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The results of experiments with exploding copper conductors, performed on the MIG facility

(providing currents of amplitude of about 2.5 MA and rise time of 100 ns), are analyzed. With an

frame optical camera, large-scale instabilities of wavelength 0.2–0.5 mm were detected on the con-

ductor surface. The instabilities show up as plasma “tongues” expanding with a sound velocity in the

opposite direction to the magnetic field gradient. Analysis performed using a two-dimensional MHD

code has shown that the structures observed in the experiments were formed most probably due to

flute instabilities. The growth of flute instabilities is predetermined by the development of thermal

instabilities near the conductor surface. The thermal instabilities arise behind the front of the nonlin-

ear magnetic diffusion wave propagating through the conductor. The wavefront on its own is not sub-

ject to thermal instabilities. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4971443]

I. INTRODUCTION

Interest in the electrical explosion of conductors (EEC)

caused by the skin effect is associated with a variety of appli-

cations. This is, first, the electromagnetic energy transport in

the vacuum transmission lines of multiterawatt generators1–5

capable of producing currents of 30–50 MA with rise times of

less than 100 ns. These generators are currently being devel-

oped to be used in systems of controlled thermonuclear fusion

based on Z-pinches.6–12 With this level of currents, the elec-

tromagnetic energy density in the load region is so high that

the electrode surface can explode, producing plasma and thus

reducing the efficiency of electromagnetic energy transport to

the Z-pinch. Another EEC research area is related to the

MAGO/MTF (Magnetized Target Fusion9,10) and MagLIF

(Magnetized Liner Inertial Fusion11,12) concepts that involve

compression of initially heated deuterium-tritium mixtures by

imploding metal liners. To provide stable implosions of metal

liners is the main concern of the MAGO/MTF and MagLIF

concepts. EEC studies are also required in R&D areas such as

the production of strong magnetic fields using both imploded

metal shells13–15 and exploded single-turn solenoids16,17 and

the electromagnetic acceleration of bodies,18,19 in particular,

the acceleration of metal plates in shock wave experiments

(see, e.g., Refs. 20–23).

The main processes that take place during an EEC

caused by the skin effect are the propagation of a shock

wave and a nonlinear magnetic diffusion wave (NMDW)

through the conductor and the formation of a dense low-

temperature plasma at the conductor surface. Nonlinear mag-

netic diffusion features an abnormally high rate of electro-

magnetic field penetration into a conductor compared to

ordinary diffusion. The diffusion rate increases due to a

decrease in electrical conductivity of the metal as a result of

its heating by the electric current passing through it. The

propagation velocity of the nonlinear diffusion wave is deter-

mined by the rate of shifting of the current density maximum

into the conductor. Nonlinear diffusion can occur only if the

magnetic field is strong enough,15,24 i.e., its induction is

greater than

B0 �
ffiffiffiffiffiffi
8p
b

s
; (1)

where b ¼ 1
dqcv

@d
@T, d and q are, respectively, the resistivity

and density of the conductor material at normal conditions,

cv is its specific heat at constant volume, and @d
@T is the tem-

perature derivative of its resistivity. The magnetic induction

B0 for the majority of metals is several hundreds of kilo-

gausses, which correspond to a magnetic pressure of about

10 kbar on the conductor surface. Therefore, the nonlinear

diffusion wave propagates through the conductor together

with the shock wave caused by the magnetic pressure on the

conductor surface.

A nonlinear magnetic diffusion wave propagating

through a conductor can be accompanied by thermal instabil-

ities, whose structure is determined by the behavior of the

conductor material resistivity depending on temperature and

density.25–27 When the resistivity increases with temperature,

which is typical of the majority of metals in the liquid and

solid states, the thermal instabilities give rise to layered

structures (strata) with the layers arranged normal to the

direction of the current flow.28,29 This process is intensified

as the material resistivity increases with decreasing density,

as with EEC. It was shown30 that when an NMDW propa-

gates through a conductor, the long-wave modes of thermal

instabilities (with wavelengths of the order of the conductor

thickness) are suppressed, and the short-wave modes can be

unstable. However, the model30 considered neither the
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shock-wave nor the dissipative processes, such as heat con-

duction and viscous damping, which should stabilize the

propagation of an NMDW. These factors can be taken into

account only in a detailed magnetohydrodynamic (MHD)

simulation. To perform such a simulation was an aim of the

present study.

The increase in the magnetic field at the surface of a

conductor to

Bs �
ffiffiffiffiffiffiffiffiffiffiffi
8pK0

p
; (2)

where K0 is the metal sublimation energy under normal con-

ditions, results in the conductor explosion and in the forma-

tion of high-density, low-temperature plasma at its

surface.31,32 For the majority of metals, Bs ranges between 2

and 4 MG.31,32 It is well known that magnetically confined

plasma is unstable, so that magneto-Rayleigh–Taylor insta-

bilities can develop on its surface.33,34

The aim of this study was to analyze the development of

instabilities arising in conductors electrically exploding in a

skin effect mode at a magnetic field greater than Bs, which is

typical for the EECs that occurred in the MagLIF experi-

ments.11,12 A two-dimensional MHD simulation was carried

out to interpret the results of experiments with copper con-

ductors exploded at a current of about 2.5 MA within a cur-

rent pulse rise time of 100 ns.

II. MIG-BASED EXPERIMENTS

The EEC experiments were performed on the MIG pulse

generator,35–38 which is capable of producing current pulses

of amplitude up to 2.5 MA and rise time of 100 ns. The MIG

electric circuit comprises a line pulse transformer, water-

insulated pulse-forming lines, and a load. A capacitor bank

capable of storing about 400 kJ of energy is used as an

energy store. The line pulse transformer with 190-nF series

capacitance transfers the energy stored in the capacitor bank

to the first pulse-forming line of electric length 75 ns and a

characteristic impedance of 1.3 X. Once an uncontrolled

single-channel water-insulated spark gap operates, part of

the energy is transferred to the second pulse-forming line of

electric length 26 ns and an impedance, 0.65 X, and after

operation of a nine-channel water-insulated spark gap, up to

120 kJ of energy with a power of 1.2–1.4 TW is supplied,

through a transmission line of characteristic impedance

0.65 X, to the load.

Cylindrical metal conductors of length 1–1.2 cm and

varied in diameter were used for the load. Here, we present

only the experimental data for copper conductors of diameter

1 mm. The conductors were mounted in the electrode gap of

the MIG generator. The diagnostics included electrical meas-

urements of current and voltage and measurements of the

self-radiation of exploding conductors using vacuum X-ray

diodes (XRDs). The XRDs had an open aluminum cathode

and were used with no filter. The sensitivity of this type of

detector peaks in the spectral range 10–15 eV and falls

sharply in both the short-wave and the long-wave spectral

region. Therefore, in the experiment, a signal was detected

as a plasma of temperature T � 2 eV was formed at the

conductor surface. To take an image of the conductors in the

visible spectrum, an HSFC Pro four-frame optical camera

providing a 3-ns exposure time and 50-lm spatial resolution

was used.

Figure 1 shows the waveforms of the current pulse and

the XRD signal produced by the explosion of a copper wire

1 mm in diameter, and the calculated time dependence of the

brightness temperature of the surface. The solid circles mark

the times at which the HSFC Pro optical camera images of

the conductor (Fig. 2) were obtained. As can be seen from

Fig. 1, the explosion of the conductor surface occurs within

43–45 ns (the explosion time corresponds to a sharp increase

in intensity of the XRD signal and to a brightness tempera-

ture of 2 eV) from the onset of current flow at a magnetic

induction of 4.2–4.5 MG, that is, when it is close to Bs (equal

to 3.3 MG for copper). The magnetic induction reaches a

maximum of about 8 MG within about 80 ns.

Figure 2 presents the images of a copper cylindrical con-

ductor of diameter 1 mm taken within 70, 110, 150, and 190 ns

after the onset of current flow. The image taken at the 70th ns

shows no resolvable perturbation on the conductor surface.

Hardly detectable transverse perturbations are observed at the

110th ns. In the third and fourth images, taken at the 150th and

190th ns, respectively, large-scale perturbations of wavelength

0.2–0.5 mm are clearly visible. Note that the instability of this

type was observed in many experiments with conductors elec-

trically exploded in a skin effect mode.31–33,39–43

III. MAGNETOHYDRODYNAMIC SIMULATION OF AN
EEC

To simulate the explosion process, the JULIA MHD

code44,45 was used, which is based on the particle-in-cell

method and allows one to simulate the explosion of a conduc-

tor in a two-dimensional approximation. The MHD equations

used in this code are hydrodynamic equations that describe

the laws of conservation of mass, momentum, and energy

@q
@t
þr qvð Þ ¼ 0; (3)

FIG. 1. Experimental time dependencies of the current through a load (cop-

per wire of diameter 1 mm) and voltage across an XRD. The solid circles

mark the time of operation of a four-frame HSFC-Pro optical camera.
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q
@v

@t
þ qvrv ¼ �rpþ 1

c
j� B; (4)

@qe
@t
þr qevð Þ ¼ �prvþ j2

r
þr jrTð Þ: (5)

Maxwell’s equations written in a quasi stationary

approximation (disregarding displacement currents)

1

c

@B

@t
¼ �r� E; r� B ¼ 4p

c
j; (6)

and Ohm’s law

j ¼ r E� 1

c
v� B

� �
; (7)

where v, p, e, and T are the velocity, pressure, internal

energy, and temperature of the conductor material, respec-

tively; H is the magnetic field strength; E is the electric field

strength in a fixed coordinate system; j is the current density;

j is the thermal conductivity; r ¼ d�1 is the electric conduc-

tivity; and d is the resistivity.

For the calculations, wide-range semiempirical equa-

tions of state46 were used; the electrical characteristics and

the thermal conductivity of the metal were calculated using

conductivity tables for copper compiled using a numerical-

experimental technique.45,47–50

The system of equations (3)–(7) was solved in the cylin-

drical (r, z) geometry using the following numerical algo-

rithm: The equation of motion (4) was solved for each

particle, and then the average mass velocity and the material

density were calculated by summing over all particles in

each cell. The continuity equation (3) in this method is ful-

filled automatically due to the Lagrangian nature of the par-

ticles. The energy balance equations (5) and Maxwell’s

equations (6) were solved on a fixed Eulerian grid, which

was constructed at the beginning of the calculations and was

not changed in the course of the numerical solution.

To solve the MHD equations, it is necessary to set

boundary conditions. The boundary conditions for the equa-

tions of motion (4) can be imposed by setting either the

velocity or the pressure at the boundary. When integrating

Equation (4), the boundary conditions were chosen as p¼ 0

at the free boundary (the boundary with vacuum). The

boundary conditions at the center, at r¼ 0, corresponded to

the condition of axial symmetry; that is, to the radial velocity

vr¼ 0. At the axial boundaries, at z¼ 0 and z¼ Zmax, where

Zmax is the maximum of the coordinate z of the Eulerian

grid, vz¼ 0 was set.

The boundary conditions for the energy balance equa-

tions (5), including the heat equation, were set as the heat

flux at the boundaries. Everywhere at the boundaries, the

heat flux was assumed to be zero, which corresponds to the

absence of external heat sources and sinks.

The boundary conditions for Maxwell’s equation (6)

were the following: the radial component of the electric field

vector Er¼ 0 at r¼ 0, z¼ 0, and z¼Zmax; the azimuthal

component of the magnetic field vector Bu¼ 0 at r¼ 0 and

Bu¼ 2I(t)/(cRmax) at r¼Rmax, where Rmax is the maximum

radius of the Eulerian grid, and I(t) is the current flowing

through the conductor.

The initial conditions were chosen as 300 K for the tem-

perature of the copper and 8.9 g/cm3 for its average density.

The computational grid was 150� 150 in size, i.e., it con-

sisted of 2.25 � 104 cells; the number of particles was 107.

To investigate the development of instabilities in each com-

putational cell, a random perturbation making 1% of the

average density was set. Note that the level of the initial den-

sity perturbations affects the computational results insignifi-

cantly, as at the early stage of the process, when a shock

wave and a nonlinear diffusion wave propagate through the

conductor, all instabilities are suppressed (see Section IV).

IV. SIMULATION RESULTS

This section presents the results of a two-dimensional

MHD simulation of the electrical explosion of a copper con-

ductor carrying a current of amplitude 2.1 MA with a rise

time of less than 100 ns. The simulation used an actual

experimental time dependence of the load current, which is

plotted in Fig. 1. The explosion of a wire segment of length

FIG. 2. Optical images taken using an HSFC-Pro camera (with a 3-ns expo-

sure time). The camera operation times are marked by solid circles in Fig. 1.
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Zmax¼ 2.5 mm (in the experiments, the conductor length was

1 cm) and diameter 1 mm was simulated.

Figure 3 shows the calculated waveforms of current

(repeating the current waveform shown in Fig. 1) and voltage

for the 1-cm long conductor, and the time behavior of

different types of energy in the conductor material: thermal

(Ein ¼ 2p
Ð Ð

V eqrdrdz), magnetic (Em ¼ 2p
Ð Ð

V
B2

8p rdrdz),

and kinetic (Ek ¼ 2p
Ð Ð

V
qv2

2
rdrdz) (the integrals are evalu-

ated over the volume V occupied by plasma; the conductor

length is set equal to 1 cm). Figure 4 shows the spatial tem-

perature distributions at the times corresponding to the

frames obtained with an HSFC Pro optical camera that are

shown in Fig. 2. Comparing the conductor images obtained

in the experiment (see Fig. 2) with the calculated data (see

Fig. 4), we see a good conformity between them. First, the

time behavior of the diameter of the conductor plasma is the

same. Second, the calculated wavelength of large-scale per-

turbations is in good agreement with the observations. In

addition, the experimentally determined explosion time, i.e.,

the time at which a plasma of temperature above 2 eV is

formed at the conductor surface, coincides within 10% with

the calculated one. Thus, there is reason to believe that the

calculation model used adequately describes the conductor

explosion mode. This allows, based on the model predic-

tions, a detailed analysis of the basic physical processes that

take place during the explosion.

We first dwell on the mechanism of formation of large-

scale perturbations that are visible in Fig. 2. In appearance,

these perturbations resemble the strata that occur in fine

FIG. 3. Calculated time dependencies of the current through a load (curve

1), voltage across the load (curves 1 and 6), thermal energy (curve 3), mag-

netic energy (curve 4), and kinetic energy (curve 5). Curves 1–5 correspond

to a cylindrical copper wire of diameter 1 mm and curve 6 to a planar case.

FIG. 4. Spatial temperature distributions at the times corresponding to the HSFC Pro camera images presented in Fig. 2: t¼ 70 (a), 110 (b), 150 (c), and 190 ns (d).
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wires exploding in the mode of uniform current flow (in the

absence of skin effect).51–56 It was shown26,27,53 that the

most probable cause of the strata formation in exploding

wires is thermal instability. A feature of the strata is their

volumetric nature; that is, the instability develops throughout

the volume occupied by the conductor, giving rise to alter-

nating hot, low-density layers and relatively cold, dense

material layers. As can be seen from Fig. 4, such a structure

is not typical of the large-scale perturbations developing in

the skin effect mode, and in this case, the instability is sur-

face in nature. As shown below, the most probable cause of

such a structure is the growth of flute instability,28,29,57,58

which is a type of Rayleigh–Taylor instability, that is, the

instability of a heavy liquid situated above a light one in a

gravitational field. In the case under consideration, the

plasma acts as a heavy liquid, the magnetic field as light liq-

uid, and the curvature of the magnetic force lines as grav-

ity.29,57 In a nonuniform magnetic field, the plasma is subject

to a force directed opposite to the magnetic field gradient,

which expulses the plasma into the region of weak field.

Therefore, flute instability is inherent in magnetic configura-

tions in which the magnetic field lines are curved not into the

interior, but toward the exterior of the confined plasma, as in

our case. The development of flute instability is accompa-

nied by the ejection of plasma across the magnetic field as

"tongues" extending along the magnetic field lines. The

growth rate of the instability can be estimated as58,59

cf l �
vTiffiffiffiffiffiffi
Rv
p ; (8)

where vTi �
ffiffiffiffi
T
mi

q
is the thermal velocity of the plasma ions,

mi is the ion mass, R is the radius of curvature of the mag-

netic field lines, and v ¼ 1
q
@q
@r

� ��1

. In our case, R and v are

approximately equal to the conductor radius, and the insta-

bility growth rate can be estimated as cf l � 10�7 s�1; that is,

the time of growth of flute instability should be of the order

of 100 ns, as observed in experiments and predicted by

numerical simulations.

It should be noted that the flute instability theo-

ries28,29,57–59 have been developed for idealized systems.

They, first, assume the existence of a stationary (possibly

unstable) state in which the plasma thermal pressure is bal-

anced by the magnetic field pressure and, second, disregard

dissipative processes such as magnetic field diffusion and

plasma Joule heating. However, even these simplified theo-

ries do not allow exact analytical solutions. For instance,

relation (8) gives an estimate of the flute instability incre-

ment in the long-wave limit.59 In our case, however, dissipa-

tive processes play a leading part, and the plasma pressure is

substantially greater than the magnetic field pressure due to

shock-wave processes and Joule heat release. For all that, in

our case, too, relation (8) allows a reasonable estimate of the

time of growth of the large-scale instabilities observed both

in experiments and in simulations.

As noted in Ref. 29, flute instability can be induced by

electric currents, and the magnetic field energy or the plasma

thermal energy can serve as an energy reservoir for the

growth of the instability. In the latter case, the buildup of

perturbations is due to the nonuniformity of the plasma pres-

sure.29 This mechanism is probably realized in our case. This

is testified by the time behavior of different types of energy

in the conductor shown in Fig. 3. As can be seen in the fig-

ure, the kinetic energy of the conductor material is close to

zero, and the thermal energy increases due to Joule energy

input within about 150 ns. Thereafter, the growing plasma

"tongues" increase the kinetic energy, whereas the thermal

energy stops increasing (see Fig. 3), despite the continuing

Joule heat release. Thus, the thermal energy of the plasma is

converted into kinetic energy due to the nonuniformity of the

plasma pressure. As the plasma tongues grow, the magnetic

energy concentrated in the conductor material increases due

to the increase in the volume occupied by the plasma. As the

low-density and relatively cold tongue plasma has a low con-

ductivity, it transfers only a small portion (a few percent) of

the generator current.

To demonstrate that the curvature of the magnetic field

lines is crucial in the development of large-scale instabilities,

we have simulated the explosion of a conductor for a planar

case. The simulation was performed in the (x, z) geometry

symmetric about the z-axis with the magnetic field directed

along the y-axis. The initial conditions were the same as

those described in Section III. The boundary conditions for

the y component of the magnetic field vector were the fol-

lowing: By¼ 0 at x¼ 0; By¼ 2I(t)/(cr0) at x¼Xmax, where

I(t) is the current flowing through the conductor (its wave-

form was taken the same as for the cylindrical case),

r0¼ 0.5 mm is the initial radius of the cylindrical conductor

in the experiments performed on the MIG system, and Xmax

is the maximum x coordinate of the Eulerian grid. The simu-

lation results are presented in Figs. 3 and 5. Figure 3 shows

the time behavior of the voltage across the load (curve 6). It

can be seen that the load voltage in the planar case is, on the

average, about half that is obtained for the cylindrical case,

and so does the energy deposited in the conductor. The latter

is due to that in the planar case, in contrast to the cylindrical

one, the shock wave propagating through the conductor does

not cause cumulative effects. Figure 5 shows the spatial tem-

perature distribution in the conductor at t¼ 190 ns. It can be

FIG. 5. Spatial temperature distribution for the planar case at t¼ 190 ns.
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seen that the temperature is distributed inhomogeneously in

the conductor. It seems that the perturbations occurring

inside the conductor at low temperatures are related to ther-

mal instabilities, whereas the surface perturbations, though

not as developed as in the cylindrical case (see Fig. 4(d)), are

probably related to flute instabilities. Flute instabilities can

develop at the boundary between a plasma and a magnetic

field even if the magnetic field lines are not curved.29 In this

situation, the necessary condition for the instabilities to

develop is the presence of a force directed from the plasma

toward its confining magnetic field. In the case under consid-

eration, this force is due to the excess of the plasma thermal

pressure over the magnetic pressure induced by shock-wave

heating and Joule heat release. In the cylindrical case, the

pressure difference is even greater, about twice as that in the

planar case. However, as can be seen by comparing Figs.

4(d) and 5, the difference in perturbation amplitudes is very

large, indicating that the curvature of the magnetic field lines

is the governing factor in the development of large-scale

instabilities.

Returns to the cylindrical case and discusses the issues

related to the stability of nonlinear magnetic diffusion

waves. As mentioned above, it was shown30 that in an

NMDW propagating in a conductor, the modes with wave-

lengths of the order of the conductor thickness are not sub-

ject to thermal instabilities. Whether the short-wave modes

are stable can be elucidated only by means of MHD

calculations.

The propagation of a nonlinear diffusion wave through

a conductor is illustrated by Figs. 6–8. Figure 6 shows the

radial distributions of the conductor thermodynamic

parameters (temperature and density), conductivity, and

current density averaged over the coordinate z. The data

presented in Fig. 6(a) correspond to the time (the 10th ns)

at which the field at the conductor surface had reached the

value B0, and a nonlinear diffusion wave began to form.

The fluctuations in the radial distribution of the conductiv-

ity are due to random variations of the material density,

which were set at the beginning of the calculation. Figure

6(b) shows the parameters of the conductor during the

propagation of the shock wave and the nonlinear magnetic

diffusion wave (at the 50th ns). As can be seen from this

figure, the position of the current density maximum

approximately coincides with the position of the material

density maximum; that is, in this case, the NMDW and the

shock wave propagate with about the same velocity. Figure

6(c) shows the parameters of the conductor at the time (the

90th ns) at which the shock wave and the nonlinear diffu-

sion wave arrive at the axis.

Figures 7 and 8 present two-dimensional distributions of

the material density (Figs. 7(a) and 8(a)) and current density

j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
j2
z þ j2r

p
(Figs. 7(b) and 8(b)) at different times. The

data shown in Figs. 7 (the 50th ns) and 8 (the 90th ns) refer,

respectively, to the shock wave and the NMDW propagating

through the conductor and to their arrival at the axis.

Analyzing these figures, we can conclude that the NMDW

FIG. 6. Radial distributions of the conductor thermodynamic parameters (temperature and density), conductivity, and current density averaged over the z coor-

dinate: t¼ 10 (a), 50 (b), and 90 ns (c).
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front is not subject to thermal instabilities. The axial fluctua-

tions of the current density that can be seen in Fig. 7(b) are

due to the initially nonuniform distribution of the metal con-

ductivity, and their amplitude does not increase during the

propagation of the NMDW. Therefore, we see a uniform cur-

rent density distribution at the time of arrival of the NMDW

at the axis (see Fig. 8(b)). At the same time, behind the

NMDW front, there are perturbations growing with time.

They are most pronounced near the conductor surface, in rel-

atively low-density layers, and are probably the result of

thermal instability. The growth rate of the thermal instability

is proportional to the derivatives of the resistivity with

respect to temperature, @d
@T, and density, @d

@q.26 The derivative
@d
@q reaches maximum values at nearly critical densities,26,49,60

i.e., in low-density layers. The growing thermal instability

causes nonuniformity in the pressure at the plasma surface.

This, in turn, gives rise to flute instability. The flute instabil-

ity wavelength is determined by the scale of the pressure

nonuniformity, i.e., by the thermal instability wavelength

(see Figs. 6 and 8). The latter, in turn, is determined by the

balance between the rates of the Joule heat release and heat

removal by conduction.26,27

V. CONCLUSION

Thus, the results of experiments with exploding copper

conductors, performed on the MIG facility (providing cur-

rents of amplitude about 2.5 MA and rise time 100 ns), have

been analyzed. With an HSFC Pro four-frame optical camera

providing an exposure time of 3 ns, the large-scale instabil-

ities of wavelength 0.2–0.5 mm were detected on the conduc-

tor surface. The instabilities show up as plasma "tongues"

extended along the magnetic field lines and propagating with

a velocity of �106 cm/s in the opposite direction to the mag-

netic field gradient. Analysis was performed using a two-

dimensional MHD code based on the particle-in-cell method

that allowed a two-dimensional simulation of the explosion

of conductors. It has been shown that the structures observed

in the experiments were formed most probably due to flute

instabilities. The growth of flute instabilities is predeter-

mined by the development of thermal instabilities near the

conductor surface. Instabilities of this type arise behind the

front of a nonlinear magnetic diffusion wave propagating

through a conductor. The wavefront, however, is not subject

to thermal instabilities.

FIG. 7. Spatial distributions of the material density (a) and current density

(b) during the propagation of an NMDW and a shock wave through a con-

ductor (t¼ 50 ns).

FIG. 8. Spatial distributions of the material density (a) and current density

(b) during the propagation of an NMDW and a shock wave through a con-

ductor (t¼ 90 ns).
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