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Abstract. This paper is the concluding paper in a Series of three. On the basis of the results 
of the first two, the experiments on the electric explosion in conductors are discussed and the 
mechanism of ‘hot’ plasmaspot formation, which was observed repeatedly in the experiments on 
plasma focus, z-pinches. vacuum sparks and elechic explosion of minawires, has been propared. 
To realize thh mechanism, the formation of sausage-rype instabilities is not necessary. Moreover, 
the possibility of the fomtion of hot spots in a liquid metal (in the model mdw discussion, 
the plasma-like medium is assumed to be incompressible with constant local kinetic fransport 
coefficients) has been shown. The latter is of great interest for understanding the mechanism 
of initiation and operation of vacuum an: cathode spats and also for the explanation of the 
phenomenon of explosive electron emission which is widely employed in applied physics. 

1. Introduction 

In the present paper, which is the third part of a series [I,?,], we confine ourselves to 
a comparison with old experiments on the electric explosion of conductors (EEC), which 
represent a large volume of experimental data [3-51. They contain a considerable number 
of facts, known as anomalies of electric explosion, which have not yet found a satisfactory 
interpretation. Closely related to this problem are papers on liquid-metal current intermpters, 
z-pinches [6], plasma focus experiments 171 and plasma-erosion current breakers [8]. 

2. Experimental techniques 

For a more objective discussion of the experimental data on EEC, let us review experimental 
techniques (this problem has a more detailed consideration in 13-51). The major experiments 
discussed below were carried out with the RLC circuit corresponding to the circuit S3 in 
[21 without the load resistor R (reference 121 figure I(c)), on the basis of high-voltage 
(& = 50 kV), low-inductive capacitors with total capacitance (2.5-8) pF. The initial 
charge voltage ranged from 10 to 50 kV and the period of oscillations was between 5 and 
40ps. The maximum current amplitude was limited to 1DD kA. The accuracy of the initial 
charge voltage was about IO-’. In most experiments the initial parameters were adjusted 
so that the stage of conductor melting began within the maximum of the first half-cycle of 
a current wave in the RLC circuit. A typical value of the current density 0’) for this type of 
source is about 2 x lo7 
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A three-channel square-wave generator made of 50 S2, RF cables [9]  was used to obtain 
maximal current densities of (1-5)x108 Acnr2. The pulse rise time was 1 ns. One of 
the generator channels was connected to the load and the other two served to control the 
electron-optical image converter. In the load capacitor the authors [4,9] used a microwire 
of 10pm in diameter and several mm in length. 

The experiments dealt mostly with two observables: the total current, measured with 
the help of a special shunt, and the voltage, measured by a compensated Ohmic divider 
installed parallel to the conductor. The signals were recorded using fast oscilloscopes with 
a bandwidth of 3 GHz or a rapid double-channel digitizer with a sampling time of 7 ns and 
an amplitude resolution of 1%. 

Furthermore, images of the exploding conductor were taken by electron-optical and by 
pulse shadow x-ray photography. The picture quality in x-ray photographs obtained in [4] 
is characterized by the following figures: the lack of sharpness of the image edge is of the 
order of 20pm, the number of allowed shadings is more than IO, the minimum allowed 
thickness is of the order of 50 pm of A1 and the maximum is of the order of 1 mm of Cu, 
the accuracy of timing photographs to voltage waveforms is within 2 x lo-* s-'. 

Effective methods of obtaining and processing the experimental data allowed us to find 
insignificant (of the order of a few percent) changes in the data caused by physical fluctuation 
processes. For instance, registered with a high level of significance was a change within 
10% of the slope of resistivity against absorbed energy (in the stage preceding melting) and 
also, under similar conditions, a shift of coordinates of the initial melting point by about 
10% [4]. 

3. Discussion 

In most experiments (see [3,5J) only two signals are usually measure& the total current and 
voltage drop across the conductor. Therefore, below, we discuss basically the experiments 
of [4], where, in addition to the measurements mentioned above, shadow x-ray photography 
and photography by an electron-optical image converter were used. 

Figure 1 shows typical waveforms of the current (figure l (a))  and the voltage drop 
(figure l(b)) without an inductive component. Shown in figure I(c) is the time variation of 
the relative conductor radius taken by shadow x-ray photography. The initial point of an 
electric explosion on the current curve is practically indistinguishable, though on the voltage 
curve it is marked by an increase in the voltage growth rate. However, the transition region 
is sufficiently wide. Therefore it is not simple to determine the initial explosion point by the 
current and voltage waveforms. Independent measurements of the conductor radius during 
the explosion enables removal of the amhiguitj (the change in the mechanism of conductor 
expansion takes place at the initial explosion point (figure I@))), 

The ratio of a voltage signal to the current is interpreted as the conductor resistance, their 
product as the absorbed power, and the integral of this product over time as the absorbed 
energy. This interpretation is based on a priori assessments of a characteristic time of the 
magnetic field diffusion. This time is shorter than the characteristic time of the change in 
current and for these reasons the current density as well as other parameters are assumed 
to be evenly distributed over the conductor volume. By using the dependence on time 
and absorbed energy found in this way, one can determine parameters corresponding to the 
initial explosion point: the time (r,) and the absorbed energy Q(r,). 

The latter quantities have been widely discussed in the literature 131. The authors of 
[3, IO] state that Q(rJ is independent of the current density, i.e. of the conductor heating 
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Figure 1. (a) Current, (6) voltage waveforms 
and (c)  the radius as a function of time, obrained 
during the electric explosion of a copper wire 
0.4 mm in dimetex and 10 cm long. Circuit 
parameters: C = 4.2 &F. L = 16 nK U = 
30 kV [4]. The curve u(r) (b) features the 
following typical points: 'a' the start of melting 
(r& 'b' the end of melting (Id; 'c' the onset 
of the explosion (k): 'd' the maximal rate of 
the voltage p w t h  (rd); 'e' the maximal voltage 
(re). 

rate, if the conductor is homogeneous over the radius (tc > roc,-', where ro and c, are the 
conductor radius and the sound velocity, respectively). Moreover, they suggest defining the 
initial explosion point as a point corresponding to the same resistance of a conductor made 
of the same material (e.g. for W the resistance (Res) with t = tc equal to the resistance 
at the end of melting is chosen in [lo]), or as a point corresponding to the time when 
the condition u(f)uO-I = 1.35-1.45 (U and uo are the instantkeous and initial volumes 
of the conductor, respectively) is satisfied [3]. This estimate calculated for the radius has 
the form r, = r(tc) = (I.162-1.204)ro. The lower estimate is in good agreement with the 
experimental results of [4] (figure l(c)). 

In order to check the hypothesis of e(&) dependence on the c k e n t  density and the 
linear dependence of Refi(Q) in section b-c in figure 1, we simulated this situation in circuit 
S2 of our paper [Z] where we calculated the process with two values of the dimensionless 
load impedance (I l3):  I73 = 1 and i73 = 4 (figure 2(aXc)). It can be seen that Res(Q) in 
this section may be approximated by a linear dependence, the resistance corresponding to a 
higher energy input rate into the conductor being in the region of a high absorbed energy. 
From the results of our calculations, we can suggest 'the following about the parameters 
of the initial explosion point. If, similar to [3,10], we assume e(&) is independent of the 
energy input rate, then for the above value we should take a point with Q = 1.71 x IO-' and 
t 2 10.1 in figure 2(a) (the units of measurement~are relative), which is located far from the 
region of a sharp increase in R C ~ .  According to figure l(c), however, the initial explosion 
point localizes at the beginning of the region of a fast Res increase. In analysing figure 2 
one should bear in mind that in our model the fluid is considered to be incompressible and 
kinetic coefficients to be constant. In addition, the growth of R,e is determined not by the 
dependence of electric conductivity on temperature but by the dynamics of vortex states, 
which result in the fact that an unperturbed state with an evenly distributed current density 
over the conductor radius is essentially disturbed. As a result, it is not only the cumnt 
density that is unevenly distributed over the conductor but the temperature as well. Due to 
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Figure 2. Resulls of simulation illusmling the 
influence of he rate of energy input into the conductor 
on the dynamics of vortex structures and siaies of 
current Circuit S2 from [Z]. (a) Q(1) = 1; U I d1 is the 
absorbed energy. (b) R&) = U I - ’  is he effective 
conducmr resistance. (c) Rcn(Q) = U/-’. Cwes 1 
correspond to he value of a dimensionless resistance of 
theload n3 = 1 andcurves2 to ng =4.  

this fact, one of the anomalies of the electric explosion is removed, namely the problem of 
the conductor overheating (see below). Moreover, the interpretation of experiments based 
on a priori assessments of a short diffusion time can be assumed to be misleading. 

An essential feature of the electric explosion in conductors is their critical (threshold) 
character. The model discussed has a natural criterion (the magnetic Rayleigh number) and 
the question of whether the explosion transition has to occur is solved positively, at least 
for the source of an infinite power, if this parameter surpasses a critical value defined by 
the geometry and the conductor properties. For the source with a finite energy content, as 
pointed out in [2], the situation is more complex. In this case, the question of whether the 
explosion has to occur is determine2 not only by the control parameter r l ,  which equals 
the ratio of the magnetic Rayleigh number to the critical one, but also by the initial level 
of fluctuations in the system given by the amplitudes X@), Y ( t )  and Z(Z) (X belongs 
to mechanical degrees of freedom and Y and Z to electromagnetic ones). Our model 
is applicable from time to, which corresponds to the end of the conductor melting. The 
experiment in 141 shows that the initial and final melting points shift towards the region of 
a high absorbed energy where the values of Refi and the slope angle Ret( Q) are smaller 
than the table values. Moreover, the same experiment shows that the resistance of a wire 
made of such materials as steel, tungsten and molybdenum decreases with increasing Q. 
Therefore when comparing our model with experiment, there arises the problem of not only 
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finding a critical value of the control parameter rl but also defining the initial data. It can 
easily be shown that by choosing the value of 20, one can obtain a decrease in Reg and by 
choosing XO a shift towards the region of a high absorbed energy can be obtained. 

Experiments in [ I  I] have shown that if the current is rapidly interrupted before the 
conductor is brought up to its melting point, then the conductor is destroyed after about 
200 e. In a similar way, when the current is interrupted before the conductor reaches 
its melting point, the conductor starts bending after some delay time. In [12], for a Cu 
conductor 1 mm in diameter, the delay time was about 100 ps. In [4], bending in the central 
section of the conductor forms when the absorbed energy corresponds to that for liquifaction 
of the metal. This indicates that on the one hand, the wavelength of the instability due 
to bending is   apparently fixed when the conductor material is elastic and, on the other 
hand, that the melt can resist shearing stress at least during a few microseconds after it has 
been produced. In terms of our model (see [I]), the formation of vortex hydrodynamical 
structures introduces elements of a solid into the fluid the effective voltage tensor is non- 
diagonal and the fluid gains in its ability to resist deformation. It should be noted that 
vortex excitations are similar to disclinations in liquid and solid crystals. ,Therefore the 
development of calibration continuous models of defects (dislocations and disclinations), 
which interact with the electromagnetic field of the model type proposed in [13], represents 
an up-to-date problem in the study of pulse heating and melting of conductors exposed 
to heating by current. These models will enable not only the explanation of destruction 
after the intemption of current but also the solution of the problem of the starting level of 
disbalance for the liquid-metal stage. 

ac 

t Figure 3. X-ray photograph of the conduclor cross section at 
various times: ‘a’ corresponds Lo the time fc,  ‘b’ to rd and 3’ 
to f., obtained during the explosion of a copper wire 0.58 mm 
in diameter. Circuit parameters: period 40 fis, capcitmce 

a b C ~C = 4.2 &F and initial voltage U = 30 kV [41. 

One of the most indicative features of the electric explosion is the emergence of a 
characteristic large-scale band-likc structure or shata dividing the conductor into lengths of 
a typical size close to the initial radius of the conductor (figure 3; see also figure 2 in 111). 
Shown in figure 3 are the data of explosion for a Cu conductor 0.58 mm in diameter in an 
electric circuit with period 40 ps, storage capacitance 4.2 pF and initial voltage 30 kV. The 
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voltage rise time from the starting point of the explosion to the maximum value (points ‘c’ 
and ‘e’, figure I@)) was 1.2ps. The fast current interruption phase lasted 1 ms and the time 
of the second phase (from the inflection point on the leading edge (figure l(a), point ‘d’) to 
the point ‘e’) was about 200 ns. The first picture of figure 3 shows the beginning of the first 
phase, the second picture was taken at its end and the third one near the maximum of the 
voltage pulse. In the first picture one can see an axially asymmetric, small-scale structure 
with a typical size of about 0.3 mm. In the second picture, in at least three locations, plasma 
strata have already been formed. The third picture is a typical pattern of a fully stratified 
conductor. The mean distance between the strata is 0.78 mm, and it is twice as large as 
the small-scale structure at the beginning of the first phase. In addition, it appears that the 
typical size in the first approximation is independent of the experimental conditions, and 
the time to form this structure may be shorter than the typical sound time (it follows from 
the comparison of the last two pictures in figure 3, that the stratification process of the 
experiment discussed lasted 200 ns). 

In the framework of our model the structure size is set by the wavenumber of the most 
rapidly increasing harmonic, and in accordance with the analysis in [l] for a Cu conductor 
0.58 mm in diameter, it has to be 1 = 2,l = 0.672 mm. In the experiment from [41 
discussed above, we have a value very close to I = 0.78 mm. If we employ the radius 
value corresponding to the initial explosion point from [3] r(tJ Z l.16Zr0, close to the 
experimental data from [4]. we find a better agreement with experiment: 1 = 0.781 mm. 
Moreover, in later phases of the instability development one can observe the coalescence 
of adjoining strata into pairs (see figure 2 in 111). 

Such fine effects are predicted by the model: the harmonic with wavenumber 0.5k, 
according to figure 1 from [I], has to be excited by the following one. To help understand 
the pairing effect discussed, consider the well known result of vortex system dynamics: 

N B Volkov nnd A M lskoldsky 

.o,50$ ~ ~ ;I ,~, 1.; ; 1 ,, ; 1 jl;; 
Flgure 4. (0) Spatial disbibution of the 
l e m p t u r e .  (b)  the radiation and (c) the 

18.00 20.00 22.00 24.00 26.00 28.00 c m t  C M ~ .  obtained by simulation of the 
circuit S2 in [Z]. The time for the plots in 
( U )  and (b )  is marked on the current curve. 

-1.00 

t 
C 
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two vortex rings are either attracted or repelled (depending on the relative orientation of the 
particle rotation near the axis of vortex rings) [141. The contact point between two repelling 
vortices can move from the extemal surface deep into the interior at a speed well above that 
of sound, because the movement is of a phase nature (in [15] we developed a three-mode 
model of this stage of the process, which is similar to the model discussed here and where 
the X, Y and 2 amplitudes have the asymptote X-Y-Z-(t, - t)-‘/*). 

At the beginning of the conductor destruction, the energy deposited in it is sufficient 
to heat the conductor up to a temperature well above (by 2-3 times) the boiling point on 
the assumption that the temperature distribution is practically uniform over the volume. 
The experimental lifetime of this state is several orders of magnitude higher than the most 
radical estimations derived from the usual theory (e.g. by Frenkel-Zeldovitch-Folmer [ 161). 
The difficulty mentioned is absent from the model under discussion: in our case, because 
the temperature distribution over the conductor volume is essentially non-uniform. The 
maximum temperature can be well above the mean value and the surface temperature can be 
well below the mean value over the volume (see figure 4(a)). In our case, T,, = 23.43(T) 
((.) denotes volume average). 

The maximum x-ray intensity corresponds to the local temperature maximum 
(figure 4(b); the time used for the plots in figure 4(a), (b) is marked in the current curve (c)) .  
These regions of high temperature are detected by a pinhole chamber and interpreted as the 
so-called hot plasma spots (see [I71 and also [18-20]). The generally accepted theory 
assumes that hot spots form as a result of sausage-type instabilities (micro-pinches) caused 
by radiation cooling and the escape of particles of matter from the region of the sansage- 
type instability 1211. In our case, the self-focusing of current occurs not due to ‘raking up’ 
of matter but to the decrease in the cross section of the channel, along which a laminar 
component of current flows (see figure 9 in [2], which shows cross sections of separatrix 
surfaces in the field of current velocities of conduction electrons). 

Figure 5. X-ray photographs of the plasma channel ob. 
rained in [I91 by the x-ray electron+ptical image con- 
veMr. Bright glowing points are ring-wise formations. 
The interval between the frames is 10 ns. 

Feure 6. Integral x-ray pinhole photographs obtained 
in [I91 over various spckal ranges. 

We think that in the known experiments on micro-pinches [18-201, the discussed self- 
focusing of current is also realized. Our ideas are supported by the experiments of [19], 
carried out with the help of an x-ray electron-optical image converter with a time resolution 
of about 5 ns, which found (by direct observation) that brightly glowing ring formations 
appear near the maximum of an ultra-soft x-ray radiation (with energy 6 10 kev). Over a 
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time of a b v t  5 ns these formations ‘collapse’ on the axis (see figure 5). Figure 6, taken 
from [19], shows integral pinhole photographs of x-ray radiation. One can see that these are 
mappings of the discharge corona and cross stripes (strata) which superimpose each other. 
Shadow regions of figure 6 correspond to a ‘cold’ core, along which a negligibly small part 
of the current flows. The integral pinhole photographs taken by using filters with a cutoff 
energy of 2 keV show no corona glow. however one can see hot spots of < 80 pm in size 
at the points of the axis corresponding to the strata (figure 6(b)). The estimation of electron 
temperature (re) in the plasma corona gives 400-800 eV and the estimates of the maximum 
temperature in hot spots obtained by the absorbing method are 1-2 keV (T- = (2.5-5)Tc, 
where T, is the electron temperature in the corona), which is close to the order of magnitude 
of the estimate of our model (without claim of a better agreement). 

N B Volbv and A M Isbldsky 

Figure 7. Qualitative picture of ‘hot’ p i a ”  ring 
formations in the experiment of I191 according to ow 
model: (0) the distiibution of the undisturbed magnetic 
fieid: (b) the cross section of the separatiix surface of 
the vector velocity field of medium panicles in the plane 
r-z; (c) the cross section of the vector velocity field of 
canduction electrons in the piane r-z. Marked by the 
bold point symbol is the localization of hot spots in 
(4. W. 

It should be noted that in our model the region of high temperature, unlike in experiment 
1191, localizes on the axis from the very beginning of the process. Thii is due to the fact 
that an undisturbed current is distributed uniformly throughout the cylindrical conductor and 
not along the corona discharge, as in the experiment of [19]. If the above mechanism is 
taken into account then in terms of our model, the mechanism of hot-spot formation in the 
experiments of [19] is easily understood. Figure 9 of paper [2], in this case, corresponds 
to figure 7, which represents a picture of hot-spot formation. Subsequently, due to the 
replacement of current from the corona discharge to the core, hot spots localize on the axis. 
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a Figure S. (a) optid image of the exploding~ 
inndudor and (b), (c) shadow x-ny pi”s 
obtaiied in 141 by using the eledmn+ptical image 
wnverter and pulse shadow x-ny photography (the 
exposure time of the optical paum is 5 ns and of 
the x-ray paitem-25 ns). The bright glow in (a) 
wnesponds to high-velocity jets fanned as a result 
of the escape of overheated matter from the near- 

b C axis wne up 10 conductor surface. 

In the process of electric explosion, overheated matter emerges from the near-axis mne 
up to the surface in the form of bright, high-velocity jets which give rise to an additional 
high-velocity shock wave in the ambient air [4]. These jets set a typical pattem (figure 8) 
where the original space period is preserved. Being aware of the velocity of these jets, one 
can give a lower estimate for the matter temperature in the near-axis zone. For one of the 
experiments [4] this estimation gives a temperature of 5 eV with a volume average of about 
0.5 eV. In the simulation (figure 4(a)) the maximum temperature in hot spots is 23 times 
greater than the average temperature. 

The model enables division of the process into definite phases and the formalizing 
of such widely used notions as the delay time and the switching time. In particular, in 
experiments with inductive accumulators of power there is a certain typical time when 
the current reaches its maximum. From this time the current starts decreasing, whereas 
the Ohmic component of voltage continues increasing. A section of a negative differential 
resistance appears in the Ukharacteristic. This moment is highlighted in our model (circuit 
S3 in [Z]): a topological rearrangement of singular points of the dynamic system defined 
by equations (6) and (7) of [Z] takes place here. As a result of this rearrangement the first 
system of current vortices is formed and the conductor ceases to be simply connected (the 
separatrix surface of the current velocity field of conduction electrons divides the conductor 
into two channels (figure 12 in [Z]). 

The analysis of the x-ray picture series exhibits that at a certain moment, lying to the 
right of the current maximum when its value is at the level of 0.8-0.9 from the maximum, a 
fast process of conductor destruction begins (this process is the phase of commutation). This 
process is not marked in any way on current and voltage waveforms. However, a fracture on 
the time dependence of the Kolmogorov-Sinai entropy appears (see figure 5 in [2]) which 
justifies the division of the process into stages: the initial and final stages of commutation. 
There is one more typical point, namely the one where the rate of entropy growth reaches 
its maximum. It occuls at a current amplitude level of 0.1-0.2 of the maximum. It is 
convenient to connect this moment with the end of the commutation phase. 

While other conditions are held constant, the lower the conductivity, the smaller the 
critical magnetic Rayleigh number. Therefore, the nonlinear effects of transition metals 
under discussion will be more strongly pronounced than those of materials such as silver 
and copper, corresponding to experimental observations. In particular, the anomalous 
dependence of resistance on the absorbed energy in transition metals is more pronounced [41. 
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4. Conclusion 

The results obtained in [1,2] and discussed above are mostly of a qualitative character. As 
pointed out in [I] ,  they lose applicability from the beginning of the space scale splitting. The 
sequence of doubling the space scale pointed out in [l]: ko-+k, = 0.5ko+kz = 2ko+k3 = 
2kz-kk4 = 2k3+ . . . is peculiarly analogous to the hypothesis of scale invariance in the 
second-kind phase transition theory [22]. Since our model is a model of a nonequilibrium 
phase transition, an analogue for the critical point is the magnetic Rayleigh number, where 
stationary states are absent if the latter is exceeded (see figure. 3(a) in [l] presenting the 
bifurcation curve). 

It appears that in order to describe the first stage of splitting and the formation of a low- 
temperature plasma with a condensed disperse phase (ko + kl) one can also limit oneself 
to three modes of perturbation [15]. It has to be noted that the dynamics of the process 
in this stage are qualitatively similar to the destruction of superconductivity by a critical 
current [23,24] and therefore it is interesting to construct a model for the destruction of a 
superconducting state as the model of a non-equilibrium phase transition which occurs as a 
result of the ‘crisis’ in the two-liquid magneto-hydrodynamics of the superconductor. 

Nevertheless, despite the limitation mentioned, we were able, in terms of our model 
and the results of simulation, to give a qualitative explanation from a common standpoint 
to experimental results on the electric explosion of conductors, previously considered 
anomalous. In particular, the mechanism of localizing heat sources, according to which 
the formation of hot plasma spots in plasma-lie media occurs, not on account of a strong 
dependence of local kinetic coefficients on the density and temperature (the medium in our 
model was assumed incompressible with constant kinetic coefficients) and also sausage- 
type instabilities (pinches), but due to the formation of vortex structures in the system (see 
figures 7 and 9 in [2]) .  

Since we have shown the possibility of hot-spot formation in a liquid metal, it has to 
be expected that hot spots can exist near the cathode surface from the side of the metal 
and be responsible for the initiation and dynamics of vacuum arc cathode spots [SI, the 
behaviour of which has so far been obscure. In our opinion, hot spots play a leading role in 
the phenomenon called explosive electron emission, which is widely used in applied physics 
[26,27].  

It should be emphasized that the processes discussed in our series refer to a class 
of non-equilibrium phase transitions and therefore the simplest model proposed by us 
(the incompressible plasma-like medium with constant local kinetic coefficients and the 
three space modes of perturbation) enabled a qualitative understanding of a wide class of 
experiments including the mechanism of hot spot formation in experiments on micro-pinches 
WI. 

N B Volkov and A M Iskoldsky 
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