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Suppression of Rayleigh-Taylor Instability in Z-Pinch Loads with Tailored Density Profiles
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A load structure with tailored density profile which delays the onset of the Rayleigh-Taylor instability
development in implodingZ pinches by inverting acceleration of the magnetic field/plasma interface
is proposed and studied numerically. This approach makes it possible to start gas-puff implosions
from large radii (say, 8 cm) and produce significantK-shell yield with current pulse duration of 250 ns
and longer. It could also be used to mitigate imprinting of initial perturbations into laser fusion
targets. [S0031-9007(96)00707-7]

PACS numbers: 52.35.Py, 47.20.–k, 52.55.Ez
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Rayleigh-Taylor (RT) instability is known to be
major problem for a wide range of applications, fro
pulsed power technology to inertial confinement fusi
In this Letter, we describe a simple method that ma
it possible to suppress the exponential RT instabi
growth for a certain time interval. This method, havi
been initially developed to improve the performance
plasma radiation sources (PRS), as described below
equally usable for any applications that would ben
from increased uniformity of plasma acceleration.

In plasma radiation sources,Z-pinch loads are im-
ploded to convert implosion kinetic energy to soft x-r
radiation [1]. Conventional load configurations are w
arrays and cylindrical annular gas puffs produced by h
Mach number nozzles. These loads are imploded by
magnetic pressure which is produced by the axial curr
At stagnation, the plasma’s kinetic energy is thermaliz
and can be further converted toK-shell radiation.

Rayleigh-Taylor hydrodynamic instability of a pinc
plasma accelerated by the massless magnetic field
major factor limiting PRS radiative performance. A
kinds of perturbations grow during the implosion, fro
necks,m ­ 0 [these are the fastest, and the only on
which could be simulated withsr , zd codes], and kinks
m ­ 1, to instability modes with arbitrary combination
of azimuthal and axial wave numbers, which do n
normally develop in a steady diffuseZ pinch [2,3]. Since
the linear growth rate of the classical RT instabil
is G ­

p
gk, the distanceL traveled by the plasm

shell during the implosion is related to the ratioA
of final to initial perturbation amplitudes according
L ­ slnAd2ly4p (here, g is the inward acceleration
l ­ 2pyk is the perturbation wavelength). The distan
L available for acceleration is therefore limited by t
RT instability; e.g., for a wavelengthl ­ 0.5 cm and
0031-9007y96y77(5)y853(4)$10.00
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amplification A below 1000,L must be less than 2 cm
Having started from a larger radius, a plasma shell wo
not arrive at the axis in one piece (see Ref. [4]) and, hen
would be an inefficient radiator.

To produce aK-shell yield at stagnation, the plasma h
to be accelerated to high velocities—hundreds to th
sands of kmys. Therefore the limitation on initial radius
translates into severe requirements on the design of
pulsed power machine driving the implosion. Suppr
sion of the RT instability imposing this limitation woul
make it possible to implode PRS with larger radii a
longer implosion times. This means that there is a c
siderable potential for improving radiative performance
existing machines and that new parameter ranges wil
open for the next generation of machines.

The RT instability could be mitigated by a so-calle
snowplow mechanism [5] responsible for enhanced e
ciency of double-puffZ-pinch loads [6]. This mechanism
employs superstability of the shock wave driven into t
load by magnetic pressure. Although exponential grow
of the RT instability at the magnetic field/plasma interfac
once it starts, is not suppressed by the snowplow mec
nism, the stagnating front part of the load is perturb
much less than in the case of a thin shell. For this reas
as predicted in Ref. [4] (see also Ref. [7]), large diame
uniform-fill loads can be good radiators. Recent expe
ments on the Saturn generator in Sandia National Lab
tories [8] have confirmed the viability of uniform fill loads

In this Letter we demonstrate that exponential R
growth could be fully suppressed as long as a sh
wave propagates into a load with an appropriately tailo
density profile. Therefore, radii of the structured loa
and the corresponding implosion times could be increa
to a greater extent than is possible even for unifor
fill loads, without sacrificing the implosion quality.
© 1996 The American Physical Society 853
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The idea of this approach is very simple. Let magne
pressure drive a shock wave into a stratified plasma la
with increasing density. This causes the shock wave
slow down. Since the magnetic field/plasma interfa
also slows down, the effective gravity vectorg is directed
from the magnetic field (massless fluid) to the plasm
Once there is no light fluid supporting a heavy fluid
a gravitational field, there is no reason for exponen
growth of perturbations of the interface—rather, th
would oscillate. Although magnetic pressure continue
perform work, accelerating an increasing plasma mass
interface feels a deceleration, and this is all that count

As an elementary example, consider aZ-pinch snow-
plow model in which plasma extends fromr ­ R0 to
some much larger radiusR1 .. R0, and is imploded by
constant currentI. The density profile is of the form
rsrd ­ r0sryR0d2s (to have finite total plasma mass f
largeR1, we assumes . 2). Although the density profile
is specified as a function of radius, the snowplow mo
assumes that the plasma is collected in an infinitely
shell whose radius is given byRstd. Then the equation o
motion is

d
dt

m
dR
dt

­ 2
I2

c2R
, (1)

wherem ­ 2p
RR1

R rsrdr dr is the line mass collected b
the shell. Solving Eq. (1), we find the effective grav
acceleration experienced by the shell:

g ­ 2
d2R
dt2 ~ 2ss 2 2d

µ
R
R0

∂s23
"

1 1 C

µ
R
R0

∂s22
#

, 0 , (2)
whereC is a positive integration constant determined
the ratioR1yR0.

Since the accelerationg in Eq. (2) is negative, that is
directed from magnetic field to plasma, we expect osci
tions instead of exponential perturbation growth. It do
not mean, however, that perturbations do not grow.
seen from Eq. (2), fors $ 3, jgj decreases with time
Consider a pendulum oscillating in a decreasing gra
tational field. Going down to the equilibrium positio
the pendulum is accelerated by a stronger field than
decelerating it after it passes the equilibrium point
the way up. The amplitude of its oscillations is th
increased. We can evaluate its growth, supposing
gravitational field to vary at a sufficiently slow rate, th
energy-to-frequency ratioEyv thus being an adiabatic in
variant of the motion (“number of quanta”). Recallin
that E ­ Mjgjlj2y2 and v ­

p
jgjyl, whereM, l, and

j are mass, length, and amplitude of oscillations of
pendulum, respectively, we find that

kjl2jgj1y2 ­ inv , (3)
and hence, the mean-square amplitudekjl grows as
jgj21y4.

Small-amplitude, single-mode perturbations on the s
face of an incompressible fluid in a time-dependent gra
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tational field are described by the same equation
a pendulum, withl replaced byk21 ­ ly2p. As an
example, we present solutions of this equation for
power-law time dependence of gravity acceleration,jgj ­
2L̈ . 0, whereL ­ g0tnyn andn , 1:

j ­ t1y2H
s1,2d
1yn

"p
g0ks1 2 nd

tny2

n

#
expsikxd , (4)

where Hs1,2d
n szd are Hankel functions. These solution

describe gravitation waves running across the surfa
whose amplitudes, in the limitt ! `, follow (3), as
it should be. For the case of a load with a tailor
density profile, a similar, relatively slow, nonexponent
perturbation growth is predicted.

Numerical simulation results presented below ha
been obtained with the same two-dimensional magne
hydrodynamic codePRISM (which stands for plasma ra
diating imploding source model) as used in Ref. [4] a
in previous simulations ofX-pinch andZ-pinch implo-
sions [9,10]. The physical model incorporated into th
code includes electrical resistivity, separate energy eq
tions for ions and electrons which include their respect
thermal conductivities, and lookup tables for equation
state properties and radiative power. A “local” approx
mation or single zone opacity and transport scheme
used for the radiation. Argon was the only material co
sidered in the simulations discussed here. Initial pert
bations were seeded as small random density variati
The axial length of the computation field was 0.333 cm

Figures 1(a) and 2 illustrate the numerical results o
tained for constant currentI ­ 5 MA and the initial den-
sity of the loadr0srd varied as1yr3 from 2 to 8 cm,
with a line density of300 mgycm. The usable portion
of the imploding plasma’s kinetic energy is its radial k
netic energy KEr , whereas its axial kinetic energy KEz

(which would be identically zero in a one-dimension
simulation) is an integral measure of perturbation grow
In Fig. 1(a), perturbations are demonstrated to behave
predicted. While the shock wave propagates from 8
2 cm, compressing and accelerating the load mass, the
celeration of magnetic field/plasma interface is inverte
Perturbations should then run across the back surfac
the load as waves with slowly growing amplitudes. Th
is indeed the case. The slow growth phase lasts ab
190 ns, and during this time interval, KEz behaves exactly
as expected [see Fig. 1(a)]. Small-amplitude waves r
ning across the back surface are discernible in Fig. 2
As shown in Fig. 2(a), the plasma shell remains alm
cylindrical during the slow growth stage. Although on
them ­ 0 modes are simulated here, the same —and
the same reason—must be true for all perturbation mo
and all wavelengths.

When the shock wave reaches the inner, high-den
part of the load, and the reflected rarefaction wa
transmits decreased pressure to the back surface
acceleration is inverted again, with the result that t
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FIG. 1. RadialsKEr d and axialsKEzd kinetic energies vs time
for implosion of a load with a constant current (a) and cons
voltage (b). Initial density profiles are shown in the inse
Stagnation occurs att ­ 250 ns (a) and att ­ 360 ns (b).

classical RT exponential growth starts to distort the s
at the back surface. If, as in this simulation, the inn
surface is sufficiently close to the axis, the central regi
of the implosion could remain relatively unaffected by t
instability, as seen in Fig. 2(b).

Figure 1(b) presents the results obtained with a m
realistic current wave form, one produced by const
voltage V applied to theZ-pinch column. The voltage
was chosen such that the current would rise linearly
nt
.

ll
r

ns
e

re
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to

FIG. 2. Density contours corresponding to slow growth ph
t ­ 100 ns (a) and rapid growth phaset ­ 250 ns (b) in
Fig. 1(a).

5 MA over 200 ns, orVyL ­ 2.5 3 107 MAys, whereL
is the inductance. This translates into linear growth of
current at early time. Rapid rise of magnetic press
makes the density growth provided by the1yr3 initial
profile of Figs. 1(a) and 2 too slow to invert acceleratio
This could be improved by choosing a sharper den
profile near the outer boundary of the load; see the inse
Fig. 1(b). Once the density profile has been appropria
tailored for the given current wave form, the results a
similar to those given in Figs. 1(a) and 2.

Having started with a tailored density profile, after t
slow growth phase we assemble a plasma shell, wh
is RT unstable like any conventional load. What is t
advantage of this shell, say, over a gas puff with the sa
initial radius?

(1) Appreciable magnetic energy is converted to kine
energy during the slow growth phase. For instance,
center of mass of the1yr3 profile (Fig. 1) is located at
r ­ 3.7 cm, hence the implosion should produce rad
tion yield equivalent to that of a shell implosion from 3
to 4 cm initial radius, although no shell can survive su
an implosion. This is illustrated by Fig. 3, where the de
sity contours for a 0.5 cm thick shell which extends fro
2 to 2.5 cm is imploded under the assumption of the c
stant voltage used for the simulations of Fig. 1(b). T
mass was chosen such thatMR2, where M is the line
mass andR is the mean radius, is equal to that for th
simulation shown in Fig. 1(a). Contours are shown
the beginning of the simulation and at 220 ns, just a
the shell has been completely destroyed by the RT
stability in-flight, prior to stagnation (see also Ref. [4]).
855
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FIG. 3. Density contours for a shell which initially extend
from 2 to 2.5 cm: before implosion (a) and att ­ 220 ns (b).

(2) A tailored density profile operates as a switchi
device, making it possible to work with longer curre
pulses. The shell is assembled during the current
time and imploded by the peak current when the pea
reached. This cannot be done with a conventional lo
which would be either imploded too early or distorted t
much by a long current pulse. In addition, it is eas
to couple magnetic energy to a load whose initial rad
is large.

(3) After the passage of the shock wave, the sh
already has some, albeit relatively small, velocity direc
to the axis. This increases hydrodynamic efficiency of
acceleration, since the rate of magnetic-to-kinetic ene
conversion is proportional to this velocity.

Suppression of the RT instability by inverting accele
tion is a robust, purely hydrodynamic effect. Formal
there are no limitations on its efficiency, and one c
demonstrate the feasibility of implosions generatingK-
shell yield with arbitrarily large outer radii of the load
and arbitrarily long current pulses: 16 cm is as good
8 cm, and 500 ns is as good as 250 ns. In fact, the den
in the outer layers of the load should not be too smal
otherwise, a diode regime, beam generation would t
place instead of an implosion. Moreover, the hydrom
netic RT instability is more volatile for low-density plas
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mas due to the Hall effect [11,12]. The lower limits o
the density of the load and on the level of the gas p
ionization have yet to be established. A practical meth
of tailoring initial density profiles (with specially designe
gas-puff nozzles, or otherwise) should also be develop
Although this issue is beyond the scope of the present L
ter, one can hardly doubt that efforts and costs requi
for this development would be minimal compared wi
those involved in building and operating major pulse
power facilities.

Applications of the stabilization method described he
are not limited to PRS load design. A plasma annu
with a tailored density profile could be used for switchin
the current, once it approaches its peak, to a comp
wire-array load located inside it, as demonstrated
Ref. [13]. It could be utilized with a conventional plasm
opening switch (POS), or possibly in place of the PO
This idea seems to be worth pursuing, since this meth
of switching, being based on much simpler physics th
POS operation, might be made more reliable. Structu
density profiles could also be helpful in designing low
isentrope targets relevant for laser fusion. Appropriate
tailored density increase in a planar or spherical tar
would mitigate the imprinting of the initial target surfac
and laser beam nonuniformities into the flow by the low
energy foot of the laser pulse.
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