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Recent experiments on the implosions of 15-mm long and 2-um thick aluminum liners having a diameter of 12.8 mm
have been performed on the primary test stand (PTS) facility. The stratified structures are observed as alternating dark
and light transverse stripes in the laser shadowgraph images. These striations perpendicular to the current flow are formed
early in the implosion, i.e., at the stage when the bulk of the material mass was almost at rest. A two-dimensional (2D)
magnetohydrodynamics (MHD) code is employed to simulate the behavior of liner dynamics in the early phases. It is found
that the striations may be produced by the electrothermal instability (ETI) that results from non-uniform Joule heating due
to the characteristic relation between the resistivity and the temperature. In 2D simulations, the stratified structures can be
seen obviously in both density and temperature contours as the liner expands rapidly. By analyzing instability spectrum, the
dominant wavelengths of the perturbations are 8.33 um-20.0 pm, which agree qualitatively with the theoretical predictions.
It is also interesting to show that ETI provides a significant seed to the subsequent magneto Rayleigh—-Taylor (MRT)

instability.
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1. Introduction

With the development of pulsed power technology, the
fast Z-pinches could produce 1.8 MJ of soft x-rays with peak
powers greater than 200 TW in a pulse of 4.5-ns duration,
using cylindrical nested wire-array of fine metal wires made
of tungsten carrying a current rising to 20 MA over 100 ns
on the Z machine at Sandia National Laboratories.!!! Such
an intense shot-pulse x-ray source can be employed to in-
direct drive inertial confinement fusion (ICF), like the dy-
namic hohlraum.!”! Meanwhile, the Z-pinch also shows the
potential of direct drive ICF!-3-7] due to the huge magnetic
pressure and the plenty of driven energy, such as the recent
magnetized liner inertial fusion (MagLIF) concept.[%¥! Un-
fortunately, fast Z-pinches are inherently hydrodynamically
unstable and are predominantly susceptible to the magneto-
Rayleigh-Taylor (MRT) instability,[°~!!l which occurs when
a light fluid (driving magnetic pressure) is pushing against a
heavy fluid (liner plasma) and seriously decreases the implo-
sion quality.

In the experiments of MagLIF-relevant aluminum liner
implosions on the Z facility,!>!3] the MRT instability seeded
by machining sinusoidal perturbations (4 = 200 um, ampli-
tude = 10 um) grew to an amplitude of 500 um. However,
in the same shot, perturbations from the flat region (perturbed

DOI: 10.1088/1674-1056/28/2/025203

only by surface roughness with an initial amplitude of 60-nm
root-mean square) grew to an amplitude of 70 um at the identi-
cal time, i.e., the increment of perturbations from the ‘smooth’
surface was over 20 times greater than that from the sinu-
soidal seeded region. In addition, the comparisons of implod-

[14.15] with magnetohydrody-

ing Beryllium liner experiments

namics (MHD) simulations revealed that the good agreement

depended on how to model the liner’s initial outer surface.
Simulations!!®!7! and experiments in solid rods!'®-2% and

imploding liners!?!!

over the past several years suggested that
the electrothermal instability (ETI), rather than the liner sur-
face roughness, played an important role in seeding MRT
instability. The ETI!0-18.22-25] i caused by the inhomoge-
neous Joule heating due to the characteristic relation between
the resistivity and the material temperature. The dispersion
relation!??! of ETI reveals that the instability structure is de-
pendent on the derivative of the resistivity with respect to
temperature. When the resistivity decreases with tempera-
ture (d1n/dT < 0), such as in a plasma with Spitzer-like re-
sistivity, axially oriented overheated “filaments” can grow. On
the other hand, when the resistivity increases with temperature
(dn /9T > 0), such as for a metal in solid, liquid, and (non-
ionized) vapor states, electrothermal instabilities can form az-

imuthally correlated “striations” perpendicular to the flow of
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current, which are usually observed at the early stage of Z-
pinch implosions. Since the striation form of ETI has the same
orientation of wave vector as the MRT modes, ETI perturba-
tions may couple to the subsequent MRT instability growth.

Besides the thick liners for MagLIF where the aspect ra-
tio (initial outer radius divided by initial wall thickness) is
less than 10, experiments of copper cylindrical foil implosions
(1.5 pm in thickness and 6666.7 in aspect ratio) carried out by
Nash et al.*®! indicated that the axial perturbations were clear
just before the load is imploded, however, what physics caused
these perturbations was not discussed. It is supposed that ETI
is also the main mechanism to determine the axial perturba-
tions in the early phases of thin liner implosions. In contrast to
the thick liner, the thickness of the thin liner is much less than
the skin depth of the proposed current pulse, so there might be
a difference of ETI growth in the two types of liner.

Recently, the experiments on aluminum cylindrical foil
implosions were performed for the first time on the primary
test stand (PTS) facility.[*”] The 2-pum-thick foil was wrapped
into a cylinder with one turn, so the cylindrical foil was also
called the thin liner here. The liners are 15 mm in height, 2 pm
in thickness, and 12.8 mm in diameter. From the laser shad-
owgraph images, it is seen that axially oriented perturbations
had been visible and striated before the liner’s acceleration.
It is important to interpret the experimental observations and
explore the role of ETI in the formation of these striated struc-
tures at the early stage of thin liner implosions on the PTS
facility. In order to investigate the evolution of ETI during
the early plasma formation, two-dimensional (2D) (r,z) simu-
lations are performed in this paper.

This paper is organized as follows. Section 2 describes
the physical model in the code, and the experiments of thin
aluminum liner implosions on the PTS facility are shown in
Section 3. Section 4 presents the MHD simulations for elec-
trothermal instabilities. Finally, the conclusions are given in
Section 5.

2. Physical model

In order to describe the plasma formation at early times
and the electrothermal instability, the resistive MHD model is
employed. The governing equations can be written as

ap _

E+V~(pv)—0, ey
dv

pg—s-p('zyV)'u:—Vp—l—JxB, (2)
0

pa—f—l-p(v-V)S:—pV-v-i—T]Jz-FV'(KVT)a 3)

E+vxB=nJ, 4
OB

o2 = -VxE, 5)

V x B = uyJ, (6)

where p, p, and € represent mass density, thermal pressure,
and internal energy density, respectively. B is the magnetic
field, E is the electrical field, J is the current density, v is
the fluid velocity, Uy is permeability, and 1 is the electrical
resistivity. Note that the above equation set is not closed un-
less the equation of state is included. Obviously, the ideal gas
approximation is not valid during the solid and liquid phases.
Thus the equation of state should be modified to emulate the
behavior of the condensed states of materials. In this work, we
use MPQeos-JWGU?8! to generate tables in the SESAME-
301 format which determines the internal energy and pressure
as functions of the density and temperature. Figure 1 shows
the thermal pressure of aluminum calculated by this model as
a function of density for various temperatures.
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Fig. 1. Thermal pressure versus density for various temperatures pro-
vided by MPQeos-JWGU. The unit 1 bar = 10> Pa.

It is essential to obtain the accurate electrical resistivity in
order to calculate the Joule heating and the diffusion of mag-
netic field. Here, we adopt Lee and More’s model,[*°! which
spans a wide range of different material parameters and states.
Figure 2 shows the dependence of the electrical resistivity of
aluminum on the temperature for different densities. It can be
seen that the derivative of the resistivity with respect to tem-
perature changes sign from the state of high density with low
temperature to the plasma phase with higher temperature as
the material is heated and expands.

We use a 2D Eulerian MHD code (ZEUS-2D)3%311 tg re-
alize the models mentioned above. Originally, the resistive
effect was not considered in this code and the ideal MHD
equations were solved explicitly by the operator split scheme.
We add the magnetic field diffusion module with the implicit
scheme in the code. Here, the radiation transport is not taken
into account because of the relatively low temperature at the
early stage of Z-pinch implosions. Periodic boundary condi-
tions are used at the axial boundaries. In recent experiments
on the PTS facility, the thickness of liners is much less than
the initial radius, and the radial width of cells must be small
enough to allow the solid foil to be resolved. On the other
hand, the number of cells cannot be much too large due to
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the limitation of the computational resource. Thus, the radial
computational region (from R = 6.15 mm to 6.56 mm) is set to
be near the initial position of liners, but not including the pinch
axis. At the radial boundaries, free flow conditions are used.
Note that the material strength is not modeled in the code, and
the thermal pressure cannot be balanced with the stress in the
solid state. Consequently, the motion of load is set to be frozen
artificially until the load temperature is higher than the melting
temperature.
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Fig. 2. Resistivity of Al as a function of temperature for several densi-
ties taken from Lee and More’s model.

3. Experiments

In experiments of cylindrical foil implosions on the PTS
facility, the 2-um thick liners are made of aluminum with a
diameter of 12.8 mm (15 mm in length and 2.20 mg/cm in lin-
ear mass density). Here, shot 0319 with the peak current of
6.7 MA and the 10%-90% current rise time of 58 ns is ana-
lyzed, since more diagnostic images are taken for this shot at
early times, which is beneficial to studying the early phenom-
ena. The waveforms of current and radiation power are shown
in Fig. 3(a), where the peak power is at time t = 135 ns.

The four-frame laser shadowgraph images with 6-ns
frame-interval, 150-ps exposure time, and 25-pum resolution
are used to capture the early behavior of the load, as shown
in Fig. 3. At 71.7 ns, the small perturbations with axial size
close to the resolution limit of the laser shadowgraph emerge
on the load surface, and these striation-like structures are per-
pendicular to the drive current. It is also clear that a significant
amount of mass still exists at the initial location (R = 6.4 mm)
indicated by the dashed lines, which means that the bulk liner
is almost at rest. Thus, it is inferred that the MRT instabil-
ity has not taken place. As mentioned above, ETI can pro-
duce the alternating hot and cold azimuthally correlated bands,
thus the perturbation in both mass density and interface posi-
tion would be created. After that, as the instabilities develop,
the amplitude of perturbations increases obviously and some

spikes appear around the initial position of liner (the dashed
red line). By 89.7 ns, most of the spikes have moved to the
left of the dashed line, and the position of the foil border in
the laser shadowgraph image is roughly between » = 6.1 mm
and 6.2 mm (it is hard to recognize the load-vacuum boundary
accurately because of the instability structures), which means
the liner is imploding.
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Fig. 3. (a) Experimental drive current (solid line) and radiation power
(dashed line) as a function of time for shot 0319. (b) Laser shadowgraph
images at the measured times; timing relative to the start of current is
indicated on each shadowgraph where the red dashed line represents
the initial position of liner, and the black and green parts represent the
liner region and the vacuum, respectively. The anode is on the top of
shadowgraph, and the cathode is on the bottom.

4. Simulations of early plasma formation

A series of MHD simulations using experimental param-
eters have been performed with modified ZEUS-2D. The ini-
tial calculation conditions are set as follows: in the liner re-
gion, the temperature and density are 350 K and 2.7 g/cm?,
respectively; the rest region (including inside and outside of
the liner) is labeled as the “vacuum” where the temperature is
still 350 K; however, the density is 10° g/cm3. In the vacuum,
an artificially high resistivity is given, so that this region can
remain almost current free. In order to ensure that the number

of cells is sufficient to resolve the liner and the width of cells

025203-3



Chin. Phys. B Vol. 28, No. 2 (2019) 025203

is not too small and to increase the runtime dramatically, the
radial width of cells is set to 0.33 wm near the liner center and
increases with radius as a fixed ratio 1.08. The radial grid with
105 cells is from R = 6.15 mm to 6.56 mm.

4.1. One-dimensional (1D) simulations

In order to illustrate the evolution of the thin liner under
Joule heating in the absence of complex instabilities, the simu-
lations without initial perturbations are run at first. Due to the
cylindrical symmetry, the physical quantities would be always
uniform along the axis, and these simulations become actu-
ally one dimensional. The liner thickness is so small that the
skin time Tgin = HoL? /M is very short (approximately 0.5 ns),
where 7 is the resistivity and L is the characteristic length.
In other words, it only takes 0.5 ns until the magnetic field
penetrates the load completely. After that the current would
flow uniformly over the cross section, both the inner and the
outer edges of liner would experience almost the same Joule
heating. During the first 21 ns, the liner temperature gradually
increases and the liner remains stationary. Once the melting
temperature is reached, the load begins to expand quickly. Fig-
ure 4 shows the radial profiles of some physical quantities at
55 ns, including temperature, density, current density, thermal
pressure, and magnetic pressure. The density at the central
position (R = 6.4 mm) has decreased by an order of magni-
tude from the initial density, and the temperature increased
to above 1 eV. During this period, the density in the central
region is high enough to cause the relatively low resistivity,
consequently the current density in this region is still large.
However, the peak of current density has been located at the
outer position, which means that with the formation of a con-
ducting plasma corona, the current is shunted gradually into

the plasma with low resistivity. In other words, the skin effect

appears as the liner expands.
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Fig. 4. Radial profiles from a simulation of thin aluminum liner at 55 ns.

By 72 ns, the radial size of liner has exceeded 300 pm,
as shown in Fig. 5. Note that the liner’s inner interface has a
higher expansion level than the outer interface, which is con-
strained by the increasing magnetic pressure. As the liner ex-
pands, the current is further shunted outward and the skin ef-
fect is identified again. Figure 5 also indicates that the liner
just starts to implode as a whole and most of the mass is still
at the initial position, which is similar to what is shown in the
laser shadowgraph image at 71.7 ns. After that, since the mag-
netic field in the outer regions is sufficiently large, the liner
implosion becomes obvious in both laser shadowgraph images
and 1D simulations.
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Fig. 5. Radial profiles from a simulation of thin aluminum liner at 72 ns.

4.2. 2D simulations

For the r direction, the initial conditions of 2D simu-
lations are the same as those of 1D simulations mentioned
above. Furthermore, the axial grid should be set in the 2D
simulations, we use the mesh with 80 cells each 1.25-yum long,
i.e., with an axial length of 100 pum, and a random density per-
turbation of 5% is used to initiate the instability growth. We
also have tried to set a different perturbation level, such as 1%
and 3%. In these simulations, only the initial perturbation am-
plitude varies, and the results show that there were no essential
distinctions for the instability development and the character-
istic wavelength, in agreement with Ref. [16].

Figure 6 shows the density and temperature (Temp) maps
at 55 ns from the 2D simulation, in which the axial structures
of instabilities have been evident. Due to the pressure equilib-
rium, density and temperature perturbations have nearly op-
posite phases, i.e., a maximum density corresponds to a min-
imum temperature, which is in agreement with Oreshkin’s
model.[??!

Previous studies!'7-?! indicated that ETI could provide a

seed for the subsequent MRT instability because the wave vec-

025203-4



Chin. Phys. B Vol. 28, No. 2 (2019) 025203

tor of striations of ETI was consistent with that of MRT. In the
2D simulation, it is also found that ETI may couple to the MRT
instability, as shown in Fig. 7. At 72 ns, the liner material as a
whole has been slightly accelerated radially inwards, and the
dense material with highly developed striations tends to im-
print its structure onto the low density plasma. Consequently,
ETI seeds the MRT instability which increasingly dominates
the bulk implosion dynamics. Due to the limitation of the grid
size, the calculation stops at 72 ns.
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Fig. 6. Contours of density (in units of g/cm?) (a) and temperature (in

unit of K) (b) from a 2D (r,z) simulation of thin aluminum liner at 55 ns.
In order to extract wavelength components, a fast Fourier
transform (FFT) is applied to the radially averaged temper-
ature perturbations. Figure 8 shows the instability spectrum
at two times, when the bulk liner plasma almost stays at
its initial position. At ¢ = 55.0 ns, the characteristic wave-
lengths of instabilities are between 8.3 um-20.0 pm, and the
A = 10.0 pum mode has the largest amplitude. As predicted
by Oreshkin’s theory, >3 for the majority of metals in con-
densed state, the ETI has the minimum wavelength Ay, = 27
[k(dn/dT)~"1'/2/J, and the short wavelength modes with
A < Amin are suppressed because of the thermal conductivity

k. Consequently, by using the constants of aluminum in Ta-
ble 1 of Ref. [23], the characteristic scales of ETI are about
10 um. Furthermore, from the more detailed calculations of
the integral ETI growth, Oreshkin obtained that the wave-
length of the fastest growing modes were 1 pm—20 pm (Fig. 8
of Ref. [22]), which agrees qualitatively with our simulations.
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Fig. 7. Contours of density (g/cm3, panel (a)) and temperature (K,
panel (b)) from a 2D (r,z) simulation of thin aluminum liner at 72 ns.

As instabilities develop further, the dominant wavelength
tends to be longer and becomes 33.3 um by 72.0 ns. The tran-
sition from short to long wavelengths may be attributed to the
inverse cascade process'>?! of MRT instability, since the low
density plasma in the outer region has accelerated inward in
this process. In addition, how to reduce ETI is still an open
question. Although the dielectric coatings can mitigate the
density perturbation arising from ETI,[?%3] the coatings may
be not beneficial to the x-ray radiation and yields because the
load mass is increased. Recently, some experiments based on
the MagLIF concept indicated that the external axial magnetic
field caused the helical instability structures and the reduction
in overall instability amplitude,?*! however, the effect of the
axial magnetic field on ETI needs to be further investigated.
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5. Conclusions

The axially oriented instability structures have been ob-
served at the early stage of cylindrical aluminum foil implo-
sions on the PTS facility. We have performed a 2D (r,z7) MHD
code to simulate the thin liner behavior in the early phases
based on the PTS experimental conditions. In the absence
of initial perturbations, it is illustrated that the liner expands
and the density drops fast; meanwhile, the current density
is gradually shunted to the outer regions where the resistiv-
ity is relatively low since the surface plasma with low mass
density is heated rapidly. When the magnetic pressure in the
outer regions is sufficiently high, the global implosion would
start. Additionally, the simulations with random density per-
turbations have been performed to describe the evolution of
instabilities. As the liner is Joule heated nonuniformly and ex-
pands, the axial striation-form structures produced by ETI can
be identified by the density and temperature maps. The range
of dominant wavelength is between 8.33 pm and 20.0 pum,
which agrees with the theoretical predictions qualitatively. It
is also interesting to see that striations may naturally couple
to the subsequently MRT instability at the end of the 2D sim-
ulation, when the liner starts to implode as a whole. Due to
the limitation of diagnostics, the experimental results have not
been compared with simulations quantitatively. In PTS exper-
iments on the aluminum liner implosions, only the laser shad-
owgraph system could obtain the relatively available images
showing the behavior of the liner in the early times. Other
diagnostics, like the x-ray emission and extreme ultraviolet
(XUV) self-emission images, hardly resolve the early insta-
bility structures because the liner temperature is relatively low
during the early phases.
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