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The thin aluminum liners with an aspect ratio R/Ar < 1 have been imploded on the primary test stand (PTS) facility,
where R is the outer radius of the liner and Ar is the thickness. The x-ray self-emission images present azimuthally correlated
perturbations in the liner implosions. The experiments show that at —10 ns before the stagnation, the wavelengths of
perturbation are about 0.93 mm and 1.67 mm for the small-radius and large-radius liners, respectively. We have utilized the
resistive magnetohydrodynamic code PLUTO to study the development of magneto-Rayleigh—Taylor (MRT) instabilities
under experimental conditions. The calculated perturbation amplitudes are consistent with the experimental observations
very well. We have found that both mode coupling and long implosion distance are responsible for the more developed

instabilities in the large-radius liner implosions.

Keywords: magneto-Rayleigh—Taylor instability, thin liner implosion, Z-pinches, magnetohydrodynamic

(MHD), primary test stand (PTS)
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1. Introduction

In implosions of cylindrical Z-pinches driven by mag-
netic field, magneto-Rayleigh—Taylor (MRT) instability will
occur at the outer plasma—vacuum interface, where the plasma
liner (heavy fluid) is accelerated by azimuthal magnetic field
(light fluid) analogous to classical fluid Rayleigh—Taylor (RT)
instability.!!=! In addition to acceleration, the effective grav-
ity resulting from the curvature and gradient of magnetic
field could also contribute to the growth of instability, [+¢7]
i.e., MRT-like sausage mode, which is one of the distinctive
features from the RT instability. The imploding cylindrical
plasma would be broken up by the fully developed MRT insta-
bility, so that it does not reach the axis in an intact state. [3-10]
Thus, all applications of fast Z-pinches are sensitive to the in-
stability.

Large amounts of experimental and numerical works
have already been done on the MRT instability for
decades.!711-201 Both two-dimensional (2D) and three-
dimensional (3D) radiative magnetohydrodynamic (MHD)
simulations could reproduce the experimental radiation

pulse very well by
18,21,22

self-consistently considering the
instability. 1 Besides the wire array, the liner (or cylin-
drical foil) is an alternative load to Z-pinch applications. But it
is found from experiments that thin liners were more suscep-
tible to the MRT instability than the wire array because of the

earlier implosion and the initial coherent perturbation, result-
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ing in lower x-ray radiation power./?*! The MRT instabilities
also appeared in the planar foil implosion experiments.>*!

In order to decrease the effect of MRTSs, thick solid lin-
ers with an aspect ratio R/Ar ~ 6 were utilized to compress
pre-magnetized and pre-heating deuterium plasma in magne-

25261 The liner implo-

tized liner inertial fusion (MagLIF).[
sion experiments with initial single mode perturbation were
performed on the Z machine for the MRT instability study,
where the measured mode growth in the implosion phase
was in agreement with numerical and theoretical results very

1.127-29] Numerical simulations showed that the outer sur-

wel
face of liner was disturbed by the MRT instability, but the in-
ner surface would keep intact because of the liner’s sufficiently
thick shell.[*! Recently, thin foil (of 400 nm thickness) implo-
sion experiments demonstrated that the applied axial magnetic
field generated the helical structure MHD and MRT instabili-

30.31] The inverse

ties, and reduced the perturbation amplitude. !
cascades in both the axial and azimuthal wavenumbers were
observed in these experiments. Extended MHD simulation
suggested that the flux compression of the applied magnetic
field by the outer low-density plasma may be a possible reason
for the large pitch angle of the helical perturbation observed in
liner experiments on the Z facility.3?)

In this article, the non-magnetized thin aluminum liners
with R/Ar = 3200 and 5000 were imploded on the primary test
stand (PTS) facility 3*! with a peak current of 6.4-8.0 MA and

rising time (10%—-90%) of 60-70 ns. Azimuthally correlated

*Project supported by the National Natural Science Foundation of China (Grant Nos. 11605013, 11775032, 11805019, and 11705013).
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perturbations appeared in the implosions, which are believed
to be the consequence of MRT instabilities. In order to un-
derstand the experiments, we utilized a resistive MHD code
to investigate the MRT instability development. The insta-
bility grew exponentially even in the nonlinear phase,[®2%34]
possibly leading to fully developed mode coupling.*>! The
strong mode coupling would contribute to the growth of the
long wave modes very much. In Douglas’ computation, the
strong mode coupling was observed clearly between modes
with A > Ar, where A is the wavelength.’#! In general, the
mode would develop stronger for the large-radius liner be-
cause of the longer implosion distance. Both longer implosion
distance and strong mode coupling may be responsible for the
more developed MRT in the large-radius liner implosion than
the small-radius one.

Section 2 introduces the physical models for cylindrical
liner implosions. The numerical effects on the growth of the
instability are discussed in Section 3. The experimental re-
sults are presented, and the single mode, two-mode coupling,
and random seed developments are studied under the experi-
mental conditions by simulation in Section 4. Finally, Section
5 gives the conclusions.

2. Physical models

We will only take the axial magneto-Rayleigh—Taylor in-
stability (in R — Z cross section) into account here, because it is
more dangerous for the implosion of a cylindrical liner driven
by an azimuthal magnetic field. Moreover, the cylindrical co-
ordinate system is applied due to its cylindrical symmetry in
this paper. We focus on the MRTs in the run-in phase of the
liner implosion. Ignoring the liner-initiation phase, a plasma
shell with finite temperature and density is taken as the ini-
tial conditions in our computations.>>!-3%] Figure 1 shows the
R — Z cross section schematic diagram for the cylindrical con-
figuration. We set the azimuthal magnetic field at the outer
boundary

Boy = 210)
c Ry

as the driving source, where I(¢) is the driven current, Ry, is the

ey

radius of the outer boundary, and c is the speed of light in vac-
uum. The compressible resistive magnetohydrodynamic con-
trol equations include the continuity equation, the momentum
equation, the energy equation, and the magnetic field equation,
which are written into the conservative form as follows: 7]

ap _

W‘FV'(P"J)—Ov 2)
am 1 <

— +V (mv+ —BB+1p)=0, )
O Y (E+p)v-B(o-B) =V [(n-) x B+ V-F.(4)
%—?—&—VX(—’UXB):—VX("'J% o)

where p is the mass density, m = pwv is the momentum, v is
the velocity, p, = p+ B? is the total pressure, p is the thermal
pressure, B is the magnetic field, J = V x B is the current
density, and 7 is the resistivity. E is the total energy
2 2
m- B
E=pe+—+—. 6
Pet 55 5 ©)
The limited energy flux is utilized in the energy equation

F, sat

Fo— —%
Foa + |Fclass|

Fclasm (7)

where Fyiuss = Kparb (b VT) + Kpet [VT —b (b~ VT)] is the
classical energy flux, T is the temperature, and Kpr and Kper
are the parallel and normal heat conductivity coefficients, re-

spectively.
Z
electrode
axis plasma = boundary
electrode
0 —
R

Fig. 1. The R — Z cross-section schematic diagram of the cylindrical
Z-pinch load configuration in simulations.

The partially ionized ideal gas equation of state is used to
provide the closure

p :p/mA(l +Zeff) T,
e = (1+Zg) T /ma+1Ite/p, (8)

where s
(Zeff / Zatom)
( 1- Zeff/Zatom)3/2

is the Thomas—Fermi ionization potential, B8] 7 om is the

ITF: 13.6><ZA/3

atom

©))

atomic number of the material (aluminum here), mp is the
atomic mass, and Z is the average degree of ionization, cal-
culated by the Thomas—Fermi ionization model.*®! The Bra-
ginskii heat conductivity coefficients and the Spitzer resistivity
are employed here. In the run-in phase of the liner implosion,
as shown in Fig. 6, the hydrodynamic energy is much larger
than the radiation energy. In addition, we did not find substan-
tial effects on the results by adding a black body radiation term
in the energy equation. Therefore, the radiation is ignored in
this phase here.
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The experimental and computational results in Peterson’s
paper showed that the electro-thermal instability appearing in
the initial phase may be the mechanism of seeding the MHD
and MRT instability in the liner implosion. However, the seed-
ing of the MHD and MRT instabilities is still an open problem,
which is beyond the scope of this paper. Therefore, we study
the MRT instability only in the run-in phase of the liner im-
plosion. The initial condition of the liner is considered as a
plasma shell with higher temperature and lower density than
the solid. The MRT instability is seeded by cosine or random
density perturbation. The resistive MHD code PLUTO, 37!
which is employed widely in astrophysics, is utilized to solve
the above control equations.

3. Numerical effects

First, we compare the computational results with
Ref. [34] to validate the modified PLUTO for studying MRT
instabilities in the Z-pinch implosions. The cosine function

& = &ypo x cos <nf27r> (10)

is chosen as the initial perturbation for single mode develop-
ment, where n is the mode number in the Z direction, & is
the perturbation amplitude, and / is the length of plasma shell.
The same parameters and driven current in Ref. [34] are used
for comparison, where the peak current is about 16 MA and
the implosion time is about 100 ns. The height of plasma shell
| = 2 cm, and its initial radius Ry = 2 cm. The initial thick-
ness of the plasma shell is Ar = 0.1 cm. The initial density pg
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and temperature Tp of the plasma shell are spatially uniform.
The initial perturbation with & = 0.005 is utilized. In addi-
tion, the same cell numbers, i.e., 5 cells/mm in the R direction
and 8 cells/mm in the Z direction, are also used in this section.
Analogous to Refs. [31] and [35], we analyze the spectrum by
calculating the radial density integral and subtracting its mean

(/p (R,Z)RdR) -

pmamec
_ [p(R,Z)RARAZ
H=

e

/ pR*dZdR

H(Z) =

e, (11)
/ PRAZAR

where in order to obtain a quantity with units of length,
we divide the density integral by the max density Pmax =
max|[f p (R,Z) dZ/ll,
R The growth rate 7y is obtained by fitting the computational

and the radius of the center of mass

amplitude with exponential function 1gexp (y¢).**! The spec-
tra of single mode n = 8 are presented at four different times
in Fig. 2. The ratio of Ar to A approaches to unit for this mode.
The growth rate by fitting the computational mode amplitudes
between 160 ns and 200 ns is about ¥ = 0.120/ns for the mode
n = 8. The physical picture and growth rate are both consis-
tent with MACH2’s results.[>** Moreover, the PLUTO results
of two-mode coupling and random seed development are also
consistent with Ref. [34].
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Fig. 2. Compared with Ref. [34], wave spectrum of mode n = 8 at r = (a) 170 ns, (b) 190 ns, (c) 200 ns, and (d) 210 ns. The inset in
(a) is the initial wave spectrum, and the insets in (b)—(d) show density distribution.
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Then, different cell numbers are employed for determin-
ing numerical effects on the growth of the instability. In Fig. 3,
the growth rates of mode n = 8 as a function of the cell number
per wavelength in the Z direction are presented for two differ-
ent cell numbers in the R direction respectively. It is found
that the numerical dissipation due to finite cells, analogous to
physical viscosity, will decrease the instability growth rate. 34!
More than 10 cells per wavelength in the Z direction are re-
quired for the single mode MRT instability study. In addition,
the computational results approach convergence when the cell
number reaches 25 per millimeter in the R direction, as shown
in Fig. 3.
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Fig. 3. Linear growth rate of mode n = 8 (a) as a function of cell number
per wavelength in the Z direction for two different cell numbers in the R
direction and (b) as a function of cell number in the R direction for 30 cells
per wavelength in the Z direction.

4. Results
4.1. Experimental results

The thin liners with R/Ar = 3200 and 5000 were im-
ploded with a peak current of 6.4-8.0 MA and rising time
(10%-90%) of 60—70 ns on the PTS facility. The liners were
fabricated by rolling up a rectangular aluminum foil (of 2 pm
thickness), with one end sticking to the electrodes. For the
small-radius liner (R/Ar = 3200), the radius is R = 0.64 cm,

the thickness is Ar = 2.0 um, and the heightis / = 1.5 cm. Its
line mass is 2.20 mg/cm. For the large-radius liner (R/Ar =
5000), R=1.0cm, Ar =2.0 um, and / = 1.5 cm. Its line mass
is 3.43 mg/cm. The primary diagnostics to investigate the im-
plosion dynamics of the liners are the x-ray pinhole cameras
and the laser shadowgraphy.**) One x-ray pinhole camera is
used with 6 pm Mylar filter paired with multilayer mirror to
produce integrated monochromatic (277 £5 eV) framing im-
ages (see Figs. 4 and 5). The frequency-doubled Nd: YAG laser
(532 nm) was used to produce laser shadowgraph (see Figs. 4
and 5) with the time interval 6 ns between images. In addition,
the filtered x-ray diode (XRD) was used to measure the soft
X-ray power.
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Fig. 4. The x-ray self-emission images (left) and laser shadowgraphs (right)
for the small-radius liner implosion (shots 0319, 0318, and 0316). The ver-
tical white lines indicate the initial position of the liner.
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Fig. 5. The x-ray self-emission images (left) and laser shadowgraphs (right)
for the large-radius liner implosion (shots 0320-0322). The vertical white
lines indicate the initial position of the liner. The initial position is at the left
and right edges of the x-ray images.

Figures 4 and 5 show the monochromatic x-ray self-
emission images and laser shadowgraphs at different times for
the small- and large-radius liner implosions, respectively. The
t = 0 time is defined at the peak radiation power in experi-
ments. The x-ray figures show azimuthally coherent stratifica-
tions, which are believed to be the consequence of MRT insta-
bilities. For the small-radius and large-radius liner implosions,
the dominant perturbation wavelengths are about 0.93 mm and
1.67 mm around —10 ns. It is found that, from Figs. 4 and 5,
both the perturbation amplitude and dominant wavelength for
the large-radius liner are larger than the small-radius one. In
addition, the laser shadowgraph images present clearly the in-
versed cascade phenomenon before the stagnation.

In order to understand the experiments, we have simu-
lated the single mode development, two-mode coupling, and
random seed development under the experimental conditions.

4.2. Single mode development

In our simulation, the measured load current from shot
#0317, with peak current of 6.6 MA and rising time of 64 ns,
is used as the driven current for the liner R/Ar = 3200 (small-
radius liner). We take a plasma shell as the initial condition in

calculations. The outer radius of the plasma shell is 0.64 cm.
The height is 1.5 cm. In experiments, a radiation ring of width
~ 0.1 cm appears inside r = 5 mm (the radius of the diag-
nostic hole) in the end-on x-ray images at ~ —40 ns in the
run-in phase for the small-radius liner. According to this phe-
nomenon and the previous calculation works,34! the initial
thickness of plasma shell is set as 0.10 cm. The initial density
is 5.93 mg/cm? to keep the same line mass with experiments.
A low temperature 2.3 x 103 K is set for mitigating the influ-
ence of plasma expansion before the liner implosion. In the
same way, the measured load current from shot #0321, with
peak current of 7.8 MA and rising time of 70 ns, is used for
the liner R/Ar = 5000 (large-radius liner). The outer radius
of plasma shell is 1.0 cm and the thickness is 0.1 cm. The
initial temperature of plasma shell is 2.4 x 103 K, and the ini-
tial density is 5.70 mg/cm>. The initial density perturbations
& with 8y = 0.005 are used for the two kinds of liners. More
than 20 cells/mm are employed in our computation according
to Section 3.

For comparison with experiments, ¢t = 0 is defined when
the kinetic energy is minimum in the computation. In exper-
iments, the r = 0 time is defined when the radiation power is
peak. The time of the minimum kinetic energy in calculation
is consistent with that of the peak radiation power in experi-
ments for the small-radius liner implosion, as shown in Fig. 6.
This is the same result for the large-radius liner implosions.

8 10 160
kinetic \
o ' 50
s i
6t
=
< 5l current P = 440 .
T 4t / S 430 =
g / = 9
I | 4 = ;:
5 3 / T {20 =
ol / | =
, radiation 2
410
1k /
~
= - = = - . 2 0 Jo
—120—100 —80 —60 —40 —20 0 20

Time/ns

Fig. 6. Experimental (shot 0317) current (dashed line) and radiation power
(dot-dashed line) as a function of time are plotted for the small-radius liner
implosion as well as the calculated kinetic energy (solid line).

We compare the computational results with the linear the-
ory, which is consistent with the thick liner (R/Ar ~ 6) im-
plosion experiments on the Z machine.!®?°! The exponential
law, 1 = g cosh [G; (¢)], is employed to describe the growth of
MRT instability in linear theory,!?*! where G (t) = [; y(¢') dt’,
and y = \/kg. The acceleration is calculated from the magnetic
pressure

2
o) =t 1) (12)

T 47my Rine (1)

where Ry (#) is the radius at the center of mass from numerical
results and my is the line mass.
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Corresponding to the small-radius liner implosion, fig-
ure 7 presents the computational mode amplitude (Fourier
analysis, fast Fourier transform (FFT)), valley—peak length,
and the exponential growth law in logarithmic coordinate as
a function of time for single modes n = 8 (A ~ 1.9 mm) and
n=15 (A ~ 1.0 mm). Figure 8 is for the large-radius liner im-
plosion. The computational results show that the amplitude of
MRT instability will decrease before the start of the implosion
because of the expansion of the outer face. The single mode
MRT grows exponentially in the run-in phase. Furthermore,
the growth of MRT in the computation is faster than that pre-
dicted by linear theory after —40 ns for small-radius liner and
—70 ns for large-radius liner, as shown in Figs. 7 and 8, which
is different from the thick liner with R/Ar ~ 6.27-2°1 Similar
results are also found for mode n = 20 (A ~ 0.75 mm), the
wavelength of which is smaller than the initial plasma thick-
ness, in both kinds of liner implosions. One possible reason
is that g(¢), which is calculated from the radius of the cen-
ter of mass and the magnetic pressure, may be underestimated
for the mode growth. In addition, the perturbation amplitude is

1071

(a) -

theory

e o FFT
B m valley—peak

Amplitude/cm

—100 —80 —60 —40 —20
Time/ns
10°
(b) — - theory
e o FFT
10-1 m m valley—peak

Amplitude/cm

10*4 1 1 1 1 1

—100 —80 —60 —40 —20
Time/ns
Fig. 7. Corresponding to the small-radius liner implosion experiments, the
computational mode amplitude (solid circle), the valley-peak length (solid

square), and the theoretical result (dashed line) are presented as a function of
time for single modes (a) n =8 (A ~ 1.9 mm) and (b) n = 15 (A ~ 1.0 mm).

larger for the large-radius liner than the small-radius before
stagnation because of the longer implosion distance. This is
consistent with the experimental observation.

107! . . . . .
(a) = 1 theory

e o FFT

B B valley—peak

Amplitude/cm

—140 —-120 —-100 —-80 —-60 —40 —20
Time/ns
10° T . . T . "
(b) m 1 theory
e o FFT
10-1L B B valley—peak
4
g
[®]
~
€ 1072
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< .
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Fig. 8. Corresponding to the large-radius liner implosion experiments, the
computational mode amplitude (solid circle), the valley-peak length (solid
square), and the theoretical result (dashed line) are presented as a function of
time for single modes (a) n =8 (A ~ 1.9 mm) and (b) n =15 (A ~ 1.0 mm).

4.3. Two-mode coupling

With other parameters corresponding to Section 4.2, two
single mode seeds n = 8(k; ) and 12 (k) with & = 0.005 are re-
spectively imposed on the plasma liner together for the small-
and large-radius liner implosions. There is no initial phase
difference between the two modes. It is seen from Fig. 9 that
modes n = 4(ky — ki) and n = 20(ky + k;) are generated by
mode coupling and grow as the plasma implodes. The gen-
erated mode n = 20 grows even larger than the mode n = §
before stagnation. It is found that the growth rate of n =4 is
larger than modes n = 8 and n = 12 by fitting the amplitude
with ngexp (¢). It is seen from Fig. 9(b) that the mode n = 12
and the second harmonic mode n = 16 begin to “saturate” and
decrease before stagnation for the large-radius liner. However,
this phenomenon is not found in the small-radius liner implo-
sion. It implies stronger mode coupling for the large-radius
liner. In fact, the “saturation” and decreasing also occur in the
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simulation of two-mode coupling under the Z machine experi-
mental conditions as in Section 3, where R and R/Ar are larger
and the implosion time is shorter. It is deduced that the mode
coupling is stronger for larger radius or R/Ar. According to
the quasi-linear mode coupling theory,3>#° mode coupling
will contribute to the long wave mode and make it grow faster.
This may be also responsible for the more developed MRT ob-
served in large-radius liner experiments.

1.2 T T T T
(a) n=4

1.0

0.8

0.6

0.4

Normalized amplitude

0.2

0
—50 —40 —30 —20 —10 0

1.2

1.0

0.8

0.6

0.4

Normalized amplitude

0.2

0
-7 —-60 —-50 —40 —-30 —20 —10

Time/ns

Fig. 9. Different mode amplitudes from n = 8 and n = 12 mode coupling
are presented as a function of time for the (a) small- and (b) large-radius
liners, respectively. The stagnation begins after —15 ns as the vertical dash
line indicates in (b).

4.4. Random seed development

With other parameters corresponding to Section 4.2, we
also apply random density perturbation seed

p = dpoRandom(—1.0,1.0) (13)

for the MRT instability study, where & is the perturbation am-
plitude and p is the unperturbed density. The initial tempera-
ture is 10% K here. According to Section 3, 35 cells/mm in the
R direction and 20 cells/mm in the Z direction (/ = 15 mm) are
employed for lowering the effect of numerical dissipation on
the observed dominant modes as much as possible. And the
initial amplitude & = 0.05 is chosen in the computation.

Figure 10 shows the density distribution and the corre-
sponding wave spectrum at —10 ns for the small-radius liner
implosion, while figure 11 is for the large-radius liner. Anal-
ogous to experiments, it is found that the perturbation ampli-
tude and wavelength are both larger for the large-liner than
the small-radius one, as shown in Figs. 10 and 11. From the
perturbation spectrum, it is found that in our computation, the
dominant mode wavelengths are ~ 0.9 mm and ~ 2.0 mm for
the small-radius and large-radius liner implosion, respectively,
which is in agreement with the experimental observation. The
same initial amplitudes are applied for the two kinds of liner
implosions. More than three calculations are done for each
case, obtaining the average results.

Figure 12 presents the measured and computational per-
turbation amplitudes for the liner R/Ar = 3200. In experi-
ments, the amplitude is measured by the maximum distance
between the finger peak and bubble valley of the laser shad-
owgraph. In calculations, the amplitude is calculated by the
maximum distance between the finger peak and bubble val-
ley of the density contour map. The calculated amplitudes are
consistent with the experimental results very well.

Corresponding to Figs. 10 and 11, respectively, figures 13
and 14 present the perturbation amplitudes of different modes
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Fig. 10. Corresponding to the small-radius liner, the (a) density distri-
bution contour and (b) wave spectrum are presented at t = —10 ns.
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Fig. 11. Corresponding to the large-radius liner, the (a) density distri-
bution contour and (b) wave spectrum are presented at t = —10 ns.
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Fig. 12. The measured and computational perturbation amplitudes for
the small-radius liner (R/Ar = 3200).

as a function of time. The wavelength of the dominant mode
increases with time as shown in Figs. 13 and 14, which cor-
responds to the inversed cascade phenomena in experiments.
Compared with Fig. 9, richer mode couplings are presented
for random seeds than simple two-mode seeds. The competi-
tion between the mode growth and the mode coupling should
be responsible for the mode amplitude bouncing (the growth—
decrease—growth process) observed in Figs. 13 and 14. Ob-

viously, the MRT mode experiences the growth—decrease—
growth process more times for the large-radius than the small-
radius liner, which indicates more fully developed mode cou-
pling. Referring to Ofer®>! and Haan,”! it is known that
strong mode coupling would contribute to the long wave mode
growth. Therefore, more perturbation energy is fast trans-
ported to the long wavelength mode by mode coupling. It is
consistent with the results of Section 4.2. Consequently, more
fully developed mode coupling is another possible reason for
the larger perturbation amplitude and wavelength of the insta-
bilities in large-radius liner implosion in addition to the longer
implosion distance.
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Fig. 13. Corresponding to Fig. 10, the amplitudes of different modes as
a function of time are presented.
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Fig. 14. Corresponding to Fig. 11, the amplitudes of different modes as
a function of time are presented.

5. Conclusion

The liner implosion experiments with R/Ar < 1 are per-
formed on the PTS facility for implosion dynamics study. The
MRT instabilities are observed in experiments. Both the per-
turbation amplitude and the dominant wavelength are found to
be larger in the large-radius than the small-radius liner from
x-ray self-emission images. In order to understand the exper-
iments, resistive MHD code PLUTO is utilized to investigate
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the single mode development, two-mode coupling, and ran-
dom seed development of MRT instability under the experi-
mental conditions.

Firstly, it is found that the single mode growth is faster
than that predicted by linear theory before stagnation. In ad-
dition, the single mode amplitude for the large-radius liner is
larger than the small-radius one because of the longer implo-
sion distance. It is partially responsible for the larger pertur-
bation amplitude and wavelength observed in the large-radius
liner implosions.

Our simulations on two-mode coupling and random seed
development show that the mode coupling will develop more
strongly with larger radius and aspect ratio R/Ar (i.e., thinner
liner). According to quasi-linear mode coupling theory, 3401
mode coupling will contribute to the growth of the longer
wavelength mode. Therefore, the stronger mode coupling may
also be responsible for the more developed MRT instabilities
in the large-radius liner implosion. The physical picture from
computations for the random perturbation seed is qualitatively
consistent with experimental observations. In addition, the
wavelengths of the dominant modes are in good agreement
with experimental observation.

According to the results above, both the long implosion
distance and fully developed mode coupling contribute to the
larger perturbation and wavelength of the dominant mode for
the large-radius liner implosions. Actually, the large radius
and high aspect ratio are unavoidable for some Z-pinch ap-
plications especially at large current, such as the dynamic
hohlraum and soft x-ray radiation. Therefore, some measures
must be taken to alleviate the MRT development and mode
coupling before the stagnation or collision with the converter
for the thin liner implosion. Analogous to nested wire-arrays
and gas puff, the nested liner may be helpful to mitigate the ef-
fect of MRT instability. The matched line mass and position of
the nested liner should be optimized carefully in future study.
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