45%15) %.
Let us assume that the electrical strength of the
interelectrode air gap in the DEDS in relation to the
average level of its breakdown voltage of high pulse
electric field for the electric voltage pulse applied to the
DEDS is equal to E, Here, the potential ¢, acquires a
value equal to @y,

1
A
dl,

B

Fig. 1. Schematic representation of the aerial DEDS,
on the example of which the process of the development of a
plasma channel of a high-voltage electric pulse spark discharge

in a gas dielectric is considered (1, 2 — respectively, the metal

rod with potential ¢, and the metal plane with potential ¢,;
A, B — the starting and ending points of the path of the spatial

development of the pulse plasma channel spark discharge

in a gas dielectric)

We will limit ourselves to the consideration of the
applied case, when the ATPs of high electrical pulse
voltage Ujy(#)=(p1—¢>) in the interelectrode air gap of the
DEDS changes in time ¢ according to the law of the
standard switching aperiodic voltage pulse of the time
shape T,/T, ~(250£50) us/(2500+£750) ps of positive
polarity with appropriate tolerances on its parameters
[20, 21]. 1t is this type of high pulse voltage that is most
often used in industrial electric power and HPT when
determining the electrical strength of the internal and
external insulation of various high-voltage -electrical
equipment and powerful high-voltage electrophysical test
equipment. Taking into account the leading stage of the
development of the plasma channel of an electric
discharge in a gas dielectric, when the discharge channel
can branch out and have a zigzag character [8], we will
limit ourselves to considering the processes at the stage of
the formation of a conductive pulse spark channel in an
air DEDS after passing through the leader channel of the
return wave of the pulse current, which causes its bright
glow [5]. Based on the analysis of calculated and
experimental data relating to the flow of the main
electrophysical processes in the studied discharge air gap
of the DEDS (see Fig. 1), it is necessary to develop the
physical principle of the development of the plasma
channel of a high-voltage pulse spark discharge in the gas
dielectric adopted for the study and further generalize it to
homogeneous dielectrics of a different aggregate state, the
physical properties of which change in space continuously
without jumps.

2. Basic physical conditions and calculation
relationships. Taking into account the electromagnetic
nature of light and the plasma channel of a brightly
glowing high-voltage electrical pulse spark discharge in
the studied gas dielectric [8, 19], for a better
understanding of the complex electrophysical processes in
the air DEDS under consideration, let us first dwell on the
well-known Fermat physical principle from the field of
geometric optics, which for the optical length L, of a real
light beam in an optically transparent medium is written
in the following classical analytical form [22]:
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B
Ly = [ nyds. (1)
A
where n, is the dimensionless index of refraction of the
light beam, which is minimal for a real beam in an
optically transparent medium; ds is the length of the
elementary section of the propagation of a light beam in
an optically transparent medium from the starting point 4
to the ending point B of the real path of propagation of
light in it.

In the case when the index of refraction n, of the
medium spatially changes continuously in it, then
according to (1) the optical length L, of the path traveled
in it by a real light ray from point 4 to point B will be less
than the optical length of any other path or the length of
any other geometric curve connecting these extreme
points of the light ray propagation path. Therefore, the
time #, of passing through this or that medium with the
index of refraction ny of the light beam of this path with
the optical length L, will be the smallest. At the same
time, it should be noted that the indicated time #, of the
beam passage will have the following calculated
analytical form: fy=Ly/c, where ¢ =~ 3-10° m/s is the speed
of light propagation in a vacuum [19]. Note that according
to Maxwell law, there is a valid formula for the value of
the index of refraction n, of the medium [22]:

ny =~érky 5 (2)

where ¢,, u, are, respectively, the relative dielectric and
magnetic permeability of the medium in which the light
beam propagates.

Formula (2) clearly indicates the electromagnetic
nature of light. It follows from (2) for an air medium
(e=1; u,=1) that the physical parameter 7, in this case is
numerically close to n¢=1 [19].

In this regard, Fermat physical principle, which is a
general law of geometric optics, according to (1) and the
accepted principle in the field of modern optics, is
formulated as follows [22]: «Light propagates from one
point of the medium to another along a path for which the
least amount of time is spent». From Fermat principle the
physical statement follows that light in an optically
transparent medium propagates in a straight line [22].
Taking into account the above-mentioned electromagnetic
nature of light and the plasma channel of the electric
discharge, it is quite reasonable to accept the physical
provision that the development of the plasma leader
channel of the electric discharge and then the plasma
spark channel of this pulse discharge in the air discharge
gap (np=1) of the investigated DEDS on its short
elementary sections of length d/.,<</.;, occurs along
rectilinear directions of one or another spatial orientation.
Moreover, given rectilinear directions on elementary
sections of length d/,, both at the stage of development of
the plasma leader channel of the discharge in air, and at
the stage of development of its spark channel in it, will
satisfy the condition of the maximum value of the specific
electrical conductivity 7., of the conductive path in the
gas dielectric at the specified elementary sections of
length d/., of the plasma leader (spark) discharge channel.

We believe that this conductive path is initiated by
its main part (the head of the discharge leader) growing in

space, which glows brightly and moves quickly in this
dielectric (at the average velocity v, of the forward front
of the discharge leader in the air v;~10° m/s [8]) from the
potential to the grounded electrodes of the DEDS. Spatial
distributions in the discharge interval of the investigated
DEDS of values of y,, on the elementary sections with the
length d/., of the germinating leading channel of the pulse
discharge are, as a rule, probabilistic in nature. These
spatial probability distributions of y., values in one or
another dielectric are determined both by the technology
of their manufacture (this applies more to solid and liquid
insulation), and by the physical state and composition of
the gas dielectric, as well as the properties of the gas or
liquid insulating medium surrounding the solid dielectric
[1, 5]. Therefore, in the case of an electrical breakdown
of the air discharge gap in the investigated DEDS with a
conducting plasma channel of a pulse discharge with a

m B
total length ledlcn =jdlcn the indicated rectilinear
n=1 A
elementary sections of the length d/, of the plasma leader
channel of a pulse electrical discharge, which quickly
grows in the air, will form a broken zigzag curve of the
real path (/.>[,;,) of the studied pulse spark discharge in
the DEDS between the starting point 4 and the ending
point B of the development of the plasma channel of this
type of electric discharge (see Fig. 1).

Based on Ohm law in the differential form [22],
for a rectilinear elementary section with a length d/, (see
Fig. 1) of a conducting plasma channel of a high-voltage
electric pulse spark discharge in the studied air DEDS,
which corresponds to the specific electrical conductivity
v, of the gas dielectric, the following relation can be
written:

Loy = VenGen AUy 3)
where J., is the density of the discharge current in the
channel of the high-voltage air electric spark discharge in
its elementary section of the length d/.,; dU, is the
electric voltage drop in the elementary section with the
length d/., of the plasma channel of the high-voltage pulse
spark discharge in the air DEDS.

Then, from (3), for the total length /. of the plasma
channel of the high-voltage electrical pulse spark
discharge in the studied air DEDS, in general form, we
obtain:

B B
lo = jdlcn :J‘}/cngc_nldUcn . 4)

A A
In the case of a continuous change in the plasma
channel of an air pulse spark discharge, the value of the
specific electrical conductivity y., of its rectilinear
elementary sections with length d/., and the invariance of
the density J.,~0. of the discharge current along the
plasma spark channel, expression (4) has the following

form:

B
le :5glj7cndUcn : (%)

A
The maximum values of the specific electrical
conductivity y,., of the low-temperature plasma, both from

36

Electrical Engineering & Electromechanics, 2024, no. 1



the beginning of the leader channel and further of the
spark channel of the air discharge in the DEDS on its
rectilinear elementary sections with length of d/.,, will
correspond to their minimum electrical resistances. In this
regard, the plasma leader (spark) channel of the pulse
discharge in the air DEDS will spatially germinate
(develop) to the place where it and the dielectric, which is
under the action of the external high electric field of the
discharge leader, will ensure the minimum value of the

B
electric voltage drop U= IdU en - As an approximation of
4
the fulfillment of the equality y.~y., which satisfies the
largest current value of y., on the path of propagation in
the gas of the leader (spark) channel of the discharge,
formula (5) for the real path of development of a high-
voltage electrical pulse spark discharge in an air dielectric
takes the form:

B
2 (6)
A

B
In the well-known formula (1), the integral Inods

A
determines the minimum value of the optical length L, of
a real light beam in an optically transparent medium. In
the obtained formula (6), the minimum value of the

B

integral IdU en= 10y, which corresponds to the
4

maximum value of y., determines the minimum value of

B
the total length /.= jdlcn of the real plasma channel of the

A

spark discharge in its specific conditions of spatial
development in the gas dielectric. Therefore, when
considering an electric discharge in a gas, we can say that
for the electrophysical process of the development of a
high-voltage electric pulse spark discharge in a gas
dielectric, the physical laws of minimizing its main
characteristics are also fulfilled, which lead to the
minimization of energy consumption to support the flow
of such a process in it.

We see that the proposed formula (6) for the
development of a plasma channel of a high-voltage
electric pulse spark discharge in a gas dielectric is close to
the classical formula (1) for the propagation of light in an
optically transparent medium in terms of its mathematical
form and purpose. From the comparison of the obtained
formula (6) for the total length /. of the real path of the
development of the plasma channel of a high-voltage
electrical pulse spark discharge in the air DEDS during an
electrical breakdown of its gap and formula (1), which
corresponds to the Fermat physical principle, which
determines the minimum optical length L, during the
propagation of a real light beam in an optically
transparent medium, it can be concluded that the total
length /. of a real plasma channel of a high-voltage
electrical pulse spark discharge in an air dielectric
between the points of its beginning 4 and ending B
corresponds to the minimum drop of electric voltage

B
onit U= IdUcn .
4

Taking into account the above, the proposed
physical principle of the development of the plasma
channel of a high-voltage electric pulse spark discharge in
relation to the studied air DEDS can be formulated as
follows: «The plasma channel of a pulse spark discharge
in a gas dielectric spreads from one point to another
along the path of length ., which provides the smallest
drop in it of electric voltage Ux». For the calculated
quantitative assessment, taking into account the proposed

B
formula (6), the drop in electric voltage Uc:.[dU

A4
the total length /. of the real path of development in the
homogeneous gas dielectric of the studied DEDS of a
plasma channel of a high-voltage pulse spark discharge,
we use the following approximate relationship from the
field of HPT [5]:

cn on

le = (g —¢2)/ Ey . ™

When ¢,=0, from (6) and (7), for the drop in electric

voltage U, over the total length /. of the real path of

development in the gas dielectric of the plasma channel of

a high-voltage electrical pulse spark discharge, in the
accepted approximation, we obtain the expression:

B
Ue ~ [dUe, = 8014 7Eq) - (8)
A

By substituting into formula (8) calculated and
experimental numerical data for a high-current plasma
channel of a pulse spark discharge in atmospheric air
(0258107 A/m? y~1625 (Qm)'; ¢~611.6 kV;
E~400 kV/m), obtained by the author in the electric
circuit of a powerful high-voltage test -electrical
equipment [23-25] containing the investigated DEDS
(Imin =1.5 m), we find that the desired value of the electric
voltage drop U, on the total length /.>],;, of the real path
of development in the accepted air environment of the
plasma channel of the high-voltage pulse spark discharge
is numerically approximately U~54.6 kV. As we can see,

B
U= J dU,, <<(@i4 — ¢2). The calculated numerical value

A
of the electric voltage drop U,~54.6 kV obtained from (8)
on the high-current plasma channel of an air pulse spark
discharge does not exceed 9 % of the level of the
breakdown electric voltage Ujy/(f)=p,/~611.6 kV (¢,=0)
in this DEDS. This calculated value of U,~54.6 kV
correlates well with the experimental result for
U~ Rolnin=53.6 kV given by the author in [24]
regarding a high-voltage, high-current pulse spark
discharge in a tip-plane DEDS with a long air gap
(Imin= 1.5 m; the amplitude of the pulse discharge current
1,,~213.9 kA, which corresponds to the time #,~38 ps,
during the electrical breakdown of the air gap in this
DEDS; the running active resistance R.~0.167 Q/m of
the plasma channel of the air spark discharge in the
DEDS). The reliability of these experimental results is
indicated by the author’s calculated estimates of some
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parameters for this applied electrophysical case (for
example, the maximum radius 7,/~34.27 mm of the
plasma channel of the spark discharge in atmospheric air;
the amplitude of the current density d,, in the discharge
channel 5,,,L.ZI,,,L,/(7rr,,,C2)ZS.79~107 A/m?*; the value of the
specific electrical conductivity y. of its low-temperature
plasma  y~(zr, Re) '=1624 (Qm)"') of electric
discharge processes in the studied high-current plasma
channel of pulse spark discharge in air DEDS using the
Brahinsky formula for the radius r,. of the plasma
channel [6, §].

The results of mathematical modeling of electric
discharge processes in homogeneous liquid and solid
dielectrics using the investigated DEDS and the existing
mechanisms of their electrical breakdown [5, 7] will
fundamentally not differ in anything (except for the
numerical values of the parameters /., y., 0., @14 Eq
and U,) from those given above calculation results for the
development of a plasma channel of a pulse spark
discharge in a homogeneous air dielectric DEDS (see
Fig. 1). Therefore, in the first approximation, the
calculated relation (6) and the physical principle of the
development of the plasma channel of a high-voltage
electrical pulse spark discharge in a gas, based on it,
proposed by the author, can be applied also for
homogeneous liquid and solid dielectrics.

3. Results of an experimental study of the
development of a plasma channel of a pulse spark
discharge in an air DEDS. In order to verify some
obtained approximate calculation results for electric
discharge processes in air DEDS, appropriate experiments
were performed using powerful high-voltage high-current
test equipment of the Research and Design Institute
«Molniya» of NTU «KhPI» [25]. Figure 2 shows the
general view of the studied tip-plane DEDS with a
discharge air gap of length /,;;,=1.5 m.

e - T e
i R ’}‘

Fig. 2. The general view of the tip-plane air DEDS with a
discharge gap of length /,;,=1.5 m (the tip on a vertically placed
steel electrode-rod with a diameter of 30 mm has a radius of
rounding of its edge ~1 mm; the horizontal plane of the

electrode is 5 m x 5 m made of thin galvanized steel sheets)

Figure 3 shows an experimental oscillogram of a
complete standard switching aperiodic high-voltage pulse
of the time shape T,/T,~200 us/1990 ps of positive
polarity, which acts in the discharge circuit of the high-
voltage, high-current test electrical equipment based on
the GIN-4 generator [25] on the investigated tip-plane
DEDS without electrical breakdown of its air gap of
length /.,;;=2 m, and Figure 4 shows an oscillogram of a
truncated similar high-voltage voltage pulse with an
electrical breakdown of the air discharge gap in the tip-
plane DEDS of length /,;,=1,5 m.
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Fig. 3. Oscillogram of a complete standard switching
aperiodic voltage pulse of the time shape
T,/T~200 us/1990 ps of positive polarity without electrical
breakdown of the air gap of length /,,;;,=2 m in the tip-plane
DEDS (U,=¢1,~12.5 V x 53650~670.6 kV — amplitude of the
voltage pulse; 7,200 ps — time of rise of the pulse to the
voltage amplitude U,,; 71990 ps — voltage pulse duration at
the level of 0.5 U,,; vertical scale — 107.3 kV/div;
horizontal scale — 250 ps/div)
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Fig. 4. Oscillogram of a truncated standard switching aperiodic
voltage pulse of the time shape 7,,/7,~200 pus/1990 ps of
positive polarity during electrical breakdown of an air gap of
length /,;,=1.5 m in a tip-plane DEDS
(Una~01~11.4 V x 53650=611.6 kV — voltage pulse cut-off
level; 7. =95 ps — voltage pulse cut-off time;

T,~17 pus — duration of the cut-off of the voltage pulse,
which corresponds to the time #, of the propagation of the
conductive channel of the leader of the electric pulse discharge
in the air gap of the DEDS of length /. between its potential and
grounded metal electrodes; vertical scale — 107.3 kV/div;
horizontal scale — 50 ps/div)
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Let us point out that when measuring the ATPs
shown in Fig. 3, 4 of high-voltage test switching aperiodic
voltage pulses, which are intended for the experimental
study of the development of the plasma channel of the
electric pulse spark discharge in the air tip-plane DEDS
(see Fig. 2), an ohmic voltage divider of the OPN-2.5 type
was used (for a maximum voltage of up to 2.5 MV with a
division factor of K;~53650 [25]) and a Tektronix TDS
1012 digital oscilloscope.

Figure 5 shows the general view of a high-current
plasma channel of a high-voltage electric pulse spark
discharge, which glows brightly in the atmospheric air, in
the investigated tip-plane DEDS with the length of the air
discharge gap /,;;=1.5 m, obtained in the summer of 2023
during the experimental determination of electrical
strength of air insulation more than 1 m long with the use
of ultra-high-voltage equipment of the experimental range
of the Research and Design Institute «Molniya» of NTU
«KhPI» [25].

Fig. 5. General view of a high-current plasma channel of a high-
voltage electric pulse spark discharge in a tip-plane DEDS with
atmospheric air during electrical breakdown of its air gap of
length 1 /,,;;=1.5 m by a standard switching aperiodic voltage
pulse of the time shape 7,,/T,;~200 ps/1990 us of positive
polarity (U, /~¢1,~611.6 kV; T,~95 us — voltage pulse cut-off
time; 7,~17 us — duration of voltage pulse cut-off, which
characterizes the time of rapid shortening by the conductive
plasma leader channel of a pulsed discharge of a long air gap in
the DEDS)

From the experimental data (Fig. 5), we can see that
in the used tip-plane DEDS (/,;;=1.5 m; ¢,=0) a real high-
current plasma channel of a high-voltage pulse spark
discharge in air under normal atmospheric conditions [19]
is characterized by a zigzag geometric shape (/>/yn)-
This is indicated also by the calculated numerical
estimates according to (6) taking into account (8) at
01/~611.6 kV and E~400 kV/m of the total length /. of
the spark discharge channel in the studied air DEDS
(loin=1.5 m): [=p/E~1.53 m. This unequivocally
indicates that during the electrical breakdown of the gas
(air) dielectric, the main part of the plasma leader channel

of the pulse discharge, which glows brightly, spatially
grows into those areas of the specified dielectric located
between the potential 1 and grounded 2 electrodes (Fig. 1)
of the investigated DEDS, which have the highest specific
electrical conductivity y., and, accordingly, the lowest
electrical resistance in the specific conditions of such an
electrical breakdown of this insulation. In this regard, this
experimental result from the field of HPT indicates the
reliability of the basic physical provision associated with
the orientation of the main part of the leader channel of
the discharge during its germination, adopted by the
author in the development of the proposed physical
principle of the development of the high-voltage plasma
channel of a pulse spark discharge in the studied gas
dielectric to those sections of it that are characterized by
the highest specific electrical conductivity y,, at the given
moment of time.

And if this is so, then the physical principle of the
development of a plasma channel of a pulse spark
discharge in it, formulated in this work in relation to a gas
dielectric, which indicates the spread in this type of
dielectric first of the leader and then of the spark channels
of the discharge along the path with the smallest drop in
the electric voltage U,, is also confirmed the results of
these high-voltage, high-current experiments performed
with the author’s participation. In addition, the
experimental data obtained according to Fig. 4 at
U, (014-92)=611.6 kV testify to the fact that when using
in the investigated air tip-plane DEDS (/;;,=1,5 m; ¢,=0)
of a standard switching aperiodic pulse of high voltage of
the time shape 7,,/T, =200 ps/1990 ps of positive polarity,
the average breakdown voltage of the high electric field
Emp4/l. for atmospheric air in this DEDS at
Uni~91/~611.6 kV and [~1.53 m is numerically
approximately £,/~400 kV/m with a tolerance of +3 %,
which is mainly determined by the minimum
measurement error of the test high pulse voltage from
powerful ultra-high-voltage electrical equipment using an
ohmic voltage divider of the OPN-2.5 type (K,/~53650
[25]) and the applied digital Tektronix TDS 1012
oscilloscope.

Experimental data according to Fig. 4 also indicate
that the plasma leader channel of the electric discharge in
the studied air DEDS (/,;;=1.5 m) has a total path length
of 1.,>1>1.53 m, where /., is the maximum length of the
actual path of the gas discharge in the DEDS, from the
potential electrode to the grounded electrode of this
DEDS passes through the air during the time #;, which is
numerically equal to about 7,~7,~17 ps. It is during the
time 7y~17 ps that the conductive plasma leader channel
of the pulse discharge shortens the air gap in the
investigated DEDS (/,;,=1.5 m) and equalizes the electric
potentials (p;=p,=0) on its metal electrodes (see Fig. 4).
According to the developed physical principle of the
development of the plasma channel of an electric pulse
spark discharge in a gas dielectric at the average speed v;
of the advance in the air of the leading edge of the leader
in the channel of this electric discharge, quantitatively
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equal to v;~10° m/s [8], the calculated numerical value for
the specified time ¢, relative to of atmospheric air in this
DEDS is found at /,~1.53 m equal to #,~/./v;=15.3 ps. As
we can see, the calculated numerical value obtained for
the time parameter ¢,~15.3 ps differs from its
corresponding experimental value #,~T,;~17 ps according
to the oscillogram in Fig. 4 for a truncated standard
switching aperiodic high-voltage pulse of the time shape
T,/T, = 200 ps/1990 ps of positive polarity during
electrical breakdown of the air gap of length /. in the tip-
plane DEDS ([, =1.5 m) within 11 %. Note that at
T,~17 ps, the maximum length /., of the real path of the
plasma channel of the gas discharge in the studied DERS
will be approximately equal to /.,,~v;T;~1.7 m. The
calculated numerical value of /,=1.53 m obtained above
differs from this experimental value of /., by more than
11 %. These computational and experimental data also
indicate the reliability of the basic initial physical
assumptions adopted in the work and the calculated
results obtained on their basis, which relate to the physics
of the development of electric discharge processes in a
homogeneous gas dielectric of the investigated DEDS and
the quantitative selection according to formulas (6), (7) of
the total the length /. of the real path of the development
of the plasma channel of the high-voltage electric pulse
spark discharge in the atmospheric air of this DEDS.

It is important to note that the minimum value of the
voltage drop U, along the length /. of the real path of
development in the air of the plasma channel of the pulse
spark discharge will be conditioned by (6) and the
minimum value of /.. At a constant average speed v, of
propagation in the atmospheric air of the leading front of
the leader in the plasma channel of the gas discharge
(v,=10° m/s [8]), the minimization of the length /. will
also lead to the minimization of the time ¢; of the
advancement of both the plasma leader and the spark
channel of the pulse discharge in the investigated air
DEDS (/yin=1.5 m).

Conclusions.

1. A generalized physical principle of the
development of a plasma channel of a high-voltage
electrical pulse spark discharge in a homogeneous
dielectric of a different aggregate state, mathematically

B
written for the total length /.= Idlm of the real path of the

4
development of this type of electric discharge along
rectilinear elementary sections of the plasma channel with
a length of d/., of different spatial orientation in the gas
dielectric of the accepted double-electrode discharge
system (DEDS) with the smallest length /., of its
discharge gap is proposed. This principle (physical law)
indicates that in DEDS the plasma channel of a high-
voltage electric pulse spark discharge in gas, liquid and
solid dielectrics spreads from its starting point 4 on the
potential electrode of DERS to the ending point B on the
grounded electrode of DEDS along a path that provides

B
the smallest drop of electric voltage on it Uc=decn,
A
where dU,, is the drop of electric voltage on the
rectilinear elemental section of the plasma discharge
channel of length d/,<</ ;.

2. It is shown that the proposed physical principle of
the development of the plasma channel of an electric
pulse spark discharge in the studied gas dielectric of the
DEDS is by mathematical form and purpose close to the
Fermat fundamental physical principle, which is a general
law of geometric optics and which determines the

B
minimum optical length Lozjnods when propagating a
4
real light beam in an optically transparent medium with
the index of refraction of light n, between the starting
point 4 and the ending point B of its propagation in this
medium, where ds is the length of the elementary section
of the propagation of the light beam in an optically
transparent medium.

3. By calculation, it was established that the drop in
electric voltage U, on the total length /. of the real zigzag
path of development in the air dielectric of the
investigated tip-plane DEDS (/,;,=1.5 m) of the plasma
channel of the high-voltage electric pulse spark discharge
for a standard switching aperiodic pulse of high voltage of
time shape T7,/T,/~~200 ps/1990 us of positive polarity
satisfies the inequality of the form U.<<(¢;;—¢,) and
at p1g ~611.6 kV (p, =0) it numerically amounts to
U~54.6 kV, which does not exceed 9 % of the
experimental level of breakdown electric voltage
Und®=(@1a—92)~611.6 kV in this DEDS with
atmospheric air. Here, the indicated calculated level of
electric voltage drop U.~54.6 kV on this plasma channel
of the spark discharge practically corresponds to the
previously obtained experimental numerical level of
electric voltage drop U~53.6 kV on it in a similar air
DEDS.

4. High-voltage, high-current experiments carried
out on the powerful electrophysical equipment of the
Research and Design Institute «Molniya» of NTU «KhPI»
for the tip-plane aerial DEDS under investigation
(Imin=1.5 m; ¢,=0), which tests the effect of a standard
switching aperiodic high-voltage pulse of the time shape
T,/T/~200 ps/1990 ps of positive polarity, confirm the
validity of the basic physical conditions underlying the
developed generalized principle of the development of a
plasma channel of a pulse spark discharge in a dielectric
(on the example of atmospheric air in the DEDS), and
some calculated results obtained for it (in particular, for
the numerical values of the electric voltage drop U, on the
total length /. of the real path of development in the
atmospheric air of the plasma channel of the pulse
spark discharge and the average breakdown voltage E, for
the atmospheric air of the high electric field
E ~¢,4/1~400 kV/m under the conditions of action on the
air DEDS of the specified a microsecond voltage pulse, as
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well as for quantitative data of the total length /. of the
real path of the development of the plasma discharge
channel /~1.53 m, which confirm the fulfillment of the
inequality of the form [.>/,, which determines the
zigzag shape of the development in atmospheric air of
both the plasma leader discharge channel and further a
similar shape of development of a high-voltage electric
pulse spark discharge channel in this dielectric).

5. Tt is shown that the calculated time 7, of the
advancement of the plasma leader channel of an electric
pulse spark discharge in the investigated air DEDS
(Imin=1.5 m) along its real path in atmospheric air with a
total length of [~1.53 m at the average speed of
propagation in this air of the front of the leader in the
discharge plasma channel v;~10°> m/s is numerically about
t~l/vi=15.3 ps. This calculated result for the time ¢,
differs by no more than 11 % from the experimental
duration of the cut-off T,~t,~17 ps, which characterizes
the time of shortening by the electrically conductive
plasma leader channel of the discharge of the air gap
of length /. in the DEDS, for a standard switching
aperiodic pulse of high voltage of the time shape
T,/T~200 us/1990 ps of positive polarity (¢p;,~611.6 kV)
in the investigated DEDS with the minimum length of its
discharge air gap equal to /,,;,=1.5 m.
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