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Abstract – Experimental results on electrical ex-

plosion of wires in vacuum with current density 

j ~ 10
12

 A/m
2
, current rise rate (dI/dt) ~ 50 A/ns and 

current pulse with amplitude ~ 10 kA are pre-

sented. The structure of the discharge channels in 

vacuum has been studied using laser shadow and 

schlieren imaging with 7 ns frames, UV pinhole 

images with 5 ns frames and X pinch x-ray back-

lighting. The information on the dense core mate-

rial and the conducting plasma distributions was 

obtained in our experiments by analyzing and 

comparing the results obtained from all diagnos-

tics. 

1. Introduction 

Physical processes taking place at the initial stage of 

explosion of thin wires play an important role when 

forming plasma load in fast X-pinch experiments. 

Therefore, experimental information on time and spa-

tial distribution of conducting, rarefied and dense lay-

ers of plasma, which are generated in the process of 

electrical explosion of wires in vacuum as well as in 
media, is of great interest. 

The stage at which the wire material is trans-

formed from a condensed state to a conducting plasma 

load is very difficult to study. As a rule, it is necessary 

to analyze indirect data since direct measurements of 

the structure of exploding wire distribution of currents 

and thermodynamic parameters are difficult to per-

form because of the small spatial and temporal scales. 

This applies not only to experiments with wire arrays 

on large machines but also to experiments with single 
wires of micron dimensions on relatively low-power 

installations. In the present work, it was attempted to 

reach a new level of experimental investigation of the 

discharge channel upon explosion of wires. 

2. Diagnostic Means 

The scheme of the installation is shown in Fig. 1, a; 
for a detailed description see [1, 2]. The investigations 

were performed for various conditions of the dis-

charge using electrical, optical, UV and XR diagnos-

tics.  

 
a 

 
b 

Fig. 1. Experimental setup: electrical circuit (a); optical  

  diagnostic (b) 

A vacuum X-ray diode without filter and with an 

aluminum cathode was used to study the time charac-

teristics of wire luminescence in the ultraviolet range. 

The diode was placed 30 cm from the wire. To plot 

the image of the exploding wire, there was also used a 

four-frame micro channel camera with 5-ns explosion 

duration, 10-ns interval between frames and maximum 

sensitivity in the ultraviolet range (> 10 eV quantum 
energy). The image was plotted with 1:2 magnifica-

tion using a 4-pinhole of rather large diameter 

400 µm. The spatial resolution in this case was not 

very good, but using a pinhole of large diameter pro-

vided the needed optical efficiency. This, in the final 

analysis, permitted to register luminescence of low-

density explosion products of single wires. In the case 

when one of the pinholes was covered by a 2-µm my-

lar filter, transparent for optical radiation and hard 
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ultraviolet radiation with > 200 eV quantum energy, a 

discharge image was absent in this channel. Therefore, 

it can be concluded that in our experiments there are 

no quanta with energy > 200 eV. 

Figure 1, b shows the scheme of laser probing on 

the basis of YAG:Nd+3, with transformation of the ra-

diation frequency to the second harmonic (λ = 532 nm, 
pulse length 10 ns and energy 0.035 J), to obtain opti-

cal images of the discharge channel. Photographing 

the wire in each shot was performed in a multiframe 
scheme in three separates channels, with the two suc-

ceeding the first frame delayed 30 and 70 ns, respec-

tively (not shown in the figure). In one of them (the 

middle one), the lower half of the diaphragm and the 

focus of the lens were masked. As a result, this chan-

nel gave a schlieren image in the classical “knife” 

scheme. This permitted to judge the sign of the refrac-

tion of the object under investigation and make certain 

conclusions about the state and distribution of matter 

in the discharge channel. High-quality photographic 
lenses with high resolution digital cameras to record 

the images yielded high quality shadow images of 

loads with spatial resolution estimated to be 20 µm. 

3. Experimental Results 

In Fig. 2 there are presented shadow images of the 

discharge channel in the visible region, and x-ray ra-

diation, upon electrical explosion of titanium wire in 

vacuum. A core (pointed to by arrows 1) can be seen 

on the optical images, practically nontransparent for 

probing of laser radiation. The dimensions of the core 
during observation (from ~ 360 to 1125 ns) were prac-

tically doubled. The diameter of the region pointed to 

by arrows 2 increased approximately three times and 

by instant ~ 1 μs peculiarities appear on the image that 
look like jets of matter (pointed to by arrows 3). The 

appearance of these jets can be explained as follows: 

by instant ~ 800 ns the magnitude of the current in the 

circuit is reduced more than an order of magnitude 

relative to the maximum value (Imax is ~ 12 kA when t 
is ~ 400 ns; see Fig. 3). Correspondingly, magnetic 

pressure, directed toward the axis, decreases signifi-

cantly, which leads to the hotter low-density matter to 

begin flying apart with high velocity (~ 3 ⋅ 103 m/s). 
The expansion velocities of the core and region occu-

pied by metal vapors also noticeably increase: from 

6 ⋅ 103
 to 4 ⋅ 104 cm/s and from 5 ⋅ 104

 to 1.2 ⋅ 105 cm/s, 
respectively. 

The finer internal structure relative to the distribu-

tion of dense matter can be examined by means of x-

ray radiography with X-pinch as a point source of 

probing radiation [3]. An image of the discharge 

channel was obtained in soft x-ray radiation (2–5 keV 

quantum energy) of the hot point of four-wire molyb-

denum X-pinch (Fig. 2, c). It is clearly seen that there 

are tow regions of discharge. The inner one corre-
sponds to the part pointed to by arrows 1 on the 

shadow laser image (Fig. 2, b). It should be noted that 

while the structure of the region pointed to by arrows 

2 on the laser and x-ray images are very similar (with 

the difference that on the laser images the longitudinal 

formations are significantly thicker), the inner region, 

nontransparent for laser radiation, has a distinct lateral 

structure on the x-ray images. 
 

 
Fig. 2. Optical (t = 365 and 1095 ns) (a and b) and x-ray 

(t = 1125 ns) (c) shadow images of part of the discharge 

channel upon explosion of titanium wire in vacuum  

 (U0 = 20 kV, l = 12 mm, d = 25 µm) 
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Fig. 3. Time dependences of current upon explosion of sil-

ver and titanium (black and grey lines correspondingly) 

   wires in vacuum (U0 = 20 kV, l = 12 mm, d = 25 µm) 

a 

b 

c 
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In Fig. 4, there are presented images of part of the 

discharge channel upon explosion of a silver wire in 

vacuum. In both images, the lateral structure of the 

same spatial scale can be distinctly seen. Moreover, 

one can say that the explosion products of silver wire 

at instant 260 ns are expanded significantly more than 

upon explosion of titanium wire. Expansion velocity 

of their outer boundary by this instant is ~ 2.5 ⋅ 105 cm/s 
and significantly exceeds even the low density veloc-

ity of a titanium plasma jet at a later time. This occurs 
because, as contrasted to the case of explosion of tita-

nium wire, a significant part of the current continues 

to flow through the products of silver wire explosion 

after breakdown. Hence, the energy introduced sup-

ports their subsequent intense expansion. 
 

 
b 

Fig. 4. Optical (t = 245 ns) (a)  and x-ray shadow-images 

(t = 280 ns) (b) of part of the discharge channel upon explo-

sion of silver wire in vacuum (U0 = 20 kV, l = 12 mm, 

  d = 25 µm) 

Figure 5 shows optical shadow and schlieren im-

ages as well as an ultraviolet image of own lumines-

cence of the discharge channel upon explosion of 

aluminum wire in vacuum. It can be seen that the size 

of the luminous region (Fig. 5, a) significantly ex-

ceeds the size of the dense part of wire explosion 

products. It is reasonable to suppose that this rare lu-
minous plasma carries a part of the current, thanks to 

which it is heated and radiates. The luminous region 

has a distinctly expressed tubular structure and the 

size of the inner nonluminous part is of the order of 

that of the dense explosion products’ region. 

The expansion velocities of the luminous part are 

determined by means of four frames. In this experi-

ment it is 2.8 ⋅ 106 cm/s. The expansion velocities of 
the near-axial region of dense explosion products 

(they, most likely, are in a liquid-vapor two-phase 

state) and quite dense layers of the corona were de-

termined from the optical shadow images 

(~ 2.8 ⋅ 105 cm/s). On the basis of these data, it can be 
stated that rare luminous plasma in the ultraviolet 

range, transparent for optical probing radiation 

(n
e
 < 7 ⋅ 1018 cm–3), expands with high velocity, ex-

ceeding by an order of magnitude the expansion ve-

locity of the dense core. 
 

 
b 

 
c 

Fig. 5. Own luminescence in UV range (t = 155 ns) (a), 

shadow (t = 155 ns) (b),  and schlieren (t = 185 ns) (c)  opti-

cal images of the discharge channel upon explosion of alu-

minum wire in vacuum (U0 = 20 kV, l = 12 mm, d = 25 µm).  

  Horizontal arrows indicate the initial position of the wire 

On the schlieren image (Fig. 5, b) there can be 

seen a thin almost symmetrical region relative to the 

inertial position of the wire. However it can be seen 

with large magnification that they have different struc-

tures, one can conclude that they have different nature. 

Since refraction in neutral (for example, metal vapor) 

and in plasma has different signs, it can be concluded 

that neutral as well as charged particles are present in 

this region, separated by some distance. The outer 

layers of the corona in view of their low density insuf-
ficiently deflect the probing laser beams. As a result, 

their image is absent on the schlieren photograph. And 

a broader nonsymmetrical region relative to the dis-

charge axis corresponds to the refraction of matter 

containing only neutral particles (for example, weak 

or completely nonionized vapor or liquid). The posi-

tion of this region corresponds to the boundary of 

dense explosion products seen on the shadow image. 

Thus, it can be stated that the dense core, being a two-

phase, neutral, liquid-vapor mixture, has an inner 

structure with a rather sharp gradient of density. 
Figure 6 shows optical and ultraviolet images of 

the discharge channel upon explosion of tungsten wire 

a 

a 
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in vacuum. It can be seen that in this case the size of 

the luminous region also exceeds the size of the dense 

region of wire explosion products by more than an 

order of magnitude. The luminous region in the ultra-

violet range does not have a distinct differentiated 

tubular structure as in the case of explosion of alumi-

num wire. However, it should be noted that at a later 

instant such a tubular structure begins to appear. The 

values of expansion velocities of the luminous region 
and regions occupied by dense explosion products are 

presented in the table. 
 

 
a 

a 
b 

 
c 

Fig. 6. Own luminosity in UV range (t = 120 ns) (a),  

shadow (t = 180 ns) (b),  and schlieren (t = 210 ns) (c) opti-

cal images of discharge channel upon explosion of tung- 

  sten wire in vacuum (U0

 = 20 kV, l = 12 mm, d = 25 µm) 

In paper [2] there are presented data on develop-

ment scenarios of discharge-gap breakdown upon 
electrical explosion of micron wires of various materi-

als in air and vacuum. In accordance with these data, 

one can say that upon exploding tungsten and alumi-

num wires breakdown proceeds by different scenarios. 

In the former case, it is of a shunting nature while in 

the latter it is internal. When the shunting breakdown 

develops, practically all the current flows through the 

external rare plasma, consisting of desorbed gases, 

metal vapors and light elements contaminating the 

surface of the wire. In this case, the expansion of the 
 

main mass of explosion products occurs at the expense 

of the energy that deposited into the wire by the in-

stant of breakdown. When the breakdown is internal, 

even after its completion, a significant part of the cur-

rent continues to flow within the quite dense explosion 

products. Precisely because of this, a considerably 

more intense expansion of wire matter can be ob-

served in this case. This explains the different spatial 

structures of the luminous region in the ultraviolet 
range upon explosion of aluminum and tungsten 

wires. Since expansion of dense explosion products of 

tungsten wire is considerably less, the narrow 

(~ 200 μm) region of dense nonluminous explosion 
products is not seen on the back ground of the broad 

(~ 2000 μm) luminous region, for its dimensions are 
beyond the spatial resolution of the system. 

It can also be noted that instabilities develop in the 

luminous region. On sight, they are reminiscent of the 

ordinary sausage-type instability in plasma, character-

istic for regimes with pinching in installations with 

large currents. In tungsten plasma the instability is 

developed considerably faster than in aluminum 
plasma (compare Figs. 5, a and 6, a). This can also be 

explained by the difference in scenarios of breakdown 

development. In shunting breakdown (in the case of 

explosion of tungsten wire), this rare plasma carries 

practically all the current. Therefore, forces (directed 

toward the axis of magnetic pressure and also gasody-

namic having the opposite direction) acting on the 

matter are considerably greater; therefore, the insta-

bilities develop faster. On the other hand, in inner 

breakdown (in the case of aluminum wire explosion) a 
considerable portion of the current flows within quite 

dense explosion products. Consequently, pressures are 

less and, accordingly, slower development of instabil-

ity is observed. 

The schlieren image obtained upon explosion of 

tungsten wire is to a large degree symmetrical 

(Fig. 6, c). A symmetrical image in the scheme with 

“knife” mask would be obtained when in the indicated 

region there are small uniform scattering centers – 

e.g., submicron droplets in vapor. However, in large 
scale there can be noticed that external to the upper 

boundary there stretches a broad region of eroded 

structure.  
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