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ABSTRACT
This paper presents characteristic features of the explosion of thin flat foils for currents and pulse risetimes ranging from 8 kA at 350 ns to
1000 kA at ∼100 ns. Foils made of aluminum, copper, nickel, and titanium with thicknesses of 1–100 μm are tested. Various diagnostics in
the optical, UV, and x-ray spectral ranges are used to image the exploding foils from initial breakdown to complete destruction or pinching.
It is shown that foil explosion is a complex process that depends on many factors, but features common to all foils are found that do not
depend on the parameters of the generators or, accordingly, on the energy deposited in the foil: for example, the breakdown of flat foils under
different conditions occurs at the edges of the foil. For the first time, the formation of a precursor over the central part of the foil is shown,
which significantly changes the dynamics of the foil explosion.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0098333

I. INTRODUCTION
For several decades, flat foils of different thicknesses have been

used as fast switches in high-power high-voltage pulsed current
generators1–3 and for shock wave generation.4,5 Studies of the inter-
action of extreme ultraviolet (XUV) radiation with foils6,7 and of the
UV radiation emitted by exploding foils are both interesting research
topics with possible applications.8 A prerequisite for the successful
application of exploding thin foils is an understanding of the phe-
nomena and processes associated with the explosions of flat thin foils
made of various materials, as well as the acquisition of additional
information about the processes associated with wire9,10 and cylin-
drical liner explosions, including those in magnetized liner inertial
fusion (MagLIF) experiments.11–14 Experiments with exploding flat
foils will help to reveal common features and differences in the pro-
cesses of flat foil, wire-array, and cylindrical liner explosions. The
present work is aimed at studying the features of nanosecond explo-
sions of flat foils for various parameters of different high-current
generators.

Many results from the series of experiments reported here have
been published in previous papers,8,15–19 including studies of such

properties of exploding foils as the formation and expansion of the
core and corona16,17 and the effect of the original structure of the
foils on the structure of the exploded foils.15,18,19 Note that when
discussing the structure of the foil here, we are referring to the inho-
mogeneity of the radiation of the exploded foil or the inhomogeneity
of the radiation absorption of the backlighter source by the foil.
In this paper, we have tried to exclude the influence of the initial
structure of the foils on the structure of the exploding foils. Thus,
all experimental results presented here were obtained using foils
without a one-dimensional initial structure visible through point-
projection radiography.15,19 The aim of the experiments was to study
in general terms the process of foil explosion from beginning to end
under various explosion conditions.

II. EXPERIMENTAL SETUP AND DIAGNOSTICS
The experiments on flat foil explosions were carried out on

the GVP, KING, BIN, XP, and COBRA pulsed power generators.
In these experiments, only thin foils without skin effect under our
experimental conditions were studied. The foils were exploded in
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FIG. 1. Arrangement of foils and X-
pinches for radiography in the high-
voltage diodes of (a) the COBRA, KING
and GVP generators and (b) the XP
and BIN generators, together with (c) the
arrangement for obtaining UV images of
the explosions of flat foils with time res-
olution. Key: 1, cathode plate; 2, return
current rods; 3, anode plate; 4, X-pinch,
5; flat foil; 6, 12.5 μm Ti filter; 7, TR imag-
ing plate; 8, PCD without filter; 9, pinhole
camera; 10, MCP.

a vacuum. Measurements were obtained at (1–2) × 10−4 Torr.
Note that on all the generators used, the foil was attached to the
high-voltage electrodes with copper tape. On the GVP, KING,
and COBRA generators, the foils were placed in the main circuit
[Fig. 1(a)]. Since the resistance and inductance of the foils are small,
almost the entire current of the generator, in principle, can flow
through them. On the COBRA generator, one or three X-pinches
were placed in the return current circuit instead of return cur-
rent rods for use in point-projection radiography [Fig. 1(a)].20,21

On the BIN and XP generators, the foils were located in the return
current circuit, and one hybrid X-pinch was located in the main
circuit [Fig. 1(b)]. The currents through the foils and through the
X-pinches in the return current circuit were measured using cal-
ibrated Rogowski coils. To change the current through a foil in
the return current circuit, the geometries of the rods and the foil
were changed to adjust the inductance of the circuit. The output
current parameters of the KING generator do not allow X-pinches
to work reliably, and so on KING generator the point-projection
radiography was not used. The results of experiments on the GVP
generator are presented in Refs. 18 and 19. Here, we present the
results of investigations of the stage of foil disintegration using laser
diagnostics.9,22 The generator parameters, foils, and X-pinches are
given in Table I.

For the initial stage of the process, diagnostics that allow
recording of the radiation of the exploding foil in the optical and
UV ranges are most suitable. Study of the structure of exploded foils

using point-projection radiography gives results in the later stages
of the explosion, when the structure of the foils begins to differ from
their original structure. Depending on the results, different diagnos-
tics can be used in the final stages of the explosion. Note that of the
many diagnostics available, only two can see the surface of the foil
at an angle of 90○, as shown in Fig. 1(c). This is especially important
for projection diagnostics, such as radiography and laser probing.
Only one foil surface is depicted in that case. On the other side of
the foil, a photoconducting detector (PCD) without a filter was usu-
ally used to compare the results of different shots in which identical
signals were registered [Fig. 1(c)]. Not all available diagnostics could
be used simultaneously.

The COBRA generator was equipped with numerous diagnos-
tics, especially in the UV and optical spectral ranges in which the
exploded foils radiate. The KING generator was equipped with one
four-frame UV camera like the two on COBRA. A four-channel
electro-optical converter based on a microchannel plate (MCP) was
used to obtain four images with time resolution on each camera.23

This enabled recording of the radiation within the energy range from
UV to soft x-rays (SXR) with an energy of greater than 1 keV. The
field of the MCP was divided into four sectors, each of which was
controlled independently. (On the KING generator, one of these was
not used in these experiments, since it had significantly lower sensi-
tivity.) The UV images of exploded objects were projected onto the
MCP using four pinhole cameras without filters and with aperture
diameters of 100 μm on COBRA and 40 or 200 μm on KING, which

TABLE I. Generator and load parameters.

Generator Generator Current through
(Institutiona) parameters I, V , trt Foils foils (kA)

GVP (LPI) 8 kA, 20 kV, 350 ns 4 μm Al 7.0–7.5
KING (LPI) 200 kA, 200 ns, 40 kV 4 μm Al; 12.5 μm Ti 180–200
BIN, LPI 250 kA, 300 kV, 100 ns 4 and 16 μm Al; 5 μm Ni; 1 and 10 μm Cu 40–80
XP (CU) 400 kA, 350 kV, 100 ns 4, 12, and 16 μm Al; 5 μm Ni; 5 and 10 μm Cu; 12.5 μm Ti 60–150
COBRA (CU) 1000 kA, 600 kV, 100 ns 4–100 μm Al, Cu, Ti 850–1000
aLPI, Lebedev Physical Institute; CU, Cornell University.
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allowed four frames to be obtained at different times. The minimum
energy of the recorded photons was determined by the diameter
of the aperture and its distance from the exploding object and was
55 eV for COBRA and 50 or 15 eV for KING.24 On the COBRA gen-
erator, the two identical MCP cameras viewed the surface of the foil
at an angle of 90○ and from the top.

A 12-frame optical imaging system with 2 ns frame and 10 ns
between frames was also used in the experiments on the COBRA
generator. Time-integrated pinhole images in UV and x-ray radi-
ation of the exploded foils were obtained on all generators, using
pinholes with 40 and 100 μm diameters. The images were recorded
using Fuji TR imaging plates (without coating).

The structure of the exploding foils was studied using point-
projection radiography employing the bright subnanosecond x-ray
bursts (“hot spots”) produced by the hybrid X-pinches as a point
source of soft x-ray radiation.20,21 This diagnostic can provide high
spatial and temporal resolution with a field of view limited only
by the geometry of the experiment and the film dimensions; there-
fore, it was possible to study foils with large surface areas. Laser
shadowgraph imaging systems were in use on the COBRA and
GVP generators.9,22 They could be used to image the exploding
foil plasmas in the initial and final stages of the foil explosion,
when the self-emission of the foil was either not yet or no longer
intense.

III. EXPERIMENTAL RESULTS
In general, the overall process of foil explosion can be divided

into several stages: foil breakdown, formation of a core and corona
of the foil and a plasma precursor in the corona, and foil decay
at low currents and its implosion at high. In this work, the break-
down of the foil and the formation of a precursor are investigated
in detail. The remaining stages of foil explosion are presented in
general terms.

Time-integrated pinhole images recorded on Fuji TR imaging
plates on all generators show intense UV radiation mostly in the cen-
tral part of the foils. The rest of the foil gives less intense nonuniform
radiation, with more intense radiation at the foil edges (Fig. 2).

The pinhole cameras without time resolution showed similar
pictures of the foil explosion on the COBRA and XP generators,
despite the significant difference in the maximum current through
the foils (Fig. 2 and Table I). Time-resolved pinhole images obtained
in visible (Fig. 3) and UV (Fig. 4) radiation on COBRA show that
the radiation of an exploding foil begins at its edges. The foil image
and its intensity profile in the second frame [Figs. 3, 4(a-2), and
4(b-2)] show that optical and UV radiation are registered only at
the edges of the foil. After some time (<10 ns for 7 μm Cu foil and
<30 ns for 100 μm Al foil) the optical radiation is recorded from the
entire surface of the foil: the entire surface begins to radiate. More
intense radiation is recorded from the central part of the foil and
the edges. The radiation intensity profiles [Figs. 4(b-3) and 4(b-4)]
show that the radiation intensity at the edges and in the center is
approximately the same at the time of registration. On the last frame
in Fig. 3, the stage of foil explosion close to its pinching is shown,
since the radiation is recorded mainly in the central part of the
foil. Note that the numbers on the figures presented below indicate
the timing of the frames relative to the beginning of the generator
current.

FIG. 2. Time-integrated pinhole images (side view) of exploded 4 μm Al (a) and
5 μm Cu (b) foils obtained on the XP and COBRA generators, respectively,
recorded on Fuji TR imaging plates without filter. Pinholes without filter and with
hole diameters of 100 μm were used. The lower energy cutoff of the pinholes in
the experimental geometry was 55 eV.

FIG. 3. Set of visible light framing images of an exploding 100 μm thick Al
foil (3 mm wide, 8 mm long) recorded with 2 ns frame time on the COBRA
generator.
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FIG. 4. (a) Time-resolved pinhole images
(side view) of exploded 7 μm thick
Cu foil in the XUV range (Ecut > 55)
recorded with 5 ns temporal resolution
on the COBRA generator using a pin-
hole camera with 100 μm hole diameter.
(b) Lineouts showing the radiation level
along the width of the foil in the places
marked with horizontal white lines in (a).
The numbers 1–4 indicate the frames
from the beginning of the current. The
lower energy cutoff of the pinholes in the
experimental geometry was 50 eV.

FIG. 5. Time-resolved pinhole images
(side view) of exploded 7 μm thick Ni
foil in the XUV range (Ecut > 55 eV)
recorded with 5 ns temporal resolution
on the COBRA generator using a pinhole
camera with 100 μm hole diameter (shot
4661).

A Ni foil shows explosion dynamics similar to that of a Cu
foil of the same thickness (Fig. 5), and the foil goes through simi-
lar explosion stages. Figure 5 shows mainly the later stages of Ni foil
explosion. It can be seen that the first frame practically repeats the
third frame of the Cu foil explosion, after which the central radiating
part becomes wider and radiates more intensely.

Experiments aimed at systematic study of the dynamics of
exploding foils in UV radiation were continued on the small-sized
KING generator.23 One of the reasons for this was that KING is
simpler and easier to use than COBRA, on which long-term experi-
mental research is difficult and expensive. On KING, it was possible
to use the same MCP recorder as on COBRA, whereas electrical
noise would have made this difficult on the older XP and BIN
generators. However, the output parameters of KING are radically
different from those of COBRA (see Table I). Therefore, the first
question that arose concerned the intensity of UV radiation on
KING compared with that on COBRA. Experiments were carried
out on KING to study the explosion of Al and Ti foils (see Table I).
The MCP recorder was applied using pinhole cameras with 30 and
200 μm hole diameters.

Because of the relatively small output voltage in experiments on
KING, the quality of the foil contact with the cathode of the high-
voltage diode turned out to be a very important factor. This was
probably attributable to the much lower voltage at the high-voltage
electrode. Figure 6 shows UV images of the initial stage of the explo-
sion of an Al foil with a thickness of 4 μm, a width of 1.5 mm, and

a length of 3 mm. In the first frame, recorded 5 ns after the start of
the current, UV radiation is registered in the upper part of the right
edge of the foil. In the second and third frames, this edge still radiates
noticeably more than the rest of the foil except for the middle part. In
experiments with a pinhole camera with a diameter of 30 μm, images
with good spatial resolution were recorded, but the radiation inten-
sity of the edges of the foil was not clear enough to obtain an explicit
image. It can be assumed that on the KING generator, the foil break-
down begins at the edges, but its energy is less than 55 eV—the cutoff

FIG. 6. Time-resolved pinhole images (side view) (Ecut > 50 eV) of the initial
stage of the explosion of Al foil with a thickness of 4 μm on the KING generator
(shot 1013).
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FIG. 7. Pinhole images (side view) of exploded Al foil with a thickness of 4 μm
recorded in the UV radiation range (Ecut > 15 eV), with a time resolution of 5 ns on
the KING generator (shot 1091).

energy of the system used. To obtain an image of the edges of the foil,
a large-diameter pinhole camera (200 μm) was used, which increased
the intensity of the recorded radiation by reducing the cutoff energy
from 55 to 15 eV.

Figure 7 shows UV images of the initial stage of the explosion of
an Al foil with a thickness of 4 μm, a width of 2 mm, and a length of
3 mm. The third frame of the image recorded by the 200 μm pinhole
camera shows that UV radiation has already appeared on the edges
of the foil but not in the center. It can also be seen that the break-
down of the edges of the foil with a small width and length occurs
5–10 ns after the start of the current, but the intensity of UV radia-
tion is not high. Experiments showed that the radiation of longer Al
foils with a thickness of 4 μm also begins on the edges, but later than
in the case of a short foil (Fig. 7).

It should be noted that long (>6 mm) Al and Ti foils (Figs. 8
and 9) show significantly more uniform breakdown along the length
of the foil, without any pronounced influence from the quality of the
contact of the foil with the electrodes (Figs. 6 and 7). With Ti foils,
the radiation at the edges is very weak, possibly because of the 50 eV
lower energy cutoff in those images (Fig. 9).

FIG. 9. Pinhole images (side view) of exploded Ti foil with a thickness of 12.5 μm,
recorded in the UV radiation range (Ecut > 50 eV) with a time resolution of 5 ns on
the KING generator (shot 1036). The width of the foil was 3 mm, as marked on the
figure.

Time-resolved pinhole images and radiation intensity profiles
of an exploded long Al foil show that the intensity of UV radiation
in the central part of the foil is significantly higher than at its edges
(Fig. 8). The radiation intensity of the central part also increases
over time. Note that the radiation intensity of foils of different mate-
rials exploded on generators with very different output parameters
is very different and goes far beyond the range of the linear response
of MCPs. Therefore, a direct comparison under the same radiation
conditions of different foils is practically impossible. From the above
images and radiation intensity profiles, it can be concluded that the
radiation intensity of the edges of the foil (Ecut > 50 eV) is much less
than on the COBRA generator. The high intensity of radiation in the
central part of the foil indicates more heating and a greater degree of
ionization of the material.

No MCP cameras were used on the XP and BIN generators, and
so the conclusions about the dynamics of the foil explosions pre-
sented below could be drawn only from time-integrated UV images
and x-ray images obtained using point-projection imaging of the

FIG. 8. (a) Pinhole images (side view)
and radiation intensity profiles of an
exploding Al foil with a thickness of 4 μm,
recorded in the UV radiation range (Ecut
> 50 eV) with a time resolution of 5 ns on
the KING generator (shot 1024). (b) Line-
outs showing the radiation level along
the width of the foil in the places marked
with horizontal black lines in (a). The
numbers 1–3 indicate frames relative to
the beginning of the current.
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FIG. 10. Point-projection images of exploding Cu foils in radiation with energy
2.5 keV < E < 4.8 keV: (a) 7 μm thick Cu foil on the COBRA generator; (b) 5 μm
thick Cu foil on the XP generator; (c) 1 μm thick Cu foil on the BIN generator.

exploding foils. The time-integrated UV images shown in Figs. 2(a)
and 2(b) are very similar to the later stages of the foil explosions
recorded on the COBRA and KING generators. Therefore, we can
assume that the dynamics of the foil explosions on all the generators
used have features in common.

X-ray images recorded on generators with different output volt-
ages and currents through the foil show that the dynamics of the
explosions of foils of different materials also have common fea-
tures (Figs. 10 and 11).18 Radiographs show a significant difference
between the conditions in the central and peripheral parts of the foil.
The radiographs in Fig. 10 demonstrate that at the moment at which
the image is recorded, bubbles of various diameters form in the cen-
tral part of the exploding Cu foil. The bubbles later merge in the
central part of the foil. At the same time, part of the core mass is
shifted to the foil areas farther from the center (within 1 mm on both
sides of the center). Figure 11 shows x-ray images of Al foils with a
thickness of 4 μm and approximately the same size, exploding on the
XP generator with approximately the same current through the foil.
It can be seen that over time, the bubbles grow in diameter, starting
to merge in the central part of the foil and thereby forming an area
in the center that is more transparent to x-ray radiation [Figs. 11(a)
and 11(b)]. Displacement of the core mass to the periphery becomes
more noticeable. At a later time, the entire central part of the foil
looks like a homogeneous plasma region, and the entire foil begins
to pinch, with the formation of noticeable instabilities at its edges
[Fig. 11(c)].

The dynamics of the explosion of a foil at a late stage depend
on the current flowing through the foil. At high currents, for exam-
ple, in experiments on the COBRA generator, the core of the foil can
stagnate at the foil center and form hot areas about 1 mm in size

FIG. 11. Point-projection images of exploding 4 μm thick Al foils in radiation with
energy 2.5 keV < E < 4.8 keV on the XP generator: (a) shot 7849; (b) shot 7857;
(c) shot 7872.

FIG. 12. Time-resolved pinhole images of exploding 7 μm thick Cu foil in the XUV
range (Ecut > 55 eV), recorded with 5 ns temporal resolution on COBRA using a
pinhole camera with 100 μm hole diameter (shot 3856).

FIG. 13. Laser shadowgrams of flat 4 μm thick Al foil (a) before and (b) after
explosion, recorded on the GVP generator.

(Figs. 2 and 12). At the same time, soft x-ray radiation (E > 1 keV) is
not recorded with PCDs, even in experiments on the COBRA gener-
ator. The experiments used foils with a mass that was selected for
each generator to prevent pinching. Figure 12 shows UV images
at different stages of stagnation of a Cu foil of thickness 7 μm.
The fourth frame in the figure was recorded close to the greatest
compression of the foil on the COBRA generator.

On generators with a low current through the foil during the
late stage of the explosion, the foil disintegrates into separate drops
that are clearly visible with the help of laser probing (Fig. 13).

IV. DISCUSSION
One explanation for the strong heating of the central part of the

exploded foils may be as follows. When the edges of the foil break
down, a low-density and weakly ionized plasma is formed, which
expands and pinches on both sides around the center of the foil.
Thus, a plasma precursor is formed adjacent to the central part of
the exploding foil above its surface, as happens in wire arrays.25–32

Part of the current begins to flow through this precursor, leading to
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FIG. 14. (a) Layout of the foil in a high-
voltage diode: 1, cathode; 2, return cur-
rent rods; 3, anode; 4, Cu tape; 5, foil.
(b) pinhole images (top view) of exploded
Cu foil with a thickness of 7 μm recorded
in the UV radiation range with an energy
above 55 eV with a time resolution of
5 ns on the COBRA generator (shot
4658).

its heating and compression. As the latest spectroscopic experiments
conducted on the KING generator have shown, the parameters of
the precursor plasma have quite high values.8 For exploded Al foils,
the plasma electron temperature has been recorded in the range of
50–80 eV and the ion density in the range (2–8) × 1020 cm−3. These
parameters are quite consistent with those of the precursors in cylin-
drical wire arrays.26 The precursor is formed in the central part of the
foil close to its surface and can heat the material of the central part of
the core with the formation of bubbles, up to evaporation and partial
ionization of the core material.

Figure 14 shows UV images of a Cu foil explosion recorded
when the pinhole camera with the MCP is positioned from above
at an angle of 90○ to the upper edge of the foil. It can be seen that
breakdown begins at the edges of the foil at about 55 ns from the
beginning of the current pulse, and there is a noticeable difference in
the intensity of radiation, probably due to the difference in the qual-
ity of contact of the edges of the foil with the electrodes. After 10 ns,
radiation is recorded from the entire surface of the foil, a precursor
is formed above its surface, and the asymmetry, still noticeable in
the third frame, completely disappears in the fourth frame. Bright
UV radiation is observed, both from the core of the foil and from
the precursor localized above the center of the foil. We think that
the bright radiation imaged in the center of the exploding foils in
Figs. 3–5, 7, 8, and 11 is also due mainly to the radiation of the pre-
cursor. In later frames, the central radiating area becomes brighter
and wider. At the same time, spread of this area to the entire foil, or
even to most of it, is never observed. Probably, the precursor is com-
pressed by the current flowing through it, which leads to an increase
in density and compensates for its expansion due to evaporation of
the core material.

V. CONCLUSIONS
From experimental studies of the explosion of thin flat foils

using generators with a wide range of output parameters, we have
concluded that the explosion of foils is a complex process that
depends on many factors, some of which are yet to be identified.
In this work, common features of the explosion of foils have been
found that do not depend on either the generator parameters or
on the material, size, and structure of the foil. We have been able
to conclude that the breakdown of flat foils under different condi-
tions occurs at the edges of the foil. At the same time, the process of
heating the foil at its center is more rapid, owing to the formation

of a plasma precursor above its surface. We have found that the use
of significantly more powerful generators that significantly increase
the current density does not lead to any fundamental change in the
nature of the flat foil explosion. On the basis of these experiments,
we can conclude that the formation of a precursor is a universal pro-
cess for both wire arrays and flat foil loads. It is important to take
this into account when using foil loads in applications.
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