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Results from the first solid foil implosion on the 18-MA Z accelerator are reported. The foil
implosion is compared to a 300-wire-array implosion with the same material and the same diameter,
height, and total mass. Though both the foil and the array produced comparable x-ray yields, the
array’s radiation burst was twice as powerful and half as long as the foil’s. These data along with
x-ray backlighting images and inductance measurements suggest that the foil implosion
was more unstable than the wire-array implosion.
© 2004 American Institute of Physics. [DOI: 10.1063/1.1796352]

Foils have rarely been used as the load for fast, 100 ns,
Z-pinch implosions due to the difficulty in fabricating thin
foils. In the early 1990s very thin foils, roughly 2000 Å
thick, were shot on the 7-MA SATURN accelerator. Poor
performance of these foils was correlated with poor quality
wrinkled foils that could seed the Rayleigh–Taylor(RT)
instability.1 Foil Z pinches have often been used on longer
implosion time systems, with implosion times of order 1ms,
that implode enough mass to fabricate high quality foils.
These long implosion time foils have been reported to be
very susceptible to the RT instability.2,3 In the middle 1990s
exceptional pinch performance was obtained using large wire
number wire arrays on SATURN, removing the impetus for
foil research.4 Experiments in the late 1990s on SATURN
and early in this century on the 20-MA Z accelerator5 have
shown that pinch performance is degraded with too many
wires in the wire array.6,7 The speculation for the degradation
of radiated power with too many wires is that the wire plas-
mas merge, become like a foil, and become more susceptible
to the RT instability. Many papers have been written on the
role of the RT instability in Z pinches.8–12

Unless wires merge the two dimensional(2D) RT mod-
eling of wire-array Z pinches is not truly applicable, and it is
likely that the pinch mass will have azimuthal modulation.
Results from experiments at Imperial College with low wire
numbers show that the individual wires do not merge. The
implosions are characterized by a long wire ablation period
of 80% of the array implosion time. During this ablation
period precursor plasma streams towards the axis from the
coronal plasmas around each wire. These streaming plasmas
and the original wires exhibit axial modulations as well.13–15

Wire-array Z pinches that do not merge may be more stable
to the RT instability than wire arrays that merge, or the
foils.16 Delayed acceleration of the wire arrays because of a
long wire ablation period and snowplow accretion of the
abated precursor plasma during acceleration may both stabi-
lize wire arrays by comparison with foils.15 Recent experi-
ments on Z with very high wire number tungsten arrays have
shown a long ablation period of about 55% of the array im-

plosion time as well as precursor plasma on axis.17,18 These
experiments also show the signature of snowplow accretion
of mass during the implosion in the power pulse for 20 mm
diameter arrays on Z.

Z drives enough mass, several mg/cm from a 2 cm di-
ameter, so that fabrication of high quality foils, straight and
free of wrinkles, is possible. There are several reasons to
explore foils as Z-pinch loads. 2D RT theory may be appli-
cable to an imploding foil or to a wire-array system in which
the wires merge. It may be possible to stabilize foil implo-
sions by mounting cylindrical or annular foam inside the foil.
Ultimately, foil loads may be simpler to fabricate than wire
arrays and would be free of excess wire dangling above or
below the load region hampering diagnostic access. Foils on
Z implode fast enough so that thermal losses from an internal
fluid heated byPdV work, as in direct drive fusion, are
small, and it may be possible to heat DT directly by implod-
ing quasispherical foils on Z.19 Systems of nested foils or
wire-arrays imploding onto foils may have application to
pulse shaping of radiation for indirect drive fusion systems.20

Foils will become easier to fabricate as loads for larger ma-
chines since the foil mass scales as the square of the machine
current. The experiments described in this Letter represent
the first controlled comparison of a foil load with a wire-
array with identical load mass, implosion time, diameter,
length, material, driving accelerator, and diagnostics pack-
age. The results show that the foil exhibits decreased stability
compared to the wire array possibly resulting from an in-
creased initial seed for the RT instability.

The load hardware including the foil is shown in the
illustration of Fig. 1. The foil itself hangs from the anode
hardware. Physical contact between the 1.5mm thick foil
and the cathode surface would have risked damaging the foil,
so we relied on electrical breakdown of a 100mm radial gap
to achieve current contact. The electric field strengths on Z
rapidly reach 10 MV/cm across this gap, so current contact
should occur very rapidly. The breakdown of this small gap
may not be uniform and simultaneous around the azimuth.

The inset in Fig. 1 shows a photograph of the copper foil
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load. It is 2 cm in diameter and 1.5mm thick, weighing
8.3 mg/cm. The white flakes on the foil are residual acrylic
left over from the mandrel after leaching. With more fabri-
cation experience these flakes can be eliminated. This acrylic
could have been a source for undesired low-density coronal
plasma around the foil. We chose copper as the load since it
is presently the best material for fabricating a foil by elec-
troplating and it is also available in wires.

The return current can have nine 8.8 mm wide slots cut
into it. These parameters were chosen to make room for the
foil to slip inside of the cathode and to optimize the view of
the backlighter to include the tangential edge of the foil or
array.

The primary result of this experiment is shown in Fig. 2,
a plot of the total current and radial x-ray power for the
copper wire array and for the copper foil. The current is
similar for each load. The wire-array radiated 60 TW in a
10 ns pulse width. The implosion time to the breakpoint in
the x-ray power was 106.5 ns. The wire-array yield was
920 kJ. The foil radiated 30 TW in a 20 ns pulse width. The
implosion time was 109.5 ns. The foil yield was 790-kJ,
slightly less than the wire-array yield.

A monochromatic crystal backlighting diagnostic21 was
used to image the loads when the current reached about

8.8 MA. The backlighter source was a laser-produced plasma
created by illuminating a silicon target with a 1 TW, 0.6 ns,
527 nm pulse from the Z-Beamlet laser, focused to 200mm,
creating 1 J of He-like Si x rays at 1.865 keV. The portions
of the radiographs that show the edge of the wire array or foil
are shown in Fig. 3. The radiographs were taken at the ap-
proximate time when a 0D “thin-shell” model predicts that
the load mass would begin to move towards the axis. The
horizontal scale in Fig. 3 is presently not known to be better
than 200mm, so we cannot specify the original foil position
more accurately than this. It may be possible to do so in the
future by backlighting the foil in a preshot radiograph, but
this risks damaging the fragile foil with debris from the
backlighter spot. Lineouts from Fig. 3 100mm wide in ra-
dius are shown in Fig. 4. These lineouts were taken along the
inside of the gap imaged in Fig. 3. The amplitude of the edge
instability is much greater for the foil load than for the wire-
array load.

In the foil case, the average acceleration for the foil edge
to move 200mm in 40 ns is 2.531013 cm/s2. The RT
growth rate for a 100mm wavelength is then 1.253108 s−1,
and the number ofe-foldings over 40 ns is five. Also, if the
dominant wavelength is 100mm then the shell thickness is
likely to be of this order. Douglaset al. have shown that a
thin shell will be very susceptible to RT.12 If the measured
parameters were the seed for the RT growth during the re-
maining 60 ns of the implosion, with an average acceleration
of 531014 cm/s2 and a 100mm wavelength, then the
200 mm amplitude would grow by another 33e-foldings.
After a few e-foldings the RT instability would enter the

FIG. 1. This is a schematic drawing of the load region on Z for the copper
foil shot. A photograph of the 1.5mm thick copper foil imploded on experi-
ment zp1191 is shown in the inset. The wire array is located in the same
position as the foil but makes current contact with the hardware at the top
and bottom of the array.

FIG. 2. Traces of the load current and soft x-ray power radiated for a copper
wire array, experiment zp1138, and the copper foil, experiment zp1191.

FIG. 3. Images from the 1.865 keV monochromatic backlighter for the cop-
per wire array(b) shot and the copper foil shot(a). The images are recorded
at the time of 8.8 MA of load current, just before the loads are expected to
implode in 0D modeling. The images shown are of the edge of the load. An
axial perturbation is clear in the case of the foil and is much less pronounced
in the case of the wire array.
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nonlinear phase and no longer grow exponentially. It is pos-
sible that the perturbations at the foil edge in Fig. 3 are due
to instability of foil coronal plasma outboard of the original
foil position.

Figure 4 also shows a radial lineout across the backlight
image at the locations of discrete wires in the wire-array
case. The valleys in Fig. 4 represent the location of indi-
vidual wires. The narrowest valleys are 50mm wide. Often
two wires along the chord of the backlighter line up in the
image, giving the illusion of a larger wire core. The 50mm
widths of the smallest valleys give the diameters of the indi-
vidual wire plasmas at the time of 8.8-MA load current. Fig-
ure 4 shows that the copper wires, originally at 20mm di-
ameters, have expanded to 50mm diameters when the load
current is 8.8 MA. Since the original wire-to-wire gap was
210 mm, the cores of the wires have not expanded enough to
merge into a cylindrical shell. For tungsten wire arrays on Z
at 2 cm diameter, a falloff in radiated power of a factor of 3
in going from 300 to 600 wires has been reported, and this
may be due to wire merger and increased susceptibility to RT
of a foil-like implosion.7 Wire arrays that do not merge ap-
pear to be superior to wire arrays that do merge and to foil
loads, but wire arrays that do not merge will always have
precursor plasma arriving on-axis early.

Figure 5 compares the effective or mean radius of the
current for the wire array and the foil. Current and voltage
monitors together determine the load inductance as a func-
tion of time, neglecting resistive effects, which are presum-
ably early in the current pulse.17,22 The effective or mean
radius of the load current is determined from this inductance
assuming that the inductance of the imploding array can be
represented as a collapsing thin shell in a concentric return-
current conductor. We do not know the shape of the current
profile and expect current to be distributed both inside and
outside this effective radius.17 Figure 5 shows that the foil

clearly begins to accelerate at a shorter fraction of the implo-
sion time s49±3%d compared to the wire arrays76±5%d.
The method shows an initial plateau(with constant induc-
tance) to within a relative error of order ±0.5 mm. A thin-
shell trajectory would arrive at 9.5 mm at roughly 40%–50%
of the implosion time. This technique may therefore not be
sensitive to earlier motion of the shell. The heavy copper
array s8.3 mg/cmd has a longer wire ablation period com-
pared to the standard 20 mm diameter tungsten arrays
s6 mg/cmd, which shows an ablation period of 55%.17,18,22

Figure 5 also shows that the wire array accelerates much
faster than the foil.

Trajectories with a delayed motion and a higher overall
acceleration experience fewer linear RT growth periods and
hence may exhibit overall higher stability. A larger number
of growth periods combined with a larger initial seed for the
foil as shown in Fig. 3 correlates with the lower soft x-ray
powers for the foil load shown in Fig. 1.

We have imploded the first foil load on the 20-MA ac-
celerator Z and compared it to an equivalent mass wire-array
load. The copper foil, 1.5mm thick, 2 cm in diameter,
weighing 8.3 mg/cm, radiated 30 TW with a 20 ns pulse
width. The 300-wire copper wire-array radiated 60 TW in a
10 ns pulse width. The wires in the 300-wire array did not
merge at the time of 8.8-MA load current. Axial instabilities
along the edge of the foil were larger in amplitude than in-
stabilities along the edge of the wire array at the time of
8.8-MA load current. The array exhibited delayed onset of
acceleration compared to the foil and accelerated towards the
axis at a higher velocity. This implies the array may have
higher overall resistance to the Rayleigh–Taylor instability. A
long wire ablation period for the wire array implies preab-
lated wire mass inside the array. This suggests that snowplow
accretion might further stabilize wire array loads.14,16 On
larger machines, such as ZR, which will deliver roughly
30-MA to a pinch load, foil loads will become easier to
fabricate since for the same diameter the foil mass scales as
the square of the current. With greater load mass it may be
possible to stabilize a foil implosion, via the “snowplow”
mechanism, by filling the cylindrical foil with low-density

FIG. 4. Axial lineouts of the images of Fig. 3 are shown in(a). (b) shows
radial lineouts of the monochromatic backlighter images of the wires in the
wire array. Both lineouts were recorded at the time of 8.8 MA of load
current. The initial wire-to-wire gap is 209mm for the 2 cm diameter 300-
wire array.

FIG. 5. Comparison of the effective position of the current for the foil load
and the wire array load. The foil accelerates at a smaller fraction of the
implosion time than the wire array.
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foam. In principle foil implosions may be modeled with 2D
codes that include the RT instability, whereas the wire-array
implosions are inherently 3D.
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