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Abstract—The design and first successful demonstration of
an imploding solid liner with height to diameter ratio, radial
convergence, and uniformity suitable for compressing a field
reversed configuration is discussed. Radiographs indicated a very
symmetric implosion with no instability growth, with 13

radial compression of the inner liner surface prior to impacting a
central measurement unit. The implosion kinetic energy was 1.5
megajoules, 34% of the capacitor stored energy of 4.4 megajoules.

Index Terms—Capacitor bank, field reversed configuration,
FRC, implosion, magnetized target fusion, megamp, MTF, radi-
ography, solid liner.

WE REPORT ON experiments that successfully imploded
a cylindrical Al shell, or liner, with size, implosion

velocity, uniform symmetry, and convergence suitable for
compressing field reversed configurations (FRCs) to magne-
tized target fusion (MTF) conditions. FRCs are a version of
magnetized plasma rings, or compact tori, that have closed
poloidal field lines, and relatively little or no azimuthal field
[1]. The work reported here represents a new combination of
high convergence, good uniformity, and high ratio of length to
initial radius in an electromagnetically imploded liner.

Multiple diagnostics indicated good quality implosions, with
full current delivery, with good symmetry and lack of observ-
able instability growth, within the radiographic measurement
precision of 0.2 mm. These diagnostics include radiographs
(shown here), interior magnetic field compression, fiber optic
impact probe arrays, Faraday rotation probe and current de-
livery probes. The inner surface implosion velocity exceeded
4 km/s, and the mass averaged implosion velocity exceeded 3
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Fig. 1. Configuration of long liner implosion experiment. The central probe
package has an outer diameter of 1.0 cm in its upper half and 0.64 cm in its
lower half. The initial liner outer diameter is 10 cm. The mounting fixture for
the central probe package is modified for the second shot.

km/s. Radiography indicated that the inner surface convergence
ratio was 13 at 23.5 s after start of the implosion discharge.
This performance is suitable for compression of FRCs to MTF
conditions, as described by Schoenberg, Siemonet al. [1]. The
premise of MTF is that fusion gain can be produced inexpen-
sively by using “liner” compression of a magnetized plasma,
because of magnetic inhibition of electron thermal conduction
losses [1], [5], [6]. For adiabatic compression of an FRC, 10 : 1
radial compression is predicted to give impressive heating: 10
keV from an initial temperature of 250 eV [1].

Though this kind of implosion behavior has been achieved
before for shorter cylindrical liners (2), and for quasi-spherical
liners (3), at even higher implosion velocities, it had not been at-
tempted for long liners at these implosion velocities. The effort
reported here was done because of concerns over possible buck-
ling or other unanticipated and undesirable three dimensional
phenomena that might interfere with good quality, symmetric
implosions, for high ratios of length to initial radius. Research
relevant to the use of imploding liners to compress magnetized
plasmas has also been reported by a number of researchers. This
includes suggesting the concept of using imploding liners to
compress plasmas, and research on shorter or lower velocity
liner implosions, in, e.g., [4]–[17], and implosion of a Cu-W
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Fig. 2. Radiographs from two implosion experiments with identical liner and discharge circuit parameters. On the left are radiographs observing theaxial portion
of the liner adjacent to the lower electrode. On the right are radiographs observing the axial portion near the center of the electrode gap.

liner with explosives, resulting in a 200-T field inside via flux
compression [18].

In the two experiment shots performed, the liner was im-
ploded by magnetic pressure from an 11-megamp, 10-s rise
time, axial discharge. The liners were 30 cm long, 5 cm outer
radius, and 0.11 cm thick prior to implosion. The liner ma-
terial was 6061–T6 Al, and the liner mass was 0.27 kg. The
discharge was driven by the 1300-microfarad Shiva Star ca-
pacitor bank, charged to 82 kV. The initial total system in-
ductance was 44 nanohenries. The initial system resistance
was approximately 1 milliohm plus that due to an Al series
safety fuse (0.94 meter long, 2.125 cmcross section). The
safety fuse protects the capacitor bank and transmission line,
in the event of failure of the insulator–vacuum interface in
the current feed. The experiment configuration is illustrated
in Fig. 1. The imploding shell is observed by flash radiog-
raphy, taken through the Al return current conductor (0.64
cm thick, 7.3 cm inner radius), which is the outer conductor.
Radiography was taken at two different times, at each of two
axial positions, for each implosion shot. The axial positions
were near the center of the electrode gap, and near the lower
electrode. An instrumented impact probe was installed along
the axis of the liner. The lower half had an outer diameter
of 0.64 cm and contained an array of magnetic probes (to
measure compression of a modest, predominantly axial,50
Gauss initial magnetic field, provided by permanent magnets)
[19]. The upper half had an outer diameter of 1.0 cm and
contained an array of fiber optic impact probes. The X-ray
shadow of this probe package provides a useful size scale
for the radiographs. The parameters of the radiography source

are 300 kV, 5 kA, 30 ns pulse, with a tungsten anode (further
discussed in [3]). The spatial resolution is0.2 mm. Radio-
graphs for two implosion experiments, taken at 20.0 and 23.5

s after start of the implosion discharge for the first shot, and
at 22.0 and 23.0 s for the second shot, are shown for both
axial positions in Fig. 2. These indicate that the liner im-
ploded symmetrically, without instability growth, within their

0.2-mm precision.
The time history of the radial implosion inferred by mea-

suring the compression of a small magnetic field agrees with
computer models of the implosion and is consistent with the ra-
diography results reported here [19], [20], and with fiber optic
impact probe array data [20]. Detailed discussion of these addi-
tional diagnostics, which corroborated the radiography results
on implosion timing and behavior, is given by Taccettiet al.
[19] and by Intratoret al. [20]. A comparison of the data on the
liner radius versus time, for the different diagnostics, is shown
in Fig. 3.

To mitigate instability growth, we chose discharge parameters
that avoided the onset of bulk melting and vaporization. That
is, we chose the liner thickness so that resistive heating would
not cause such onset. We used analytic criteria such as those
used by Maisonnieret al. [21] and by Knoepfel [22] to avoid
the onset of melting, and checked the results using 1D-MHD
and 2D-MHD simulations, using the magnetohydrodynamics
code MACH2 [23]. As long as the liner remains solid, mate-
rial strength can stabilize the liner against instability growth
(at least in the – plane), provided initial imperfections in the
liner’s initial geometry are sufficiently small [24]. Simpler cal-
culations of the implosion treat the finite thickness of the liner,
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Fig. 3. Comparison of data on liner inner radius versus time for different
diagnostics, and for calculation. Data includes radiography, diagnostic
magnetic field compression (rad1 and rad3 curves), and time of arrival from
fiber optic impact probes. A possibly generous estimate of the error in the
inner radii obtained from diagnostic field compression is�10%. The estimated
errors in the radiograph and fiber optic data are less than the symbol sizes. Plot
also includes calculated inner radius, assuming 1 milliohm series resistance
plus standard safety fuse, 44-nanohenry initial total inductance, 1300-�f
capacitance, and 82-kV initial capacitor voltage.

assume incompressibility of the liner, and use discharge circuit
solution with interactive inductance and safety fuse resistance
[2]. This agrees sufficiently well with experimental (and MHD
simulation predicted) performance, to enablea priori timing of
the contact between the liner and central instrumented impact
probe to 100 ns precision, for a 24-s implosion. Comparison
of radiograph timing with MHD and simpler calculations indi-
cates that the liner implosion kinetic energy was 1.5 megajoules,
which is 34% of the initial capacitor bank stored energy of 4.4
megajoules.

Some further development of the liner implosion tech-
nique is needed before liner-on-plasma experiments begin.
This development will include tests of the effects of com-
pressing larger magnetic fields, and the replacement of the
sliding liner–electrode contact (used in the present tests) with
deformable liner–electrode contacts, to enable convenient
injection of an FRC into the liner interior. The presence of an
interior plasma and a significant interior magnetic field can
be expected to result in the onset of Raleigh Taylor instability
growth once the inner surface of the liner, if liquefied, starts
to decelerate. However, compression of a magnetized plasma
to MTF conditions can be achieved before such deceleration
starts. There is a trade off in energy efficiency vs amount
of instability growth, which we are attempting to investigate
computationally.

For the immediate future, emphasis in MTF research has
shifted to preparation of a suitable plasma target. Using models
based on previous FRC experiments [1], LANL and AFRL
are designing an experiment at Los Alamos that can generate
a 5-T pulse of magnetic field in 2.5s, providing an FRC
with density cm and eV (1, 25). The FRC
dimensions (separatrix radius2.5 cm and length 30 cm)

allow the FRC to be translated and trapped in a liner that is
the same size as that used for the liner implosion experiments
reported here.
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