VOLUME 74, NUMBER 1

PHYSICAL REVIEW LETTERS

2 JANUARY 1995

Electromagnetic Implosion of Spherical Liner
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We have magnetically driven a tapered-thickness spherical aluminum shell implosion with a 12.5 MA
axial discharge. The initially 4 cm radius, 0.1 to 0.2 cm thick, +45° latitude shell was imploded along
conical electrodes. The implosion time was approximately 15 usec. Radiography indicated substantial
agreement with 2D-MHD calculations. Such calculations for this experiment predict final inner-surface
implosion velocity of 2.5 to 3 cm/usec, peak pressure of 56 Mbar, and peak density of 16.8 g/cm?

(>6 times solid density).

The principal experimental result is a demonstration of the feasibility of

electromagnetic-driven spherical liner implosions in the cm/usec regime.

PACS numbers: 52.55.Ez, 52.50.Lp

A crucial problem in the creation of high energy
density matter is spherically symmetric implosions. Laser
techniques become quite expensive at high total energy
in the compressed matter. Electromagnetic implosions,
on the other hand, require close control of solid state
mechanics at high magnetic field values.

Fast solid density shell implosions, particularly in
spherical geometry, may be used to obtain physical
regimes of 10 to 100 Mbar pressures with 1 to 10 g
masses in the laboratory. Such regimes can be useful
for studies of equation of state of materials and for
applications including magnetized target fusion [1].
We have previously worked on electromagnetically
driven solid density shell implosions in cylindri-
cal and conical geometry [2,3]. These experiments
agreed well with two-dimensional magnetohydrodynamic
(2D-MHD) calculations—which predicted aluminum
liner compressions to 10 Mbar, 3X solid density. We
now report on such an experiment in spherical geometry.
The experimental results may be useful for comparison
with three-dimensional instability theory.

Previous related work by others in cylindrical geome-

try included that by Alikhanov et al. [4], Eskov et al. [5],
Petrukhin et al. [6], Chernyshev et al. [7], Turchi et al.
[8], and Sherwood et al. [9]. The deformation of elec-
tromagnetically driven cylindrical shells into spheroidal
shells has been discussed by Goloviznin et al. [10] and by
Chernyshev et al. [11]. Mokhov discussed 2D-MHD cal-
culations of a spheroidal shell liner driven by an explosive
magnetic flux compression generator discharge. Its shape
deformed to spherical during the implosion [12]. His pub-
lication also showed corroborating radiography from a re-
duced energy scaled experiment [12]. This achieved a
2 km/sec velocity inferred from comparison of radiogra-
phy and calculations.

In the work reported here, we used a 12.5 MA, 4.8 MJ
capacitor discharge, with current flowing in the polar di-
rection through a spherical aluminum shell between con-
ical electrodes, as illustrated in Fig. 1. This is the first
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direct electromagnetically driven spherical liner implo-
sion in the velocity range > 2 km/sec. Radiography in-
dicates =7 km/sec of the inner surface at 1 usec prior
to peak compression. 2D-MHD calculations indicate that
the liner’s peak velocity exceeded 6 km/sec (depth aver-
age). The peak inner surface velocity predicted by those
calculations is 25 km/sec. The result reported here is
also the first example of an electromagnetically imploded
liner with an initially spherical shape. The outer surface
of the +45° shell is spherical, with 4.0 cm radius. The
thickness is proportional to the cosecant squared of the
polar angle as measured from the symmetry axis of the
electrodes (colatitude). The thickness at the “equator” is
0.10 cm. Deviation of the actual shell thickness from the
intended thickness vs polar angle was =5%. The mass
was 49 g. The outer surface was polished to a mirror
finish. This polar angle variation of thickness causes the
ratio of magnetic pressure to shell areal mass density to
be independent of polar angle, assuming no polar mass
flow. Ideally, this enables the spherical shape to be main-
tained during the implosion.

To compensate for shell-electrode contact effects, the
conical electrodes are overconverged by 3° each. That
is, while the zero order design has 45° conical electrodes
(whose projected vertices coincide at the origin of the
electrode cylindrical coordinate system), the actual design
has 42° (with respect to axis) conical electrodes. Their
vertices project beyond the midplane from the respective
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FIG. 1. Circuit diagram and load schematic.
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electrodes. These electrodes are truncated at an axial
distance of 1 cm from each other (0.5 cm from the origin).

The 1300 nF, 120 kV, 9.4 MJ Shiva Star capacitor
bank was used to drive the implosion discharge. The
charge voltage and energy were 86 kV and 4.8 MJ. The
initial inductance up to the outer surface of the spheri-
cal shell was 39 nH. Of this, 33 nH is in a very con-
servative design vacuum transmission line. This vacuum
transmission line inductance can, in principle, be sub-
stantially reduced, enabling higher current, faster implo-
sions. The series resistance was approximately 1 mQ
plus the resistance of a safety fuse [2,3]. This 94 cm
long, 2.125 cm? cross section aluminum thermister/fuse
limits peak discharge current and reversal in the event of
an insulator or current feed failure. It has a small but
non-negligible effect on a normal discharge. Its resistance
during the time of interest ranges from 0.12 to ~0.5 mQ.
The peak discharge current, measured by integrated in-
ductive Rogowski and azimuthal magnetic probes, is
12.5 £ 0.5 MA. The current rise time is 9 usec. The az-
imuthal magnetic probes indicated full current delivery in
the vacuum section of the transmission line for 16 usec
into the discharge. The vacuum chamber pressure was
~107® Torr prior to the discharge.

The principal experimental diagnostic was pulsed ra-
diography, taken with 300 kV, 5 kA, and 30 nsec pulse
driven x-ray tubes. The tubes have tungsten anodes (9.13°
or 14.25° conical tips), carbon felt cathodes, and 3 mm
anode-cathode coaxial gaps. They are normally damaged
in such experiments, but readily refurbished. Only cylin-
drical radial views were used. The source to axis distance
is 31.3 cm. The axis to film distance is 37.5 cm. The
diagnostic x rays pass through a 0.64 cm thick, 10 cm ra-
dius cylindrical outer current conductor and through film
pack shielding as well as through the spherical shell. The
film pack shielding consists of 0.64 cm aluminum, 3.8 cm
polyethylene, and 3.8 cm of low density foam. The film
is DuPont NDT 57, with NDT 9 front and back screens.
There were three x-ray tubes and film packs used on
this experiment. Two were fired at 12.7 usec and one
at 14 usec into the discharge. Collimation shielding and
setup shots eliminated possible crosstalk complications.
The earlier radiographs, taken with views 60° apart in az-
imuth, showed essentially identical images. X-ray pulser
timing was confirmed using silicon p-i-n x-ray detectors.

Radiographs of the implosion taken at ¢+ = 0, 12.7, and
14 usec into the discharge are shown in Figs. 2 and 3.
Also shown are 2D-MHD calculated contours of the inner
and outer liner surface. This same calculation was used to
generate synthetic radiographs for qualitative comparison
with experimental ones. There is good agreement on the
experimental and calculated shapes, locations, and timing.

The radiographs show some evidence of short (~mm)
and long (~cm) wavelength nonuniformities. These do
not appear to threaten the integrity of the imploding
shell. These nonuniformities may be Rayleigh-Taylor
instabilities of liquid and plastic portions of the liner.
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FIG. 2. Radiographs (at ¢1, 2, t3 = 0, 12.7, 14 usec), 2D-
MHD (at 12, 13 = 12.7, 14 psec) comparison.

They will be discussed at greater length in a separate
paper, for both cylindrical and spherical geometry. The
12.7 usec radiographs (one shown here) were taken with
the sharper 9.13° anode x-ray tubes, which are higher
resolution. This may be why the shorter wavelength
nonuniformities are more evident than on the 14 usec
radiograph.

The 2D-MHD calculations were done using the CALE
code [13,14]. We used version 930313 of this code,
with the Steinberg-Guynan elastic-plastic strength model
and a 4-phase equation of state for aluminum. We ran
this arbitrary Lagrangian-Eulerian (ALE) code in Eulerian
mode for ~1300 cycles, with 25 axial X 75 radial zones.

The 2D-MHD calculated synthetic radiographs assume
300 keV monoenergetic x rays and linear film response.
The displayed intensities are proportional to chordal path
integrals of density times opacity. They may be a more
useful comparison to the experimental radiographs than
the surface or density contour plots, at least until more
complete analysis of the experimental radiographs is
accomplished. It should be noted that the experimental
radiographs are obtained with a distributed rather than a
monoenergetic x-ray spectrum and with nonlinear rather
than linear film response. Thus, one expects the synthetic

FIG. 3.

Blowup of r = 14 usec experimental (left) and syn-
thetic (right) radiographs.
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radiographs to be an inexact but useful simulation of the
experimental radiographs. Good quantitative agreement
on shape and symmetry and qualitative agreement on
density distribution between synthetic and experimental
radiographs are evident.

There is no substantial deviation of the shape of the
outer liner surface from spherical either observed or
calculated until late in the implosion (¢ > 12.7 usec,
r <23 cm). The deviation from spherical shape of
the outer surface that then occurs is initially consistent
with an approximately incompressible liner material. The
liner parameters were chosen so that resistive heating
would not cause bulk vaporization prior to the liner
reaching the axis. Thus, the bulk of the liner material
should be solid (albeit plastically deformed) or liquid
prior to self-stagnation. If the liner were incompressible
and there were no polar mass flow, the outer surface
would not implode to a radius less than 1.67 cm at
the “equator,” nor to a radius less than 2.1 cm at the
electrode polar angle. That is, in this approximation,
r3 — ri = Ko csc2¢, where Ko = rag — rig, and ra, 710
are the initial outer and inner radii at the equator.

The radius of the liner can be estimated from the
circuit inductance. In a low impedance discharge such
as this, L, vs ¢ is obtained from the experimental current
I and voltage V, vs t. V, is the voltage measured at
the (capacitive) voltage probe location, 33.9 nH from the
initial liner outer surface position (cf. Fig. 1). We assume
that the initial voltage at this position is the inductance
ratio (33.9/39) times the charge voltage (86 kV), that is,
75 kV. (L, is initially 33.9 nH.) The resistance past the
voltage probe, R;, is approximately 0.6 m{) and assumed
constant. This assumption may be incorrect by ~0.1 mQ
over the time of interest. L, vs ¢ is then obtained in the
standard way:

1 t
L, =+ fo (V, — IRy)dt . (1)

For self-similar implosion geometry (i.e., electrodes not
overconverged), the current radius r. vs ¢ is related to L,
vs t by

AL,=L,— Ly

1
= — BdA
Al
Az(ﬂ)]”’fﬂ/zm
27/ Jr, m rsin ¢

%(m - r)li—ln(tan %’ﬁ):l

~ £% (5 - 1), )
T

where ¢,, is the (colatitude) polar angle of the electrode,
ro is the initial outer (spherical) current radius (presum-
ably equal to initial outer liner radius), and ¢ is the
magnetic permeability = 47 X 1077 H/m. The geom-
etry factor g = 0.881 when ¢,, = 45°. The relation is
slightly more complicated for overconverged electrodes.
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In principle, this analysis gives the current radius vs time.
In practice, the errors can be large, with uncertainty in
R, the major source of error. A reasonable value of R,
(0.6 mQ)) gives reasonable r. vs t. Equation (2) is also
used to calculate the increasing load inductance (and its
derivative dL/dt) in the modeling of the capacitor dis-
charge driving the implosion. In this use, the total series
resistance matters, but the calculation is not sensitive to
the relative portion of the total resistance past the volt-
age probe. A comparison of the experimental (spherical)
current radius vs time with the 2D-MHD calculated inner
and outer liner (spherical) radius r vs time ¢ is shown in
Fig. 4. Since the shape deviates from spherical once the
incompressible limiting radius at the electrode polar angle
is reached, the calculated r vs ¢ is shown for a given po-
lar angle (¢ = 90° equator). This current radius should
correspond more to the outer liner radius than to the in-
ner radius, and this is evident in Fig. 4. In the limit of
full diffusion of the current throughout the liner thickness,
the current radius would correspond to the mean liner ra-
dius. 2D-MHD calculations indicate that this current is
predominantly limited to the outer 20% of the liner thick-
ness. The more reliable radiography data points are also
shown on this plot.

The degree of agreement between experimental and
2D-MHD calculated results encourages us to extend the
2D-MHD predictions through peak compression. Some
principal results for a calculation for this experiment are
shown in Fig. 5. These indicate that a large portion of
the liner mass is compressed to greater than twice solid
density, and on the order of 1072 g is compressed to
~6X solid density, 56 Mbar. The predicted inner surface
implosion velocity reaches 2.5 to 3 cm/usec at a radius
of 0.2 cm. The predicted peak implosion kinetic energy
is ~1 M.

Similar calculations with less conservative electrodes
(not overconverged) indicate more distortion of the liner
near the electrode, but not enough to cause liner-electrode
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FIG. 4. Calculated, experimental » vs r. Error bars are for
+0.1 m{) tolerance on series resistance R, past voltage probe.
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FIG. 5. 2D-MHD calculated density (p) vs r at z = 0 for
12.7, 14.0, and 15.0 usec. 2D-MHD calculated pressure (p)
vs r at z = 0 for peak compression (15.0 usec).

detachment. Such calculations indicate higher peak com-
pressions, ~90 Mbar.

In summary, we have experimentally demonstrated the
feasibility of imploding spherical liners with (cylindri-
cally symmetric) magnetic field pressure. This is a ba-
sis for creating high energy density matter at high total
energy. Experimental results substantially agree with 2D-
MHD simulations. Such simulations predict >50 Mbar
peak compressions. The degree of agreement with 2D-
MHD simulation suggests that three-dimensional instabil-
ity effects are small.
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FIG. 2. Radiographs (at ¢1, 2, 13 =0, 12.7, 14 usec), 2D-
MHD (at 12, 13 = 12.7, 14 usec) comparison.




FIG. 3. Blowup of r+ = 14 usec experimental (left) and syn-
thetic (right) radiographs.



