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ABSTRACT

The results of experimentswith rapidly exploding thinconductors in thecurrent-pause regimearepresented.Copperwires 25mmin
diameter and 12 mm in length serve as loads for a GVP pulsed generator based on a low-inductance capacitor. The generator
produces current pulses of up to 10 kA with dI/dt up to 50 A/ns. A 100–800-ns current-pause regime is obtained for charging
voltages of 10–15 kV. The discharge channel structure is studied by shadow photography using 0.53-mm, 10-ns second-harmonic
pulses fromaNd31:YAG laser. In the experiments, three types of secondary breakdown are observed,with different symmetry types,
different current-pause durations, and different dependences on the energy deposited into the wire during its resistive heating. All
of these breakdown types develop inside a tubular core that is produced in the current-pause stage and that remains almost
undamaged by the breakdown.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5085487

I. INTRODUCTION

Many properties of electric thin-wire explosions (EWs)
were first discovered during the initial period of extensive
investigations in this field in the middle of the twentieth
century. Spontaneous current breaks were observed during
capacitor discharges through thin metal wires in air: the so-
called current pause (or “dwell”).1 Such current breaks (either
total orwith the current decreasing to a negligible value of a few
tens of amperes) in nanosecond discharges can continue for
hundreds of nanoseconds, ended by secondary breakdown of
the discharge gap, during which the current in the circuit is
restored. (If the voltage across the electrode gap is insufficient
for the breakdown of explosion products, an infinite current
pause occurs.) The pause duration increases with increasing
wire lengthandcanvary indifferentwayswithwirediameter. As
the charging voltage is increased, the pause shortens until it
disappears completely. The pause has been found to be de-
pendent on the wire material: it is frequently observed for
copper, silver, tin, and nickel wires, but never for tungsten.2 In
the result, all metals were divided into two groups, depending
on the presence or absence of current pauses in current os-
cillograms.3 The physical mechanism underlying this classifi-
cation has been established as being based on a combination of

the thermal and electrophysical properties of themetal: boiling
temperature, heat of vaporization, and electric conductivity.4,5

The decrease in current observed during an EW is
explained by a dramatic fall in the electrical conductivity of the
metallic load material during fast resistive heating. This very
short (on the discharge scale) stage of various vigorously
proceeding phase transitions is in fact what constitutes the
explosion of an electrical conductor. At this stage, in general,
the metal experiences so-called phase and cavitation explo-
sions, resulting in a dramatic increase in core volume and in the
eliminationof currentflow in thecore.6Thecore represents the
remains of the wire material and noticeably exceeds in density
the surrounding corona. Inertial radial expansion of wire ex-
plosion products then occurs until complete disappearance of
the wire. During the expansion stage, the current in the circuit
can either cease for a long time (the current-pause EW regime)
or continue to flow in the coronal plasma (the regime without a
current pause).

The absence of a current pause for tungsten and other
materials can be explained by efficient current shunting in the
near-surface mixture of air, metal vapor, and desorbed impu-
rities. The high emissivity of tungsten results from its high
boiling temperature. This leads to early ionization and break-
downof the air surrounding thewire. Thedecrease in current in
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thecoredue to loss of conductivity ismaskedby theappearance
of an additional highly conducting material—a coronal plasma.
As a result, the current in the circuit is not interrupted and will
decrease only slightly for some time (until its complete elimi-
nation from the core and the final establishment of a shunting
channel).

The dynamics of the current distribution between the core
and corona cannot be observed experimentally: electrotechnical
measurements can give only the total current in the circuit.
Visualization diagnostics is also non-informative here, because a
wirewith a typical initial diameter of the order of tenmicrons has
no time to expand during this stage of the explosion. However, in
Refs. 7 and 8, breakdown along a thin conductor surface was
studied in the case of generation of shock waves during the
explosion of a tungsten wire. Although there is little doubt re-
garding the decisive role of shunting in the EWprocess for wires
made of tungsten or similar materials, many details of the
complex mechanism of this breakdown remain unclear.

In the current-pause EW regime, the start of the explosive
expansion and themoment of current resurge in the circuit are
considerably separated in time. Obviously, the development of
secondary breakdown is facilitated by a decrease in the density
of the expanding material of the exploded load. However, the
state of this material (vapor, drop–vapor mixture, or micro-
particles), its density, and its degree of homogeneity are not
known reliably. The localization of the discharge channel itself
also requires further investigation. In fact, secondary break-
down is a specific type of high-voltage discharge in a gas gap.
The physics of gas discharges involves many unsolved prob-
lems, and therefore obtaining new experimental data in this
field is of great importance. In this paper, the breakdown of the
interelectrode gap at atmospheric pressure is studied for the
secondary discharge in the explosion products of a thin copper
wire—amaterial where a current pause can be readily achieved.
Thematerial becomes partially transparent in the visible region
during expansion. This allows us to study the structure of
explosion products during the final EW stage using laser
photography of the discharge gap.

II. EXPERIMENTAL SETUP

Experimentswere performed using aGVP generator based
on a low-inductance capacitor with a storage capacitance of
0.1mF and an inductance of 10 nH,which could be charged up to
35 kV. The circuit inductance was L = 340 nH and the electrode
gapwas l = 12mm (Fig. 1). In the short-circuit mode, a sine-wave
current pulse of amplitude Imax = 10 kA and rise time of about
430 ns was generated. Experiments were performed in air
under normal conditions.

For fixed EW parameters (discharge-circuit inductance,
wire loadmaterial, andgeometry), thecurrent pauseduration in
air is mainly determined by the applied voltage. (In fact, it is
determined by the average strength of the longitudinal electric
field E = U0/l. For microsecond EWs, accurate dependences of
the current pause duration on the discharge parameters were
obtained in Ref. 9.) In our experiments with a copper wire load

12 mm in length and 25 mm in diameter, the current pause
disappeared when the charging voltage U0 was increased to
20 kV. Because of this, to work in the required regime, this
voltage was set in the range 8–15 kV.

The voltage was measured with a resistive voltage divider
made of low-inductance resistors; the current was measured
with a 5-mV coaxial shunt, and the current derivative was
measured with an inductive loop; this allowed us to determine
the inductive component of the voltage on the divider. The
resistive component of the voltage on the wire was determined
asUr=U2LdI/dt. Using these data, the energy deposited in the
wirematerial, « =

R
IUr dt, was calculated. Signals were detected

with 500-MHz Tektronix TDS 3054B oscilloscopes.

The shadow images of the discharge channel loaded with a
thin wire were obtained using 0.532-mm, 10-ns second-
harmonic pulses from a Nd31:YAG laser. A subsequently
developed optical system allowed us to obtain three time-
separated images for each laser shot. Delays between the
channels could be varied from 15 to 50 ns. The time between the
current start and a laser shot was controlled with a delay
generator accurate to several nanoseconds. Imaging was
performed with SIGMA objective lenses with focal distances
135–400 mm, and the images were recorded with Canon digital
cameras. The spatial resolution of the images was ;20 mm.

III. EXPERIMENTAL DATA AND DISCUSSION

The time dependence of the current during the electrical
explosion of a thin copperwire has three characteristic regions:
(1) the so-called “first current pulse”; (2) the complete break or
noticeable current-decrease phase; and (3) secondary break-
down in the form of a decaying sinusoid—the final stage of the
process [Fig. 2(a)]. In voltage waveforms, these regions cor-
respond to an overvoltage peak, a constant-voltage “ledge”
appearing at a level close to the charging voltage, and a sinu-
soidal “tail” [Fig. 2(b)]. If a current pause does not explicitly
appear, the constant-voltage ledge is absent. These

FIG. 1. Experimental setup.
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oscillograms clearly demonstrate that the applied voltage de-
termines the main properties of the discharge. The lower the
voltage, the smaller the front steepness and themaximumof the
current amplitude and the later the secondary breakdown
appears. These changes in the character of the waveforms are
intuitively understandable. With increasing voltage, the de-
posited energy and therefore the rate of expansion of the ex-
plosion products increase. The density of the substance falls
faster, so secondary breakdown occurs earlier. It should be
noted here that a number of attempts have been made to
simulate the process of copper wire explosion in a surrounding
medium using various semiempirical numerical models.10–12 In
all cases, the calculated current and voltage curves have been
found to agree satisfactorily with experiment, including the
current pause and the subsequent breakdown. However, the
value of these approaches is limited by the broad use of fitting
parameters,which is unavoidable due to the lack of clarity in the
physical basis of the explosion process to date.

It is important to note that the absence of a current pause
for copper (for ahigh-charging-voltage EW) is not a signof early
shunting, in contrast to tungsten, for which it begins already at
the melting stage. The rapid breakdown of the copper wire
explosion products is facilitated by a considerable overvoltage
across the electrodes caused by the “jump” in the impedance of
the discharge gap at the moment of loss of metal conductivity.
The overvoltage is more than twice the initial voltage and
reaches;44 kV forU0 = 20 kV. For a 12-mm interelectrode gap,
this voltage certainly provokes breakdown in air. On the other
hand, for the “copper group”materials, strong expansion of the
explosion products is typical and begins together with a dra-
matic voltage decrease.6 Poorly conductingmaterial consisting
mainly of a vapor–dropmixturefills thewhole regionbehind the
shock-wave front. This complicates shunting near the surface,
and the discharge current is forced to flow for some time

through the core. For more definite conclusions to be drawn,
however, further investigation of this question is required; at
present only qualitative reasoning is possible, based on an
analysis of late optical images.

Figure 3(a) shows a typical image of copper wire explosion
in air without a current pause. The vigorous nature of the
processes occurring is obvious: different instabilities appear
irregularly in the material and persist until the discharge ends.
Their emergence can only be due to the discharge current.
Consequently, its complete displacement from the products of
the explosion (shunting) occursheremuch later than in the case
of tungsten. Such an EW scenario, which is sometimes called
“internal,” has been considered previously in Refs. 6–8. The
characteristic current and voltagewaveforms for this explosion
mode are shown in Fig. 3(b).

An expanding wire looks significantly different during a
current-pause EW [Fig. 4(a)]. In this case, the voltage across the
interelectrode gap proves to be insufficient for rapid breakdown
of the explosion products, which have a rather high resistance,
and the current in the circuit ceases. In the absence of current,
the core expansion occurs quietly without perturbations. The
material appears to be uniformly distributed within the shock-
wave front, except for small-scale regularly located transverse
inhomogeneities (a stratified structure) and a characteristic
“dark rim” 200–300 mm in thickness. The latter suggests the
existence of density jump on the external boundary of the core
andthusa tubular structureof thisaxially symmetricobject. From
this, we can assume that the transverse “strata” observed in the
shadowgrams are not flat “layers,” as they are frequently rep-
resented, but rather are developing in the surface layer of a
“tube,” as if they aremodulating itswall thickness. The possibility
of formation of a liquid-walled hollow core during the EW
process under certain conditions has been reliably established

FIG. 2. Examples of current (a) and voltage (b) oscilloscope signals of copper wire explosions at different initial voltages: (1) 20 kV (the energy deposited up to the moment of
secondary breakdown is 17 J/mg); (2) 15 kV (9.7 J/mg); (3) 10 kV (7.7 J/mg).
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(most probably, the core isfilled with low-densitymaterial in the
form of a foam or drop–vapor mixture). This has indeed been
shown experimentally13–15 and by molecular simulations.16 A
qualitative theoretical analysis of this process is presented in Ref.
17. Therefore, in our further interpretation of experimental re-
sults on the development of secondary breakdown in explosion
products, we shall assume a tubular structure of the core.

Thus, the core material, which experiences no perturba-
tions, continues to expand by inertia for a long time. (According
to measurements of the core size in laser images at different
momentsduring thedischarge, the expansion rate forU0 = 10 kV
at the beginning of the current pause is 2.1 6 0.03 mm/ns and
decreases by almost half by its end.) The discharge circuit re-
mains open all this time, and a voltage close to the charging
voltage continues to be applied across the interelectrode gap
[Fig. 4(b)]. The material density inside the “tube” gradually
decreases during expansion, and conditions for a breakdown
appear there at a certainmoment. Laser probing visualizing the
internal structure of the core demonstrates the traces of the
breakdown current flow as darkened regions appearing owing
tovariations in the local indexof refractioncausedbychanges in
plasma parameters produced by the current (see, e.g., the
breakdown channel in Fig. 5).

Analysis of the images obtained showed that in most cases
the secondary breakdown can be assigned to one of the three

characteristic types (for all charging voltages used in the
experiments): linear, spiral, and axial.

In shadowgrams, linear breakdown looks like a straight dark
line connecting the electrodes (Fig. 5). Sometimes this break-
down issupplementedwithweakerandshorterchannels close to
the main channel. The main breakdown goes along the internal
wall of the tubular core, in its upper or lower part (in the probing
projection). Such an asymmetry can be related, as a rule, to the
initial location of the wire. Fixing a 25-mm wire strictly at the
center of semicircular horizontally arranged electrodes with
the help of standard clamping screws was by no means always
possible. On both the cathode and anode, the vertical dis-
placement could be asmuch as 1–2mm (because of this, the wire
was sometimes placed at a small angle to the horizontal axis). In
all such cases, the radial expansion of explosion products sym-
metricwith respect to the initialwireproved tobenonsymmetric
with respect to the discharge gap axis (Fig. 5). The most natural
breakdown path is along the internal surface of the “tube,” at the
density jump boundary, while the choice of the azimuth in each
shot is determined by the closeness of the breakdown line to the
electrodeaxis—the shortest distance betweenelectrodes,where
the longitudinal field strength is maximal. If the wire was pulled
abovetheaxis, as inFig. 5, thebreakdownusuallydeveloped inthe
lowerpartof thecore, andvice versa.Note that linearbreakdown
dominated in our experiments.

FIG. 3. Shadow image (a) and oscilloscope signals (b) of copper wire explosion (wire diameter 25 mm, length 12 mm). U0 = 20 kV, without current pause.

FIG. 4. Shadow image (a) and scope signals (b) of copper wire explosion (wire diameter 25 mm, length 12 mm). U0 = 10 kV, with current pause.
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Spiral (or branching) breakdown, which is much less
common, looks like a randomly bent tube connecting the
electrodes (Fig. 6). Visually, it occupies the total volume of the
explosion products and sometimes is separated into “sleeves.”
It is difficult to reconstruct the real shape of a shadow image
just from its projection. However, one can clearly see that the
stratified structure is destroyed only where the breakdown
emerges on the external surface of the core. This suggests that
the discharge predominantly developed along the internal
surface of the tubular core, not interacting with strata in its
wall. The winding trajectory of the breakdown resembles the
well-known shape of lightning channels and is probably re-
lated to random inhomogeneities of material on the internal
surface of the core. It seems that a breakdown of this type was
observed in Ref. 13, where photographs of copper wire ex-
plosions inside a tubular core also exhibit spiral discharge
channels.

The axial breakdown type looks in shadowgrams like an
expanding cylinder (Figs. 7 and 8). Except for near-electrode
regions, the cylinder is virtually straight and obviously hollow,
the features of the core structure being clearly seen through it.
The symmetric type of expansion suggests that in this case the
discharge developed not near the internal surface of the core,
but on its axis. This is confirmed by the complete absence of any
distortions of the stratified structure. A time sweep (three
successive frames obtained in one shot) shows that the cylin-
drical channel expanded at a rate of 4.5 mm/ns, which is twice
the rate for the core as a whole. Note that it is likely that we see
in shadowgrams not the direct trace of the current (as in the
linear type of breakdown), but rather the front of a cylindrical
shockwave symmetrically diverging around the axial discharge.
It is doubtful that the current can stably exist in the form of a
tube with such a large diameter, unlike a shock wave propa-
gating in a transparent medium. The absence of the current

FIG. 5. Shadow image of copper wire explosion (wire diameter 25 mm, length 12 mm) at 135 ns after beginning of secondary breakdown. U0 = 10 kV, linear breakdown channel.

FIG. 6. Shadow image of copper wire explosion (wire diameter 25 mm, length 12 mm) at 80 and 100 ns after beginning of secondary breakdown. U0 = 15 kV, spiral breakdown
channel.
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trace itself suggests that the density of the residual material
inside the core is low for this type of secondary discharge. [We
can assume that this is also the case for spiral breakdown,with a
correction for thewinding trajectory of the current producing a
shock wave (Fig. 6). Unfortunately, all the images of this type of
breakdown were obtained in a single-frame photographic re-
gime, and therefore it was impossible to observe the assumed
cylindrical expansion of the channel.] In any case, shadowgrams
of shock waves in electrical discharges in open air look similar
(see, e.g., the shadow images of air-gap breakdown in Ref. 18).

One of the shots in this series demonstrates themoment of
breakdown generation on the core axis (Fig. 8). In the first of
three frames, during the current pause, material remains
unperturbed; in the second frame, obtained 5 ns after the
beginning of secondary breakdown, a trace of width 130 mm
appears on the axis, which transforms in the next frame, after
40 ns, to a transparent tube. The diameter of this tube is
noticeably smaller than for the shot in Fig. 7, because a shorter
time elapsed after the onset of breakdown. The expansion rate
of the cylindrical channel observed immediately after the onset
of breakdown was about 7 mm/ns.

Depending on the properties of the medium in which a
breakdown is studied, two alternative scenarios are possible. (1)
Thedensity of the residualmatter inside the core,which initially
(at the start of the current pause) is relatively high, decreases
during expansion, and achieves the Paschen curve minimum
first on the axis. (2) In contrast, the core is initially almost

hollow; its wall material gradually evaporates and, owing to
symmetry, is collected on the axis and then serves as a seed
for the secondary breakdown current. At present, there is
insufficient experimental information to allow a choice be-
tween these scenarios. Note, however, that this and the other
breakdown types described above are incompatible with the
popular concept of the core as an object homogeneous in the
radial direction and separated along the axis by flat strata.
Therefore, the hypothesis in Refs. 3 and 19 that the secondary
discharge results from successive connections of neighboring
flat “disks” by local arcs seems unlikely.

Experimental data on the existence of different (two) types
of secondary breakdown have previously been presented in the
literature only for microsecond EWs. A study of the expansion
of copper andconstantanwires in air showed that as the applied
voltage was increased from 6 to 20 kV, the breakdown type
changed with high probability.20 Primarily, this is related to the
position of discharge initiation. At lower voltages, the break-
down was initiated on the wire surface, but for higher voltages,
initiation occurred inside the wire. Here, the external break-
down always involved a short current pause, whereas for the
internal breakdown that appeared above a certain critical
voltage, a considerably longer current pause was observed. In
principle, for any voltage exceeding the threshold, either of
these two discharge types (with a longer or shorter current
pause) could be initiated, but with noticeably different prob-
abilities. Thus, the current pause is not always a unique function

FIG. 7. Shadow image of copper wire explosion (wire diameter 25 mm, length 12 mm) at 175, 205, and 245 ns after beginning of secondary breakdown. U0 = 10 kV, axial
breakdown channel. All three images were obtained in one shot.

Matter Radiat. Extremes 4, 026401 (2019); doi: 10.1063/1.5085487 4, 026401-6

©Author(s) 2019

Matter and
Radiation at Extremes RESEARCH ARTICLE scitation.org/journal/mre

https://doi.org/10.1063/1.5085487
https://scitation.org/journal/mre


of voltage, being considerably dependent on the breakdown
type.

The specific nature of the physical processes in nano-
second EWs means that we cannot compare our results di-
rectly with the data presented in Ref. 20, where, in addition,
quite different diagnostics were used (photography of the
discharge gap using a frame optical streak camera). Never-
theless, the internal breakdown described in Ref. 20 is very
similar to the axial breakdown in our experiments. This is a
contracted current cord, spirally twisted near the electrodes,
that appears on the wire axis at the end of the current pause
and then rapidly expands (cf. Fig. 7 or 8). In addition, in our
experiments, we also found a dependence of the current
pause duration on discharge type, although it was different, as
we will show below.

As a rule, in real experiments, it is impossible to reproduce
absolutely exactly the parameters that are important for
initiating the secondary discharge: the wire length and the
homogeneity of its material, including its surface state. In
addition, the charging voltage in our experiments was accu-
rate only to ;10%. As a consequence, there is some spread in
the onset time of secondary breakdown. From this point of
view, the energy deposited intomatter during thefirst current

pulse is a more appropriate parameter compared with the
nominal applied voltage and geometrical parameters. The
energy deposition automatically takes into account many
factors that are important for discharge dynamics but are
poorly controlled in experiments. Figure 9(a) presents current
waveforms obtained during copper wire explosions for the
same charging voltage U0 = 15 kV, but with slightly different
energy depositions in different shots, varying between 0.47
and 0.6 J. We found that the current pause duration increased
with decreasing energy deposition, as expected. In particular,
the current pause “jumped” to a higher duration corre-
sponding to the minimum energy deposition. It was more
surprising that this monotonic dependence also held for the
whole group of closed waveforms. This suggests that, rather
than a statistical spread in the breakdownonset time, there is a
quite clear regularity, more accurate than a simple voltage
dependence.

However, this dependence is satisfiedwell only for shots in
which the secondary breakdown is linear [upper blue dots in
Fig. 9(b)], and is not inherent to discharges of other types. For
example, Fig. 10 shows current and voltagewaveforms obtained
in the same experimental series under identical conditions. In
three shots with current pauses close in duration (the 5th, 8th,

FIG. 8. Shadow image of copper wire explosion (wire diameter 25 mm, length 12 mm) at moments 25 ns before and 5 ns and 45 ns after beginning of secondary breakdown.
U0 = 10 kV, axial breakdown channel. All three images were obtained in one shot.
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and 9th shots), linear secondary breakdownwas detected. For
these, as for the shots in Fig. 9, the “normal” dependence of
the energy deposition can be seen: the higher the energy
deposition, the shorter the current pause. Note that in this

case the voltage at breakdown dramatically decreased, in-
dicating the high conductivity of the medium in the discharge
channel.

Two other waveforms (the 6th and 7th shots) with short
current pause correspond to spiral breakdown. In this case, the
energy deposition shows the opposite dependence. The dis-
charge current was lower and the voltage decrease was rather
smooth. This means that the discharge channel resistance
and/or inductance at breakdown was higher than in the pre-
vious case.We can assume that, for some reason, the ionization
of the medium was more efficient here, and the required
number of current carriers was formed until the core had time
to expand enough for decreasing its density down to the
“breakdown” value. The discharge began to develop under
unfavorable conditions of a dense medium and was forced to
“choose” regionswithminimum local resistance. As a result, the
trajectory becamewinding and the total length of the discharge
channel increased. Because of this, such breakdowns, which
start earlier, prove to be longer than linear secondary
breakdowns.

The red current and voltage curves (4th shot) correspond
to discharges of axial type, with a cylindrical breakdown
channel. In terms of current pause duration, this is an in-
termediate case, while, with regard to energy deposition, such
discharges do not exhibit any of the dependences described
above.

Figure 10(b) clearly shows that the “ledge” height (i.e., the
voltage in the current pause at which secondary breakdown
begins) coincides for all shots and therefore for all breakdown
types. At the same time, the amplitudes of the corresponding
currents in Fig. 10(a) noticeably differ. This means at least that
the impedances of the discharge gap are different for break-
downs of different types. At present, it is difficult to explain this
difference, because the material in which the breakdown de-
veloped was, in all cases, formed during the EW for very similar
discharge parameters.

FIG. 9. (a) Current oscilloscope signals in shots with linear breakdowns and (b) current pause durations versus deposited energies for shots with different breakdown types at an
initial voltage of 15 kV (copper wire of diameter 25 mm).

FIG. 10. Current (a) and voltage (b) oscilloscope signals obtained under identical
experimental conditions (15 kV, copper wire of diameter 25 mm).
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Of course, the onset of any gas discharge is, by its nature,
random to some extent. It requires both that there be a suf-
ficient number of current carriers and that the medium itself,
which is not necessarily homogeneous, be ready for discharge
to occur. The development of breakdown can be affected not
only by the structure of the core and the state of itsmaterial, but
also by a number of other factors that have been neglected so
far. To clarify and interpret this complicated picture, further
investigations are required.

IV. CONCLUSIONS

We have studied nanosecond electric explosions of thin
copper wires in air in the current-pause regime at voltages of
10–15 kV (in the energy deposition range 9–14 J/mg). Analysis
of shadow images of the discharge gap obtained at different
times has shown that the explosion products under these
conditions form a stable tubular structure. This structure
remains almost unchanged for a fewhundreds of nanoseconds
as the core continues to expand by inertia. The system of
strata, which we believe to belong to the external shell of the
core, remains undisturbed, both during the current pause
and at the secondary breakdown stage during current re-
generation in the circuit. In addition, new volume perturba-
tions, which usually accompany high-current discharges in
matter, do not appear. The images of secondary discharge
channels have allowed us to interpret this discharge as being
internal with respect to the tubular core. The discharge
current can flow either along the axis of the hollow core or
near its internal surface. The breakdown on the external
surface of the wire (core) reported in Ref. 20 has not been
observed in our experiments.

We have found that at the same charging voltage (and the
same energy deposition), three types of secondary breakdown
can appear, differing in current-pause duration and, in a
certain sense, in symmetry type. The longest current pause
occurs for linear breakdown and the shortest for circular
(twisted) breakdown. Axial breakdown (with the formation
of a cylindrical shock wave) is an intermediate type and
exhibits a current-pause duration that is also intermediate
in value. The usual inverse dependence of current-pause
duration on energy deposition is valid only for the linear
discharge type.
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