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Abstract

Dense Z-pinch plasmas are powerful and energy-efficient laboratory sources of X-rays, and show the possibility to drive inertial confinement
fusion (ICF). Recent advances in wire-array Z-pinch and Z-pinch dynamic hohlraum (ZPDH) researches at the Institute of Applied Physics and
Computational Mathematics are presented in this paper. Models are setup to study different physical processes. A full circuit model (FCM) was
used to study the coupling between Z-pinch implosion and generator discharge. A mass injection model with azimuthal modulation was setup to
simulate the wire-array plasma initiation, and the two-dimensional MHD code MARED was developed to investigate the Z-pinch implosion,
MRT instability, stagnation and radiation. Implosions of nested and quasi-spherical wire arrays were also investigated theoretically and
numerically. Key processes of ZPDH, such as the array—foam interaction, formation of the hohlraum radiation, as well as the following capsule
ablation and implosion, were analyzed with different radiation magneto-hydrodynamics (RMHD) codes. An integrated 2D RMHD simulation of
dynamic hohlraum driven capsule implosion provides us the physical insights of wire-array plasma acceleration, shock generation and prop-
agation, hohlraum formation, radiation ablation, and fuel compression.
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1. Introduction array, whose energy transition efficiency exceeded 15% [3],

which showed the great potential of using Z-pinch implosions

Fast Z-pinch has produced the most powerful X-ray pulse
in laboratory plasmas by imploding a cylindrical wire-array
with a 100 ns MA-level pulse current [1]. In the late 1990s,
on the world's most powerful electrical pulse power generator,
the 20 MA Z machine at Sandia National Laboratories,
200 TW 2 MJ bursts of soft-X-ray radiation have been pro-
duced via single wire array implosion [2]. A higher record of
(280 + 40) TW was achieved later by using a nested-wire
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to drive inertial confinement fusion (ICF). The Z-pinch dy-
namic hohlraum (ZPDH) is one of the potential schemes to
indirect-drive ICF, which employs a high-atomic-number
annular Z-pinch plasma imploding onto a cylindrical low-
density foam [4—7]. The impact launches a radiating shock,
which is the main radiation source heating the hohlraum and
driving the ICF capsule to ignition [8]. The ZPDH concept is
confirmed by experiments on the 20 MA Z machine, in which
the brightness temperature of hohlraum radiation was about
215 eV [8], and 3.5 x 10" DD thermonuclear neutron yield
has been obtained with a Be 4+ CH capsule filled with
deuterium gas [9]. In 2010, a so-called magnetized liner in-
ertial fusion (MagLIF) concept was proposed [10], in which a
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beryllium liner is imploded to directly compress the DT fuel,
and the fuel is magnetized by an external current coil and
preheated by a laser pulse to lower the required convergence.
Until 2014, more than 8 integrated MagLIF experiments have
been carried out on the ZR machine, and more than 10'2 DD
Neutron yield was gained.

A typical Z pinch can be qualitatively divided into four
stages: the pulsed power formation, wire initiation, implosion,
and stagnation. In the first stage, the electrical energy stored
into the generator capacitor is released as a power pulse. It is
compressed further by the transmission line, which results in a
very short but powerful current imposed on the load region. In
the second stage, the metal wires get vaporized and ionized
due to the Joule heating, and become plasma during the
ablation. Small part of them is blown towards the axis and
forms the precursor plasma. The rest of plasma, as well as
some residual wire cores, is still at the initial position until the
J x B force is large enough to accelerate them, which is
regarded as the start of the implosion stage. During the
implosion, the plasma can be sped up to 10’ cm/s, and the
magnetic energy is converted into plasma kinetic energy.
While the high speed plasma stagnates on the axis, it is
compressed into a very dense state, causing the production of
powerful x-ray radiation. When a Z-pinch implosion is used to
drive ICF indirectly, the kinetic or radiation energy is used to
form a holhraum. The high temperature holhraum will create a
symmetrical radiation environment, which irradiates the ICF
capsule to implode uniformly and get ignited at last.

In recent years, many Chinese institutes and universities
devoted themselves into the research of wire-array Z-pinches.
Several low current generators, such as the Qiangguang-I fa-
cility in the Northwest Institute of Nuclear Technology
[11,12], the Yang facility in the Institute of Fluid Physics [13],
and the PPG-I facility in the Tsinghua University [14], have
been setup and used for Z-pinch studies. Currently, the ~8§ MA
PTS (Primary Test Stand) facility in China has been
completed, which provides a powerful experimental platform
of relatively large drive current for researches of ZPDH
[15—17]. In 2000, the remarkable development of Z pinch
physics attracted our attention, and a research team focusing
on the theoretical and numerical study of Z pinch and Z-pinch
drive ICF was founded in the Institute of Applied Physics and
Computational Mathematics (IAPCM).

1D- and 2D- MHD codes were developed by us to study the
key processes of Z pinch dynamics and radiation. Since the Z-
pinch implosion is strongly coupled with the generator, a full
circuit model (FCM) and several simplified models were setup
to study the discharge and pulse compression of the generator
and its energy coupling with the load and the implosion pro-
cess. To get a reasonable load initial condition for the 1D and
2D MHD simulation in the (7, z) plane, we studied the wire-
array ablation process with a 2D (r, #) mass injection model,
which enables us to predict whether or not a continuous
plasma shell is formed before the main implosion happens. We
paid a lot of attention on the magneto-Rayleigh-Taylor (MRT)
instability. Several potential stabilization methods were stud-
ied theoretically and numerically, one of which is the nested

wire-array. According to Ding et al.'s work [18], the implosion
of nested wire-array have different modes depending on the
initial load configuration and inductance. Detailed 2D nu-
merical study were carried out by Huang et al. in the (r, 6)
plane [19]. As a valuable laboratory X-ray resource, the most
important stages of Z-pinch are the stagnation and radiation.
The 2D radiation magneto-hydrodynamics (RMHD) code
MARED on the structured quadrilateral mesh was the first one
used to study these processes, and a ID RMHD code CRMHA
with more detailed radiation model was setup later to reinforce
the research. In order to deal with more complex geometry
configuration for Z-pinch models, we also develop a new 2D
RMHD code MARED-U which is based on the arbitrary
polygonal meshes. Besides the classical column Z pinch, we
also studied the dynamics of quasi-spherical Z-pinch implo-
sion and the method of getting it with wire array load and
100 ns fast Z-pinch generator. Since 2010, we paid more
attention on the ZPDH physics. The array—foam interaction,
formation of the hohlraum radiation, as well as the following
capsule ablation and implosion, were analyzed with different
RMHD codes. At the same time, to get a comprehensive un-
derstanding and a complete physics image of the ZPDH
implosion, an integrated 2D simulation capability was setup,
which enables us to simulate the whole process of ZPDH from
the generator discharge to the ICF capsule implosion. Besides
these works, numerical algorithms for radiation diffusion
equation were investigated in recent years, and most of them
were successfully employed into RMHD codes such as the
MARED and MARED-U (See references [20—26] for details).

In this paper, we describe recent advances in theoretical and
numerical wire array Z-pinch and ZPDH researches at the
Institute of Applied Physics and Computational Mathematics.
In the second section, the modeling of the pulsed power sys-
tem and its coupled results with Z-pinch simulations are pre-
sented. In the following three sections, simulation studies on
the ablation and initialization of wire arrays, the MRT insta-
bility, and stagnation and X-ray radiation are introduced
respectively. In the sixth and seventh sections, the implosion of
nested wire-arrays, as well as the quasi-spherical wire-arrays,
are presented as a complementary study to the typical single
array implosion. In the eighth section, we show our recent
theoretical and numerical results on the dynamic hohlraum
(DH) and DH-driven ICF. At last, a summary of our previous
work and a plan for the future study are laid out.

2. Pulsed power system and circuit modeling

In the last 30 years, the pulsed-power technique has expe-
rienced great development, which enables new generation
drivers to provide enormous power to the Z pinch implosion.
Famous generators devoted to the Z-pinch and Z-pinch drive
ICF researches include the 10 MA Saturn generator [27,28]
and the 20/26 MA Z/ZR machine [3] in the Sandia National
Laboratories, and the 5 MA Angara-5-1 facility in the Troistsk
Institute for Innovation and Fusion research [29]. Great works
were also done on small devices with peak current about 1 MA
or less, such as the MAGPIE [30] in the Imperial College, the
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Qiangguang-I facility in the Northwest Institute of Nuclear
Technology [11,12], and the PPG-I in the Tsinghua university
[14]. The new generation driver of China, 10 MA PTS facility
[15—17], was founded in 2013, based on which a series of
theoretical and experimental works were carried out for the Z-
pinch and ZPDH studies.

A pulsed power machine can release the stored electrical
energy as a power pulse, which will be compressed gradually
when it passes the switch-controlled transmission line. As the
pulse width is shortened, the power increases, and finally a
100 ns wide, tens of MA current is formed in the load region.
Since the Z-pinch implosion is strongly coupled to the
generator, circuit models [11,16,17,31] were setup and
coupled with RMHD models to realize the integrated simu-
lation from generator discharge to the Z-pinch implosion and
radiation. Thus, circuit simulation is not only an important tool
for the driver design, operation and maintenance, but also an
effective means for experimental design and analysis. Early
circuit model at Sandia for simulating the Z device is
SCREAMER [3], during the refurbishment of Z, Bertha code
was developed to adapt the variations of the output water
transmission line structures. Besides these codes, PSPICE
software is also used to study generator discharge behavior.

Recently, we developed a full circuit model (FCM) [11,17]
to model the typical single-module or multiple-module drivers
for Z-pinch studies, which can be coupled with the RMHD
model for the load simulation studies. According to the
characteristics of electromagnetic pulse inside the driver, we
use voltage and current, instead of the electric field and
magnetic field, to describe the discharge process. Systems
such as the primary energy storage, switches and load, are
treated as lumped parameter circuit elements, while the
transmission line is regarded as a distributed parameter circuit
element. By connecting these circuit elements in series or
parallel combination, we can get the FCMs for different
drivers.

Fig. 1 shows the sketch of the FCM simulation of the
10 MA PTS facility, whose structure is shown as well. The
PTS facility contains 24 modules in parallel, each one of
which is composed of Marx generator, intermediate storage
(IS) capacitor, laser-triggered gas switch (LTGS), pulse
forming line (PFL), water self-breakdown switch (WS) and the
tri-plate output transmission lines (T, and T,,). Once dis-
charged, the electric energy is released from the Marx bank,
and compressed/amplified in the transmission lines, and then
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the high-power electromagnetic pulse is formed in the PFLs
and T;,s. The pulses converged at the insulator stack and
vacuum zone, drive the central short-circuit load to achieve
high current Z-pinch implosion. Fig. 2 illustrates the measured
and simulated 24-modules averaged voltage at different posi-
tion, and the electromagnetic power is shown as well. The
capacitors of the Marx bank are charged at 65 kV, and the
2 cm diameter wire array has a liner mass density of 1.246 mg/
cm. It is seen that as the rise time of the pulse is compressed
from 620 ns to 70 ns (from IS to Stack), the peak power in-
creases from 4.2 TW to 12.9 TW.

Fig. 2 also compares the simulation results with the
experimental results: the 24-modules averaged voltage wave-
form (a) and the current waveform (b). Using the measured
voltage and current near the insulation stack, we reconstruct
the incident and reflected voltage waveform, and get a
simplified circuit model of the PTS facility (see Fig. 3 (a)). Vj
is the equivalent voltage reconstructed with experimental data
of shot # 0081, # 0125, and # 0128, whose peak voltage is
3.3 MV and the rise time (from 10% to 100%) is about 60 ns.
Ry = 0.156 Q is the equivalent impedance derived from the
paralleled impedance of tri-plate. According to the position of
the actual leakage current, the equivalent inductance of the
outer magnetically insulated transmission line is set as
L, = 12—15 nH. The typical value of inner magnetically
insulated transmission line inductance L is about 2—5 nH,
which should be modified with the load electrode parameters.
During the implosion, the load inductance and resistance will
change with the plasma status, which can be obtained from Z-
pinch MHD codes coupled with the FCM. Fig. 3(b) shows the
simulated the kinetic energy and the load current of shot #
0081, # 0125, # 0128 with a thin shell Z-pinch model [28],
which shows satisfying agreement with the measured current.

3. Ablation and initialization

As the current flows through the metal wire, the material on
the wire surface experiences complicated phase transition
processes and forms ablated plasmas. These plasmas are
accelerated toward the array axis by magnetic pressure and
accumulate there to form a precursor column, while the cold-
dense wire cores are stable in their original positions and keep
ablating. Experimental results show that the basic processes of
wire-array ablation on the 20-MA Z machine [32] are similar
to those on the smaller current facilities such as ANGARA
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Fig. 1. Schematic structure and circuit model of PTS.
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Fig. 2. Comparing the simulation results with the experimental results: the 24-modules averaged voltage waveform (a) and the current waveform (b).

[33], MAGPIE [34] and COBRA [35]. The ablation rate of
wire core is axially nonuniform, and the ablated plasmas will
carry a significant fraction of current. Actually, the ablation
dynamics determine the initial distribution of mass and current
density of the implosion, so it plays an important role in the
eventual X-ray production of the pinch.

Although many important details of the ablation process are
not understood yet because of the difficulties in experimental
measurement and simulation, some phenomenological ablation
models [34,36] are established, which can give reasonable
ablation rate compared to the experiments results. Lebedev et al.
have setup arocket model [34] by assuming the wires represent a
series of stationary plasma source at the initial radius and the
ablated plasmas fly inward with a constant velocity. A more
complex model called as mass injection magneto-
hydrodynamic(MHD) model [36—38] were established, in
which the movement of ablated plasma is calculated within an
ideal MHD frame. By multiplying an axial perturbation coef-
ficient to the 1D ablation rate, the ablation process in 2D (7, )
plane was studied numerically in [39] and achieved similar
current waveform and implosion time to the experimental data.

Recently, precursor studies [40,41] show that the current
flow through the precursor is strongly influenced by the wire
number. To analyze the formation of the precursor current and
its relationship with the initial conditions, we extended the 1D
mass injection MHD model into 2D (r, #) plane and used it to
simulate the ablation process of the Al wire arrays on 1 MA
facility [42,43]. We focused on the 2D image of the ablated-
plasma dynamics and the distribution of magnetic fields,
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trying to understand the distribution of current density in (r, ¢)
plane from the point of view of the convection of magnetic
field, and investigate the relationship between the variables
above and the initial conditions of the wire array.

Fig. 4 illustrates the mass injection model in our simula-
tions. The mass ablation rate, i.e., the mass injected per unit
area and per unit time at the boundary, is defined as

m(6,1) = mo(1)e(8),

i B G

() = S22

n=1

{14 cos[Ry(8 —6,)/r]},

where m is the 1D mass ablation rate, N and 6, are the
number of wires and the azimuthal coordinate of the n”" wire,
respectively. r. is the radius of the wire core which only de-
pends on the wire material. () is an artificial modulation
coefficient that modulates the ablation rate azimuthally.

The ablation dynamics of 16-Al-wire array with an initial
radius of 0.8 cm is presented in Fig. 5. Firstly, plasma streams
injected from the boundary flow toward the array axis, the
regions of high density are close to the position of wire.
Secondly, the coronal plasmas arrive at the axis and form a
precusor with a radius of 0.2—0.3 cm. Then, the precursor is
compressed and a narrow column with higher density is
observed at the axis. Finally, the column reaches a minimum
radius about 0.07 cm and then begins to expand slowly.
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Fig. 3. (a) PTS simplified circuit model; (b) The simulated load current and line kinetic energy by a thin shell code coupled with the FCM.
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Fig. 4. (a) The cross section of wire array for 16 Al wires and (b) the corresponding azimuthal modulation coefficient (6)(0 < 6 < 7/2).

Fig. 6 shows distributions of plasma density, velocity,
magnetic field and current density when the ablation streams
are just arriving at the axis. Since the radial flow velocity at the
edge of the streams is higher than that at the center, the
magnetic fields between wires propagate into the interior of
wire arrays faster than those inside the streams. Therefore, the
field lines have a distinct curvature near the center of ablation
center, and the axial current density calculated is mainly
confined to the high density region of the streams.

From our simulation results, the dependence of the
maximum radial velocity V, on the ratio of interwire gap/core
size Do/d can be approximately expressed by the formula

Vy = 1.61 x 107[(1 — 0.8¢(~Pe/33D)]  which is similar to that
obtained from the experimental observations on MAGPIE
[44]. Previous studies have shown that the existence of the
precursor column resulted in higher X-ray power [45]. If the
interwire separation is too small, the radial velocity of ablated
plasmas would be very low and the precursor column would
not be formed before the implosion phase and that might lead
to decrease in X-ray power. The calculational results can

(b)123 ns
.

x (cm) x (cm)

Fig. 5. Distribution of plasma mass density at different times.

explain the experimental observation that the X-ray power
decreases once a critical wire number is exceeded.

The current carried by the precursor plasmas can affect the
implosion process of wire array Z-pinch and can be diagnosed
in experiment by magnetic probe. For the first time, we
analyzed the origin of the precursor current from the point of
view of the convection of B-field in (r, #) plane and assessed
precursor current as a function of the wire array parameters.
Furthermore, the simulation results can be compared to the
experimental results. Simulation results show that for a certain
drive current and array radius, the fraction of the precursor
current decreases with the increase of wires number (see
Fig. Fig. 7). On the other hand, when the inter-wire gap is
fixed, the precursor current declines in the Z-pinch of wire
array with larger initial radius.

4. The MRT instability

Dense Z-pinch plasmas are powerful and energy-efficient
laboratory sources of X-rays, and are extensively used in in-
ertial confinement fusion research, laboratory astrophysics,
and high energy density physics. However, the X-ray power
generated from Z-pinch implosion is limited by the magneto-
Rayleigh-Taylor (MRT) instabilities, caused by the magnetic
acceleration of the load plasma during the implosion. Ac-
cording to Haines's model [46], the growth of MRT instability
undergoes two stages. In the linear stage, the initial seed grows
exponentially with a growth rate proportional to (g/A)"?,
where g is the axially inward acceleration of the plasma and A
is the perturbation wavelength. When the amplitude becomes
comparable to the wavelength, nonlinear effects become
important and the classic bubble and spike structure evolves,
broadening the plasma shell [28,47,48]. Hussey et al. [49]
have shown that for finite thickness shells, the dominant
wavelengths are on the order of the shell thickness, typically a
few mm. For severe MRT growth, the bubbles can eventually
break through the shell, leading to mass and current leakage
ahead of the bulk of the imploding plasma and subsequent loss
of driving force. This coupled with shell broadening, limits the
compression simultaneity and uniformity of the pinch.

The growth of the MRT instability in the Z-pinch implo-
sions was widely discussed theoretically and numerically.
Latham et al. [50] attributed the surface instabilities found in
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Fig. 6. Distributions of (a) plasma density, (b) radial velocity, (c) magnetic field and (d) current density overlapped by magnetic field when the ablation streams are

just arriving at the axis.

a dynamic Z-pinch to MRT for the first time, and growth
rates were measured for the wavelengths found. Experi-
mental results at the Sandia National Laboratory (e.g., San-
ford et al. [27]) have shown that the X-ray power of Z-
pinches increases as the number of wires n employed is
increased, with a sharper increase in power when the wire
gap is below a critical value. According to these phenomena,
Haines setup a heuristic model of wire array that can not
only predict the perturbation development in a simple and
reasonable way, but also show how the initial perturbations
that lead to the Rayleigh-Taylor instability scale as n~ "2,
where n is the wire number [46]. Potential mitigation effects
from the sheared flow, finite ion Larmor radius, viscosity,
axial magnetic field, and profiled density, were discussed
analytically during the last 20 years. At the same time, MRT
instability's effects on the Z-pinch stagnation and radiation

—
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~
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were studied numerically, which has been found to provide
good matches with experiments. Peterson [47,51—53] has
successfully shown agreement in radiation quantities and
physical appearance using a random density seed for loads
on four different experimental machines, Pegasus [47], Pro-
cyon [51], Saturn [52], and Z [53]. Hammer [54], and
Douglas [55] have also successfully modeled Saturn exper-
iments using a random density seed. These calculations
showed that the MRT instability alone describes the majority
of the pinch dynamics and that only a single variable (the
initial perturbation amplitude) is necessary to accurately
model the experimental data without resorting to modified or
anomalous physical parameters.

In China, professor Qiu, Huang, and Jian [56—58] from the
Southwestern Institute of Physics studied theoretically the
stabilization of sheared axial flow, finite Larmor radius, and
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Fig. 7. (a) The total current on Qiangguang-1 facility. (b) The waveforms of current flowing through the plasmas inside the radius » = 2.3 mm for arrays with

different wire numbers.
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viscosity on the MRT instability in Z-pinches. Based on their
work, we investigated the coupling effects of compressibility,
viscosity and a sheared axial flow [59—63]. All these work
helps us to understand the complexity and characteristics of Z-
pinch instability.

To get a basic insight into the mode growth and an under-
standing of the physical mechanism driving the mode devel-
opment, we used the 2D three-temperature MARED code [64]
in (r, z) plane to study the implosion of an 8.75 mm radius,
1.0 mm thick shell with a single perturbation mode [65], and
the drive condition is similar with those of the Saturn facility.
The instability has been seeded by a density perturbation with
wavelength A = 1.43 mm and amplitude Ag = 0.5%. The
temporal evolution of the FFT spectrum for the linear mass is
shown in Fig. 8(a), and the simulated temporal growth of the
fundamental amplitude, which is fitted with theoretical func-
tions at different stages used in Haines' heuristic model [46], is
shown in Fig. 8(b). In the linear stage (Zone I), the plasma
boundary presents a typical sinusoidal outline, and the only
mode could be found on the FFT spectrum is the initial one,
whose growth rate remains exponential. During the “weak-
nonlinear” stage (Zone II), the mode coupling happens between
the basic and the 2nd harmonic, and the classical exponential
function still fits well with the simulation results. The last stage
is the deep-nonlinear one, which is characterized by the
appearance of the 3rd and higher harmonics, resulted from the
magnetic—plasma interaction. The magnetic field not only
broadens its front into bubble structures, but also sharpens the
lagged plasma tails into spikes.

For most previous 2D simulations, a random density
seeding method has been used to simulate the initial perturbed
plasma load. Numerical results illustrate that instabilities
developed from different initial random seeds indeed have
different imploding images, but their dominant modes before
stagnation fluctuate slightly within a narrow range around
1.3 mm, which is consistent well with the experimental data
gained from the fast-framing X-ray pinhole image in [66].
This indicates that the dominant mode is determined by the
inner mechanism of the instability development, and has no
direct relation to the microstructure of the certain load.

More investigations, such as the effect of the initial
amplitude of the seeds to the final X-ray output, have also been
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conducted with parameters close to the Qiangguang-I facility.
The drive current has a peak value of 1.4 MA at 162 ns, and
the load parameters are height 2.0 cm and radius 4 mm. The
initial amplitude of 0%, 10%, 20%, and 30% are used in the
simulations. Fig. 9 shows the mesh of plasma at the stagnation
and the dependence of the X-ray power to the initial ampli-
tude. Clearly, as the initial seeds amplitude increases, the
imploding shell is deformed severely, and the peak power
output is reduced at the same time. However, the expansion of
the full width at half maximum (FWHM) is not observed,
which is a problem needs more attention in the future.

5. Stagnation and X-ray production

At the end of the implosion, the Z-pinch plasma collides on
the axis and stagnates, which causes the implosion kinetic
energy convert into plasma internal energy, and then large
amounts of X-ray radiation are generated via a series of atomic
transitions. The radiation can be produced by three mecha-
nisms, i.e., spontaneous line emission, recombination radiation
and bremsstrahlung radiation. Which process dominates Z-
pinch x-ray radiation depends on many factors, such as the
load parameters and the driving capability of the pulsed power
accelerator.

Typically, two types of radiation sources are generated by
wire-array Z-pinch implosions. One is to produce the sub-keV
radiation by imploding high-Z wire-arrays, and this kind of
radiation has an approximate Planckian spectrum and can be
used for ICF studies. In the Z-pinch experiments performed by
the China Academy of Engineering Physics on the low current
facilities, X-ray radiation with peak powers from 0.5 TW to
5 TW and energies from 10 kJ to 100 kJ was generated
[67,68], and the main processes can be replicated by simula-
tions [69]. The other one is to produce the multi-keV K-shell
X-ray radiation using low- to mid-Z wire-arrays, and this kind
of radiation can be used for the research of radiation—material
interaction.

The stagnation and radiation processes of Z-pinch implo-
sion are studied mainly with two codes, the 2D three tem-
perature MARED code [69] and the 1D nonequilibrium
radiation CRMHA [70,71]. Fig. 10 shows the overall energy
variation of an aluminum wire-array Z-pinch on a 7 MA level
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Fig. 8. (a)The temporal evolution of the FFT spectrum and mesh configuration for the single mode with A = 1.43 mm and Ay = 0.5%; (b) Numerical amplitude
evolutions for different stages and those fitted with theoretical or experiential functions.
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Fig. 9. (a) The mesh configuration before the stagnation and (b) the X-ray output for random seeds with different initial amplitude: 0%, 10%, 20%, 30%.

generator [72,73]. The generator feeds its stored energy to the
load region via Poynting energy flux. Part of them is stored as
magnetic energy, the other is converted into plasma kinetic
energy by J x B work and thermal energy by Joule heat.
When the plasma stagnates on the axis, plasma kinetic energy
is converted to plasma thermal energy through pdV work and
shock heating, thus producing the very high density and
temperature plasma. At the same time powerful X-ray radia-
tions are generated by strong electron-photon energy
transition.

In different phases the plasma parameters change remark-
ably, so the dominating atomic processes and the corre-
sponding radiation emission also vary largely. In the run-in
phase of an aluminum Z-pinch implosion driven by 1.7 MA
current the plasma is compressed and heated gradually [74].
With the increase of the electron temperature, the ionization
and excitation processes principally determine the ion's pop-
ulations, and then result in the population increase of excited
states. Thus, the line emission increases and occupies a large
part in total radiation. The characteristic line is optically thick
and its self-absorption is very strong. On the contrary,
photoionization and inverse bremsstrahlung absorption are
relatively weak and the continuum is usually optically thin. So
the share of line emission in total radiation decreases gradually
in the run-in stage. However, in the stagnation phase the
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Fig. 10. Time history of energy terms in an aluminum Z-pinch implosion
driven by a 7 MA current.

plasma is compressed to the state of very high density. As is
known that the rate coefficient of three-body recombination is
proportional to the square of the electron number density, and
the free electron is mainly captured to the excited states. So
the populations of some excited states, from which the most
important lines can be emitted, reach the maximum in this
phase. Consequently, the share of line emission increases
again at stagnation. After the plasma expands gradually, the
electron temperature and plasma density both decrease. And it
is also known that the rate coefficient of radiative recombi-
nation is just proportional to the electron number density, and
the free electron is mainly captured to the ground state in the
transition. Hence, the decrease of radiative recombination is
much weaker than that of three-body recombination, and then
the population of excited states decreases rapidly, thus again
leading to the decrease of the share of line emission in total
radiation. Fig. 11 shows the populations of several ground
states during the stagnation phase. It is shown that most ions
are in the ground states of helium-like and lithium-like ioni-
zation stages during the production of the X-ray pulse. Hence,
radiative recombination transited to the ground states of
lithium-like and beryllium-like stages dominates the contin-
uum. Additionally, the absolute yield of the line emission for a
certain load is determined by the competition of the pop-
ulations of excited states and the opacity effect, and the share
of line emission is not fixed for different loads and
accelerators.

In order to explore the physics of K-shell radiation, we
developed an ionization model with detailed configurations in
hydrogen-like approximation, and five kinds of atomic tran-
sitions which determine the populations of energy levels are:
1) spontaneous emission and line absorption; 2) electron
collisional excitation and de-excitation; 3) photoionization and
radiative recombination; 4) collisional ionization and three-
body recombination; 5) autoionization and dielectronic cap-
ture [70]. We then developed a non-equilibrium radiation
MHD code coupled with this ionization model, and simulation
results show that there are two necessary conditions for pro-
ducing high yield of K-shell energy [71]. Firstly, highly
ionized plasmas must be prepared before the beginning of
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Fig. 11. (a) Variation of averaged mass density, calculated radiation power and the drive current with time. (b) Populations of ions in ground states of hydrogen-
like(solid), helium-like(dashed), lithium-like(dotted), and beryllium-like(dash dotted) stages at stagnation.

recombination. Secondly, the density of the plasmas which are
in recombination phase should be high enough.

Furthermore, our simulation results show that the
maximum K-shell yield from a pure aluminum wire-array Z-
pinch implosion can be obtained at an optimal load mass for a
given generator and at a fixed initial wire-array radius. This
optimal load mass is determined by the load energy coupling
with the generator, the capability of Z-pinch plasmas to emit
the K-shell radiation, and the self absorption of K-shell lines.
When the optimal load mass increases for a higher current
generator, the effect of line absorption shall be more important
and limit the increase of K-shell yield. As is known, the line
radiation is mainly absorbed in its line center, and the ab-
sorption in its wings is weaker. So we can use an alloyed wire-
array with close atomic number elements to decrease the
opacity effect and to increase the K-shell line emission
[75,76]. In Fig. 12 the variations of the ratio of K-shell yield
from an alloyed Al/Mg wire-array to that from a pure
aluminum wire array with ay, for different generator are
shown, where ayy, is the mass share of magnesium. It is noted
that in the case of 1.3 MA, even when the ay, is as high as 50
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Fig. 12. Variation of the ratio of K-shell yield from an alloyed Al/Mg wire-
array to that from a pure aluminum wire array with ay, for different
generators.

percent, the K-shell yield from an alloyed Al/Mg wire-array is
just 12 percent higher than that from a pure aluminum wire-
array. However, the K-shell yield increases over 19 percent
as aye increases to 10 percent with the drive current of
21 MA. Certainly, there exists a limit in the efficiency of
improving the K-shell yield using alloyed Al/Mg wire-arrays.
If the drive current is small and the optimal load mass is also
relatively low, the increase of K-shell yield with alloyed Al/
Mg wire-arrays will be less efficient.

6. Nested wire arrays

As mentioned above, the MRT instability during the wire
array implosion is one of the primary impediments to achieve
high X-ray power. A significant method to mitigate these in-
stabilities is to introduce additional mass, such as an inner
wire array, into the implosion plasmas [77].

A lot of experimental studies of nested wire array implo-
sion have been carried out on facilities with different current
level such as the Z, Saturn, MAGPIE, Angara-5-1 etc [78,79].
Three possible different implosion modes of nested wire array
were suggested by Chittenden et al. [80]: (1) the hydrody-
namic collision mode, (2) the transparent inner mode, and (3)
flux compression mode. Based on Grabovskii's theory, a
modified thin shell model combined with equivalent circuit
equations was developed by Ding et al. [18], and was used to
obtain different implosion modes by changing the length of
inner array, in Fig. 13. Esaulov et al. analyzed the hydrody-
namic collision mode and the transparent inner mode with a
wire dynamics model (WDM) [79], which was then updated
into the WADM model [81] with effects due to the ablated
plasma.

However, these methods are all based on the thin shell
assumption, and the effects from wire number and interwire
gaps are neglected. To get a more comprehensive under-
standing of the nested array dynamics, 2D MHD models in
(r, 8) geometry are more suitable. By using a two dimen-
sional magnetohydrodynamic (2D MHD) model in (r, 0)
geometry, Chittenden et al. studied the implosion process of
the transparent inner mode [80]. Douglas et al. established a
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Fig. 13. Four implosion modes of nested wire-arrays with different initial inner wire length. (a) Outer array impacts the inner one, and both reach the axis together;
(b) Inner and outer array reach the axis at the same time; (c) Inner array reaches the axis firstly; (d) Transparent inner mode.

2D (r, z) MHD model to simulate the hydrodynamic collision
mode, and the development of MRT instability during
implosion was described. However, these MHD simulations
can be used to study the implosion process for a certain
mode.

We studied the influence of the wire number of outer array
on the implosion mode of nested wire array by using a 2D (7,
#) resistive MHD code [82] which has been used to simulate
the implosion process of single wire array [19]. The current
distribution inside the wire array depends not only on the
inductance, but also on the diffusion and convection of mag-
netic field in the array plasmas. The wire number of outer
array can affect the dynamics and thermodynamics of plasmas
inside the array, and thereby influence the current distribution
and the implosion process of nested wire array. Thus, the
MHD simulation results will be different from that of the thin
shell calculations even if the driven conditions and initial load
parameters are the same.

Simulation results show that the implosion modes of nested
wire array can be changed obviously by only adjusting the
wire number of the outer array when the other conditions are
fixed. With a 5 MA current, three different implosion modes
predicted by other researchers are obtained by choosing the
wire number of the inner array to be 16 and the outer array to
be 16, 64, and 88 respectively, while the thin shell simulation
results show that the implosion modes for these three cases
should be the same (see Fig. 14). Fig. 15 shows the implosion
process for the nested array with 64 outer wires. In this case,
the small interwire gap of the outer array leads to an obvious
screen effect, which prevents significant current flow in the
inner array at early times. The outer array carries about 80% of
the total discharge current at t = 20 ns, and starts to implode at

about t = 60 ns, while the inner array is still static. At about
90 ns, the inner array begins to move towards the axis when
the outer one has reached the radial position about r = 0.4 cm.
About 10 ns later, the outer array plasmas collide with the
inner array and then both arrays move toward the axis
together, and finally reach the minimum radius about
r = 0.05 cm at r = 105 ns. Before and after the collision, the
implosion velocity of the outer array is about 3.45 x 107 cm/s
and 2.44 x 10" cm/s respectively. The implosion behavior of
the nested array is close to the hydrodynamic collision mode.

Furthermore, we found that the larger the interwire gap of
the outer array is, the more important the effects of discrete
wires will be, and the difference between results from the
MHD and the thin shell models will be greater. So it is more
reasonable to predict the implosion mode of nested wire array
by using 2D (r, §) model especially for those whose wire
number is relative small and effect of discrete wire is hard to
be neglected.

It should be noticed that in our MHD simulations, the initial
diameter and temperature of plasma corona are given artifi-
cially, which could influence the ablation and implosion pro-
cess of wire plasmas thereby affect the implosion modes.
Therefore, to predict the implosion mode accurately, the
description of explosion process of single wire at the early
stage of discharge should be included. By combining the
implosion mode with the analysis of MRT instability, design of
optimum load parameters for the implosion of nested wires
array is possible. Furthermore, our 2D resistive MHD model in
(r, 0) geometry can be applied to the other wire array con-
figurations where the current distribution is also important,
such as planar arrays etc. We will carry out these researches in
our future works.
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Fig. 14. Implosion trajectory of outer and inner array for the wire arrays with (a) Ny, = 16 and Nyyer = 16; (b) N;, = 16 and Nyyer = 645 (¢) Ny, = 16 and

Nouter = 88.

7. Quasi-spherical implosion

The key point of Z-pinch dynamic hohlraum (ZPDH)
[83—86] is to get a high efficient transition of energy from an
imploding Z-pinch plasma to a cylindrical low-density foam
convertor, and then create a high-temperature hohlraum radi-
ation for the ICF capsule ignition [4—S8]. However, the radi-
ation energy absorbed by the capsule is insufficient yet for the
fusion ignition, and the search for a more effective use of the
kinetic energy of imploding liner pinch is still attractive.

One of the potential methods is to change the cylindrical
implosion into a spherical one, in which the plasma concen-
trates on the center, instead of the axis of symmetry [87].
Simulation results from Nash et al. [88—90] and Smirnov et al.
[87] showed that, in a spherical DH system the hohlraum ra-
diation temperature increases considerably. A double shell
quasi-spherical (QS) system designed for the 28 MA ZR
machine was simulated by Nash et al., which produced volu-
metric ignition of the inner deuterium-tritium (DT) target and
a yield of 12 MJ [89,90].

Since the magnetic field on the surface of a spherical load is
naturally nonuniform, one has to counterbalance its effect by
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reasonable design. The conventional method is to modulate
the areal mass density with the latitude 6 as m(f) o 1/cos?4.
This so-called mass-redistribution method was proved feasible
by a series of experiments on the 9 ps, 12 MA Shiva Star
accelerator [91,92], but does not work with wire-arrays and
short pulse generators used for ZPDH study. Previous attempts
on the Angara5-I [87] and MAGPIE generators did not show
compelling evidence of QS implosions with wire-arrays.

As a solution to the abovementioned problem, we devel-
oped a new method of realizing QS implosions with wire-
arrays, in which the mass-redistribution is replaced by
shape-modification [93]. Fig. 16(a) shows a possible scheme
of a reshaped load, of which the initial surface satisfies the
parabola function as

2 2
Xro +az” =ry,

where o = 0.3 is the parameter determining the initial shape of
the load. By increasing the imploding distance for the load
with the magnitude of the latitude, we expect every part of the
load will implode to the center simultaneously. Fig. 16(b)
shows the simulated density evolvement of the reshaped load.
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Fig. 15. Contours of logarithm of mass density at different time for the case with N;, = 16 and Ny, = 64.
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Fig. 16. (a) Configuration of a prolate quasi-spherical load. (b) Density evolution for a 2.0 cm, +45° QS load with « = 0.3.

The drive current has a peak of 28 MA, and the rise time is
69 ns. During the implosion, the load changes its shape
gradually from a prolate sphere to a regular one. Plasmas near
the electrode catch up those near the equator ultimately due to
faster acceleration and higher speed. At r = 133 ns, the load
becomes spherical and the inner boundary reaches about
r = 0.6 cm, and the distribution of velocity vector shows great
uniformity. Simulation results also suggest that the implosion
quality of the prolate sphere load is susceptive to their initial
shape. To ensure the symmetry and quality of the QS implo-
sion, it would be necessary to develop techniques that can
control the load initial shape effectively and precisely.

Experiments on the 1.5 MA Qiangguang-I facility investi-
gated the relationship between the loads initial shape and the
final implosion quality. Self-emitting X-ray and ultraviolet
images obtained in the experiments confirmed that the
implosion quality is sensitive to the initial shape of the load,
defined by the ratio of load height to diameter (H/d ), and it is
feasible to get QS implosions with wire arrays, which are pre-
shaped properly (see Fig. 17, also in [94]).

We also investigated the impact of quasi-spherical implo-
sion on a foam convertor. To ensure that all the imploding
plasma reach the foam convertor almost at the same time,
loads with different initial shapes are investigated numerically.
Simulation results show that for a 4 mm diameter foam target,
the optional H/d range of wire arrays in Fig. 17 is 1.18~1.28,
which corresponds to a impact time disagreement of 67 < 3 ns.
Another issue to be discussed for the QSDH design is the
shape of the foam target. Since the inherent non-uniform ki-
netic energy Ey of quasi-spherical implosions increases with
the latitude [93], which results in uneven shock propagation in
the foam target, ellipsoidal foam targets are more suitable to
encounter the higher shock speed in the axial direction than
those spherical ones. Fig. 18 shows a set of self-emitting X-ray
pinhole images of implosion with H/d = 1.18, and the foam
diameter is 3.85 mm. The simulated density profiles with
+30% density perturbation seeds are shown as well. The main
body of the imploding plasma has an obvious deformation
from its initial shape. Spike-like structures near the outer

surface suggest a spherically inward movement. The radiation
on the foam target surface is not uniform, and two bright
points of emission are observed at the foam-electrode gaps due
to the locally high current density and self-pinching process.
After t = 4+6.9 ns, an axially dominated compression of the
foam can be observed, which qualitatively agrees with the
numerical results. Agreed with our expectation, experimental
results with prolate ellipsoidal foam targets show more uni-
form compression, and the calculated implosion velocity and
its impact on the foam target agree well with the measurement.
More experimental results and detailed analysis can be found
in [95].

8. Dynamic hohlraum and dynamic hohlraum driven ICF

High efficiency of energy conversion of Z-pinch implosions
also makes the fast Z-pinch a possible selection for driving
ICF. One approach is the magnetized liner inertial fusion [10],
in which a beryllium liner is imploded to directly compress the
DT fuel, and the fuel is magnetized by an external current coil
and preheated by a laser pulse to lower the required conver-
gence. Another approach is to indirectly compress a fusion
capsule by hohlraum radiation irradiation. Several hohlraum
configurations have been suggested and extensively explored
[83]. The double Z-pinch hohlraum uses two Z-pinch implo-
sions to produce two identical primary hohlraums, and the
radiation fluxes both from the primary hohlraums and Z-pinch
plasmas are transferred into the secondary hohlraum, in which
a fusion capsule is placed. A more efficient hohlraum is the
dynamic hohlraum [96], which is typically produced after a
tungsten wire-array impacts onto a low density CH converter
embedded on the axis of the wire-array. If a fusion capsule is
inserted at the center of the axis, it will be compressed by the
hohlraum radiation.

Simulations show that a local high pressure region, which is
generated by the impaction of the tungsten plasma with the
converter plasma, is crucial to launch the strongly radiating
shock wave and to form the dynamic hohlraum. Due to the
supersonic radiation transfer in the low opacity CH converter
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Fig. 17. Initial load images, self-emitting ultraviolet images, X-ray images, and simulated density profiles at late implosion for loads with H/d = 0.76, 1.05, and
1.33, respectively. The blue curves in the initial load photos are used to sketch out the outlines of the wire array.

plasma, which is also produced in the high pressure region,
there exists a hohlraum region inside the front of the shock
wave, in which the radiation is high. Basically, the hohlraum
radiation is determined by the detailed profiles of plasma
conditions when the wire-array plasma impacts onto the CH
converter plasma. And these profiles are determined by many
factors, such as the drive current, initial masses and radii of the
wire-array and the converter, as well as the material of the
converter. Fig. 19 shows the variations of shock fronts and
hohlraum radiation temperature as the mass ratio of the wire-
array to the CH converter is varied with peak current of 8 MA
[97]. Tt is shown that as this ratio is increased, the shock ve-
locity is increased and the radiation temperature is increased
as well. Additionally, the time duration of the radiation pulse

before the shock arrives at the axis is remarkably increased. It
is found that when this mass ratio is slightly lower than unity,
for example 0.75, a relative optimal dynamic hohlraum can be
produced. It is also found that a suitable radius ratio of the
wire-array to the converter, neither too large, inducing strong
MRT instability, nor too small, gaining a small kinetic energy
of the wire-array before impacting onto the converter surface,
should be selected. Our recent results also show the possibility
of optimizing the dynamic hohlraums by covering the low
density converter with a thin and relatively high density
converter.

For a low current generator, it is difficult to generate high
temperature hohlraums. But the collision interaction can be
carefully examined by imploding a light wire-array onto a

Fig. 18. Self-emitting X-ray pinhole images (a) and the simulated density profiles (b) at t = —43.1 ns, —13.1 ns, —3.1 ns, +6.9 ns, +11.9 ns, and +16.9 ns

(according to the time of peak current).
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Fig. 19. Variations of shock trajectories (a) and hohlraum radiation temperatures (b) with the time as the mass ratio of the wire-array to the converter is varied.

relatively heavy converter, in which the time interval between
the collision and stagnation will be largely increased. In recent
years, the experiments using a relative light wire-array
embedded with a heavy foam converter were performed on
the 1.5 MA Qiangguang-1I facility [98]. The collision and
stagnation processes were observed and a two-peak radial
radiation pulse was produced. Experimental results also
showed a higher ratio of the first peak to the second peak in the
case of larger wire-array radius. Fig. 20 compares the foam
boundary from simulations with that from two types of ex-
periments, in which the initial radius of the wire-array is
varied. It is shown that the measured processes of compres-
sion, stagnation and expansion of the foam converter corre-
spond well with the simulation results.

We have performed one- and two-dimensional simulations
of dynamic hohlraum driven capsule implosion. Typically, the
Z-pinch implosion and the dynamic hohlraum are cylindrical.
The fusion capsule is composed of a low Z ablator and the DT
fuel, and the capsule implosion is needed to be spherical to
gain high compression. Once the hohlraum radiation transfers
to the ablator surface, it is heated up to form an ablation shock
to propagate inward. The shocked ablator shell will drive the
compression of the fuel. Meanwhile, the hohlraum shock
generated in the converter plasma will continue to propagate to
the ablator plasma and may finally compress the fuel. The fuel
compression due to radiation ablation is relatively symmetrical
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at the equator and poles. However, the fuel is only compressed
at the equator by the cylindrical shock, which means that the
shock compression is completely asymmetric.

To gain symmetrical fuel compression driven by hohlraum
radiation ablation and avoid asymmetric shock compression is
a crucial issue for driving ICF using dynamic hohlraums. As
we know, the shock pressure qualitatively varies linearly with
the material temperature, and the ablation pressure varies as
3.5 power of the hohlraum radiation temperature. Therefore,
as the hohlraum temperature increases, the ablation pressure
will eventually exceed the shock pressure, and then the
expansion of the ablated plasma will obviously weaken the
shock propagation and decrease its velocity after the shock
transferring into the ablator plasma. Consequently, longer time
duration is provided for the symmetrical target implosion
driven by radiation ablation. Our numerical results, whether by
changing drive currents or by varying load parameters, clearly
validate this mechanism [99]. In our simulations, a critical
hohlraum radiation temperature of over 140 eV is needed to
provide a high enough ablation pressure to decelerate the
hohlraum shock. When the drive current is smaller than
10 MA, such as 5 MA or 8 MA, the hohlraum radiation
temperature (with a target) is less than 120 eV. In these cases,
the ablated plasma only has a weak effect on decelerating the
hohlraum shock, and the target implosion driven by radiation
ablation is hardly isolated from shock compression. When the
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Fig. 20. Comparison of the simulated foam boundary with that measured by multi-shot shadowgraphs for wire-array Z-pinch implosions(load 1# and 2#) embedded

with the same foam converter on the Qiangguang-I facility.
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Fig. 21. (a) Variation of hohlraum shock velocities with the drive current before(triangle) and after(square) the hohlraum shock propagates over the converter/
ablator plasma. (b) Variation of hohlraum time duration with the drive current before the shock reaches the fuel surface.

drive current is over 14 MA, the ablation pressure can be
increased to be comparable to or greater than the shock
pressure, thus possibly isolating the target implosion from the
shock. As the drive current is increased, the hohlraum shock
can be decelerated much more, and the longer time duration
for pure radiation ablation is obtained, as shown in Fig. 21. In
the cases of 14 MA and 40 MA, the velocity of the hohlraum
shock after propagating into the ablator plasma is largely
decreased, only 42.2 percent and 29.8 percent of that before
propagating in the converter plasma. As a result, the time
duration, during which the fuel can be compressed by radia-
tion ablation with the hohlraum shock away from the fuel
surface, is increased from 7.1 ns to 10.3 ns. If the drive current
is further increased, longer time duration can be provided for
symmetrical radiation ablation in ICF ignition researches.
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We also performed two-dimensional integrated simulations
of dynamic hohlraum driven capsule implosion, and the
overall processes from the wire-array implosion, hohlraum
formation, radiation ablation to the final neutron production
are gained. Fig. 22 shows a typical two-dimensional simula-
tion result of dynamic hohlraum driven target implosion. The
cylindrical hohlraum is formed by the collision of the wire-
array plasma with the foam converter, and the corresponding
hohlraum radiation drives the spherical target (a CH
ablator 4+ DD fuel) to implode inward. It is shown that the
movement of the ablator is affected not only by the symmet-
rical radiation ablation, but also by the asymmetrical cylin-
drical shock. However, due to the time delay of the shock to
the fuel surface after it is decelerated in the ablator plasma, the
fuel is just compressed by the hohlraum radiation irradiation.
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Fig. 22. (a) Grid schematic of two-dimensional dynamic hohlraum driven target implosion. (b) variation of hohlraum radiation temperature at the equator and pole
of the ablator surface. (c) Trajectories of ablator surfaces in equator(6,7) and in pole(1,12). (d) Trajectories of fuel surfaces in equator(6,7) and in pole(1,12).
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Therefore the compression of the fuel is nearly symmetrical in
the equator and in poles.

In future we will further concentrate on the optimization of
dynamic hohlraums and the design of dynamic hohlraum
driven inertial fusion.

9. Conclusion

In this paper we presented an overview of the theoretical
and computational investigations of wire array Z-pinches
performed at the Institute of Applied Physics and Computa-
tional Mathematics. Key processes of the wire-array Z-pinch
implosion, including the wire ablation and precursor forma-
tion, the implosion and MRT instability, the stagnation and
radiation, are investigated with different models and numerical
codes. The implosion of nested wire arrays and quasi-spherical
wire arrays are studied as an alternative choice for driving the
ICF ignition. Based on these works, we have achieved a
comprehensive understanding of the wire-array Z-pinch
physics, and recently more attention is paid on the ZPDH
study. Fundamental processes, such as the wire-foam impact,
creation of hohlraum radiation, and the ICF capsule implosion,
were investigated numerically with various 1D and 2D RMHD
codes, which showed us a primary image of the ZPDH drive
ICE. However, these codes and their numerical results need to
be confirmed and verified by further experimental data, which
is the main work in the near future. Additionally, the new
proposed MagLIF concept arises our interest, and reminds us
to pay more attention on the new methods and concepts of
using Z-pinch in the inertial fusion energy.
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