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Abstract—The features are studied of plasma production in the initial stage of implosion of hollow cylindrical
wire arrays at electric-field growth rates of 1012 V/(cm s). The results are presented from the analysis of both
UV emission from the wire plasma and the discharge parameters in the initial stage of the formation of a
Z-pinch discharge. It is found that, a few nanoseconds after applying voltage to a tungsten wire array, a plasma
shell arises on the wire surface and the array becomes a heterogeneous system consisting of metal wire cores
and a plasma surrounding each wire (a plasma corona). As a result, the current switches from the wires to the
plasma. A further heating and ionization of the wire material are due primarily to heat transfer from the plasma
corona. A model describing the primary breakdown along the wires is created with allowance for the presence
of low-Z impurities on the wire surface. © 2003 MAIK “Nauka/Interperiodica”.

1. INTRODUCTION
Implosion of cylindrical arrays (liners) made of
micron tungsten or aluminum wires under the action of
nanosecond current pulses has been studied since the
late 1980s [1–4]. Due to the implosion of the wire array
material, a Z-pinch discharge is formed near the array
axis. In the final stage of the Z-pinch implosion, an
intense soft X-ray pulse is generated that can be used in
inertial confinement fusion (ICF) research, in studying
fundamental physical problems (such as the equation of
state of a substance with extreme parameters), and in
certain practical applications.
In [1], it was shown that the main factor governing
the implosion dynamics of a cylindrical wire array is
the prolonged (up to the current maximum) production
of the wire plasma. Recent studies [5–7] showed that
the plasma on the wire surface is produced in the first
few nanoseconds after the current starts to flow through
the wire array. After the plasma is produced, the current
switches from the wires to the plasma corona. In this
case, the wire array becomes a heterogeneous system
consisting of a cylindrical metal wire core and a plasma
corona surrounding the wires. A further heating and
ionization of the wire material is primarily due to heat
transfer from the plasma corona. Plasma production
from a single wire by microsecond current pulses was
described in [8]. In the nanosecond range, plasma production was studied in detail in [9].
Important factors characterizing the initial state of
the plasma-producing medium are the nonuniformity of
the distribution of the plasma sources and the nonuniformity of the plasma production rate along the wires.

The nonuniformity of the distribution of the plasma
sources can lead to the onset of various instabilities during plasma implosion, whereas the nonuniformity of
the plasma production rate can result in a nonsimultaneous radial implosion of the plasma in different points
along the array axis. Both these factors impede synchronous and compact implosion and, accordingly,
decrease the emission power.
In this paper, we present the results of studying the
initial stage of plasma production on the surfaces of
tungsten wires during the implosion of a cylindrical
wire array. By the initial stage of the formation of a
Z-pinch discharge from a wire array, we mean the first
10–15 ns from the beginning of the current pulse, when
the discharge current through a single wire is lower
than 5 kA.
2. ARRANGEMENT OF THE EXPERIMENT
As wire liners, we used cylindrical hollow arrays
assembled of eight or sixteen tungsten wires that were
equally spaced along a cylindrical surface 8 or 20 mm
in diameter. The array length was 10 mm. The diameter
of the tungsten wires varied from 4 to 10 µm.
The scheme of connection of the wire array to the
voltage source is shown in Fig. 1. The wire array was
placed in the vacuum chamber of the ANGARA-5-1
facility [10]. The chamber was evacuated by oil-diffusion pumps. As a voltage source, we used one of the
modules of the ANGARA-5-1. Because of this, the
results obtained with arrays made of eight or sixteen
wires in a single module could be compared with the
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implosion of arrays assembled of much greater number
of wires (64 or 128) in the full-scale experiments carried out in the ANGARA-5-1.
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The microsecond prepulse of the voltage generator
was suppressed by using a prepulse spark gap placed in
front of the wire liner. The prepulse was suppressed to
such extent that the electric field strength at the array
was lower than 10 V/cm and the increase in the wire
temperature during the prepulse was lower than 10°C.
To study the initial stage of plasma generation, the
discharge current through the array was measured
simultaneously with the voltage drop across the array.
The current through the array was measured by a shunt
with a time resolution of 5 ns.
A resistive divider for measuring the voltage on the
axis of the wire array was connected coaxially to the
anode and, with the help of a metal rod aligned with the
array axis, to a cathode. The time resolution of the
divider was 2 ns.
Since, in these experiments, we were dealing with
rapidly varying currents, the voltage measured by the
divider differed from the voltage across the wire by an
inductive term proportional to the rate at which the
magnetic flux in the circuit formed by the wire surface
and divider connectors varied. In order to determine the
voltage across the wire surface, this term should be subtracted from the divider readings. A specific feature of
the voltage measurements on the array axis is that the
contribution of the inductive term is very small and can
be ignored. The reason for this is that the magnetic field
produced by the current flowing through the array is
mainly localized on the outside of the array and the
interlinkage between the generator circuit and the
divider circuit is weak.
Plasma generation on the wire surface was detected
by the appearance of UV emission. As a UV detector,
we used a diamond sensor made of natural Yakut diamond. The detector was devised and fabricated in the
Troitsk Institute for Innovation and Fusion Research
[11, 12].
The detector was placed at a distance of 3.6 m from
the wire array. A 1-mm-thick quartz glass was placed in
front of the detector. The relative spectral sensitivity of
the detector with the quartz glass is shown in Fig. 2. The
time resolution of the detector was 2 ns.
The time resolution of the optical frame system for
recording the wire array images was 10 ns. The spatial
resolution of the images was 40 µm, the depth resolution being about 2 mm. The dynamic range of the measurement system was about 20.
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Fig. 1. Scheme of connection of the wire array and voltage
divider to the voltage source: (1) anode of the ANGARA-5-1
facility, (2) wires, (3) metal rod connecting the voltage
divider to the cathode, (4) cathode of the facility, and
(5) cathode electrode of the wire array.
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Fig. 2. Relative spectral sensitivity S of a diamond detector
with a quartz glass.

3. EXPERIMENTAL RESULTS AND THEIR
COMPARISON WITH NUMERICAL
SIMULATIONS
3.1. Breakdown along the Wire Surface
The waveforms of the voltage on the axis of the system for several shots made with wire arrays and a single
shot without wires (the no-load operating regime) are
shown in Fig. 3. Without a wire array, the voltage on the
axis during the first 50 ns was equal to the generator
output voltage. During the first 20 ns, the maximum
voltage drop across tungsten arrays with different outer
diameters, different number of wires, and different wire
diameters was in the range from 5 to 18 kV. The measured voltage pulses turned out to be substantially
lower and shorter than the those measured in the noload operating regime (without an array).
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Fig. 3. Waveforms of the voltage on the axis for several
shots with a wire array and a single shot without wires (the
no-load operating mode).
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Fig. 4. Peak amplitude of the liner voltage U as a function
of the tungsten wire diameter.

Estimates of the wire resistance at the instant corresponding to the maximum voltage showed that it was
lower than the initial resistance of the cold wires. Note
that the decrease in the resistance of the heated currentcarrying metal wires can only be explained by the production of a low-resistive plasma on the wire surface.
Figure 4 shows the maximum voltage at the array as
a function of the diameter of tungsten wires. It can be
seen that the maximum voltage at the array somewhat
increases with increasing wire diameter.
Figure 5 shows the waveforms of the voltage on the
wire array axis and the intensity of UV emission. The
presence of UV emission means that a plasma is produced on the wire surface. The delay time of the UV
pulse with respect to the voltage pulse varies from 6 to
10 ns in different shots.
Figure 6a shows typical waveforms of the voltage
on the liner axis, U(t), and the current per one wire, J(t),

for a 8-mm-diameter wire array consisting of eight
10-µm tungsten wires. The results of processing of
these signals are shown in Fig. 6b. These are three kinds
of resistance per one wire: the total load resistance,
Rl(t); the wire resistance itself, Rw(t); and the resistance
of the plasma on the wire surface, Rp(t). The total load
resistance was calculated as the ratio Rl(t) = U(t)/J(t). It
can be seen that the ratio U(t)/J(t) first increases due to
the Joule heating of the wire and then decreases. The
resistance Rw(t) of a metal wire was calculated from the
signal U(t), taking into account the thermal resistivity
coefficient, assuming that the entire electric power
U2(t)/Rw(t) deposited in the wire is converted into heat,
and ignoring energy losses by radiation and heat transfer. The plasma resistance Rp(t) was calculated assuming that the plasma and metal wires are connected inparallel and using the formula: J(t)/U(t) = 1/Rw(t) +
1/Rp(t). A comparison of the time evolution of the
plasma resistance with the recorded UV signal shows
that the UV emission appears when the wire array resistance is already completely determined by the plasma
resistance.
From the measurements of the load current and voltage in the initial stage of the process (before the plasma
was produced on the wire surface), we could calculate
the energy deposited in the wires due to ohmic heating.
The calculations showed that, in most shots, the maximum temperature to which the tungsten wires were
heated before the plasma was produced was lower than
2000°ë. This temperature is substantially lower than
the melting temperature of tungsten (3380°ë).
The natural question arises as to why a plasma is
produced on the wire surface.
The increase in the wire temperature during heating
leads to the evaporation of low-Z impurities from the
wire surface. As a result, a thin gas shell is formed near
the surface. This shell is then broken, which results in
plasma production. Additional experiments in which a
current of ~3 A per wire was passed through the wire
array for a time longer than 5 µs showed that a temperature of 300–400°ë was sufficient to evaporate the
layer of a low-Z coating material and produce plasma
near the wire surface. Due to the rapid plasma expansion, the cross section of the current-carrying plasma
channel increases, which leads to a sharp decrease in
the channel resistance. The results of numerical simulations of the plasma production on the surface of a tungsten wire with a low-Z impurity coating is presented in
the next section.
As was shown in [13], the breakdown of the produced gas shell can be initiated by electron emission
from the wire surface. The emission is enhanced by the
strong radial electric field that appears at some segment
of a small-diameter wire at a certain configuration of
electrodes. This field can exceed the axial electric field
at the wire by a factor of 10 to100. The dependence of
this effect on the wire diameter will be discussed at the
end of the present paper.
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Due to the presence of plasma on the wire surface,
the current switches from the wires to the plasma. The
main current begins to flow through the plasma, thereby
heating it. A further heating of the wires is mainly due
to heat transfer from the hot plasma to the wire surface.
In this case, the contribution of the current flowing
directly through the wires is relatively small.
We note that the warming of wires in vacuum to redness before an experiment had little effect on both the
production of the surface plasma and the time evolution
of the array resistance.
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3.2. Numerical Simulations of Plasma Production
on the Surface of a Tungsten Wire
with and without Coating
To gain a better insight into the above experiments
on measuring the time evolution of the resistance of a
wire array under the action of a high-power current
pulse, we carried out numerical simulations of this process. The simulations were performed using the
NPINCH one-dimensional (radius–time) magnetohydrodynamic code [14, 15]. This code was improved by
introducing an equation of state for metals over a wide
range of densities and temperatures [16]. The equation
of state takes into account the phase transition from a
condensed to a gaseous state, and then to plasma, but
ignores the transitions between the solid and liquid
states. To calculate the kinetic coefficients of a condensed substance (the electron thermal conductivity,
electric conductivity, heat exchange rate between ions
and electrons, etc.), we used the procedure described in
[17]. For the gas–plasma domain, we used the procedure described in [18]. The latter procedure is based on
the well-known formulas for a hot magnetized plasma
[19]. We simulated the time evolution of a 6-µm tungsten wire under the action of a given current pulse with
a maximum amplitude of about 1 kA and a rise time of
20 ns.
The simulations were performed for both uncoated
tungsten wires and wires coated by a thin layer of a
low-Z material (carbon), which modeled a low-Z impurity on the tungsten surface. The calculation results are
shown in Fig. 7.
The given time dependence of the current through
an uncoated wire and the calculated waveform of the
electric field strength on the wire axis are shown in
Fig. 7a. It can be seen that, in this case, the electric field
reaches 120 kV/cm, which is several times higher than
the experimental value. This result confirms our
assumption that, in real experiments, wires can never be
considered clean. The decrease in the amplitude of the
liner voltage can be explained by the presence of a thin
low-Z coating on wires. Such a coating may be due to
the deposition of vacuum oil vapor on a wire or the
technology of wire fabrication.
To clarify the influence of the low-Z impurity coating on the electric characteristics of a wire, we divided
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Fig. 5. Waveforms of the voltage on the array axis (U) and
intensity of UV emission (IUV) for an array consisting of
eight 6-µm tungsten wires.
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Fig. 6. (a) Waveforms of the voltage U(t) across an 8-mmdiameter wire array consisting of eight 10-µm tungsten
wires and the current through one wire J(t). (b) Time evolution of the resistances (per one wire) calculated from the
voltage and current waveforms: the total load resistance
U(t)/J(t), the wire resistance Rw(t), and the resistance of the
surface plasma Rp(t).

a simulation into two stages. In the first stage (up to
6.75 ns), the heating of a clean wire was calculated. At
the end of this stage, the temperature on the tungsten
wire surface was 0.05 eV. The calculation was then continued assuming that the wire was coated with a 0.3-µm
carbon layer in a gaseous state (with a mass per unit
length of 1.8 × 10–10 g/cm). Thus, we simulated the primary evaporation of the low-Z coating. The calculated
waveform of the voltage across a coated wire is shown
in Fig. 7b. In this case, both the voltage amplitude and

ALEKSANDROV et al.

1038
U, kV/cm
120
110
100
90
80
70
60
50
40
30
20
10
0

I, kA U, kV/cm
1.0

(a)

(b)

10

0.5 5

5

10
ns

15

0
20

0

5

10
ns

15

20

Fig. 7. Calculated waveforms of the electric field at the axis of a 6-µm tungsten wire during the current pulse: (a) an uncoated wire
(the solid and dotted curves show the electric field and current, respectively, and (b) a wire coated with a model gaseous carbon shell
with a density per unit length of 1.8 × 10–10 g/cm (the solid curve shows the electric field, and the vertical dotted line indicates the
instant of evaporation of the coating).
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the shape of the voltage pulse are much closer to the
experimental results. Breakdown along the wire is
delayed from the beginning of the second stage by
2.5 ns, which is required for the necessary reduction in
the density of the evaporated material due to expansion.
Just after the breakdown of the gas shell and the formation of a plasma corona, the main current begins to flow
through the corona, thereby heating it, and the Joule
heating of the wire almost terminates. Up to this time,
the characteristic tungsten temperature is 0.23 eV.
The above numerical simulations are only a rough
approximation to the actual processes of the generation
of a primary plasma and subsequent plasma production.
Nevertheless, our model at least does not contradict the
experimental data.
3.3. Spatial Nonuniformity of Plasma Generation

Fig. 8. Visible-light image of an array consisting of 7.5-µm
eight tungsten wires with a current of 3 kA per wire. A schematic of the wire array and the viewing direction are shown
at the bottom.

To study the process of energy deposition in a wire
liner in the initial stage of implosion, we took frameby-frame photographs of the liner in visible light. An
image of an array consisting of eight 7.5-µm tungsten
wires at the instant when the current reached a value of
3 kA per wire is given in Fig. 8. A characteristic feature
of the liner image is a pronounced nonuniformity of the
distribution of the emission intensity along the wire.
The emission intensities of the individual wires are also
slightly different. In the image, one can see welldefined regions with a nonuniform distribution of emission. The liner images testify to a nonuniform energy
deposition in the wires in the initial stage of implosion.
Note that the oscillations of the voltage on the array
axis (see Fig. 5) may be attributed to the jitter in the
breakdown time of the individual wires. This may be
caused both by the factors affecting plasma production
PLASMA PHYSICS REPORTS
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(e.g., the nonuniformity of the impurity distribution
along the wire) and by the onset of thermal and ionizational instabilities.
We note that the nonuniformity of the emission
intensity along the wires begins to decrease when the
current exceeds 5 kA per wire.
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4. DISCUSSION OF THE RESULTS
4.1. Role of the Wire Diameter
Measurements of the electric characteristics of discharges through cylindrical hollow arrays made of
tungsten wires showed that the wire-material plasma,
which is generated near the wires several nanoseconds
after the beginning of the current pulse, plays the dominant role in the development of the discharge. From
this moment on, the wire array can be regarded as a heterogeneous system consisting of dense wire cores and
a plasma corona surrounding the wires. Hence, the
question arises as to mechanisms for plasma generation
at such low values of the tangential electric field on the
wire surface.
In [9], it was supposed that the radial electric fields
can play an important role in initiating the breakdown
of the gas evaporated from the wire surface. Because of
the small wire diameter, the radial electric field can be
higher than the axial field by a factor of 100 [13]. The
smaller the wire diameter, the higher the radial electric
field, all other factors being the same. This field is produced by the charges that are accumulated on the wires
in the initial stage of the voltage pulse before breakdown (i.e., before the plasma is produced on the wire
surface). After breakdown, these charges flow down
onto the electrodes of the liner unit. The direction and
strength of the radial electric field on the wire surface
depend on the electrode configuration. When the wire is
connected perpendicularly to two infinite plane-parallel
electrodes that are at different potentials, the radial
electric field is zero. For other electrode configurations,
the radial field is nonzero. It may happen that, on one
segment of the wire, the field is directed toward the
wire, whereas on the other segment, it is directed away
from the wire.
The field directed toward the wire can enhance electron emission from the wire surface and cause the electron-impact ionization of the gas shell surrounding the
wire. In [13], it was shown that electron emission from
the wire results in an electron current in crossed electric
and magnetic fields outside the wire. Electrons from
this flow can cause the heating and evaporation of not
only impurities, but also of a thin (~10–3 µm) layer of
the main wire material.
Gas breakdown occurs and plasma is produced at
the instant when the gas density and electric field reach
certain values. If surface gas breakdown on wires with
different diameters takes place in the same radial field,
then, for a thinner wire, gas breakdown will occur at
lower values of the axial electric field because of the
PLASMA PHYSICS REPORTS
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Fig. 9. Time evolution of the ratio of the plasma resistance
near a single wire, R(t), to the initial resistance of a cold
wire, R0. The circles show the experimental data, and the
solid curve shows the result of simulations of an expanding
plasma with an electron temperature of Te ~ 24 eV. The
instant at which the plasma resistance becomes equal to the
resistance of the cold wire is indicated.

higher radial field on the wire surface. This conclusion
is supported (in spite of the few statistics available and
the large scatter in the data) by the results presented
Fig. 4.
4.2. Estimates of the Plasma Parameters
Under some assumptions, we can estimate the
parameters of the produced plasma from the observed
time dependences of the liner voltage and current, as
well as from the plasma resistance calculated using
these dependences. Let us consider a rather rough
model. Let the electron temperature of the plasma surrounding each wire be Te [eV]. We assume that the
plasma conductivity obeys the Spitzer law, the average
0.5
ion charge number Z is proportional to T e , and the
velocity of plasma expansion into vacuum is determined by its temperature. It turns out that this model
agrees best with the measured liner voltage and current
for a tungsten plasma with an electron temperature of
Te ~ 20–30 eV. Figure 9 shows the waveforms of the
ratio of the plasma resistance near a single wire to the
initial resistance of a cold wire. One of the profiles is
calculated from the measured voltage and current (circles), while the other profile is calculated using the
above model for a tungsten plasma with an electron
temperature of Te ~ 24 eV (solid curve). The vertical
line near 5.5 ns indicates the time when the plasma
resistance becomes equal to the initial wire resistance.
In this case, the velocity of plasma expansion into vacuum is ~106 cm/s. Hence, 10 ns after the plasma
appears on the wire surface, the radius of the plasma
column reaches ~100 µm. These simple estimates are
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qualitatively consistent with the above numerical simulations of plasma production on the surface of a tungsten wire.
Unfortunately, such estimates cannot be extended to
longer times because, at these times, the plasma radius
becomes larger than the skin depth. In addition, the
model ignores a very important factor, namely, the
presence of a magnetic field. First, the magnetic field
produced by the current flowing through the wire
should impede plasma expansion. Second, the total
magnetic field of all the wires should result in the acceleration of the current-carrying plasma toward the array
axis under the action of the Ampére force.
The magnetic field produced by the wire array is
lower than the magnetic field of a single wire by a factor d/2πr, where d is the distance between the wires and
r is the wire radius. In view of the fact that the gaskinetic plasma pressure on the wire surface exceeds the
pressure of the magnetic field produced by the current
flowing through a single wire, the Ampére force caused
by the total current cannot substantially affect the
expansion of the plasma column as a whole during the
first 10 ns. This conclusion, however, results from the
roughness of the model. The density of the tungsten
ions on the boundary of the plasma column decreases
smoothly. Inside the array, there is a region where the
Ampére force can accelerate a small amount of a lowdensity plasma toward the array axis. This results in the
appearance of a plasma precursor [1], whose velocity
(~107 cm/s) is one order of magnitude higher than the
expansion velocity of the plasma column [13].
There are also other factors that are not taken into
account by the above model, in particular, the nonuniform plasma production along the wires and the nonsimultaneous plasma production on different wires. That
these factors really do exist can be seen in Fig. 8. However, even such a rough model has allowed us to estimate the plasma temperature and to obtain the lower
estimate for the tungsten ion density from the measured
current–voltage characteristics.
5. CONCLUSIONS
It has been found that, a few nanoseconds after the
beginning of the current pulse, a plasma is produced on
the wire surfaces and the wire array becomes a heterogeneous system consisting of the metal wires and the
plasma on their surfaces. The current switches from the
wires to the plasma. As a result, the resistance of the
system decreases and, accordingly, the voltage drop
across the array decreases. A further heating of the
wires is primarily provided by the current flowing
through the plasma and by heat transfer from the
plasma, rather than by the current flowing through the
wires.
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