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Abstract A Staged Z-pinch (H.U. Rahman, F.J. Wessel, N.
Rostoker, Phys. Rev. Lett. 74:714, 1995), configured for a
100 ns, 2 MJ implosion accelerator, is studied using the 2-
1/2 D, radiation-MHD code, MACH2. The Z-pinch is con-
figured as a cylindrical, high-atomic number plasma shell
that implodes radially onto a co-axial, plasma target, for ex-
ample: Xenon onto a 50:50 mixture of Deuterium-Tritium.
During implosion a shock develops in the plasma liner, pro-
ducing a conduction channel at the Xe/DT interface as the
mass Xe accumulates, and preheating the DT target. Dur-
ing subsequent acceleration and compression the Xe/DT in-
terface remains stable, even as the outer surface of the Xe
shell develops RT instabilities. At peak implosion the sim-
ulated fusion-energy yield is 7.6 MJ, producing an energy
gain of 3.8.

Keywords Magneto-inertial fusion

The Z pinch has been studied as a means to attain high-
energy-density plasma compressions for many decades
(Teller 1981). During implosion the Z-pinch becomes Ray-
leigh-Taylor unstable; as a light fluid (pinch-magnetic
field) pushes against a heavy fluid (plasma). In the linear-
regime of analytic treatment, plasma perturbations grow as
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(Chandrasekar 1981),
£ = e, (M)

where & is the initial perturbation, y = /gk is the growth
rate, g is the acceleration, k is the wavenumber, and ¢ is the
time. A rough approximation for the distance over which the
plasma is accelerated is the initial radius, and using, Ry =
gt2/2, & is re-written as,

£ = goev 2Rk, 2

Hence, for a given mode number the RT instability grows
exponentially with initial radius, but is independent of the
magnitude of the acceleration.

The pinch energy is approximately equal to the work
done on the pinch,

2
W= F.d?:Mm Ro , (3)
c? Rf

where [ is the maximum current, 4 is the pinch height, and
Ry is the final radius of the pinch. Consideration of these
tradeoffs suggests that the initial pinch radius should not be
so large that instability arises, nor so small as to limit energy
accumulation.

The Staged Z-pinch (Rahman et al. 1995) is a specific
Z-pinch configuration comprised of a high-atomic num-
ber (Xenon) liner imploding onto a coaxial-plasma target
(50:50 mixture of Deuterium-Tritium). Configured for a
2 MI, sinusoidal, 110 ns (quarter period), 17 MA implo-
sion accelerator (similar to the parameters of the Sandia
Z Facility) the configuration is modeled using the single-
fluid, magneto-hydrodynamic, two-and-a-half dimensional
(2-1/2D), time-dependent, MACH?2 code; the equations of
which are described elsewhere (Peterkin et al. 1998; Ney
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Fig. 1 Staged Z-pinch: 1.5-cm high, 0.7-cm radius, 0.2-cm thick Xe
liner, with an uniform, 50:50 coaxial fill of DT

et al. 2001). MACH?2 treats separately the electron, ion
and radiation temperatures and calculates resistive and ther-
mal diffusion using established transport models. MACH?2
calculates flux-limited, single-group, implicit-radiation dif-
fusion. The plasma equation-of-state is determined from
SESAME look-up tables. The generalized Ohm’s Law in-
cludes the Hall Effect and thermal-source terms for B fields.

The pinch is modeled as a 1.5-cm high, right-circular
cylinder, as shown in Fig. 1. The outer radius of the axially-
uniform, radial-Gaussian density, 0.2-cm thick, Xe liner is
0.7-cm; My, = 3.59 x 10~2 gm. DT fills the liner uniformly
to 0.5-cm radius; Mpr = 3.46 x 10~* gm. The discharge
electrodes form the top and bottom boundaries of the sim-
ulation and are perfectly conducting. The simulated volume
is resolved into 320 radial and 64 axial cells. The calcula-
tion is axially Eulerian and radially Lagrangian; the radial
motion of the computational grid is tied to the plasma pres-
sure gradient. Instability wavelengths as small as 0.2 mm are
modeled. The (cold-start) temperature is 2 eV and a 1072
random perturbation is applied throughout the volume.

The discharge current initiates on the outer surface of the
Xe liner. A J x B force accelerates the Xe liner inward.
The high-atomic-number of Xe enhances radiation losses,
allowing the plasma liner to remain cool and resistive during
implosion.

Figure 2 is a simulated, R-Z, iso-contour profile of the
axial-current density, 94 ns into the implosion. At this time
the pinch radius has decreased to 0.28 cm and there are early
indications of the Rayleigh-Taylor instability on the outer
surface of the Xe liner (wavelength: 1 ~ 1.0 mm). Note that
the Xe/DT interface boundary remains uniform and stable.

An axial average of the Fig. 2 data produces the radial
profile shown in Fig. 3, indicating that the largest current
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Fig. 2 Axial-current density “iso-surfaces,” at 94 ns
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Fig. 3 Axially-averaged current density, at 94 ns

density exists in the Xe liner. A smaller component of dif-
fused current extends into the DT. The level of diffused cur-
rent at the interface continues to build during the implosion,
and near the peak implosion is compressed, and amplified,
by the Xe liner inertia. Flux compression by this mechanism
leads to the generation of an ultra-high magnetic field, con-
fined between the Xe and DT (Rahman et al. 1995).

Figure 4 displays the axially-averaged, logarithmic-
electron density at four time steps leading up to maximum
compression: 107, 108, 109, and at 109.41 ns (note the ra-
dial scale). The electron density, 7., is highest in the Xe
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Fig. 4 Axially-averaged logarithmic-electron density at 107, 108, 109
and 109.41 ns
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Fig. 5 Axially-averaged ion-temperature at 107, 108, 109 and 109.41
ns

liner. The peak value is, n.(Xe) =5 x 1025 cm™3, for Xe
and approximately a factor of 10 less for DT, n.(DT) =
n;(DT) =5 x 10%* cm™3. A high-charge-state, tenuous Xe
plasma tail is present at larger radius, that trails behind the
implosion front.

The ion-temperature profiles, corresponding to the same
time steps, are shown in Fig. 5 (note the radial scale). The
ion temperature is highest in the DT and lowest in the Xe.
At peak compression the DT ion temperature attains a value,
T:(DT) = 13.5 keV, whereas the Xe ion temperature re-
mains below 0.1 keV.

Inspection of the 2-D source data for the axially-averaged,
time-stepped profiles of Figs. 4 and 5 reveal that shocks
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Fig. 6 Axially-averaged Mach number, at 94 ns

form early and continue until peak implosion, oscillating
within the DT and reflecting at the interface. The Mach
number, M = V,./Cy, computed at 94 ns is plotted in Fig. 6.
Shock fronts are evident at 0.22-cm radius, in the Xe, and at
0.12 cm radius, in the DT. Oscillating shocks (pre)heat the
DT, adding internal energy to the plasma that would other-
wise be limited by adiabatic compression alone.

In a liner-on-target compression an under appreciated ef-
fect of shocks is their ability to stabilize the plasma (Ros-
toker and Tahsiri 1978). This enhancement, and the specific
timing that occurs naturally in the Staged Z-pinch, is critical
for the efficient production of fusion energy. Shock stabi-
lization, observed previously using a ns pulsed laser system
(Rahman et al. 2004), was thought to be due to the compres-
sion of a low-mass-density target by a high-mass-density
liner.

Shown in Fig. 7 is an R-Z, iso-contour profile of the ion
density at 109 ns, just before peak compression (note the ra-
dial scale). At this time the Xe/DT interface has become RT
unstable, the amplitude of which extends beyond the liner to
aradius, r > 0.02 cm, into regions of high-charge state. The
time at which this penetration occurs facilitates the forma-
tion of hot-spots in the DT, which are visible on-axis.

The (combined) Lawson Product, for the peak density
and temperature given above, and a nominal confinement
time of, T ~ 0.2 ns, is, nTt ~ 1.3 x 10!° cm™3 keVs™!,
which is adequate for fusion. Figure 8 characterizes the
energy components and yield, over the time interval 100-
110.5 ns.

Fusion burn begins abruptly at 109.2 ns, just after a rapid
decrease in the plasma kinetic energy and a corresponding
increase in the ion energy. The total fusion yield is approx-
imately 8 MJ, which is 4 times the stored capacitor-bank
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Fig. 7 Ion density “iso-surface” at 109 ns; the ion temperature
iso-surface at this time index is similar
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Fig. 8 Fusion energy, circuit energy, kinetic energy, and ion energy
vs. time

energy. The corresponding thermonuclear-neutron yield is
2.76 x 108,

The onset of fusion increases the internal energy of the
DT, causing it to expand radially outward as it compresses
the Xe liner to high density. At 110.5 ns the pinch becomes
grossly unstable to the RT instability (light-fluid target-
plasma pushing against the heavy-fluid Xe liner) disrupting
the circuit current and halting the calculation.

Figure 9 compares the total-radiated energy, near peak
compression, for the configuration of Fig. 1 and for one
where the DT is replaced by an equivalently massed Xe tar-
get; i.e., a Xe-on-Xe pinch. The 70 kJ energy yield for the
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Fig. 9 Radiation energy versus time for Xe on Xe, and DT targets

Xe-on-DT pinch is approximately 3.5 times greater and the
(0.7 ns) 100 TW power pulse is approximately 7.5 times
more powerful, than for the Xe-on-Xe pinch. Nevertheless,
the Xe-on-Xe pinch produces an impressive 20 kJ of total
radiated energy and 13 TW of power; smaller than what is
typically produced in a larger-initial radius, Argon gas puff
(Thornhill et al. 2007), or alternately, a Tungsten wire-array,
implosion on the Z Facility (Douglas et al. 2000).

1 Summary

We have simulated the implosion of a Staged Z-pinch for a
100 ns, 2 M1 facility, using the MACH?2 code. The Staged Z-
pinch is a specific configuration consisting of a heavy, high-
atomic number plasma liner (Xe) imploding onto a light,
low atomic number plasma target (DT). Simulations suggest
that this configuration may be useful for accumulating high-
energy-density in a Z-pinch plasma. The predictions are for
a fusion-energy yield that is several times greater than the
stored-electrical energy.
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