http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics B

Analytical studies on the evolution processes of rarefied deuterium plasma shell Z-pinch by PIC

and MHD simulations

Cheng Ning(7° %), Xiao-Qiang Zhang(7k/N5#), Yang Zhang(5k#), Shun-Kai Sun(#Miiidll), Chuang Xue(f 1),
Zhi-Xing Feng(FF-& %), Bai-Wen Li(% H )
Citation:Chin. Phys. B . 2018, 27(2): 025207. doi: 10.1088/1674-1056/27/2/025207

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Influence of a centered dielectric tube on inductively coupled plasma source: Chamber
structures and plasma characteristics

Zhen-Hua Bi(*4R4E), Yi Hong(#: ), Guang-Jiu Lei(75J6¥A), Shuai Wang(EJil), You-Nian Wang(F & 4F),
Dong-Ping Liu(*| % F)
Chin. Phys. B . 2017, 26(7): 075203. doi: 10.1088/1674-1056/26/7/075203

Numerical study on the discharge characteristics and nonlinear behaviors of atmospheric
pressure coaxial electrode dielectric barrier discharges

Ding-Zong Zhang(ik € 5%), Yan-Hui Wang(F#i#%), De-Zhen Wang(F /% &)
Chin. Phys. B . 2017, 26(6): 065206. doi: 10.1088/1674-1056/26/6/065206

End-on x-ray backlighting experiments for axial diagnostics of wire-array Z-pinch plasma on
PPG-1

Shen Zhao(# i), Xinlei Zhu(%4:3% %), Huantong Shi(fif2ii), Xiaobing Zou(ZBELL), Xinxin Wang (£ #i#)
Chin. Phys. B . 2017, 26(1): 015206. doi: 10.1088/1674-1056/26/1/015206

Numerical simulation of a direct current glow discharge in atmospheric pressure helium

Zeng-Qian Yin(F 1 §#), Yan Wang({L %), Pan-Pan Zhang(5k 1), Qi Zhang(3k ), Xue-Chen Li(ZF )
Chin. Phys. B . 2016, 25(12): 125203. doi: 10.1088/1674-1056/25/12/125203

Enerqy spectrum of multi-radiation of X-rays in a low energy Mather-type plasma focus device

Farzin M. Aghamir, Reza A. Behbahani
Chin. Phys. B . 2014, 23(6): 065203. doi: 10.1088/1674-1056/23/6/065203


http://cpb.iphy.ac.cn/EN/abstract/abstract71498.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71498.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract70299.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70299.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70071.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70071.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract69297.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract69297.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract68757.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract59422.shtml

Chin. Phys. B Vol. 27, No. 2 (2018) 025207

Analytical studies on the evolution processes of rarefied deuterium

plasma shell Z-pinch by PIC and MHD simulations*

Cheng Ning(‘7*/%)", Xiao-Qiang Zhang(7K/Ni), Yang Zhang(7K#%), Shun-Kai Sun(FMi#L),
Chuang Xue(#£4), Zhi-Xing Feng(F &%), and Bai-Wen Li(Z )

Institute of Applied Physics and Computational Mathematics, Beijing 100088, China
(Received 25 July 2017; revised manuscript received 16 September 2017; published online 5 January 2018)

In this paper, we analytically explore the magnetic field and mass density evolutions obtained in particle-in-cell (PIC)
and magnetohydrodynamics (MHD) simulations of a rarefied deuterium shell Z-pinch and compare those results, and
also we study the effects of artificially increased Spitzer resistivity on the magnetic field evolution and Z-pinch dynamic
process in the MHD simulation. There are significant differences between the profiles of mass density in the PIC and
MHD simulations before 45 ns of the Z-pinch in this study. However, after the shock formation in the PIC simulation,
the mass density profile is similar to that in the MHD simulation in the case of using multiplier 2 to modify the Spitzer
resistivity. Compared with the magnetic field profiles of the PIC simulation of the shell, the magnetic field diffusion
has still not been sufficiently revealed in the MHD simulation even though their convergence ratios become the same by
using larger multipliers in the resistivity. The MHD simulation results suggest that the magnetic field diffusion is greatly
enhanced by increasing the Spitzer resistivity used, which, however, causes the implosion characteristic to change from
shock compression to weak shock, even shockless evolution, and expedites the expansion of the shell. Too large a multiplier
is not suggested to be used to modify the resistivity in some Z-pinch applications, such as the Z-pinch driven inertial
confinement fusion (ICF) in a dynamic hohlraum. Two-fluid or Hall MHD model, even the PIC/fluid hybrid simulation
would be considered as a suitable physical model when there exist the plasma regions with very low density in the simulated

domain.

Keywords: shell Z-pinch, PIC and MHD simulations, wire-array Z-pinch

PACS: 52.58.Lq, 52.65.-y, 52.59.Qy

1. Introduction

The Z-pinch of wire-array (liner) has been considered as
a promising drive approach to the ignition of inertial confine-
ment fusion (ICF) and its fusion energy application due to its
high conversion efficiency from electromagnetic energy stored
to kinetic and radiation energy of implosion plasma.l!~6]
While its plasma formation and implosion process are very
complicated. There are a lot of measured images from the
wire-array (without preconditioning) Z-pinch experiments to
demonstrate that the majority of wire-array substance has been
ablated due to Joule heating and is radially swept inward to-
wards the array axis by j x B force, while the wire-cores
keep stationary at their original positions before its implosion
begins."~12] So actually inside the wire-array is prefilled with
ablated plasma, whose density varies with time and radius. It
is possibly very low sometime and somewhere.

In most of simulations of wire-array Z-pinch, the ablation
process of wire-array is ignored due to its complexity, and the
wire-array is treated as a plasma shell with a precursor plasma
inside, or the wires are treated as the metallic gas sources with

(12,13

high density and low temperature. I The metallic gas is

partly ionized and expanded. The ionized gas is driven inward

DOI: 10.1088/1674-1056/27/2/025207

by Lorentz force, and a precursor plasma profile is formed.
The density of ablated plasma inside the wire-array is varying
all the way, and is possibly very low in the front of the pre-
cursor plasma, or the streams of the ablated plasma. For the
very low plasma density it should be understood whether the
currently used magnetohydrodynamics (MHD) model can ac-
curately describe the magnetic field evolution and the electric
fluid movement.

In the practice of Z-pinch simulation, which is mostly
based on the radiation magnetohydrodynamics equations
(model), for obtaining better simulation results, which agree
well with the experimental data, such as convergence ratio,
and x-ray power and energy, the electrical resistivity of Z-
pinch plasma needs artificially modifing more or less.[1%!4]
The characteristic results might be obtained through this mod-
ification, but the magnetic field evolution and the pinch dy-
namic process might be changed unexpectedly. It is interesting
and important to explore the variations of the magnetic field
evolution and the dynamic process with this modification.

The discharged plasma is essentially a system consist-
ing of a large number of charged particles, i.e., electrons and
ionized ions. So the Z-pinch plasma can be treated as a
huge charged particle system, and can be simulated through
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a particle-in-cell (PIC) code. In principle, it is to solve the
Maxwell equations and particle motion equations.!!>] Welch
et al. first realized the fully kinetic particle-in-cell simula-
tion of deuterium gas-puff Z-pinch on a Z machine.l'®-18]
They made use of the implicit, fully electromagnetic (EM)
and kinetic particle-in-cell code LSP to simulate the Z-pinch
process. Later Schmidt et al. extended the applications of
LSP code to fully kinetic simulations of dense plasma fo-
cus devices, which were designed to produce fusion neutron

[19.201 Recently, the LSP code was used to simulate

resources.
and assess the ion kinetic effects in a laser direct-drive capsule
implosion experiment.[>!1 All these researches mainly focused
on the neutron yields and production mechanism, rather than
on the microscopic mechanisms of Z-pinch and focus.

Two years ago, we realized the particle-in-cell simulation

a.1??! In princi-

of the rarefied deuterium shell Z-pinch in Chin
ple, the profiles and evolution of magnetic field obtained in the
PIC simulation are believed to have higher reliability. There-
fore, due to the lack of measured profiles of magnetic field
during the Z-pinch process, they could be approximately con-
sidered as the real magnetic field in the Z-pinch plasma. So we
can understand the validity of MHD simulation of the Z-pinch
plasma under very low mass density through comparing their
evolvements obtained in the MHD and PIC simulations. At the
same time the comparison can help us to in depth understand
the Z-pinch mechanism in physics.

It is a crucial matter for Z-pinch radiation MHD simula-
tion that the magnetic field evolution and the radiation emis-
sion and transport are accurately modeled because the used
physical models and parameters for the magnetic field and ra-
diation may largely affect the simulated results. When the
mass density of simulated plasma is very low, the produced
radiation is quite weak and can be neglected in the simulation.
So we can focus on the magnetohydrodynamic behavior of the
rarefied deuterium shell Z-pinch.

In this paper, we show the statistical results of mass den-
sity evolution in the PIC simulation of the rarefied deuterium
shell Z-pinch in Subsection 2.1. The Z-pinch of the same shell
will be simulated by our one-dimensional(1D) MHD code.
How the electrical resistivity affects the magnetic field evo-
lution and the dynamic process of Z-pinch is investigated by
artificially modifying the resistivity. The results are presented
in Subsection 2.2. The comparison between the PIC and MHD
simulation results is carried out in Subsection 2.3 to explore
the applicability of MHD simulation of Z-pinch under very
low plasma density. Sections 3 and 4 are the discussion and

conclusions, respectively.

2. Simulations of the rarefied deuterium plasma
shell Z-pinch

The rarefied deuterium plasma shell Z-pinch, which was
simulated by a particle-in-cell code,??! is now simulated by
our 1D radiation MHD code.!'??3 At the beginning, the in-
ner radius rj, of the shell is 0.6 cm, the outer radius ryy is
1.0 cm, and its height is 1.0 cm. The mass per unit length of
the plasma shell is 1.0 x 10~!? g/cm, and the matched current
is taken as I(¢) = 433sin*(7t /2Tp) A, where ¢ is the time and
Tp is the rising time of the current (/) from O to peak. Here
Tp is assumed to be 50 ns. The mass density of the shell is
about 4.97 x 10713 g/cm3. The emission of radiation would
be very weak during the shell Z-pinch due to very low plasma
density, and the radiation effect on the shell Z-pinch dynamic
process would not be considered in its MHD simulation. The
free path of particle collision is still substantially smaller than
the size of the shell, and the fluid description may be suit-
able for its magnetohydrodynamic process. Therefore, we
simulate the Z-pinch process of the rarefied deuterium plasma
shell by the 1D MHD code. Generally, the Spitzer resistivity
(N =5.2x 1073zInA/T3/? Q-cm, where z is the ionization
degree, InA is the Coulomb logarithm, and T is the plasma
temperature in units of eV) is adopted in solving the magnetic
field equation. The resistivity is sometimes modified by be-
ing multiplied by a factor for obtaining better results. When a
multiplier of 2 is applied to the Spitzer resistivity, which ap-
proximately means that the resistivity perpendicular to the az-

imuthal magnetic field is adopted in the simulation.

2.1. Mass density evolution in the PIC simulation

Figure 1 shows the mass density profiles obtained in the
PIC simulation at some times in the Z-pinch process of the
shell. In the first 45 ns of the pinch, we can find that the elec-
trical particles seem to be attracted to the center (see Fig. 1(a)),
and at the same time they are driven towards the inner sur-
face of the shell and enter into the mass density profile evolu-
tion (see Fig. 1(b)). As a whole, the particle shell under the
driven current firstly behaves as a snowplow-like implosion,
but with some kinds of oscillation and instability development
in the mass density profile. The instability has been restrained
temporarily at the end of the snowplow-like implosion phase.
Thereafter an intense shock wave is formed, and continues to
move inwards and evolves. Before 45 ns of the Z-pinch, the in-
ner surface is almost stable, and the outer plasma is ploughed
up together to form a more and more intense shock wave. Af-
ter 45 ns, the mass density evolution is similar to shock com-

pression.
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Fig. 1. (color online) Profiles of mass density (a) at 5 ns, 25 ns, 30 ns,
33 ns, 35 ns, 38 ns, 40 ns, 43 ns, and 45 ns, and (b) at 45 ns, 50 ns, and
55 ns, obtained in the PIC simulation of the shell.

2.2. Results of MHD simulation

In the Lagrangian MHD simulation, we can record the
flow lines of the simulated mass points. Figure 2 shows the
calculated streamlines of the same rarefied deuterium plasma
shell Z-pinch. It shows the integrated characteristic of the Z-
pinch process of the shell. The outermost mass point exhibits
a little expansion outwards, and a few innermost mass points
move inwards earlier obviously. The trajectories of movement
of the mass points are very similar to our previous simulation

results about Z-pinches. 2324
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Fig. 2. (color online) Streamlines of the rarefied deuterium plasma shell Z-
pinch, obtained in the MHD simulation, in which the used Spitzer resistivity
is enlarged by being multiplied by a factor of 2.

Figure 3 shows the mass density evolutions of the shell
with two different multipliers of resistivity. In the case of
a multiplier of 2, a weak shock wave is generated early in
the Z-pinch, and is gradually enhanced as time goes by (see
Fig. 3(a)). Before 45 ns of the Z-pinch, the inner surface
moves inwards a bit, and the outside plasma is ploughed up

by a shock wave. After 45 ns the mass density evolution
is roughly similar to that calculated by the PIC code (see
Fig. 1(b)), where all evolve in the shock compression scheme.
While the shock wave is gradually weakened (see Fig. 3(b)
with the multiplier 1000) with the increase of used multiplier
in Spitzer resistivity due to the enhanced magnetic diffusion,
which increasingly cause the inward movement of the inner
surface of the shell, and the expansion of the outer surface of

the shell.
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Fig. 3. (color online) Profiles of mass density at 5 ns, 25 ns, 35 ns,
40 ns, 45 ns, 50 ns, and 55 ns, calculated in MHD simulations with the
used multipliers of (a) 2 and (b) 1000.

In Z-pinch MHD simulation it is well known that the
simulated Z-pinch process is sensitive to the modification of
plasma resistivity. Compared with the macroscopic exper-
imental data, the good simulated results could be obtained
through the resistivity modification, but the dynamic process
presented in the simulation might be changed a lot, even devi-
ated from the reasonable one. Now we begin to explore how
the modified resistivity affects the magnetic field evolution and
the dynamic process of Z-pinch in the MHD simulation.

Figure 4 shows the variations of magnetic field profiles
with the Spitzer resistivity multiplier (such as 2, 50, 100, 500,
and 1000) in MHD simulation. From Fig. 4 we can clearly see
that the magnetic field in the inner part of the shell increases
and the maximum field decreases (i.e., the profiles turn flat
gradually) because of the enhancement of magnetic field dif-

fusion.
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Fig. 5. (color online) Radius variations of outer and inner interfaces
(a), and mass center (b) of the shell with time under a few multipliers
applied to Spitzer resistivity in the MHD simulation.

Figure 5(a) shows the implosion characteristics of the
outer and inner interface of the shell, and figure 5(b) displays
the behaviors of the mass center during implosion. We can

find that the plasma shell first expands outwards and inwards

simultaneously (see Fig. 5(a)) at the early phase, and the ex-
pansion will turn more obvious with the multiplier increasing
due to the enhanced thermal pressure and magnetic field diffu-
sion. Whereas the mass center of the shell keeps stable at this
phase (see Fig. 5(b)). With the increase of the resistivity, the
Z-pinch process of the outer part of the shell is delayed and
slows down gradually, and one of the inner part occurs earlier
step by step. The latter even seems to pinch independently be-
cause it experiences an increasing Lorentz force induced by
current and magnetic field diffusion into this area. So, using
a too large multiplier can cause an unreasonable dynamic pro-
cess of the Z-pinch. The implosion process of the mass center
also delays with the multiplier increasing (see Fig. 5(b)).

Figure 6 presents the compression status of the shell with
the increasing of resistivity. The convergence ratio is defined
as the value of radius at time 7, r(¢), divided by the value r(0) at
time ¢ = 0, r(0) at a certain place. Figures 6(a) and 6(b) show
the behaviors of convergence ratios of the outer interface and
the mass center, respectively. Basically, the latter can well ex-
press the compression behavior of the Z-pinch plasma, and is
higher than the former. However, only the convergence ratio of
the outer interface could be inferred from the experimental im-
ages, such as the streak image, x-ray image and laser shadow
image of the Z-pinch plasma. All kinds of convergence ratios
decrease with resistivity increasing.

Figure 7 exhibits how the mass density profiles evolve

with the Spitzer resistivity multiplier in the MHD simulation
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of the plasma shell. Figure 7(a) shows that the plasma shell
expands, and the expansion becomes more severe with the in-
crease of multiplier (just like that seen in Fig. 5(a)). At 25 ns
an intense shock in density is developed at the outer interface
of the shell for the case of multiplier 2. From 25 ns to 45 ns
it develops more and more intensely by ploughing up more
plasma into the shock. At 45 ns the shock also forms in the
cases of the multipliers of 50 and 100 (see Fig. 7(c)). However,
there is no shock forming in the cases of the multiplier of 500
and 1000 until 55 ns (see Fig. 7(d)). Therefore, the dynamic
process of the Z-pinch changes very much if the resistivity
used in the MHD simulation is artificially largely modified.
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Fig. 6. (color online) Variations of convergence ratio of outer interface (a)
and mass center (b) of the shell with time under a few multipliers used in the
MHD simulations.

Figure 8 shows the variations of electron and ion temper-
atures in the middle of the shell in the Z-pinch process. We
can clearly find that the peak electron temperature is about
1.5 keV, and it increases with the used multiplier, mainly the
enhanced ohmic heating, and that it almost saturated at about
4 keV when the multiplier is larger than 100. While the peak
ion temperature is about 5.5 keV in the case of multiplier 2,
and it declines with the multiplier increasing mainly for the
reduction of compression degree of the shell, i.e., the reduc-
tion of pdV work. It becomes about 0.5 keV in the case of
multiplier 1000. We can also note that the widths of the pulses
at half maximum temperature are about 2 ns~6 ns as the mul-
tiplier increases from 2 to 1000. This increase implies that

the compression degree of the plasma shell declines, and the

implosion velocity declines too.
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025207-5



Chin. Phys. B Vol. 27, No. 2 (2018) 025207

5
—?2 . (a)
4F ---50 iy
100 R
i
gL - 500 i
2 1000 il
& I
E 2l i
|

(b)

T:/keV

20 30 40 50 60 70 80
Time/ns

Fig. 8. (color online) Variations of electron (a) and ion (b) temperatures
in the middle of the shell with time under a few multipliers used in the
MHD simulations.

2.3. Comparison between the results of the PIC and MHD
simulations

In the PIC simulation, a few millions of simulated par-
ticles are tracked, and the integrated evolution of the particle
positions reveals the dynamic process of the shell Z-pinch. [*]
For comparing the Z-pinch characteristics obtained by the
MHD simulation with that by the PIC simulation, their mass
center implosion trajectories are calculated. They are defined

as r. = [pr’dr/ [ prdrin the MHD simulation, and

Z m}()n r;on Z r;on
i _ i

fe = ion N
Z m; ion
i

in the PIC simulation, where the electron mass is neglected,
mi°" is the ith deuterium ion mass, 71" is the radius of the
ith ion position, and Njq, is the total number of the deuterium
ions. Figure 9 shows the result. The variations of the trajec-
tory with the used multiplier are also plotted. From Fig. 9,
it can be found that the trajectory calculated by the PIC sim-
ulation is very close to that by the MHD simulation before
stagnation when a multiplier of 2 is used. However in the
MHD simulation the Z-pinch plasma seems more compress-
ible since a higher convergence ratio is achieved. Moreover,
we can also find that the implosion in the PIC simulation is
slightly faster than that in the MHD simulation from about
43 ns to 50 ns. After the stagnation the Z-pinch plasma moves

outwards faster in the PIC simulation because at that time the

electrons shortly move inversely to cause the current to quickly
transfer to the outer area due to static repellency among elec-
trons and their tiny mass. The exhibited differences in the two
kinds of simulated Z-pinch processes reflect the differences in
physical mechanism of Z-pinch. With the increasing multi-
plier the convergence ratio calculated by the MHD simulation
declines, and it becomes almost the same as that calculated
by the PIC simulation when a multiplier of 1000 is used. Al-
though the two convergence ratios are the same, the implosion
time turns longer, which implies that their dynamic processes
are different.

0.8
0.6}
: PIC
3 —_
= 04 —MHD, *1000

— MHD, *2
0.2r  __MHD, *100

30 35 40 45 50 55 60 65 70
t/ns

Fig. 9. (color online) Implosion trajectories of mass center of the plasma
shell. The blue line represents the result obtained by the particle-in-cell
simulation, while the other lines denote the results calculated by the MHD
simulation, in which the used Spitzer resistivities are artificially enlarged by
using multipliers of 2, 100, and 1000.
The magnetic field distribution and evolution are gov-
erned by the induction equation of magnetic field, which just

includes the convection and diffusion terms due to adopting

the Ohm’s law
1 1
j<E+uxB>,
n c

where 3, E, B, 1, and c are the current density, electric field,
magnetic field, electric resistivity, and the light speed, respec-
tively. The magnetic field flows with the plasma motion, and
at the same time it diffuses into the plasma. For a given plasma
shell, its Z-pinch dynamic process is mostly determined by the
distribution and evolution of the magnetic field in it. The mag-
netic field convection depends on the plasma velocity, while its
diffusion depends on the electric resistivity of plasma greatly.
Unfortunately, so far there is no accurate expression of the
electric resistivity for dense magnetized plasma, such as Z-
pinch plasma. So for achieving better agreement of the sim-
ulated Z-pinch results with the experimental data, such as the
convergence ratio, x-ray power and energy, the electric resis-
tivity is required to be artificially modified more or less./1%14]
To what extent the Spitzer resistivity should be modified (i.e.,
how large the multiplier used in simulation should be) depends
on the driven current level, and the material and configuration
of load, as well as the used physical model and possibly the

spatial dimension. The better simulated characteristic results

025207-6



Chin. Phys. B Vol. 27, No. 2 (2018) 025207

might be obtained through the modification, but the magnetic
field evolution and detailed pinch process could be changed
correspondingly. It is interesting and important to explore the

variations of the magnetic field evolution and the dynamic pro-
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cess with the modification, and to compare the MHD simula-
tion results with the PIC’s under the lack of experimental data
about the magnetic field evolution and microscopic dynamic

process of Z-pinch.
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Fig. 10. (color online) Profiles of magnetic field and mass density at 25 ns (a), 35 ns (b), 45 ns (c), and 55 ns (d). The blue lines denote the
magnetic fields from the simulation by using the PIC code, and the black lines represent the magnetic fields simulated by using the MHD code
where the Spitzer resistivity is doubled. The red lines represent the mass density profiles simulated by the MHD code, and they are also used

to mark the positions of the plasma shell.
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Fig. 11. (color online) Profiles of magnetic field and mass density obtained in the PIC simulation at (a) 25 ns, (b) 35 ns, (c) 45 ns, and
(d) 55 ns. The blue lines denote the magnetic field, and the red lines the mass density profiles.

Here we compare the magnetic field profiles calculated by
the MHD and PIC simulations at different times. Firstly fig-
ure 10 shows the profiles of magnetic field and mass density
along the radius at four times in the case that the multiplier of
2 is applied to enlarge the Spitzer resistivity. It can be found
that the magnetic field calculated by the MHD simulation is
mainly distributed in the outer layer of the shell, and that the
maximum field always presents itself in the outer surface of
the shell. However, the magnetic field obtained in the PIC
simulation diffuses into the whole shell, and at 55 ns the loca-

tion of the maximum field moves behind from the place of the
maximum field calculated by the MHD simulation obviously.
So in the MHD simulation the shell Z-pinch is much like the
magnetic piston implosion, and its convergence ratio can be-
come higher. From Fig. 11 of the PIC simulated results we
can find that the places of the maximum fields lag behind the
places of the maximum mass density after 35 ns. That is to say,
in the PIC simulation the magnetic field diffusion is relatively
strong, and the field diffuses into the whole shell in the pinch
process. Basically, the profile and evolution calculated in the
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PIC simulation could be considered to have higher fidelity,
which implies that the diffusion of the magnetic field is un-
derestimated in this MHD simulation. Therefore, the Spitzed
resistivity used in the MHD simulation of Z-pinch seems to re-
quire to be enlarged to a reasonable extent in order to enhance
the diffusion.

When the used Spitzed resistivity is enlarged, the mag-
netic field diffusion will be enhanced and the convergence ra-
tio becomes close to that obtained in the PIC simulation. Will
their magnetic field profiles and evolutions become the same?
Figure 12 shows the magnetic field profiles at four times, cal-
culated by the MHD simulation, in which a multiplier 1000 is

‘7’; 2.5
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used to reduce the convergence ratio to a value close to that
reached in the PIC simulation. Comparing them with the re-
sults presented in Fig. 10, it can be seen that the magnetic field
diffusion into the shell is enhanced obviously, and that the po-
sition of the maximum magnetic field lags behind largely, i.e.,
the Z-pinch process slows down. While the magnetic field pro-
files are still quite different from the PIC’s results, even though
their convergence ratios are almost the same, which possibly
implies that the used inductance equation of B could not ac-
curately describe the magnetic field evolution in this very low

density plasma.
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Fig. 12. (color online) Profiles of magnetic field and mass density at (a) 25 ns, (b) 35 ns, (c) 45 ns, and (d) 55 ns. The blue lines denote the magnetic
field simulated by the PIC code, and the black lines represent the magnetic fields simulated by the MHD code where 1000 times the Spitzer resistivity
is used. The red linesrefer to the mass density profiles simulated by the MHD code, and are also used to mark the place of the plasma shell.

3. Discussion

3.1. Mechanisms of Z-pinch under hydrodynamic and ki-
netic descriptions

In the MHD simulation of Z-pinch, the whole plasma
shell is driven inwards by Lorentz force 3 x B, and it keeps
electrical neutralization as a whole. The mass density evolu-
tion depends on the fluid flow which is driven by the thermal
pressure and Lorentz force exerted on the neutral electrically
conductive fluid. However, in the PIC simulation of the Z-
pinch, the mass density evolution depends on the movement
of ions, which are governed by their experienced electric and
magnetic forces (of course, and by the particle collisions if
the collisions are included in the simulation). So, we might
speculate that there would possibly exist the significant differ-
ences between the mass density distributions simulated by the
particle-in-cell and magnetohydrodynamics codes. Figure 13
shows the electric and magnetic forces exerted on the ion in
the radial direction in the plasma shell. They reveal that in the
radial direction the forces exerted on the ion are mainly the

electric force, which is several orders of magnitude larger than
the magnetic force, and actually the electrostatic force pro-
duced by the charge separation between the ion and electron.
From Fig. 13 we can find that at a certain time the direction of
electric force along radius changes with position r, especially
in the early phase it changes more considerably, for example,
before 30 ns (see Figs. 13(a) and 13(b)). At a certain position
it also changes from time to time. So the movement states of
the ions are changeful and complicated. However, the direc-
tion of Lorentz force in the MHD simulation keeps unchanged
all the time, pointing to the axis. That would cause the differ-
ences in the mass density evolution from the MHD simulation,
especially in the early phase of the shell Z-pinch (see Figs. 1
and 3 and their comparison). Moreover it could be expected
that there would exist instability development in a plasma shell
Z-pinch even if the shell is totally uniform due to the elec-
tromagnetic interaction among the charged particles and field,
which reflects the complexity of particle-charged flow to some
extent.
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Fig. 13. (color online) Profiles of the electric (blue lines) and magnetic (red lines) forces exerted on ions in radial direction at (a) 5 ns, (b) 25 ns,
(c) 30 ns, (d) 35 ns, (e) 40 ns, and (f) 45 ns. They are obtained in PIC simulation of the shell Z-pinch.

In the radial direction the electric and magnetic forces ex-
erted on the electrons are comparable in magnitude,? while
the forces exerted on the ions are mainly the electric forces.
So, in the Z-pinch process the electrons should be first accel-
erated in axial electrical field and reach higher velocities, then
they are driven inwards to the axis at the same time by the
radial magnetic forces (i.e., Lorentz forces —qv,Bg, where ¢
and v, are the charge and the axial velocity of electron, respec-
tively, and By is the azimuthal magnetic field), which causes
the separations between the electrons and ions because the ion
mass is much larger than the electron’s, and in turn a strong
electrostatic field is produced. The produced electrostatic field
attracts the ions to move towards the electrons. That is to say,
the Z-pinch mechanisms are different under the descriptions

of single fluid MHD and particle kinetics.

3.2. Applicability of MHD simulation

We cheerfully note that the mass density evolutions ob-
tained in the PIC and MHD simulations are similar in the
phase of shock wave compression after 45 ns (see Figs. 1(b)
and 3(a)). The MHD simulation of the shell yields the quali-
tatively reasonable results, such as the profiles of density and
magnetic field, and their variations with the resistivity modifi-

cation. That is to say, the Z-pinch of a very low density plasma

shell can still be simulated approximately by the magnetohy-
drodynamics, especially in its fast implosion phase.

However, compared with the magnetic field profile ob-
tained in the PIC simulation, the diffusion of the magnetic
field seems to be underestimated in the MHD simulation. Even
though their convergence ratios become almost the same, the
magnetic field in the PIC simulation distributed inside the shell
is higher than that in the MHD simulation mostly. Theoreti-
cal analysis demonstrates that the ion inertial length (c/27 f;;,
where f,; is the ion plasma frequency) is comparable to the
size of the shell with very low density considered in this paper.
In this case, the magnetic field becomes mainly frozen into the
electron fluid rather than the bulk plasma, and the two-fluid or
Hall MHD model, even the PIC/fluid hybrid simulation would
be used.!?>739 Therefore, in the wire-array Z-pinch (single-
fluid) MHD simulation in which the processes of wire abla-
tion and plasma expansion are considered, the plasma density
needs to be truncated when it is too low.

When a radiation research of Z-pinch is located outside
the Z-pinch plasma, such as the researches of radiation ef-
fect on material and the measurement of plasma opacity, the
Z-pinch dynamic process will be relatively isolated from the

interaction process of radiation and material. The requirement
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for the accurate simulation of Z-pinch plasma might be relaxed
to some extent, and a larger multiplier could possibly be used
in resistivity modification to obtain a more reasonable x-ray
radiation pulse waveform. While in the scheme of dynamic
hohlraum for Z-pinch driven ICF the ablated implosion pro-
cess of a capsule embedded in the dynamic hohlraum is tightly
connected with the wire-array (liner) implosion process. The
action process of the capsule depends on the implosion pro-
cess of the plasmas outside the capsule. In this case, if a larger
multiplier (say, several tens or hundreds) is used, the inner part
or shell of the plasma profile will be driven to implode earlier
due to the artificially enhanced magnetic diffusion, and in turn
it will unexpectedly cause the capsule action earlier.

We should point out that the required multiplier to modify
the resistivity nominally for more reasonable result of Z-pinch
simulation would decline with the increase of atomic number
due to the possibly high ionization degree for a certain cur-
rent level. In this paper the largest multiplier 1000 is used to
restrain the convergence ratio to a value close to the conver-
gence ratio of the PIC simulation because the atomic number

of deuterium is the smallest in all the elements.

4. Conclusions

The Z-pinch processes of the rarefied deuterium current-
carrying shell are simulated by the MHD and PIC codes, re-
spectively. Their results, especially the magnetic field and
mass density profiles and evolutions, are analytically com-
pared with each other. In the MHD simulation the variation
trends of the implosion characteristic and mass density, mag-
netic field, convergence ratio and temperatures with the in-
creasing resistivity are explored in detail. Firstly, compared
with the magnetic field profiles obtained in the PIC simu-
lation, the magnetic field diffusion cannot be adequately re-
vealed in the MHD simulation under the very low plasma
density, though the fluid dynamic behaviour is still qualita-
tively described. For accurately simulating the whole wire-
array Z-pinch process, two-fluid or Hall MHD model, even
the PIC/fluid hybrid simulation would be possibly required.
Secondly, there is a significant difference in the evolution of
mass density profile between the PIC and MHD simulations
before 45 ns (during the snowplow like implosion phase) of
the shell Z-pinch because of the different pictures of forces
exerted on ions and fluid. After the shock formation in the
PIC simulation, the mass density evolution is similar to that
in the MHD simulation for the case of using multiplier 2 to
some extent. Thirdly, the MHD simulation results suggest that

the magnetic field diffusion is enhanced greatly by increasing

the Spitzer resistivity used. In turn it causes the implosion
characteristics to change from the shock compression to weak
shock, even shockless evolution, and cause the shell to expand
more obviously, thereby slowing down the implosion process
and reducing the convergence ratio. The peak temperature of
electron increases and then reaches a saturate value, while the
peak temperature of ion declines with the increasing of resis-
tivity used. Finally, in the MHD simulation, though the nomi-
nally better simulation results could be obtained by modifying
the used resistivity, too large a multiplier is not suggested to
be used in the Z-pinch in which the applied sample (object)
is tightly coupled with the imploding plasma, such as the Z-
pinch driven ICF in a dynamic hohlraum. If too large a multi-
plier is applied, it may induce the earlier inward movements of
the inner plasma, and may generally result in an unreasonable
implosion picture.

The particle-in-cell simulation of Z-pinch makes us un-
derstand in depth the microscopic kinetic process and the ap-
plicability of MHD simulation in very low plasma density.
Practically, (radiation) MHD simulation is still the main nu-
merical program tool in the physical understanding, experi-
mental designs and data analysis of Z-pinch. In the future,
the PIC simulation should be continuously developed and ap-
plied for the microscopic investigation of Z-pinch with higher
mass density, and the physical models used in MHD simula-
tion should be developed hand-running for the magnetic field

evolution calculated accurately during the Z-pinch.
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