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Characteristic properties of the plasma production process have been considered for the case of megampere
currents flowing through hollow cylindrical wire arrays of the Angara-5-1 facility. In 3-4 nanoseconds after
voltage applying to the wire surfaces there appear a plasma layer. The system becomes heterogeneous, i.e.
consisting of a kernel of metal wires and a plasma layer. In several nanoseconds the current flow goes from
metal to plasma, which results in reducing the electric field strength along the wire.

The Joule heat energy delivered to the metal before the moment of complete current trapping by plasma
is insufficient for the whole mass transition to a hot plasma state. The X-ray radiography techniques made it
possible to detect and study dense clusters of substance of ~1g/cm? at a developed discharge stage. The radial
expansion velocity of ~10* cm/s measured at the 70-th nanosecond after the current start allows treating the
dense core at a late stage in the form of a submicron heterogeneous structure from its liquid and slightly ionized
gas phase.
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1 Introduction

The implosion of cylindrical arrays from micron-size tungsten and aluminum wires (liners) under the action of
nanosecond current pulses has been investigated earlier[1, 2] and is still under study [3, 4]. As a result of current
compression of a wire array material a Z-pinch develops. At its final stage there appear a high -power pulse of
soft X-radiation, that is of importance for CTF [5], the investigations into fundamental properties of matter in
extreme conditions [6], etc.

In early works with wire arrays a phenomenon of carrying a low-dense plasma and current towards the center
of the system when affected by the Lorentz force has been revealed [1]. The process was considered to be
interfering in compact compressing a wire liner by a collective magnetic field because of the transfer of a part
of current and mass to the center and the pre-pinch formation. It was supposed, that for a great number of wires
any negative consequences could be moderated due to a fast formation of a continuos and nearly homogeneous
shell of an imploded wire plasma [7]. It was also considered, that the self-magnetic field of the current flowing
through the wire was high enough to compensate a heat pressure and to limit the plasma layer radius around the
wire in the array [8].

A better understanding of the spatial-time structure of plasma fluxes and material distribution in the multiwire
array has been gained in [9,10]. A concept of a prolonged plasma production process, as an alternative to a
0-dimensional model and shell models for wire arrays, is presented as a dependence of the plasma velocity on
the fixed inner surface of the liner upon the full current J and the velocity of the plasma inflow dm/dt to the inner
volume [11]. The relation expresses the law of conservation of momentum, complimented with a condition for
Mach number (M 4=1) for a thin dissipative boundary layer (ohmic).

There still exist an uncertain role of the electron emission at a fast Joule heat up in both arising a primary
plasma on the wire surface [12, 13] and subsequent producing of plasma from the products of electric wire
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implosion. As to the latter, natural energy sources to ionize a cold substance are: a thermal energy (transferred
by heat conduction) of a plasma flux [11], an energy of pre-pinch radiation [15] and an energy of the electric field
in the point of the wire location. The model with heat conduction gives a dependence of dm/dt on J, that is true
only for an initial discharge phase. A constant of proportionality, which includes the energy value of ionization
(price of plasma production), can be determined from the comparison with the experiment.

For the first time, the heterogeneous structure of the explosive wire core was detected using an X-ray diagnos-
tics with an X-pinch technique for both a single wire [16] and an array [17]. The spatial (r, z)-structure of the
plasma shell and the core of tungsten and titanium wires in a self-magnetic field is simulated numerically within
the system of equations of two-dimensional radiation magneto-hydrodynamics, on passing a shock wave through
a designed discontinuity of the density (1:50) on the disturbed cylindrical border of the plasma and the one-phase
liquid core [18].

Recently, the electric explosion of a single thin wire at a high rate of current rise has become a subject of an
active experimental study [19, 20, 37]. The expansion velocity of the exploding wire ranging from 0.2 pm/ns
(titanium) to 5 pm/ns (zinc) is given in [19], dependent on the specific resistance of the material and the energy
input at the stage of Joule heating in ~50-60 ns at a current density rise of ~4 MA cm~2/ns. For a significantly
faster discharge (~50 MA cm~?/ns) the expansion velocity of the tungsten wire 0.6 pm/ns [20] is nearly twice
as large as that in [19] (0.35 pm/ns).

Nevertheless, on the Angara-5-1 facility in the experiments with multiwire tungsten arrays [21] for first 10 ns
the current density derivative is around 500 MA cm~2/ns that is by an order of magnitude greater than in [20].
From the comparison of the data in [19 and 20] (in the logarithmic scale), it follows that, for operation conditions
of [21], the expansion velocity should increase two times and achieve ~1.2 um/ns. A verification of this estimate
of the core expansion velocity seems to be especially urgent due to the presence of a strong collective magnetic
field, which disturbs a cylindrical symmetry of a single wire. Not only quantitative differences can be expected,
but, first of all, qualitative ones, since the interaction between the core and the plasma that drifts towards the
center under the Lorents force proves to be much slighter than that in the experiment with a single wire.

At the current compression of nested wire arrays an attainable Z-pinch state is characterized by regularity of
its reproducibility and a better, as against a single array, uniformity [22-25]. At present, attention is focused on
the study of the inner and outer array interaction [26]. The magnetic field measurements taken outside, inside
and between the arrays on the Angara-5-1 facility enable us to elucidate some details of this interaction, while the
visualization of wire kernels using an X-ray radiography technique makes it possible to elicit their inner structure.

2 Experimental design

Cylindrical single and double wire arrays 8-20 mm in diameter and 10-15 mm high were used as wire liners in the
present work. The diameter of the tungsten wires ranged from 4 to 10 um. The arrays were placed in a vacuum
chamber of the Angara-5-1 facility [17]. The chamber was pumped down to 10~ 5torr with a diffusion oil-vapor
pump. A pre-pulse of the generator was suppressed by a pre-pulse spark gap located just in front of the liner. At
the pre-discharge stage the field strength on the array was not in excess of 10V/cm, the temperature increase of
the wires was less than 10°C for this time.

The results of two experimental runs are given in the work. In one of the runs a magnitude of the electric field
on the wire surface was studied for the first ~5-15 ns period of the current flow through the array. In the second
run of the experiments dense cores were studied in 60-80 ns after the current start.

2.1 Initial current flow stage

The liner comprising 8 (or 16) wires was included in the Angara-5-1 facility. With the aim of studying an initial
discharge phase current and voltage were simultaneously measured directly in the array. A shunt with a time
resolution of 5 ns was used to take current. To measure voltage a resistive divider was coaxially connected to the
anode and, by use of a metal rod 0.1 cm in diameter placed strictly along the liner axis, to the cathode (Fig. 1).
The time resolution of the divider was 2 ns.

The voltage on the divider differs from that on the wire in question by having an inductive component for
the contour formed by this wire and conductors connecting the divider. The peculiarity is that the inductive
component is small and may be neglected. The optic frame system based on an MKP camera intended to detect
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the wire array image had a 10 ns time gate. The spatial resolution on the object was 40 pm with a depth of focus
of about 2 mm. The dynamic detection range of the system was ~20.
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Fig. 1 Circuit diagram of the wire array and the voltage divider.
1 - anode, 2 - wires, 3 - metallic rod to connect voltage divider to
cathode, 4 - cathode, 5 - cathode electrode of wire array.

2.2 Wire radiography at the developed stage of implosion

In the second run of the experiments the probing of the nested arrays was performed by making use of the X-
pinch radiation on the Angara-5-11 facility at a current discharge of ~3 MA [28]. A double coaxial array from
identical tungsten wires 6 um in diameter was under study. The diameters of the outer array of 40 wires and the
inner array of 120 wires were 20 mm and 12 mm, respectively.

The scheme of the experiment on probing multiwire nested arrays is shown in Fig. 2. Passed through the
object in question the X-pinch radiation was detected by a photographic film. The adjustment was made in such
a way, that an image of the inner and outer areas of the inner array appeared on the film. The film was 1.2 m from
the X-pinch.

Test wires
X'plnCh .’..1. | M o
® — — _— 3: 1::.' ..* o
Arrays Shields Films

Fig. 2 Layout of techniques for radiographic measurements.

The X-pinch looked like four symmetrically crossed in the middle molybdenum wires 20 pm in diameter.
The X-pinch substituted one of the eight reverse current leads at the distance of 45 mm from the axis and was
connected in series with the liner [29]. The energy of the X-pinch radiation in the X-range exceeded 200 mJ per
pulse. The radiation was detected by films RF-3, UF-SC. A 10 pm aluminum filter was placed in front of the
films. An image was formed in quanta with an energy of > 1.5 keV.

For the purpose of transiting from film blackening to the density of the tungsten liner a step attenuator of
tungsten filters with their density from 300 to 1300 pg/cm? was placed in front of the film. The shadows from
the filters were detected on the same films as the ones from the liner in the X-ray quanta. The spatial resolution
of the technique was limited by a diffraction divergency and equaled to 4 ym. With the aim of control some test
wires 5 um in diameter with no current were placed near the liner and reliably detected (Fig. 2).
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3 Experimental Results

3.1 Break-down along the wire surface

The temporal voltage profiles on the axis are given in Fig. 3 for several shots with tungsten wire arrays and one
no-load run (with no array). In the absence of the load for 50 ns the voltage is equal to the output voltage of the
generator. Detected for first 20 ns the maximum voltage value varied within 5 to 18 kV for various liners, which
differed in their diameter and the number and diameter of wires. The values of maximum voltage proved to be
considerably less, and the pulse lengths shorter, than those measured at no load.

UM,

-2000
-4000
-6000
-8000
-10000
-12000
-14000

-16000
Without wires
-18000 | ~—(no-load shot)/
660 680 700 720 740

ns

Fig. 3 Voltage on the liner axis U (t) for several shots with the wire array and for one shot of no-load condition.
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Fig. 4 Maximum amplitude of voltage U
'2 ",r é 8 10 12 on the liner axis against diameter of tung-

I, [pm] sten wires in the array.

Fig. 4 shows the maximum voltage on the array against the tungsten wire diameter. If outer upper points be
taken into account, one can state, that maximum voltage amplitudes increase with the wire diameter.

In all the experiments performed the load resistance for first 10 ns proves to be a on monotonic function of
time. Its maximum value calculated in terms of the voltage and current measured was always several times less,
than the liner resistance at the tungsten melting temperature. The high conductivity can be easily explained by a
shunting effect of a near-surface plasma [12]. A typical temporal dependence of the voltage U () on the axis and
the current J(t) referred to a single wire is given in Fig. 5 (the liner of eight tungsten wires (10 um, 1cm high,
and 8 mm in diameter). The bottom part of this Figure shows, in term of a single wire, the load resistance U/J,
the calculated wire resistance I?,, and the near-surface plasma layer (shunt) resistance R,=(J/U —I/Rw)_l. The
temporal wire resistance R,,(t) was calculated for the initial radius and length of the wire in terms of a known
temperature dependence of the specific resistance of tungsten and the measured voltage U (¢).

The current and voltage on the load make it possible to calculate the energy input to the wire due to Ohmic
heating for first 2-3 ns. The tungsten temperature obtained at the time moment determined by divergency between
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-
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R. Q)
40 Fig.5 (a) Waveforms of the voltage U(t) across an 8-
30 mm diameter wire array consisting of eight 10-pm tung-
210 sten wires and the current through one wire J(t). (b) Time
1o evolution of the resistances (per one wire) calculated from
o the voltage and current waveforms: the total load resistance

U(t)/J(t), the wire resistance Ry, (t), and the resistance of
the surface plasma R, (t).

the load resistance and the calculated one does not exceed 2000°C for the majority of the shots. The given
temperature is lower than that of tungsten melting (3380°C).

Taking into account, that the tungsten resistance at a powerful electric heat up of the wire depends upon non-
controlled and insufficiently investigated processes, one can positively state the fact of plasma appearance at the
moment of the resistance maximum achieved (Fig. 5). The plasma appearance is due to evaporation of surface
impurities with a small atomic weight [31], and, likely, with presence of oil traces on the wire surface [9]. A
preliminary liner heat up in vacuum up to red glow did not practically affect the wire array impedance at the
discharge start.

A break-down of the formed gas layer can be influenced by electron emission amplified by the fact that on a

certain part of a thin wire for a certain electrode configuration the radial electric field can be 10-100 times as high
as the axial field [32].

3.2 Wire radiography in the process of implosion

Fig.6 presents synchronized signals of current through liner, soft X-radiation of Z-pinch and X-pinch flash. The
flash of the probing radiation occurred 80 ns before the maximum Z-pinch radiation. The results of probing
the wire array by X- pinch rays are given in Fig.7. In its upper part Fig.7 shows a fragment of a shadowgraph
obtained as a result of this probing. Thin sloping light lines in right bottom corner of the Figure is a shadow from
the test wire 6 um in diameter.
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Fig. 6 Oscillograms: 1 - discharge current (1 MA/div),
750 800 850 900 950 2 - profile of Z-pinch SXR (a.u.), 3 - profile of X-pinch
Time_ns radiation (a. u.).
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The shadowgraphs of the step attenuator from tungsten with a known areal density allow the plasma density
in various liner points to be evaluated. Further, there will be used such a characteristic of the mass distribution as
the areal density pl [p1g/cm?], that is equal to the integral of volumetric density along the probing ray.

The wires of outer array

2

. Test wires
« Axis of array The border of inner array

ngicm?

|

Fig.7 Radiography data. At the top - shadow-
graph of part of the outer and inner arrays At the
bottom left: plot of integral along the probing beam
cm plasma density.

In the bottom part of Fig.7 the treatment results of the wire array shadowgraph in the process of implosion are
presented. The radial profile of the areal density pl for a straight line a) was calculated using the detected film
blackening density in the upper part of Fig. 7. The abscissa in the bottom part of Fig. 7 is oriented from left to
right on the radius from the system center. The 0-coordinate corresponds with the border of the inner array and
the coordinate of its axis is -0.6 cm.

The sharp peaks in the distribution of the areal density (Fig. 7) correspond with dense cores. To the right from
the inner array border a small part of the outer array plasma is seen. The given detected plasma extends from the
wires of the outer array in the direction of the axis at a distance of ~800 pm. The plasma border of the inner
array is distant not more than 150 um from the wires (in average) in the radial direction towards the center.

Fig. 8 gives an amplified image of the cores of the outer and inner arrays. These cores have the same diameters.
However, in contrast with the wire cores of the inner array, the core from the outer array has a more “spongy”
structure. The core of the outer array are cut in the axial direction with an interval of ~20 pm. The same structure
of cores was observed at implosion of single arrays. A detailed profile of the areal plasma density in the vicinity
of one of the dense cores of the inner liner is shown in Fig. 9. The major fraction of the substance from the inner
array wires (~80%) is inside the dense core. The other 20% are distributed in the region ~80-90 pym thick. As
to the outer array, the core contains about 60% of the initial wire mass.

In spite of a strong axial non-uniformity and diverse degrees of mass exhaustion, the detected (by quanta with
energies ~3 keV) cores of the inner and outer liners have the same diameter ~20m. An increase in the diameter
from 6 pm to 20 um corresponds, at least, a 10-fold fall of the density.
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20 pm

Fig. 8 Shadowgraph of part of wire cores: left - from the

« Axis of array inner array, right - from the outer array.
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0 20 40 60 80 100 120 Fig. 9 Profile of areal plasma density near one core of the
um inner cascade highlighted from image in Figure 7.

3.3 Spatial non-uniformity of breakdown and heterogeneity of cores

To investigate the uniformity of the initial discharge stage (breakdown) frame photography of a single tungsten
liner was taken in the X-ray (Fig. 10a, [43]) and in the visible spectrum (Fig. 10b).

The earlier wire glow detected in the X-ray range at the ~2-nd nanosecond is non-uniform both in the az-
imuthal and axial direction (Fig. 10a). Only about 5 wires of 48 with a 5 pum diameter can be seen in the array.
At this moment the current value for a single wire in the array is 100 A, and for one glowing wire it equals 1 kKA.
The characteristic size of the plasma formation around the wire in the azimuthal direction is ~300 pm, that is
less, than the space between the wires in the array which is equal to 800 pm.

The image of the eight wire array with the wire diameter of 7,5 um detected at the moment when the current
attained ~3 kA/wire is presented in Fig. 10b. A characteristic property is a particularly pronounced large-scale
axial non-uniformity of emittance distribution along the wires. The images of separate wires are also greatly
different. A non-uniform energy input to a wire at an initial cold stage predetermines, later, a not uniform
exhaustion of various parts of the core. Such a core with a ~1 mm size of its non-uniformity is given in Fig. 11.

The core exhaustion non-uniformity develops not only along the axis, but also for different wires in the array.
So, Fig. 12 demonstrates an obtained in [33] profile of the areal plasma density pl near an outer radius of a single
array. The X-axis in Fig. 12 is radially directed from right to left to the array center, X=0 at the array surface.
In the middle on the plot of the areal density pl (Fig. 12) one can see two narrow peaks (at X=220 pm and
X=550 pm) around 25 pm wide, which correspond with the shadows from two dense cores. To the right from the
dense cores two feebly marked humps, which are corresponds two other cores with substance in a low-density
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Fig. 10 (a) X-ray image at 2 ns. Liner with diameter 12 mm and height 15 mm. Forty eight wires @ 5 zm. Resolution is 200

pm for hv ~200 eV. (b) Image detected by optic frame chamber. Current is 24 kA. Liner with diameter 8§ mm and height 10
mm. Eight wires @ 7.5 pm.

« Axis of array

3000 P4 Hg/em’

Test wires

<D
The border of inner array X 600 um 0

Fig. 11 Shadowgraph in X-ray of the part from inner array. Fig. 12 Density of plasma near the surface of a single array. X-
At time 40 ns before maximum of X-radiation. Energy of axis is oriented along radius from right to left towards the liner
X-pinch quanta is 1-1.5 keV. axis. X=0 on the wire array radius.

plasma state.The wire exhaustion at one moment of time is different, that also evidences the difference in the rate
of plasma production and is likely due to a non-uniform current distribution over wires in the liner at the initial

stage.
4 Plasma surrounding of wire in the liner at an initial discharge stage

The temporal dependencies of the current and voltage on the liner make possible the estimation of produced
plasma parameters. Let us consider a cylindrical plasma column around a wire with a Spitzer conductivity
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dependent on a temperature 7, and an average ion charge Z~T9°. Assume also that the plasma expands into
vacuum with a velocity of ion sound. This model well agrees with the detected voltage and current through the
array for ~10 ns for the tungsten plasma with a temperature falling in time from 30 to 20 eV. Fig. 13 shows two
resistance values divided by an initial resistance of the liner depending on time. One of them, the experimental
one, is calculated on the basis of the detected voltage and current (shown by circles), the second is obtained from
the given model for the tungsten plasma with 7.~24 eV.The plasma channel resistance is equal to the initial
resistance of the wire at the time moment of ~5.5 ns. In the model presented the velocity of plasma expansion is
0.9-105 cm/s. Accordingly, in 10 ns after plasma appearance on the surface the plasma column radius achieves
~100 pm. Note, the given values are independent on the plasma mass of the current channel and not related with
the equation of energy, that corresponds with the model of point explosion.

The counterpressure should be taken into account, which is of importance when the plasma radius exceeds
the skin-layer thickness. However, since the model considered agrees with the experiment up to 1 kA per wire
one can obtain a lower border for the plasma mass and density by equating the expansion velocity of the visible
glow border (0.9-10%m/s) to the Alfven velocity. Then in 10 ns after breakdown the plasma mass per one wire
exceeds ~10~8g/cm and the concentration is more than ~10'7 cm—3,

The collective magnetic field in the array is much lower than that of a separate wire on its surface: their
ratio is Nr,,/R <1, where N is the number of wires, 7, is the wire radius and R is the liner radius. As the
pressure of the plasma exceeds that of the self magnetic field, the collective magnetic field does not affect the
plasma column expansion, at least, for first ten nanoseconds. In accordance with the probe measurements [19]
the current appears on the liner axis (prepinch) in 30-40 ns after the discharge start. The velocity of the plasma
flow towards the center, ~107 cm/s, attributed to the collective magnetic field is by an order of magnitude greater
than that of the plasma column expansion of a single wire [32].

What is the cause of a large-scale non-uniform plasma distribution over wires detected in the optical range
and a violated azimuthal symmetry between them (Fig. 10) is not clear. Nevertheless, the model given makes it
possible, on the basis of the measured current-voltage characteristics, to evaluate the temperature, the lower mass
border and the tungsten ion concentration in the near-wire plasma (r~0.01 cm).

14 T T T T T T
o
12} o 1
o
101 %
Q
q
8t 9
6 3
4 ks
ol Fig. 13 Resistance of cylindrical plasma layer near wire
related to resistance of wire at 300 K. Circles is experiment,
0 solid line- plasma model with 7% varying in time from 30
0 to 20 eV.

S Dense cores at a developed discharge stage

The data on the core expansion velocity, 10 cm/s, obtained by X-ray probing the wire array with an X-pinch
technique [21,23], permits drawing conclusions about the structure of a dense part of tungsten at a rather late
time moment (40-70 ns) after the current start. The value of the average density px of the core substance is 1
g/cm?, that is less than the critical tungsten density pcp =4.5 g/cm® [34]. The small expansion velocity ~10?
cm/s prevents considering the core as a homogeneous state of a vapour, as the corresponding point in the phase
diagram has a temperature of > 12000K and a thermal velocity of > 8-10* cm/s [34]. Under these conditions it
is natural to consider the core to be a heterogeneous medium, i.e. a mixture of liquid (drops) and vapour. Note
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the velocity of core expansion, observed in the wire array ~0.1 pm/ns, less than in the experiments with a single
wire more than one [19,20].

Let us consider a model taking account of evaporation from the surface of the liquid phase and the mass loss
by vapour outflow from the core border. The ohmic heating by current J, which flows through an ionized vapour
in the core at a specified electric field on the liner “surface”, will be taken as an energy source. The electric
field strength is evaluated in terms of the model of prolonged plasma production with a thin dissipative boundary
layer [11], which separates the dense cores and the hot accelerated plasma of ideal conductivity. Assume, that
within this layer the electric field strength is constant and equals E = 2-10~°V.J; /v/3 Ry, ~ 50 (kV/cm). Here,
Jr, ~ 2 (MA) is the full current, R;, ~ 0.5 (cm) the liner radius and V~ 107 (cm/s) the plasma velocity.

Now we consider a cylindrical cloud of liquid drops, characterized by average radius 7, and a density p;, with
a number of drops N, per unit length of core. The linear density of a liquid phase should not be in excess of the
corresponding core density. A limitation on the drop concentration n;, = Ny /mr%- follows from the opacity of
a heterogeneous structure for X-ray probing: the path length limited by absorption in drop is less than the core

radius - N2 > rg. So, assuming p;, > 10(g/cm?), we obtain a relation between sizes and densities of the
drops and the core:

ropr < repx = 9(pglem®) = rp < 0.9(um), Ny > 1.1-10° (1/cm).

In terms of the initial wire with its initial radius r,, = 2.5 pm the volumetric concentration of liquid drops,
0.55-10'2 (cm™?), is comparable with that of defects in metal, i.e. 10'? (cm—3) [36].

The balance equations of mass - my,, gas - mq and energy - mpey, + mgeg of the liquid in the cylindrical
core, on the assumption of the equality of liquid and vapor temperatures, are as follows:

mr/prL + ma/pg = wr, 1L = /0.75my/(7 Nppr), (1)
ur = VkgT/2x M, V =2rrgur, )
dmp/dt = —4nr? Npur(py(T) — pa), d(mp +me)/dt= —paV, 3)
my, (deg, /dt) + mq (deg ) dt) — (dmy /dt) (e¢ — 1) + PgV = JE. )

Here, py (T) is the density of the saturated vapour in the core. The given system is completed with the equation
of state [34,35]. The equilibrium degree of gas ionization was calculated with due account of corrections for
plasma non-ideality [37], and the core conductivity within the model of an effective Coulomb logarithm [38].
The influence of the liquid disperse phase on the current flow in the tungsten plasma [39] was neglected, that
imposes, in particular, restriction on the liquid and gas volume - my,/p;, < ma/pc-

Mg
- T T T 20 T T lI T
cm ]
5 " i 'jx T (kK)
my L
L \ |
\ Y
- ‘ll i 10 | ‘ / i
Lo //’
- 'g’ | ¢ ’_,_/--" S (A)
L A | |
0 ) PESL B 0 N | 1
0 30 60 90 ¢ (ns) 0 30 €0 90 ¢(ns)
Fig. 14 Mass of liquid and gas phase (left), temperature and current of core (right). Nz=3-10° cm™!, rx=10 um, E=30
kV/em.

Fig.14 presents the results of simulation the dynamics of a heterogeneous core in the frames of the equation
system (1-4) at constant values of radius rx=10 pum and field strength £/ = 30 kV/cm and at initial conditions
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T=5000 K, mg=0 and mp=5 pug/cm. The results are given in Fig.15 in view of the dependence on time of
the core radius, increasing at a constant velocity, and the field strength growing when initial conditions are
T=5000K, mg=3 pg/cm and mp= 2 pg/cm. The specific conductivity of plasma when being heated fell down
from 100 to 10 puf.cm. The interpretation of the experimentally observed dense formations of tungsten in the
form of a non-equilibrium mixture of liquid drops and gas (plasma) described by the system (1-4) corresponds
with the duration of the plasma production process in the wire array, in spite of significant simplifications of the
complicated picture of phenomena occurred in the near-critical point [39,40]. The total evaporation of the liquid
phase on the periphery of liner, due to Ohmic heating by 80 ns (Fig. 14, 15), corresponds with the transition to
qualitatively new state of the plasma implosion process to the discharge axis.
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Fig. 15 Mass of liquid and gas (left), core temperature and radius (right). Np=3-10° ecm™', drx/dt=0.25 (um/ns), field
strength F is increasing from 10 to 50 (kV/cm) by 80-th ns.

04 (cm)

001

0.6 L L

0 80

160 ¢ (ns)

12 T T T T
........ W
TEK)| ; "=
6 :
e =l
7 A=~~~
0 1 1 L 1
0 80 160 ¢ (ns)

Fig. 16 Mass of liquid and gas (left), core temperature and radius (right). N.=3-10° em™!, drx/dt=0.25 (um/ns), field
strength F is increasing from 10 to 50 (kV/cm) by 80-th ns.

(© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



564 E.V. Grabovsky, K.N. Mitrofanov, and S.L. Nedoseev et al.: Heterogeneous plasma-producing structures at ...

Within the system (1-4) completed with the equation for the core expansion velocity due to an inner thermal
pressure (OD- approximation) one can find the core radius 7k (¢) for a specific value of energy input () in the
process of wire explosion. Specify the power as a function of W (¢)=0.5Qt, ! (t/t,)? exp(—t/t,), t,=2 ns, then
the duration of the energy input is ~5¢,=10 ns. For the experimental data obtained on MAGPIE (1 MA current,
240 ns duration [14]) we determine () by adjusting for the core expansion velocity in the wire array from tungsten,
nickel and aluminum. The core radius, temperature and mass dependence upon time for the three metals is shown
in Fig. 16. The energy of electric explosion of wire referred to that of evaporation, Q) /@ p, of tungsten, nickel
and aluminum equals 0.45, 13 and 0.42, respectively. Note good agreement of the calculated values of Q/Q g
for nickel and aluminum with the data from another experimental work [17], performed for single thicker wires.
This fact may be treated as evidence of a qualitative consistency of the formed model (1-4) with the phenomenon
of the electric explosion of wires at a high current density.

6 A dependence on the wire radius

The measurements of the electric parameters of a discharge through the cylindrical tungsten arrays showed, that
in 3-4 ns after the current beginning plasma appears on the wire surface. Possible mechanisms of such fast
plasma formation are contributed to an anomalous electron emission at current densities j > 1 MA/cm? [12],
gas desorption from the surface at a temperature of ~700 K and a radial electric field [31]. The effect of the
electrode polarity on the electric explosion of wires was demonstrated in [32], the comparison the characteristics
of breakdown occurred in gas and along a thin tungsten wire are presented in [42].

In the case of a continuous liner, the geometry of the chamber in the Angara-5-1 facility corresponds with
a slightly pronounced negative polarity (E,./E ~ 0.001 — 0.01). As to a wire array a radial component of the
electric field on the surface of a thin wire E,. many times increases and is comparable with the longitudinal field
strength E/. Now we analyze the influence of a moderate radial field directed to the wire upon the absorption of
the emitted electron energy on the surface depending on radius.

The motion of an electron emitted from the wire surface at an initial energy €5 [eV], depends on the wire ra-
dius, a longitudinal and radial component of the electric field and a magnetic field on the surface. Let us introduce
dimensionless strengths of the electric field - g, g, and a dimensionless initial electron velocity - g,

g = (eE/me)/(rwwf) =452 (UJry), gr = kg,
gs = \/2es/me/(rowe) = (16.7 \/25/J).

Here, w. is the cyclotron electron frequency on the wire surface, 2 [Ohm-cm] is the specific resistance, J[A]
is the wire current, and k =-E,/E >0 is the geometrical factor dependent both on the chamber itself [32] and
the liner, and the axial wire uniformity. Without regard to the influence of a longitudinal field, g < ¢,, and also
a longitudinal component of the initial velocity, the maximum distance covered by the emitted electron over the
radius 7, (point of reflection) and the magnitude of its drift along the wire - z,, in the point of returning to the
surface, are equal to

T = Ty €Xp (gr + g% + g%), Ze =T (Ty — rw) (I)(gr’ ge)

At case g5 = 0 the function ® can presented as ®(g,.) = 1+0.51¢,+0.036¢2, with accuracy ~0.5% for interval
(1< r4/ry, <30). For a thick titanium wire 20 um in diameter, that is considered in [32], at r./r,, ~7 the value
of z, is 280 um. In this case for a field strength of ~20 kV/cm the electron energy on the surface will achieve
560 eV.

Now we consider the case when the geometrical factor k ~1 and a longitudinal component of the field strength
¢ should be taken into account. At a known current J(¢) in wire we find g against time. From the equation of
energy, assuming that the specific resistance is a linear function of the energy input - Q = Q, + Q' (g4, — €wo),
we obtain

t
/

_ D Q N2 g4
ol1) = 452t exp (o / J(t')2dt) 5)
0
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At comparison of wires with the same density of current j, the parameter g ~ r.,%; if the total current J is the
same, then for a wire of a smaller radius the value g will be initially greater because is proportional to r,;!, and
be rising in time much faster due to the exponential index which is proportional to ;.

By solving the equation of motion of an emitted electron in crossed electric and magnetic fields, find a depen-
dence of r, and z, on two dimensionless parameters - g, k. The electron energy Ae = eEr,,z, can be calculated
for a particular wire at a given voltage (or current) pulse. The temporal current and temperature dependence of
the tungsten wire of r,, = 2.5 um for a specified voltage impulse is presented in Fig.17a and the corresponding
values of energy Ac for several values of the geometrical factor & in Fig.17b. In the calculated range the max-
imum deviation over the radius 7. < 3r,, the displacement along the surface z, < 15r,,. It follows from the
calculations that there exits an interval of a ~2 ns duration, after which in subsequent 4 ns for k£ = 0.5 energy
increase of electron Ae = 17 €V, in subsequent 2 ns for k = 1.0 energy Ae =23 eV and for k = 1.5 energy Ae
=55 eV (extrapolation). A strong dependence of the electron energy on the geometrical factor F,./E exists in the
region of a not too great distortion of field (k =1, 1.5) with achieving an energy level of ~100 eV for ~5 ns after
attaining the maximum current through the wire. Note, for thick wires the parameter g proves to be quite small
and a noticeable effect of a radial field on the electron motion is possible just at a large value of the geometrical
factor & ~100 [32].

U V) ' ' l ' T (kK) As(EN) ' 777 * ' eE/m,
J(44) f\ = I} J} S/ T T2
15 f \ - 3 / X / /
[\ L S 20 3 5 / 12

/z'/ e
/ i

0 Z- ,"1\1_/ /'/’I( ! ! 0

£ I I I I 0 0
0 2 4 6 8 £ (ns) a) 0 2 4 6 8 £ (ns) b)

/ /ﬁ,{ S 10k / | /
\ .. / /

Fig. 17 (a) Voltage, current and temperature of wires for given voltage pulse. Wire radius r,=2.5 um. (b) Dimensionless
field strength g (0) and energy of emitted electron for values F, /E =0.5 (1), 1.0 (2), 1.5 (3).

Let us estimate the electron emission significance for evaporation of tungsten from the surface. The specific
power due to absorption of the emitted electrons is jsAs/A.p, where j, is the current density of emission, A,
is the absorption thickness and p is the metal density. For tungsten the current density of thermal emission j
varies very fast from 14 A/cm? at a temperature of 3000 K to 480 A/cm? at the temperature of melting [12]. The
difference in energy counted from the initial temperature 300 K between these two states is much less than that at
the temperature of melting, ~1/5. In our experiments the energy evaluations in terms of Joule heating power are
unable to accurately define the wire state at the moment of breakdown over the surface. In the experiments with
a slower energy delivery the absorbed energy, up to the moment of shunting the tungsten wire is sufficient for
the temperature of melting to be reached [17, 18]. At the density of current emission 480 A/cm?, the absorption
length in metal A\, = 10~3um [44] and the electron energy Ac =100 eV we obtain a specific power of 24 GW/g.
An increase of j; by 100 times, up to an anomalous current density in point of melting [12] is sufficient for
evaporation of the surface layer of A, thickness in ~2 ns. Note, that the higher the energy Ac, the more acute is
the angle (with respect to the surface) of entering the electron into the wire, that results in reducing the thickness
of the absorption region and increasing the specific power.

The abnormal emission can be treated as an evidence of anomalous properties of the metal surface at fast
heating. [12, 31]. At reducing the wire radius r,, an influence of the surface, including the contribution to the
wire resistance; will increase in proportion to d,/ 7,,, where J; is a certain characteristic thickness on the near-
surface layer dependent, in particular, on the manufacturing technique. It can be assumed that the explosion of
thin wires r,, ~ §, differs qualitatively from that of thick wires r,, > J both for a single wire and multiwire
arrays.
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7 Conclusion

In the wire arrays used in superpower generators of X-radiation a heterogeneous submicron structure (a core)
containing 70-80% of an initial wire mass is the product of the electric explosion of a thin wire. In spite of strong
electric and magnetic fields, a high radiation power and high temperature, the core keeps its substantial properties
in the course of the entire process of plasma current compression on the axis governing the rate of substance
delivery to the inner array. Such a core is an important element of the whole construction of a self- compressed
radiative discharge, both in single and double wire arrays, from the moment of the electric explosion up to the
final Z-pinch state.

Unlike the single wires with their plasma not only governing the energy fluxes to the core, but also, by virtue
of its inherent instabilities, tends to specify a complicated motion of the central region, the core in the wire array
proves to be separated from a direct affect of plasma being carried by a collective magnetic field. For the core on
the liner significant are characteristics of the phase diagram and transport properties of metal in the near-critical
point, non-equilibrium processes of mass, discharge and energy transfer between liquid and gas components in
presence of electric and magnetic fields.

This article is devoted to 60th birthday of V.E. Fortov,
and to his outstanding contributions to the physics
of strongly coupled plasmas.
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