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Abstract. The results of experiments on a soft x-ray radiography (= 1-2 keV) of a bismuth
plasma formed by the high-current vacuum arc discharge are represented. The plasma gun with
the arc current ~ 60 kA and the current rise time ~ 7 us was used to produce the Bi plasma jet.
The compact pulsed radiograph XPG-1 (250 kA, 220 ns) with an X-pinch load consisting of
four Mo wires with a diameter 25 pm was used as a source of the soft X-ray radiation. The X-
ray backlighting images of the researched plasma jet and the Bi step-wedge with a step
thickness of =~ 100 nm were recorded simultaneously in the course of the experiment. A
comparison of the plasma jet x-ray image with the current trace has enabled to estimate
dependencies of the linear mass on the arc current. The experiments have shown that when the
arc current density reaches =3-10° A/cm? the evaporation rate of the electrode material
reaches =~ 100 pg/us, that under the plasma velocity =~ 0.5 cm/us, provides a plasma jet linear
mass ~ 200 pg/cm. At a distance of = 1-2 mm from the arc cathode surface, the sharp increase
of the jet linear mass (up to = 500 pg/cm) occurred.

1. Introduction

Currently, along with the Z-pinches based on the use of a wire array [1, 2] and a gas-puff [3, 4], Z-
pinches based on the use of the vacuum arc discharge systems are employed [5 - 10]. The advantage of
plasma liners based on arcs is that such a shell has not a problem with a "cold start", because their
initial conductivity reaches significant values of ~ 10* Ohm™'*m™ [11]. One of the most important
parameters of the liner shell at the formation stage is the substance distribution (both radially and
along its length). The most informative method for investigation of the dense plasma stream
distribution is a soft X-ray radiography. The X-pinch high-temperature dense plasma was used as a
radiation source for the X-ray radiography [12, 13, 14]. The X-ray radiography based on the X-pinch
has a spatial resolution of 2+3 um, while a temporal resolution is about a nanosecond. The diagnostics,
in a combination with the step-wedge manufactured from the same material as the investigated
plasma, allows us to carry out not only a qualitative but also a quantitative analysis of the plasma flow
structure. Knowledge of a distribution of the plasma flow linear mass is extremely important both for
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the mathematical description of the Z-pinch implosion and a study of the fundamental laws of the
electrodes material evaporation under the high current arc electrical discharge.

2. Experimental setup

The experiment was carried out on a special stand consisting of a plasma gun [5 - 10] (the arc current
~ 60 kA and the current rise time =~ 7 us) and a compact pulsed radiograph XPG-1 [12, 13, 14] (the
current amplitude of 250 kA and a rise time of 220 ns). The plasma gun was used to form a bismuth
plasma jet and the generator XPG-1 with the X-pinch load was used as a source of the soft X-ray
radiation. The X-pinch load consisted of four Mo wires with a diameter 25 pm. A drawing of the
plasma gun is presented in figure 1. The plasma gun was fed by a capacitor bank with C =20 uF
which has been charged up to 20 kV. The bismuth cathode with a diameter of 5 mm was placed in a
center of the plasma gun.

The experimental scheme with the soft x-ray radiography of a bismuth plasma jet is presented in
figure 2. The scheme magnification is 1.48. In the experiment, a bismuth plasma image was registered
using a Micrat-ORTO film. The photographic film was filtered by Kimfol 4um +Al 0.4 pum+
Polypropylene 6 um, to protect it from the exposure of arc self-radiation. Bismuth step-wedge with a
step thickness of = 100 nm was deposited on a polypropylene filter surface. Bismuth step-wedge was
used to define a linear mass of Bi plasma produced by the vacuum arc.

Grounded
electrode

. Step-wedge "

Film
'_ns"“ator Vacuum arc \ ; ’
N discharge / i

Filters

Figure 2. Sketch of soft x-ray radiography (=1 +2keV) of a
bismuth plasma jet formed by the high-current vacuum arc
discharge.

Figure 1. The drawing of plasma
gun.

The X-pinch and the plasma gun currents were measured with a Rogowski coil and a B-dot probe,
correspondingly. The X-pinch x-ray emission was detected with a copper-cathode x-ray diode (XRD)
filtered in the spectral region 2v> 0.8 keV.

Both generators were synchronized. We expect that the time of the maximum intensity of the
substance evaporation must correspond to the maximum arc current. The X-pinch x-ray probing pulse
occurred approximately at 1.5 - 2.0 us after the plasma gun current maximum. Such delay was chosen
because of a substance with a maximum density needs some time to evaporate and fly a distance of
about 1 cm, so that we were able to register it. Therefore, it was expected that the most contrast x-ray
backlighting image would be registered at this time interval.
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3. Experimental results
The main aim of the work was to determine the distribution of the bismuth plasma jet mass per unit
length along the direction of jet propagation away from the cathode surface. For this purpose, in the
experiments we recorded simultaneously two shadow images: 1 — bismuth plasma jet and 2 - bismuth
step wedge. These images are presented in figure 3.

The step wedge image with an indicated thickness of steps is shown in figure 4. It is known that the
optical density D is proportional to the radiation intensity /, transmitted through the test substance with
the layer thickness 4.

Doclocle™", @)

where p and u — the density and the absorption coefficient of the substance, through which the light
passed. At the points, at which the optical density of the plasma D,; and the optical density of one of
the step wedge layer Ds, are the same, we can write the equation:

pplhpl = pswhsw > (2)
where 4, and p,; - the thickness of the absorption layer and the averaged plasma layer density, Ay, and
psw - the thickness and the density of the step wedge layer.

The registration of a shadow image of the bismuth step wedge allowed mathematically describe a
direct relation between the value py. /5 and the optical density D:

ph(D)=aD’ +bD+c, 3)

where the coefficients a, b, and ¢ depend on the intensity and the spectrum of a radiation source.
Therefore, these coefficients should be determined for every image.

X, mm
0 2 4 6 8 10 12 14 16 18

1) 99 nm

2) 200 nm
3) 297 nm
4) 396 nm
5) 495 nm

y, mm

Figure 3. The Bi plasma and step-wedge backlight images. Figure 4. Step-wedge image with
indicated thickness of steps.

The optical density distribution D(r) across the plasma jet image (the white lines in figure 5) was
registered along the axis X (figure 3) in several cross-sections. Every cross-section was situated at
some distance from the arc cathode. This distance to the cross-section corresponds to the time interval
from the moment of evaporation of the cathode substance to the moment of image registration. Optical
density distributions for several distances from the arc cathode are shown in figure 5. The thickness of
every cross-section equals to 1 pixel of image. Therefore, dependences D(r) on the various distances
from the arc cathode were used to study the dynamics of the arc plasma linear mass changes. In the
experiments, the distance from the X-rays source to the investigated plasma jet is much greater than
the jet diameter. Therefore, the incident radiation to the object under study can be approximately
regarded as a flat, and the radiation absorbing layer depth at every point of the plasma jet radius is
equal to the chord length at this point.
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Using (3), we can plot the distribution of the 4, p, value as a function of the cross section radius.
The examples of /,;'pp; distributions, as a function of », that are built for the cross sections located at
various distances from the cathode are shown in Figure 5.
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Figure 5. The multiplication of the plasma density and the radiation absorbing layer depth
distribution /,;'pp as a function of radius 7 for several cross-sections located in various distances from
the cathode.

The linear mass of an every plasma layer was calculated by integrating the multiplication of the
density and the radiation absorbing layer depth along the radius:

R
m, =2[p-h(r)dr. @)
0

The resulting set of the linear mass values for the cross sections located at various distances from
the cathode surface allowed to estimate the dynamics of the linear mass evolution in time (see green
points in figure 6). In order to determine the relationship between the distance from the arc cathode
and the timeline, in this work we used the bismuth ions velocity equal to 0.5 cm/ps (for the arc current
of 500 A), obtained in [15]. Traces of the vacuum arc current (black trace), the XPG-1 current (red
trace), and the XRD signal (blue trace) are presented in figure 6 for comparison.
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Figure 6. Dependence of the linear mass on time (green
points) with traces of arc current (black), XPG-1 current
(red) and XRD signal (blue).
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4. Conclusion

The experiments have shown that when the arc current density reaches =~ 3-10° A/cm?, the evaporation
rate of the electrode material reaches ~ 100 pg/us, that under the plasma velocity = 0.5 cm/ps provides
a plasma jet linear mass = 200 pg/cm. At a distance of = 1 - 2 mm from the arc cathode surface, the
sharp increase of the jet linear mass (up to =~ 500 pg/cm) occurred.

This experimental fact can be explained in two different ways. The first explanation is that when
the arc current density exceeds the some threshold value, the evaporation process begins to acquire an
explosive character. Another explanation is the presence of molten metal droplets near the surface of
the arc cathode. To clarify this experimental fact, it is necessary to carry out further studies of this
physical phenomenon.
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