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A modified version of the vacuum spark experiment, in which a jet of argon is injected
from the anode, is described. Experiments on a 1.26-kJ system have shown a strong
pinching of the plasma with good reproducibility. The pinched plasma (~ 20 ns lifetime)
is submillimeter in size with estimated temperature of 6—9 keV and density = 10 /cm®.,
Advantages of such a device for the study of high-density plasmas and scaling up are dis-
cussed. Results are compared to vacuum spark and exploding wire experiments per-

formed on the same system.

Z-pinch-produced plasmas of high density
(10" cm™3), and high temperature (a few keV)
have been studied in three different experiments:
dense plasma focus,' exploding wire,? and vacuum
spark.®** The main drawback in dense plasma fo-
cus experiments is the contact of the plasma with
the wall causing restrikes which create serious
limitations in efforts to scale up the input energy.®
Exploding-wire and vacuum-spark plasmas do not
come in contact with the wall, but the initial den-
sity is too high and too low, respectively, for
proper implosion. This means that in the case
of exploding wire one has to rely on the expansion
of the vaporized wire at the beginning—before
the wire material is ionized—and in the case of
vacuum spark one has to rely on spark-created
plasma from the electrodes’ material to fill the
gap before current can start to flow. As a result,
vacuum-spark experiments are extremely irre-
producible and exploding wires (unless exploded
on very large machines with power of = 102 W)
do not produce to high temperatures because of
large initial densities.

The device described in this Letter offers con-
trol over the initial density while the plasma is
still kept away from the wall. Any gas can be
used to form the plasma, so that both low- and
high-Z ionic species can be studied on the same
apparatus. The experiment can be fired repeti-
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FIG. 1. Experimental setup, schematic.

tively, and no conditioning is necessary.

The experimental setup is described in Fig. 1.
A metallic vacuum chamber (pressure ~5X107°
Torr) contains a cone-shaped cathode and a flat
anode with a 2,5-mm hole in the center. Both
electrodes are made of graphite and the separa-
tion between them is ~ 8 mm. A fast valve filled
with argon gas at a pressure of ~ 4 atm is activat-
ed and the gas flows through a nozzle and a dia-
phragm (the anode) to form a collimated jet be-
tween the two electrodes. At this point a 2.8-uyF
capacitor bank charged to 30 kV is connected
across the experiment via a high voltage switch.
As a result, the gas breaks down and current
starts to flow. The gas burst is sensed by a mini-
ature spark gap, located below the nozzle, which
breaks down when the gas front reaches it.

The combination of a fast valve,® a nozzle, and
a diaphragm enables us to create a jet of gas with
density of ~10'” em ™3 in a time shorter than 20 us.
A measurement of the pressure rise as a function
of time, using a fast ionization gauge,” is shown
in Fig. 2. The size of the jet as determined from
such measurements is 2.5 mm at the anode and
~4 mm at the cathode. The collimation of the jet
insures that the current starts to flow in a col-
umn between the two electrodes and the gas does

1.5 torr

FIG. 2. Pressure risetime of the injected gas (using
a fast ionization gauge). Top trace: ion current. Bot-
tom trace: electron current. The density rises to 107
em™? in ~ 20 us. The gauge is not calibrated at densi-
ties above 107 cm™2,
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FIG. 3. Comparison of (a) puffed-gas, (b) vacuum-
spark, and (c) exploding-wire experiments. Top trace
measures dI /dt using a Ri)govski coil and the bottom
trace is the output of a p-i-n diode x-ray detector.
(Vertical scales are arbitrary.)

not reach either the wall or the insulator,

The current in the system rises to 200 kA in
600 ns; ~ 300 ns after the initial breakdown, a
sharp drop in the rate of change of current simul-
taneously with a voltage spike and a burst of
x rays (~ 20 ns) is observed [see Fig. 3(a)]. The
above measurements (in addition to x-ray and
visible-light photography) indicate a strong pinch-
ing of the plasma column. This result is repro-
ducible, unlike the vacuum-spark case [see Fig.
3(b)], in the sense that one intense pinch is formed
in every shot and the jitter in the time it occurs
is <50 ns. The reproducibility is sensitive to the
initial breakdown conditions; i.e., the electrodes’
shape, the pressure rise time, and the delay be-
tween the valve’s opening and the initial break-
down. Too short a delay will cause a behavior
similar to the vacuum-spark case and too long a
delay will cause a flashover along the insulator,
The experiment can be fired repetitively without
opening the vacuum system and with only a few
minutes in between shots (limited by the time it
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FIG. 4. Visible-light photography using a fast fram-
ing camera (10-ns exposure time). (a) £ =100 ns, (b) ¢
=250 ns (before the pinch), (c) £ =350 ns after the pinch).

takes to evacuate the chamber after a shot). No
conditioning of the system is necessary (probably
because of the localization of the plasma away
from the wall).

The collimated nature of the discharge is dem-
onstrated in a set of pictures taken with a fram-
ing camera [see Fig. 4]. Figure 4(b) shows the
plasma just before the pinch, and Fig. 4(c) was
taken after the plasma column was disrupted.
The electrodes’ plasmas (as seen in Fig. 4) move
toward each other at a speed of 1.5 cm/us. The
plasma radial velocity at the pinching stage is
~20 cm/us as measured from streak photogra-
phy (see Fig. 5).

The shape and location of the pinched plasma
were studied using x-ray pinhole photography
(Fig. 6). The plasma appears to be elongated
(along the anode-cathode axis) and its size varies
from shot to shot between 0.1 and 0,25 mm in
diameter and between 0,3 and 1.3 mm long, The
location of the plasma is around the center of
anode-cathode gap.

Two p-i-n-diode x-ray detectors with different
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FIG. 5. Streak photograph. The split was 1 mm wid:
located at the midplane of the electrodes’ spacing.
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0.1 mm

FIG. 6. X-ray pinhole photographs from two different
shots, Pinhole diameter is 20 um. Pinhole to source
distance is 3 cm and pinhole to film distance is 1.5 cm.

foil absorbers have used to estimate the plasma
electron temperature.® Absorbers include gold,
nickel, and aluminum with thicknesses in the
range of 25~-250 um. The temperatures all lie in
the range of 6—~9 keV. (Similar measurement for
a vacuum-spark plasma gave ~ 30 keV.) Using
this temperature measurement, the plasma size
as determined by x-ray pinhole photography, and
the Bennett pinch relation, the electron density
is found to be N, = 10*® cm ™3,

The above measurement is just an estimate be-
cause of nonthermal effects. However, because
all the foils gave similar results (6-9 keV), it is
considered to be a good estimate.

Nonthermal effects that have been observed in-
clude the following: (a) High-energy x-rays
(= 200 keV) were detected using a plastic-scintil-
lator photomultiplier arrangement with 2-mm-
thick lead absorber in front of it [see Fig. 7(a)l.
(b) High-energy ions (= 200 keV) have been de-
tected on a nitrocellulose film.® (c) When D,
was used instead of Ar the x-ray pulse on the
scintillator -photomultiplier detector was followed
by a pulse of neutrons (~ 10°). At least part of
them are believed to be of beam-target nature
[see Fig. T()].

Both vacuum-spark and exploding-wire experi-
ments were performed on the same system, un-
der the same conditions. Figure 3 compares re-
sults from the puffed-gas experiment to vacuum-

spark and exploding-wire experiments. In the
vacuum-spark case, no external source of plas-
ma prior to the application of high voltage was
used, and a ~200-ns delay in the current rise is
observed. (This delay corresponds to the time it
takes for the electrodes’ plasmas to fill the gap.)
The behavior of the plasma is very erratic and
nonreproducible (in agreement with other vacuum-
spark experiments).*°

In order to perform exploding-wire experiments
the two electrodes were modified to hold a 6-mm-
long, 7-um-diam graphite fiber (of comparable
line density to that of the puffed-gas jet). The
traces of current and x-ray measurements are
reproducible and resemble those of the puffed-
gas experiment, The initial heating, evaporation,
and ionization of the wire take place during the
first 10 ns.

Nonthermal effects, similar to the ones ob-
served in the puffed-gas experiment were ob-
served in vacuum-spark and exploding wire ex-
periments.

The chain of events as inferred from the dI/dt
trace, fast visible-light photography, and x-ray
measurements is as follows: The injected jet of
gas (~ 10" ¢cm™? density, 2.5 mm diameter at the
bottom and ~ 4 mm at the top) breaks down to
form a plasma column, The plasma goes through

(a)

FIG. 7. High-energy x-rays and neutron measure-
ments. The bottom trace is the output of a plastic-
scintillator, photomultiplier system with 2-mm lead
absorber in front of it, located 2 m from the experi-
ment (a) with argon (b) with deuterium. (The delay be-
tween the time of the pinch and the x-ray pulse corre-
sponds to electron collection time of the 12.5-cm-diam-
eter photomultiplier. The long decay time is an inher-
ent property of the photomultiplier.) The second pulse
in (b) is due to a burst of neutrons emitted during the
time of the pinch. Top trace measures dl/dt.
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one or two “breathing motions” in which its col-
limated nature is retained and, after ~ 300 ns,
when the current reaches ~ 100 kA, the plasma

column pinches to form a localized submillimeter,

hot (6-9 keV) plasma of density = 10'%/cm™3,
The lifetime of the hot plasma is ~20 ns. After-
wards, the plasma goes unstable, and no more
pinchesc are observed.

The plasma produced in the puffed-gas device
is of interest for further study because of its
good reproducibility and compatibility with dif-
ferent gases, which makes it attractive for spec-
troscopic studies of x-rays emitted by highly ion-
ized high-Z elements such as argon, krypton,
and xenon. The localization of the plasma away
from the wall suggests good possibilities for the
scaling up of the input energy.

This work was supported by the Defense Nucle-
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FIG. 2. Pressure risetime of the injected gas (using
a fast ionization gauge). Top trace: ion current. Bot-
tom trace: electron current. The density rises to 10'7
em™® in ~ 20 pus. The gauge is not calibrated at densi-
ties above 10'7 cm™3,
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FIG. 3. Comparison of (a) puffed-gas, (b) vacuum-
spark, and (c) exploding-wire experiments, Top trace
measures dJ /dt using a Rogovski coil and the bottom
trace is the output of a p-i-n diode x-ray detector.
(Vertical scales are arbitrary,)
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FIG. 4. Visible-light photography using a fast fram-
ing camera (10-ns exposure time). (a) £ =100 ns, (b) ¢
=250 ns (before the pinch), (c) £ =350 ns after the pinch).
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FIG. 5. Streak photograph. The split was 1 mm wid:
located at the midplane of the electrodes’ spacing.



0.1 mm

FIG. 6. X-ray pinhole photographs from two different
shots. Pinhole diameter is 20 pm. Pinhole to source
distance is 3 cm and pinhole to film distance is 1.5 em.



(a)

FIG. 7. High-energy x-rays and neutron measure-
ments. The bottom trace is the output of a plastic-
scintillator, photomultiplier system with 2-mm lead
absorber in front of it, located 2 m from the experi-
ment (a) with argon (b) with deuterium. (The delay be-
tween the time of the pinch and the x-ray pulse corre-
sponds to electron collection time of the 12.5-cm-diam-
eter photomultiplier. The long decay time is an inher-
ent property of the photomultiplier.) The second pulse
in (b) is due to a burst of neutrons emitted during the
time of the pinch. Top trace measures dl/dt.



