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Results of investigation of a high-current plane pulsed surface discharge with separated torches fired in the
air at atmospheric pressure are presented. The dynamics of ignition and development of the discharge in the
prebreakdown stage has been considered. The main parameters of the plasma in the prebreakdown stage (the
stage of intense prebreakdown glow) have been determined by spectroscopic methods and the influence of the
dielectric material of a substrate on the plasma parameters has been analyzed. It has been established that
the duration of an intense prebreakdown glow depends on the experimental conditions. A physical pattern of
formation of an intense prebreakdown glow is proposed.

The operation of many electric-discharge systems is based on a high-current pulsed discharge on a dielectric
surface. A plane pulsed surface discharge is widely used in intense radiation sources for photography and spectroscopy
[1–5] and in various lasers [6, 7]. A cylindrical pulsed surface discharge finds wide application in generators of pulsed
erosion plasma jets (pulsed-erosion-plasma accelerators, plasmatrons, diaphragm electric-discharge shock tubes, etc.).
Considerable recent attention has been focused on the use of a plane pulsed surface discharge for investigating the
bactericidal action of a spark discharge on a water surface (in a similar way to a discharge in a water volume) [8] and
the plasma-chemical destruction of freons (a creeping surface discharge [9]). However, as judged from the available lit-
erature, a high-current pulsed surface discharge has not been adequately explored. Therefore, we attempted to make up
for this deficiency.

In the present work, prominence was given to the study of the formation of the surface plasma at the initial
stage of a plane pulsed surface discharge and the influence of this stage on the further development of the discharge.
We also investigated the dependence of the plasma formation on the material of the electrodes and the substrate and
the ambient pressure. For more complete understanding of the physical processes occurring in a plane pulsed surface
discharge with separated torches, the gasdynamic structure of the electrode plasma torches and its influence on the dy-
namics of the discharge and the plasma formation were considered. The experimental investigation of surface plasma
formations was supplemented with the theoretical study of the discharge dynamics, which made the analysis of the re-
sults obtained easier.

Apparatus, Experimental Conditions, and Investigation Methods. A pulsed surface discharge was experi-
mentally investigated using a discharge device of plane configuration with a parallel placement of electrodes (Fig. 1).
This device allows one to simultaneously investigate the near-electrode and near-wall regions of the discharge under
the conditions where the electrode plasma torches are separated and free to flow, which eliminates the contribution of
the torch component to the electrode erosion and the collision of supersonic electrode torches [10, 11].

A discharge was fired by a high-voltage pulse fed from the control pulpit of a superhigh-speed photography
apparatus (SPA) to the starting electrode positioned in the discharge gap on the surface of a substrate near the center
of the spacing between the anode and cathode. All investigations were carried out in the regime of single pulses and,
after each discharge, the initial conditions were reproduced. The horizontal position of the substrate surface was con-
trolled using a light ray.

The energy storage was a capacitor bank comprising 48 condensers (K-74-I2 type) of total capacitance 24 µF.
An IM-5-150 condenser was used in some cases. The capacitor bank made it possible to fire surface discharges in the
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case were the electrode spacing was as large as 3 cm or more at an operating voltage of up to 10 kV. An oscillating
discharge was fired under the following conditions: half-amplitude duration, 14 µsec; maximum discharge current in
the first half-period, 14 kA; atmospheric pressure; voltage, 6 kV; electrode spacing, 2 cm; electrode diameter, 0.2–0.3
cm.

Substrates of fluoroplastic, the crystalline salt NaCl, and textolite were used in the investigations. The sub-
strates were made in the form of a parallelepiped 4 × 2 × 1 cm in size. The materials indicated were selected from
the following considerations. Fluoroplastic is a good insulator that is widely used as a plasma-forming material in
pulsed erosion-plasma accelerators. The elements entering into the composition of fluoroplastic (CF2)n have a high
ionization potential (E∞

C = 11.26 eV and E∞
F  = 17.24 eV). The crystalline salt is transparent for radiation in a wide

spectral range and contains the alkali metal sodium, having a low ionization potential (E∞
Na = 5.14 eV). Textolite,

which is quite opaque for visible light, contains carbon and alkali elements. The electrodes were made from aluminum
and copper wires.

The dynamics of a discharge was investigated by photoographic scans made with the use of an SPA and a
triggered photorecorder in the frame-by-frame and continuous photography regimes. Longitudinal and transverse images
of surface plasma formations projected onto the slit of the apparatus were photographed. To improve the spatial reso-
lution, in investigating the kinetics of the plasma-bunch radiation, we used an achromatic condenser as the input ob-
jective of the SPA, which made it possible to enlarge the image on photographic scans 3.5-fold.

The space-time spectroscopic characteristics of the plasma in the near-electrode and near-wall regions were in-
vestigated using an ISP-51 spectrograph connected to the SPA through a Jupiter-3 objective [12]. The plasma radiation
spectra were photographed with a speed of up to 5⋅105 frames/sec. For the purpose of obtaining a better spatial reso-
lution of the near-surface regions, the images of plasma formations on the spectrograph slit were enlarged fivefold
with the use of a condenser with F = 9.4 cm. The concentration of electrons was determined by the method of Stark
broadening of spectral lines. The theoretical error in determining the width of individual lines reached 20% [13]. The
error in determining the halfwidth of lines in the spectra on photographic scans was D15% [14]. The total error could
reach 35–40%. To decrease the error in determining the spectral line width, we averaged it over the widths of several
lines equal for analysis [12–15]. The Stark broadening method and the method of holographic interferometry give the
same values of the electron concentration if they are used under similar conditions [12, 16].

The electron temperature was determined by the relative intensities of the spectral lines of the atoms of
chemical elements characterized by one and the same degree of ionization. The absorption was estimated by the inten-
sity and width of faint and strong lines of a multiplier. The error in determining the temperature by the method of
relative intensities of spectral lines was (at kT C Eup − Elow) 25–30% [13, 14].

Experimental Results and Their Analysis. An analysis of the data obtained by the method of high-speed
photography has shown that, in the case where a plane pulsed surface discharge is fired in a large electrode spacing
(D2 cm) at atmospheric pressure, a fairly dense plasma is formed in the anode–starting electrode region immediately
before the electrical breakdown of the electrode spacing [11, 17]. This plasma manifests itself as an intense glow that
is preceded by a low-intensity glow appearing in the gap between the electrodes once a high-voltage pulse is supplied
to the starting electrode. To fire a discharge, the voltage applied should be fairly high.

Once an intense prebreakdown glow appears, it begins to propagate toward the cathode with a velocity of
D103 m/sec. It is seen from the photographic scans and cinema frames (Figs. 2 and 3) that the intense prebreakdown
glow is volumetric at this stage.

Fig. 1. Scheme of a plane surface discharge in the case of parallel placement
of electrodes.
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The intensity of the glow at the prebreakdown stage (in the subsequent discussion the stage of an intense pre-
breakdown glow, i.e., the glow of a fairly dense plasma, will be called the "prebreakdown stage") decreases somewhat
after a light strip appears and then increases once again (Fig. 3). Coincidentally with the widening of the prebreak-
down glow region, an anode torch begins to form (Figs. 2 and 3). When the distance between the plasma formation
and the cathode decreases to D4 mm (at an electrode spacing of 2 cm and U = 6 kV), the gap between the electrodes
is broken down. At the instant of breakdown, the intensity of the glow (especially in the near-electrode regions) in-
creases sharply (Fig. 3).

In the case where the electrode spacing remains unchanged, the duration of the prebreakdown stage is deter-
mined by the voltage applied; it increases with decrease in the voltage. Figure 4 shows the dependence of the duration
of the prebreakdown glow at the center of the electrode spacing on the voltage applied. As is seen, a further increase
in the voltage can lead to the complete disappearance of the prebreakdown stage, i.e., to the "merging" of it with the
breakdown stage.

At a constant voltage across the electrodes, the duration of the prebreakdown stage is determined by the elec-
trode spacing. For example, when this spacing increases from 0 to 1.4 cm (C = 150 µF and U = 4 kV), the duration
of the prebreakdown glow increases from 0 to D1.5 µsec.

When aluminum electrodes are replaced by copper ones, the duration of the prebreakdown stage increases
from 7–8 µsec to 10–12 µsec under typical conditions (the electrode spacing is 2 cm, C = 24 µF, and U = 6 kV).
We did not detect a dependence of the duration of the prebreakdown stage on the substrate material.

A qualitative analysis of the emission spectra on cinema frames obtained by high-speed photography has
shown that, in the prebreakdown stage of a discharge, there appear a low-intensity continuous background, lines of the
electrode material and air elements, and, several microseconds later, lines of the substrate material.

An investigation of the space-time characteristics of the discharge considered has shown that, in the prebreak-
down stage, the substrate material influences the near-surface processes. We investigated the intensity distribution of
the lines and the continuous spectrum near the anode with the use of substrates made from different dielectrics. It has
been established that, at the beginning of the prebreakdown stage, the intensity decreases with distance from the anode

Fig. 2. Cinema frames of the glow of a discharge fired on a fluoroplastic sub-
strate with the use of copper electrodes at an electrode spacing of l = 2 cm
(the photographic speed is 2.5⋅105 frames/sec; 2, 3, ... is the sequence order of
frames): a) frames transverse relative to the electrode spacing, U = 5 kV; b)
frames frontal relative to the substrate surface, U = 6 kV.
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in the case of fluoroplastic and increases in the case of the crystalline salt (Fig. 5). When the radiation from the near-
surface region of the substrates was detected, the intensities of the lines and the continuous background were maxi-
mum at a distance of 0.05–0.09 cm from the surface of the fluoroplastic and textolite substrates and near the surface
of the crystalline-salt substrate (Fig. 5).

The space and time parameters of the discharge plasma were determined by the spectral lines of the atoms
and ions of the substrate material, the nitrogen ions, and the double aluminum ions (near the substrate surface) as well
as by the spectral lines of the double aluminum ions and the nitrogen atoms (near the anode surface). The temperature
determined by the method of relative intensities represents the excitation temperature in the general case. However, in
the case of a fairly dense plasma (with a density of 1017–1018cm−3), where if only a partial local thermodynamic equi-
librium exists and the lower level of analytical lines is considered, the temperature determined by the relative intensi-
ties of the lines represents the electron temperature.

Fig. 3. Photographic slit scans of a discharge fired with the use of copper
electrodes at l = 2 cm and U = 6 kV: a) frontal scans obtained with the use
of an SPA (the slit is positioned along the discharge gap, a textolite substrate
is used); b) scans of surface plasma formations obtained with the use of a trig-
gered photorecorder (the slit is perpendicular to the electrodes, a fluoroplastic
substrate is used); c) and d) scans of anode and cathode torches, respectively
(the SPA slit is positioned along the torch, a fluoroplastic substrate and copper
electrodes are used, l = 2 cm, U = 6 kV).
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The electron temperature near the anode surface was determined by the lines of AlIII at 451.25 (Eup = 20.55
eV) and 447.99 nm (Eup = 23.54 eV) and the lines of AlIII at 451.25 and 572.26 nm (Eup = 17.80 eV). The electron
temperature near the dielectric surface was determined by the lines of NII at 566.66 (Eup = 20.55 eV) and 549.56 nm
(Eup = 23.41 eV). The probabilities of the transitions were taken from [18]. The electron temperature averaged over
the temperatures along the observation ray was (14–25)⋅103 K near the anode surface and (18–30)⋅103 K near the sub-
strate surface [11].

The electron concentrations at the prebreakdown stage were determined by the Stark broadening of the corre-
sponding lines, namely, by the lines of AlIII at 451.25 nm and NII at 444.7 nm near the anode surface and the lines
of FI at 623.9 nm, CIII at 481.9 nm, SiII at 634.7 nm, and NII at 567.9, 566.6, and 444.7 nm near the substrate sur-
face. These concentrations are presented in Table 1. The broadening constants of the line of AlIII at 451.25 nm were
taken from [19] and the broadening constants of the other lines were taken from [13]. It should be noted that the elec-
tron concentrations were determined using the most intense lines of plasma formations.

As is seen from the table, in the case of a plane pulsed surface discharge, the concentration of charged par-
ticles in the near-wall regions depends on the material of the substrate and the electrodes. For example, in the case
where copper electrodes were used, the electron concentration at a distance of D0.7 mm from the surface, determined
by the lines of NII at 567.9 and 566.6 nm detected D3 µsec before the breakdown, was 6⋅1018 cm−3 for the fluoro-
plastic substrate, (1.4–1.8)⋅1018 cm−3 for the textolite substrate, and 1.4⋅1018 cm for the NaCl substrate. The electron
concentration at a distance of 0.4–0.55 mm from the fluoroplastic substrate surface, determined by the line of FI at
623.9 nm detected D3 µsec before the breakdown, was (1.2–1.3)⋅1018 cm−3 in the case where copper electrodes were
used and 6.6⋅1017 cm−3 for the aluminum electrodes.

Fig. 4. Dependence of the duration of an intense prebreakdown glow on the in-
itial voltage across the electrodes in the case where a discharge is fired on a
fluoroplastic substrate with the use of copper electrodes at an electrode spacing
of l = 2 cm. t, µsec; U, kV.

Fig. 5. Intensity distribution of the spectral lines and the continuous radiation
spectrum detected at different distances from the anode at the prebreakdown
stage of a discharge fired on different substrates: a) NaCl substrate [1) NII
444.7 nm, 2) AlIII 452.9 nm, 3) AlIII 451.2 nm]; b) fluoroplastic substrate [1)
AlIII 569.6 nm, 2) AlIII 572.3 nm, 3) continuous radiation].
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Analysis of the data obtained under the above-described experimental conditions has shown that the concen-
tration of charged particles is higher in the case where the material of the substrate and electrodes contains atoms of
elements possessing a higher ionization potential. The maximum electron concentration, equal to (5.6–7)⋅1018 cm−3,
was obtained for the copper electrodes and the fluoroplastic substrate (see Table 1).

A large portion of the energy of a discharge occurring under the conditions of an evaporating wall is ex-
pended for the plasma formation. Since ionization and excitation of atoms and ions are among the main processes
leading to the plasma formation, the parameters of the erosion plasma are determined by the parameters of the
plasma-forming material. In our opinion, the atoms of chemical elements influence the plasma formation in the fol-
lowing way. A higher energy is required for a higher degree of ionization of atoms. For example, in the case where
a comparatively small portion of the discharge energy is expended for the first degree of ionization of atoms, they
can be ionized to the second degree if not very high energy is required for this purpose. It is known that the energy
regime of a discharge depends on the experimental conditions. For example, a higher energy is required for ioniza-
tion of FI, CI, and CII atoms than for ionization of SiI, CaI, and AlI atoms. In the first case, the energy stored can
be insufficient for the second degree of ionization of atoms and, therefore, the first-degree ionization will be contin-
ued. In the second case, because of the relatively small expenditure of energy in the first-degree ionization and the
relatively small potential of the second-degree ionization, double ionization can occur. However, in this case, a much
higher energy is expended for the first- and second-degree ionization than for the first-degree ionization in the first
case. Because of this difference, the rate of ionization (the number of ionization acts in a unit volume in a unit of
time) in the first case can be much higher than that in the second case, which was observed in the measurements of
the electron concentration.

A qualitative analysis of the emission spectra obtained with the copper electrodes and the fluoroplastic sub-
strate has shown that the lines of the atoms ionized to the first degree are the most intense. In the case where the
aluminum electrodes and the fluoroplastic substrate were used, the lines of the atoms ionized to the second degree
were the most intense.

The data of our investigations suggest the following physical pattern of ignition and development of a surface
discharge at the prebreakdown stage. The ignition of a surface discharge is determined by a number of factors [20], in

TABLE 1. Electron Concentration in Plasma Formations at the Prebreakdown Stage (Ne, 1018 cm−3)

Discharge conditions Discharge
region
studied

λ, nm
t,

µsec

h, mm

Electrodes Substrate Location of the
starting electrode 0.05 0.09 0.2 0.4 0.55 0.7 0.9 1.1 1.3

Copper Fluoroplast Center of the
substrate

FI 623.9 9(3) — — — 1.3 1.2 — — — —

NII 566.6 9(3) 7.8 6.6 5.6 5.6 6.8 6.0 — — —

Copper Textolite Center of the
substrate

SiII 634.7 3(3) — — — — — 0.7 0.8 — —

NII 566.6 3(3) — — — — — 1.8 0.81 0.74 1.5

Copper NaCl Center of the
substrate

NII 567.9 5(7) — — — — 3.0 1.4 0.89 0.81 —

NII 566.6 5(7) — — — — 3.6 1.4 1.3 0.89 0.3

Aluminum Fluoroplast Center of the
substrate FI 623.9 9(3) — — — 0.66 0.66 1.3 0.72 1.1 1.6

Aluminum NaCl Center of the
substrate

ClII 481.9 9(3) — — 1.7 2.0 1.4 1.0 1.7 0.6 0.56

NII 444.7 8(4) — 1.4 1.1 1.2 1.1 0.95 1.1 1.3 —

AlIII 452.9 4(8) — — — 1.1 ��� 1.1 1.2 1.1 —

Aluminum NaCl Anode

NII 444.7 2(12) — — — — 1.8 1.3 ��� 1.4 —

AlIII 451.2 7(5) — — — 1.7 1.4 1.2 ��� 1.5 1.1

Note: t is the time elapsed from the instant a glow appeared, the time in parentheses is the time it takes for
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particular by the distance between the electrodes and the initial voltage, and is initiated by a sharp change in the elec-
tric field in the electrode spacing. In the present work, a field inhomogeneity was created by a high-voltage initiating
pulse that strengthened the field. The electrons emitted from the cathode surface under the action of this pulse are ac-
celerated in the electric field created by the voltage across the main electrodes and the starting electrode. Fast electrons
reach the anode and slower electrons are decelerated by the field just beyond the starting electrode. The deceleration
of slow electrons near the starting electrode leads to the formation of an uncompensated negative space charge. At this
time, as the photographic frame scans of the discharge glow show, a low-intensity glow appears in the gap between
the electrodes (in the cathode–starting electrode region) due to the impact action of electrons emitted by the cathode.
With time, the low-intensity glow region widens toward the anode. Evidently, an uncompensated negative space charge
behaves analogously. When the distance between the low-intensity glow (and, apparently, the uncompensated negative
space charge) and the anode decreases to a certain value, a partial electrical breakdown occurs between the anode and
the charge. This breakdown was detected on photographic frame scans in the form of an intense light strip. The partial
breakdown is evidenced by the high rate of formation of the intense light strip (>> 5⋅103 m/sec), the fairly high inten-
sity of the lines of the air elements and the electrode material at the prebreakdown stage, and the appearance of a low-
intensity continuous radiation. An intense glow appearing as a result of the partial breakdown widens toward the
cathode, with the result that an anode torch is formed.

The prebreakdown development of a pulsed surface discharge in the case where a starting electrode is used
can be divided into four stages:

1) appearance of a low-intensity glow between the starting electrode and the cathode and near the anode,
which then widens, predominantly, toward the anode;

2) formation of an intense glow or a partial breakdown in the region between the anode and the starting elec-
trode (one intense light strip) for a time that is much smaller then 2 µsec;

3) propagation of the intense light strip toward the cathode for D10 µsec;
4) complete breakdown of the surface.
The prebreakdown stage of a surface discharge fired with the use of a starting electrode differs from that of

a discharge fired without this electrode. The main difference is that [20], in the case where a starting electrode is used,
an additional low-intensity glow arises in the gap between the electrodes and then a single intense light strip appears,
apparently due to the partial breakdown, unlike the streamer stage, where several low-intensity strips appear.

In the case where a surface discharge is fired without a starting electrode, "the change from the streamer stage
to the spark stage is accompanied by a sharp increase in the conduction of the spark channel as a result of the change
from the impact ionization to the thermal ionization of the gas in the discharge channel, which leads to a rapid in-
crease in the spark length" [20]. In the case where a discharge is fired by a pulse, a sharp increase in the conduction
of the discharge channel as a result of the change from the impact ionization to the thermal ionization of the gas in
the discharge channel occurs when the discharge is transformed from the first to the second stage. In this case, the
glows arising at the second and third stages are nearly equal in brightness, and the length of the discharge channel
increases at a higher rate at the second stage than at the third stage.

The processes of plasma formation change correspondingly when a discharge is transformed from the first to
the second stage of its development. At the first stage, the impact mechanism of excitation and ionization mainly acts:
atoms of the air elements are excited and ionized for the most part. At the second stage, the thermal mechanism be-
gins to act: in addition to the atoms of the air elements, anode-material atoms participate in the plasma-formation proc-
esses. At the third stage, the dielectric material atoms begin to participate in the plasma formation. The role of the air
atoms in the near-surface and, especially, near-electrode regions decreases significantly; however, they, as before, exert
a fairly large effect on the plasma-formation processes.

It has been established that the pressure of the ambient gas (air) plays a decisive role in the ignition of the
discharge considered. When this pressure is low (as low as D10−1 N/m2), an intense prebreakdown glow does not ap-
pear. We did not detect a dependence of the prebreakdown stage on the substrate material; however, this material sig-
nificantly influences the plasma formation.

Thus, an intense prebreakdown glow appears in the case where a plane surface discharge is fired with the use
of a starting electrode in a relatively large (D2 cm) electrode spacing at a high pressure close to the atmospheric pres-
sure; such a glow is also characteristic of an open (without a substrate) discharge. The duration of this glow is, on
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average, 10 µsec under the experimental conditions considered. It increases when the electrode spacing increases and
the initial voltage decreases and when aluminum electrodes are replaced by copper ones, which is explained by the
fact that factors hampering the electrical breakdown activate in this case. An intense prebreakdown glow arises, appar-
ently, as a result of the partial breakdown between the uncompensated negative spatial charge formed near the starting
electrode and the anode. The partial breakdown influences the parameters of the plasma at the prebreakdown stage of
the discharge: the electron concentration increases to D1018 cm−3 and the temperature near the anode surface increases
to (14–25)⋅103 K (C = 24 µF, U = 6 kV, l = 2 cm); in this case, an anode torch is formed at the prebreakdown stage
and a cathode torch begins to form at the instant the gap between the electrodes is broken down. The composition of
the plasma at atmospheric pressure is determined by the material of the substrate and the electrodes and the air ele-
ments. It has been established that the substrate material influences the space-time intensity distribution of the spectral
lines and the continuous radiation. At the beginning of the prebreakdown stage, the maximum intensities of the spec-
tral lines and the continuous background were detected at a distance of (5–8)⋅10−2 cm from the surface of the fluoro-
plastic and textolite substrates and near the surface of the crystalline-salt substrate.

NOTATION

C, capacity of the capacitor, µF; E∞, ionization energy, eV; Eup and Elow, energies of excitation of the upper
and lower levels of a spectral line, eV; F, focal distance, cm; h, distance from the surface, mm; Irel, radiation inten-
sity, rel. units; k, Boltzmann constant; l, distance, m; Ne, electron concentration, cm−3; T, temperature, K; t, time, sec;
U, voltage, V; D, order of magnitude. Subscripts: up, upper; low, lower; e, electron; rel, relative.
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