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Abstract. X-pinch experiments have been performed on a compact 250 kA, 180 ns pulsed
power generator specially designed for this purpose at the Institute of High Current Electronics
(Tomsk, Russia). The X pinches were composed of two molybdenum wires of diameter 25 pm
making an angle of 36° with the z-axis. The X-pinch dynamics was recorded with a 3 ns
exposure time using an HSFC Pro four-frame camera. Axial plasma jets propagating toward
both the anode and the cathode were observed. The jets became noticeable within 10 ns after
the onset of current flow, which approximately corresponded to the time at which the electrical
explosion of the X-pinch wires occurred. The velocity of the anode-directed jet reached 10’
cm/s, which was about 1.5 times the velocity of the cathode-directed jet. These high jet
velocities are inconsistent with the plasma temperature resulting from the wire explosion.
Hence, these jets seem to develop due to implosion of the light plasma layer stripped by
magnetic forces from the wire surface, and the increase in their velocities is perhaps due to
cumulative effects taking place at the X-pinch axis. The X-pinch neck formed as a rule above
the initial wire cross point (closer to the anode). In this region, the plasma diameter gradually
increased with time and then drastically decreased 10—15 ns prior to the x-ray pulse.
Immediately before the x-ray pulse, in the (250-300 pum long) plasma neck, a lower scale
constriction developed, forming a “hot spot”. It has been confirmed that the anode-directed
plasma jet could take some part of the X-pinch wire current because of the evident jet pinching
in the anode region. This process seems to determine the neck length.

1. Introduction
Two or more metal wires 10-50 um in diameter crossed like the letter “X” are used as the so-called X-
pinch loads for pulsed power generators. When a current pulse is passed through an X pinch, a plasma
hot spot several micrometers in size can be produced. The hot spot efficiently radiates soft x-rays in a
1-2 ns pulse. Hot spots of this type are currently one of the brightest soft x-ray laboratory sources. The
parameters of the X-pinch-based soft x-ray sources make them attractive for projection radiography of
various short-living physical objects. Although X-pinches have been studied for long, since 1982 [1],
they remain an object of intense fundamental research because of a number of interesting physical
features. The emission properties of hot plasmas at near-solid densities, the radiative collapse, and the
formation of supersonic jets are of most interest.

The sequence of physical processes leading to the formation of a hot spot can be revealed using a
nanosecond time resolved diagnostics. Relevant experiments were carried out on different pulse
generators using optical and x-ray frame imaging, interferometry imaging, and soft x-ray backlighting
[2-11]. Nevertheless, the results obtained could not be properly interpreted because of strong
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sensitivity of the X-pinch dynamics to the current pulse waveform. Since 2006, X-pinch experiments
using a set of self-made compact pulsed power generators have been performed at the Institute of High
Current Electronics (Tomsk, Russia). This paper presents the results of experiments aimed at studying
the dynamics of X-pinch necking from the wire explosion stage to the formation of a hot spot.

2. Experimental setup
The experiments were carried out on a compact, 250-kA, 180-ns pulse generator specially designed for
X-pinch studies [12—16]. The generator consists of four self-made 250-nF capacitors connected in
parallel. Each capacitor is equipped with a built-in triggered gas switch. The X pinches were
composed of two 25-pm molybdenum wires each making an angle of 36° with the z-axis.

The X-pinch dynamics was recorded with a 3-ns exposure time using an HSFC Pro four-frame
camera. The frame interval was varied in the range 2040 ns. Figure 1 shows a set of typical frames.
Horizontal lines indicate the initial position of the wire cross point, which is indicated by X;. The
cathode position is at the bottom of each image. The fourth frame in Fig. 1 corresponds to the time of
occurrence of an x-ray pulse.
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Figure 1. Typical optical pictures of an X pinch made of two 25-um molybdenum wires taken in
one shot: X, indicates the initial position of the wire cross point.

The X-pinch current was measured using a Rogowski coil. The x-ray emission was detected with a
copper-cathode x-ray diode (XRD) filtered to view the spectral region 2v> 1 keV. Figure 2 presents
typical current and XRD signal traces. In all experimental shots, the time of x-ray pulse generation, #,.
ray, measured from the onset of current flow was 140 + 5 ns.
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Figure 2. Typical current and XRD signal traces
The small spread in the time of x-ray pulse generation allowed us to compare X-pinch images taken in
different shots. To do this, all pictures captured with different camera delays were combined to form
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an integrated sequence of frames which would cover all stages of the X-pinch dynamics from the wire
explosion to the disruption of the plasma neck. This integrated picture was used to determine the
evolution of the diameter of an individual wire, the velocities of the axial plasma jets, and the plasma
expansion/implosion velocity near the wire cross point.

3. X-pinch wire expansion and axial jet formation

The integrated sequence of frames captured in several shots is presented in Fig. 3. Each image is
marked by relative time /¢ .y (z‘X ray = 140 ns).
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Figure 3. Integrated sequence of frames captured in several shots. The relative time #/t,.,y is given
beneath each image.

At the initial stage of X-pinch dynamics, the wires explode and expand. Figure 4a shows the time
variation of the distances R;, and R, from the initial position of the axis of an individual wire to the
expanding plasma edge, measured, respectively, toward and outward the other wire. If a wire would
expand uniformly from its axis, the values of R;, and R, should be equal and could be considered to
be the wire radius. As can be seen in Fig. 4, the wire plasma expands symmetrically about the wire
axis until the relative time #/¢,..y = 0.4 (¢x.ray = 140 ns). The expansion velocity, slightly varying with
time, is (2.6-3.0)-10° cm/s. The subsequent behavior of the wire plasma features a slightly rising
inward velocity and full cessation of the outward expansion.

The wire radius increases about fourfold within the first 10 ns of the process due to thermal
expansion of the surface plasma (see Fig. 4a). Clearly seen axial plasma jets propagating toward both
the cathode and the anode are observed as early as within 2 ns. The velocity of the anode-directed jet,
Viop» T€ACheES ~107 cm/s, which is about 1.5 times the velocity of the cathode-directed jet (see Fig. 4b).
These high jet velocities are inconsistent with the plasma temperature resulting from the wire
explosion. Hence, these jets seem to develop due to implosion of the light plasma layer stripped by
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magnetic forces from the wire surface, and the increase in their velocities is perhaps due to cumulative
effects taking place at the X-pinch axis.

The X-pinch wires become nonuniform in structure at #/t,,,, = 0.3. A highly luminous plasma
corona is observed which surrounds a wire core whose brightness is considerably lower. The core
diameter is approximately half that of the coronal plasma.
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Figure 4. Time variation of R;, and R, (a) and the axial plasma jet lengths measured from the wire
cross point toward the anode (bold asterisks) and toward the cathode (open asterisks) (b): tx.ay = 140
ns.

4. X-pinch necking

The main features of the X-pinch dynamics can be inferred from Fig. 3. At the initial stage (Ut x.ray <
0.16), the plasma surrounding the cross point slightly expands, remaining shaped like a cone. A few
nanoseconds later, a visible sausage-like perturbation develops near the cross point, and this is just the
onset of neck formation. Along with the occurrence of the neck, a clearly visible plasma plume (or a
radially expanding jet) is observed a little bit below the point X,. This plasma plume and the plasma
located below the cross point show no evidence of implosion. Thus, the implosion occurs in the region
that extends to about 500 pm above and including the cross point.
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Figure 5. Plasma size measured in the horizontal cross-sections at the point Xy (Dyeq), 150 um above
(Drop) and 150 um below the point Xy (Dyor) (a), and 400 pm above the point X, (Dasgo) (b).

Immediately before the X-ray pulse is generated (#/#..y = 0.97), a visible plasma pinch of length 200

300 pm is formed in which a constriction of significantly smaller size can be seen. This constriction
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forms the X-pinch micrometer-size “hot spot”. The hot spot formation takes only a few nanoseconds
or less.

The hot spot is located closer to the anode, 50-150 pm above the point Xj. In this region, the
plasma diameter gradually increases with time, showing an abrupt decrease 10—15 ns before the X-ray
pulse (see Fig. 5a). Figure 5a presents the plasma size measured in the horizontal cross-sections at the
point Xy (Dpeq), 150 pm above (Dy,,) and 150 um below the point Xy (Dywor) (see Fig. 1). The plasma
expansion in the neck region goes with a velocity of 3-10° cm/s until t/tyray = 0.4, proceeding in fact in
step with the expansion of an individual wire. The plasma expansion velocity at the point X, (see the
data for Dy,qin Fig. 5a) is about half that in the case of purely radial jet formation (see Fig. 3, t/t 1.y =
0.3).

A few nanoseconds later, the size D4 abruptly decreases. The reason is that the jet position is
shifted downward, giving rise to the mentioned plasma plume on the cathode side. Subsequently, a
pronounced implosion is observed in the region between the point Xy (Dyq) and the point located 150
um above (D). The implosion velocity reaches (3-5)- 10° cm/s at a radius of 100 pm.

It can be seen that the bottom part of the plasma (Dy, in size) does not implode. This is just the
region of the plasma plume. The X-pinch plasma in the region 400 um above the cross point also does
not implode (see Fig. 5b). This seems to be due to the current switching to the axial plasma jet whose
diameter is 400600 um. The switching can reduce the current flowing through the wires and slow
down the implosion of the wires at a diameter greater than the jet diameter, resulting in a shorter neck.

The supposition that the current could partially flow through the axial jets is additionally supported
by the observed implosion (pinching) of the top axial jet. This can clearly be seen in Fig. 6a. This
image was taken for another X pinch made of four Mo wires of diameter 25 pm. Pinching of the near-
anode (top) part of the axial plasma jet is evident.
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Figure 6. Typical optical images of an X pinch made of four molybdenum wires of diameter 25 pum,
taken above the wire cross point (a) and the time variation of the neck length (L) in the cross-point
region (b).

Figure 6b presents the measurements of the neck axial dimension, which could also be termed the
neck length. It can be seen that neck length L strongly depends on time, increasing from 100 to 550
um within 110 ns. Thereafter, the axial dimension of the perturbation decreases during 30 ns and
becomes equal to 250-300 um nearly at the time the x-ray pulse is generated. The increase of the neck
length can be accounted for by the action of the axial component of the JxB force. The subsequent
elongation of the neck can be accounted for by the progressive loss of linear mass in the middle of the
neck due to the axial plasma outflow.
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5. Conclusion

X-pinch experiments have been performed on a compact 250 kA, 180 ns pulse generator specially
designed for this purpose at the Institute of High Current Electronics (Tomsk, Russia). The X pinches
were composed of two molybdenum wires of diameter 25 um making an angle of 36° with the z-axis.
The X-pinch dynamics was recorded with a 3-ns exposure time using an HSFC Pro four-frame
camera. Axial plasma jets propagating toward both the anode and the cathode were observed. The jets
became noticeable within 10 ns from the onset of current flow, which approximately corresponded to
the time at which the electrical explosion of the X-pinch wires occurred. The velocity of the anode-
directed jet reached 10" cm/s, which was about 1.5 times the velocity of the cathode-directed jet. These
high jet velocities are inconsistent with the plasma temperature resulting from the wire explosion.
Hence, these jets seem to develop due to implosion of the light plasma layer stripped by magnetic
forces from the wire surface, and the increase in their velocities is perhaps due to cumulative effects
taking place at the X-pinch axis.

The X-pinch neck formed as a rule above the initial wire cross point (closer to the anode). In this
region, the plasma diameter gradually increased with time and then drastically decreased 10-15 ns
prior to the X-ray pulse. Immediately before the X-ray pulse, in the (250-300 pm long) plasma neck, a
lower scale constriction developed, forming a “hot spot™. It has been confirmed that the anode-directed
plasma jet could take some part of the X-pinch wire current because of the jet pinching in the anode
region. This process seems to determine the neck length. We believe that the results obtained can be
useful in theoretically modeling the X-pinch dynamics.
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