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ABSTRACT
Experimental observations of the plasma formations in a Vacuum Spark discharge are presented. A low

power Nd:YAG laser pulse incident onto a Titanium cathode initiates the discharge. The evolution of

the Titanium plasma electron density and temperature is followed both in the visible and the soft X-ray

part of the spectrum. The former uses a novel micro holographic interferometric technique permitting a

spatial resolution better than 20 p.m. The probing beam is a 6 ns frequency doubled Nd:YAG laser.

The latter emission is resolved using a number of different methods. The spatial information is derived

from a 1 ns multi framing camera X-ray camera which projects the plasma image using four different

slit wire pinhole images and six pinhole images, each aperture being filtered differently. The temporal

evolution of the emission of each discharge is followed using several Silicon PIN diodes. The x-ray

spectrum is deconvolved from the filter and detector response and interpreted using a collisional

radiative package. The hot spots are seen to form in a submilimetre pinch stemming from the incident

laser focus which has a life time of about 20 ns. The hot spots are much shorter events, reaching

substantially higher densities, but involve only part of the line density of the pinch column.

INTRODUCTION
The Vacuum Spark is a small scale device which allows the achievement of plasma conditions
leading to radiative collapse on a nanosecond time scale [1]. Most of the work on Vacuum
Spark has been performed using low inductance capacitor banks to drive the discharge,
although interesting results have been obtained using pulse power driving techniques [2,3]. In
a previous experiment we have used a low inductance coaxial line feed by a Marx generator to
power the discharge. Short circuiting of the line switching gap allows the Vacuum Spark to
be driven in the hybrid regime [4]. Under these conditions, a pre ionising laser plasma,
resulting from the application of a short laser pulse focused onto the cathode, is produced at a
time when there is a field of over 100 V/cm across the discharge electrodes. It has been found
that in this mode of operation a relatively low laser energy is sufficient to generate adequate
initial conditions to achieve radiative collapse [5]. In this work we report on the time and
space evolution of a Vacuum Spark Titanium plasma. The electron density and temperature is
followed both in the visible and the soft X-ray part of the spectrum. The plasma electron
density dynamics is followed using a novel micro holographic interferometric technique
permitting a spatial resolution better than 20 jam [6], Hot spots are seen to form in a
submillimetre pinch stemming from the incident laser focus which has a life time of about 20
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ns. The hotspots are found to be short events, reaching substantially high densities within a
nanosecond of their initiation, but which involve only part of the line density of the pinch
column.

EXPERIMENTAL APPARATUS
The Vacuum Spark is operated in the hybrid mode. It is driven by a 1.5 Ohm coaxial pulse
forming line with a maximum current of 140 kA in a 120 ns pulse. A 0.4 J, 8 ns Nd:YAG
laser pulse is focused through the cylindrical anode onto the cathode. Both cathode and anode
are made of Titanium. Further details on the experimental set-up have been published
elsewhere [4,5]. The micro holographic interferometric technique, based on the Mach-
Zehnder Interferometer, is used to study the plasma electron density and is complemented with
simultaneous results from image plane interferometric holograms. The probing beam is a 6 ns
frequency doubled Nd:YAG laser. A visible streak camera is used to follow the axial
evolution of the discharge plasma. The X-ray emission is resolved by a number of different
methods. The spatial information is derived from a 3 ns multi framing X-ray camera in which
the plasma projects a set of images using four different slit wire images [7] and six pinhole
images, each image obtained through different filter. The temporal evolution of the emission
of each discharge is followed using several Silicon PIN photodiodes and with absolute XUV
Silicon photodiodes. The soft X-ray emission is quantified for different regions of this highly
reproducible discharge.

anode

laser initiation peak current

EXPERIMENTAL RESULTS
Figure 1 shows an axial optical streak of
the Vacuum Spark plasma, covering a
period of 300 ns, from the time when the
laser strikes the cathode until a time
shortly after the peak of the discharge
current. The very short lived formation of
the hot spot plasma column is seen just
before peak current. There is a clear
tendency for the hot spot formation of the
plasma points to propagate from the
cathode towards the anode. Position of
the plasma points is found to be highly
reproducible if the discharge is operated
in the hybrid mode. Characteristic electric
and X-ray emission signals are shown in
figure 2. The voltage is ramped up, as is characteristic in the hybrid mode, and the initiating
laser is fired at 1.4 |is. PIN diodes 1 and 3 see the whole discharge region, whereas, PIN 2, 4
and 5 see only the half of the discharge volume which is closer to the cathode. For ~70 ns
since the application of the laser, the impedance is high and electron beam induced emission
from the anode is observed, until breakdown takes place at 1.5 us. For the next ~150 ns, the
cathode region is seen to emit at energies above 1 keV, as shown by PIN-5. Close to peak
current burst of x-ray pulses are emitted, as indicated by PIN-3 and PIN-4. At this time

Figure 1: axial streak of the Vacuum Spark plasma.
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emission seen by PIN-5 does not greatly
increase. On comparing signals from PIN-
2 and PIN-3, the fact that PIN-2 sees only
the cathode region and PIN-3 the whole
discharge volume, indicates that the plasma
emitting regions, hot spots, propagate from
the cathode towards the midpoint of the
discharge. The relative amplitude of the
different PIN diode signals also indicates
that successive hot spots are of decreasing
characteristic temperature.

A series of x-ray frames is shown in figure
3. The timing of each frame is relative to
the maximum of the signal in PIN-2, in Fig.
2. The frames correspond to the slit-wire
pin hole camera configuration. Exposure
time is 1 ns. The upper series was obtained
with a 5 |im Al filter, and the lower one,

with a 1 urn Ti filter. At each time, both
filtered images correspond to the same
shot. It is clear that brighter hot spots form first near the cathode, whereas at later times they
tend to form further away from the cathode and are of much less intensity. This observations
are in full agreement with the PIN diode x-ray signals shown in Fig. 2.

Micro holographic interferograms of the plasma column at the time of plasma point formation
have been obtained with a 6 ns laser. A typical example is shown in figure 4. The duration of
the laser pulse is too long to freeze plasma point formation in the sub-nanosecond time scale,
but does show the larger scale plasma distribution. In particular, the interferogram shows a
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Figure 2: characteristic electric and x-ray signals.
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Figure 3: series of X-ray slit-wire framing camera photographs.
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dense down spreading anode plasma and the
initial plasma column stemming from the
laser focus point.

DISCUSSION AND CONCLUSIONS
The present results show that plasma
formation in the Vacuum Spark evolve
rapidly once a dense plasma has formed on
the cathode, at the laser focal point. A
plasma column stems from this focal point
and plasma points, hot spots, form on a
nanosecond time scale, propagating to the
axial midpoint of the discharge, where the
anode blow off meets the column. Plasma
temperature can be obtained from the
measured emission ratios observed with
different filter combinations. The X-ray
emission can be modelled using a CRE code
[8] and when the detector response (film,
photocathode, PIN diode) is convolved with Figure 4: Micro Holographic Interferogram of theg
the modelled emission, a good measure of plasma column at the time of Plasma Points formation.
the plasma temperature is obtained. In this
case, the cathode bright spot is found to have
a temperature of approximately 750 eV, whereas the temperature of the hot spots is about 400
eV in the first hot spot at 1 mm from the cathode, and 250 eV in the second, at 2 5 mm from
the cathode. If a third hot spot forms at 3.5 mm, its temperature is -150 eV. The anode blow
off plasma has a higher temperature for longer than both the cathode bright spot and the
ensuing plasma column. This temperature might be slightly over 1 keV.

The combination of these two new diagnostics, the Micro Holografic Interferometer and the
Slit-Wire Camera, allows fine scale plasma structures to be resolved, both in density and
temperature. Further work is presently under way to study in finer detail the hot spots
dynamic.
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