CHinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Exploration of microscopic physical processes of Z-pinch by a modified electrostatic
direct implicit particle-in-cell algorithm

Kaixuan Li(ZEJ14TF), Cheng Ning(7°J%), Ye Dong(#E /), and Chuang Xue(E%£ )
Citation:Chin. Phys. B, 2024, 33 (9): 095201. DOI: 10.1088/1674-1056/ad553a
Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

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

Scaling of rise time of drive current on development of magneto-Rayleigh-Taylor

instabilities for single-shell Z-pinches

Xiaoguang Wang(F /), Guangiong Wang(F & ¥5), Shunkai Sun(#MIiiEl), Delong Xiao(F 4% /%), Ning Ding( ]
T*), Chongyang Mao(-E H [H), and Xiaojian Shu(% /N )
Chin. Phys. B, 2022, 31 (2): 025203. DOI: 10.1088/1674-1056/ac1fd9

Simulations on the multi-shell target ignition driven by radiation pulse in Z-pinch

dynamic hohlraum

Shi-Jia Chen([%74E), Yan-Yun Ma(5#EZ), Fu-Yuan Wu(R=4E75), Xiao-Hu Yang(#52/E), Yun Yuan(=3®), Ye
Cui(£ %), and Rafael Ramis
Chin. Phys. B, 2021, 30 (11): 115201. DOI: 10.1088/1674-1056/ac01c2

Numerical study on magneto-Rayleigh-Taylor instabilities for thin liner implosions on

the primary test stand facility

Xiao-Guang Wang(F./N ), Shun-Kai Sun(#MIiil), De-Long Xiao( % J#), Guan-Qiong Wang(F & ¥5), Yang
Zhang(7K4%), Shao-Tong Zhou(Ji /%), Xiao-Dong Ren(fFH£7%:), Qiang Xu(4:5:&), Xian-Bin Huang(#% 2 7<), Ning
Ding( ] %), Xiao-Jian Shu( /)N i)

Chin. Phys. B, 2019, 28 (3): 035201.  DOI: 10.1088/1674-1056/28/3/035201

Preliminary investigation on electrothermal instabilities in early phases of cylindrical foil

implosions on primary test stand facility

Guanqgiong Wang( i ¥i), Delong Xiao( M % J¢), Jiakun Dan({HZ##), Yang Zhang(7K4%), Ning Ding( ] 7°),
Xianbin Huang(3% {2 7<), Xiaoguang Wang(F./N%), Shunkai Sun(#MiiFl), Chuang Xue(E££), Xiaojian Shu(H /)

i)
Chin. Phys. B, 2019, 28 (2): 025203.  DOI: 10.1088/1674-1056/28/2/025203

Magneto-Rayleigh—Taylor instability in compressible Z-pinch liner plasmas

Xue Yang(#% %), De-Long Xiao( H f# J£), Ning Ding(] 7T%), Jie Liu(XI7R)
Chin. Phys. B, 2017, 26 (7): 075202. DOI: 10.1088/1674-1056/26/7/075202


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad553a
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad553a
https://doi.org/10.1088/1674-1056/ad553a
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac1fd9
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac1fd9
https://doi.org/10.1088/1674-1056/ac1fd9
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac01c2
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac01c2
https://doi.org/10.1088/1674-1056/ac01c2
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/3/035201
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/3/035201
https://doi.org/10.1088/1674-1056/28/3/035201
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/2/025203
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/2/025203
https://doi.org/10.1088/1674-1056/28/2/025203
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/26/7/075202
https://doi.org/10.1088/1674-1056/26/7/075202

Chin. Phys. B 33, 095201 (2024)

Exploration of microscopic physical processes of Z-pinch by a
modified electrostatic direct implicit particle-in-cell algorithm

Kaixuan Li(Z=JF#T), Cheng Ning(‘7°/%)?, Ye Dong(¥EH)*, and Chuang Xue(F£f!)
Institute of Applied Physics and Computational Mathematics, Beijing 100088, China

(Received 25 April 2024; revised manuscript received 26 May 2024; accepted manuscript online 7 June 2024)

For investigating efficiently the stagnation kinetic-process of Z-pinch, we develop a novel modified electrostatic im-
plicit particle-in-cell algorithm in radial one-dimension for Z-pinch simulation in which a small-angle cumulative binary
collision algorithm is used. In our algorithm, the electric field in z-direction is solved by a parallel electrode-plate model,
the azimuthal magnetic field is obtained by Ampere’s law, and the term for charged particle gyromotion is approximated
by the cross product of the averaged velocity and magnetic field. In simulation results of 2 MA deuterium plasma shell Z-
pinch, the mass-center implosion trajectory agrees generally with that obtained by one-dimensional MHD simulation, and
the plasma current also closely aligns with the external current. The phase space diagrams and radial-velocity probability
distributions of ions and electrons are obtained. The main kinetic characteristic of electron motion is thermal equilibrium
and oscillation, which should be oscillated around the ions, while that of ion motion is implosion inwards. In the region of
stagnation radius, the radial-velocity probability distribution of ions transits from the non-equilibrium to equilibrium state
with the current increasing, while of electrons is basically the equilibrium state. When the initial ion density and current
peak are not high enough, the ions may not reach their thermal equilibrium state through collisions even in its stagnation

phase.

Keywords: Z-pinch, particle-in-cell, ion heating, charged particle collisions

PACS: 52.58.Lq, 52.65.Rr, 52.50.Sw, 52.20.Hv

1. Introduction

A cylindrical plasma with an axial current interacts with
its self-generated magnetic field, giving rise to a radially
inward J X B force on the plasma and triggering a self-
contraction process, which is referred as Z-pinch. The Z-
pinches have many significant applications in the field of high-
energy density physics. The gas puff Z-pinch can be used as
x-ray and neutron sources.!! 3! Wire-array Z-pinches can also

(4.5

be served as x-ray sources, 1 and a constructed load consists

of wire arrays and foam columns can be employed to generate

(681 in which a capsule can be embedded

a dynamic hohlraum,
for inertial confinement fusion.

During the run-in phase of Z-pinch process, the plasma is
firstly accelerated towards the axis under J x B force. When
enough charged particles of the plasma are driven to the axis,
they get into the stagnation phase and then reach their maxi-
mal compression state. Subsequently, when the thermal pres-
sure of the plasma exceeds the magnetic pressure, the plasma
begins to expand (expansion phase). During the stagnation
phase, the plasma emits intensively x-ray radiations and pro-
duces a large number of neutrons (for deuterium and tritium
plasma) due to the extremely high density and temperature
state. For radiation, ions transfer thermal energy to elec-
trons, and electrons produce radiations through ionization, ex-
citation and bremsstrahlung.!”) For neutron production, the

ion temperature directly influences the yield of thermonuclear
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neutrons. !9 Therefore, the ion heating mechanism during the
stagnation, even in the whole Z-pinch process is a significant
issue for Z-pinch physical research.

In experiments, one can get the effective ion temper-

1,121 How-

ature from Doppler contributions to K lines.!
ever, there is still controversy regarding whether the effec-
tive ion temperature accurately reflects the actual ion thermal
temperature. >3] According to the experimental results by

Kroupp“G]

et al., the effective ion temperature includes large
motion components, suggesting that the ion velocity proba-
bility distribution during the stagnation phase may be non-
Maxwellian. Hence, the commonly used magnetohydrody-
namic (MHD) models may be insufficient for analyzing ion
heating mechanism during the stagnation phase. This is due
to the fact that a fundamental assumption of MHD simula-
tions is such that each fluid element is in thermal equilibrium.
Moreover, in MHD simulations the ions are heated primar-
ily by adiabatic compression (pdV work) rather than the ion
kinetic energy directly thermalization.!”) The particle-in-cell
(PIC) simulations, with a binary Monte Carlo algorithm for
Coulomb collisions (MCC), can allow whether a plasma is in
thermal equilibrium or non-equilibrium. Hence, the PIC sim-
ulations enable us to obtain the detailed physical images of the
Z-pinch kinetic process.

Welch et al.'8! firstly simulated the Z-pinch process
based on PIC simulation by using the LSP code. The LSP

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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code employs a direct electromagnetic implicit PIC algorithm,
and in recent years, the Chicago!'®! code developed on the ba-
sis of LSP has incorporated an implicit magnetic field algo-
rithm to further relax the constraints on the time step. Addi-

tionally, Angus et al.!>’!

proposed an energy-conserving PIC-
MCC algorithm for Z-pinch simulation to address the numer-
ical cooling issue that arises from the combination of implicit
PIC and MCC algorithms. Both Welch’s and Angus’s schemes
have relatively large computational costs in the solution of
electromagnetic fields, which requires iterative methods for
solving large sparse matrices. Moreover, existing researches
using PIC method for Z-pinch simulations mostly focus on

the neutron productions, 223

as the PIC method can orig-
inally distinguish between the productions of thermonuclear
neutrons and beam-target neutrons. Therefore, we hope to es-
tablish a simpler PIC simulation model to study the physical
processes during the stagnation phase of Z-pinch. Compared
to the fluid simulation, it can accurately deal with the non-
Maxwellian distributions of particle velocity, and compared to
the published PIC methods using electromagnetic field solver,
it is easier to implement and has a lower computational cost.

In this paper, we propose a modified electrostatic direct
implicit PIC (ES-DI-PIC) method that threats the electric and
magnetic fields separately, in radial one-dimensional space.
The magnetic field is obtained from Ampere’s law, neglecting
the displacement current term, while the radial electric field is
obtained through the solution of Poisson equation. Because
of the decoupling of electric and magnetic fields, the com-
putation of electric and magnetic fields becomes expedited.
Section 2, the specific algorithms are presented, and in Sec-
tion 3, some simulation results of Z-pinch stagnation process
and their further discussion are provided, especially on the ion
heating during the stagnation phase. Finally, some conclusions
are reached in Section 4.

2. A modified ES-DI-PIC algorithm for Z-pinch
radial 1D simulation

2.1. Axial current modeling and azimuthal magnetic-field
calculation

In Z-pinch plasma, the axial current implies that the av-
eraged velocities v, of electrons and ions in the axial direc-
tion are not equal to zero. To calculate the axial current, we
decompose the z-direction velocity of a charged particle in Z-
pinch plasma into two components: the directional velocity U,
representing the averaged axial velocity of particles, and the
thermal velocity vzth, which is a statistically averaged value of
Zero.

A parallel electrode-plate model is developed to calculate
D,, in which the external current / flows into the anode, and
the plasma current I, flows out from the anode. The remaining

charge Q on the anode is given by

(In+1/2 ”+1/2)

ol =0+ 3 M

where 7 is the time level, and At is the time interval for calcu-
lation. A uniform distribution of D, for each species of particle
is assumed in space for simplification of Z-pinch PIC calcula-
tion in radial one dimension. That would slightly cause more
current and in turn magnetic field diffused into the interior of
cylinder plasma, but it would not induce much changes overall
in the particle kinetic motions due to the intense magnetic field
and most charged particles distributed on the periphery of col-
umn. Since the current carried by electrons are much greater
than that by ions, the current I, carried with the plasma can be
expressed as

1/2 -n+1/2 —n+1/2
n+/ Znejqevz”: / S. +an 40! n+ / Sj

J
—n+1 2
~ Zne ]Qevzn: / iz @)

where n. ; and n; ; represent the electron density and ion den-
sity in the j-th radial grid, g. and g; are the electric charges
of electron and ion, respectively, S; represents the cross sec-
tion of the j-th grid in the z-direction. In a typical Z-pinch
load configuration, the diameter of the electrode plate is sev-
eral times larger than the distance between cathode and anode,
so the electric field in z-direction between the electrodes may
be considered as one between the parallel electrode plate, i.e.,
E, =41Q/Siotal, Where Siora is the electrode plate area. By ap-
plying E_, the particle directional velocity D, can be obtained.
The velocity advancing of particle can be expressed as

_nt1/2  —n—1/2

0, =0; '“+dlAr, (3
n—1 ErH»l
@ = G BT )

where a,, m, and g represent the acceleration, mass, and charge
of the particle, respectively. Combining Eqgs. (1)-(4) yields

At
Qn+1 :Q"+["+]/2At—zne,jQEAt(vZ”C1/2+ ) )Sj
J
Zj47tne.quS/At2 +1
_ B ATe e STAL iy Q)
2mSiotal

After obtaining Q"*! through Eq. (5) and determining E,
through EM! = 470" /S o1, then D, at time level n+1/2

can be obtained through Egs. (3) and “).
+1/2

Subsequently,
using Eq. (2), the plasma current I can be obtained.
Lastly, since the contribution of displacement current to the
magnetic field is estimated to be much smaller than that of
conducting current in typical Z-pinch of hundred-ns driv-
ing current, and the displacement current may be neglected,

which is also adopted the PIC simulations for laser-driven fast
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ignition,?*> the azimuthal magnetic field can be calculated
from Ampere’s law as static magnetic field as follows:

j +1/2 | m-1/2
Tico (Ig,k + 1o )

4Cl"j+1/2

612 = ) (6)
where ¢ is the light speed, and r;/, represents the position
of grid j+ 1/2 in the radial direction.

2.2. Particle push scheme and radial electric-field calcula-

tion

The Z-pinch process can be reasonably described through
pushing all charged particle movements inwards in self-
consistent electromagnetic fields. Based on the electrostatic
implicit particle-in-cell simulation algorithm!*®! and the ap-
proximation of gyromotion of charged particle by averaged
motion, the equation for particle motion in the radial direction
in cylindrical Z-pinch can be expressed as

n+1/2 n—1/2
r = Ur

v v, +ay At — 0 ByqAt /mc, 7

d} = (qE!™! fm+ai™") /2, ®)

where v, and a, are radial velocity and acceleration of charged
particle, respectively, and E, is the radial electric field felt by
charged particle.

Compared to the particle motion equation in radial
direction in standard electromagnetic direct implicit PIC
algorithm, *7] in the third term on the right-hand side of Eq. (7)
the particle velocity v} is replaced by the particle averaged
velocity ©!'. The particle motion can be considered as the su-
perposition of gyromotion and guiding center motion under
the magnetic field. In Eq. (7), the use of ¥/ preserves the
particle’s guiding center motion while neglecting the gyromo-
tion, which is similar to the J, X Bg term appearing in the one-
dimensional Z-pinch MHD fluid model. Similar to the direct
implicit method,!?%! the particle advance is divided into two
steps. The first step of the particle motion is computed as

o = v ar A2, )
M =r4olar, (10)

where r is the radial position of the particle. After obtained the
particle position r! in the first step, the charge density p' can
be determined by using the interpolation function. Here **!
is computed by

=14 8, (11)
Sr=qE." A /2m. (12)
Using p"*! = p! +8p and 8p = —V-P ~ —V-p!'5r (here

P is called the dipole density[®®)), we can obtain p"*! = p! —
V-8rp'. By combining the Poisson equation and Eq. (12), the

equation for the radial electric field at time level n+ 1 can be
expressed as

V-(1+4ny)EM" =4np', (13)
1 2
_ paAr (14)
2m

After obtaining the solution E"*! to Eq. (13), the particle sec-
ond push can be performed, and its formula is

n+1/2
r

v, =0} +qE" At /2m — BB qAt /mc, (15)

P = 4 (gEL " At/2m — D Blght fme)Ar. (16)

The term 0! BjgAt /mc in the second push implies that the par-
ticle is pushed by the electrostatic field force and also by the
Lorentz force in an averaged z-direction velocity. That decou-
ples the electrostatic push and Lorentz force push of particle
motion, and cannot be required to calculate the particle cy-
clotron motion in detail.

3. Simulation results and discussions

We simulated a deuterium plasma shell Z-pinch with a
linear mass of 20 pg-cm™'. The function describing the vari-
ation of current with time is given by I(¢) = Ipsin*(27t /4Tp),
where the peak current is taken to be 2 MA, and current rise
time 7y from zero to peak is set to be 50 ns. The simula-
tion starts after the driven current has flowed through into the
Z-pinch plasma for 20 ns. The plasma configuration is con-
sidered as a hollow cylinder with inner radius of 0.6 cm and
outer radius of 1.0 cm. At the initial moment of the simula-
tion, deuterium ions and electrons are filled between the inner
and outer radii in a uniform density of 3 x 10'® cm™. The
temperature of both deuterium ions and electrons is 10 eV.
The particle simulation region in the radial direction ranges
from O to 1.5 cm, which is divided into 1500 cells, the av-
eraged number of macroparticles per grid is about 600 and a
time step of 0.2 ps is used. Coulomb collisions between par-
ticles are implemented by using Nanbu’s small-angle cumula-
tive binary collision algorithm.!?®! The collisions of ion—ion,
electron—electron, and electron—ion are fully considered. The
computational collision time interval is set to be 10 times the
time step of PIC simulation during the stagnation phase, while
in other phases, it is set to be 100 times the time step.

3.1. The Z-pinch process

Figure 1 illustrates the obtained Z-pinch implosion trajec-
tories of mass center by snow-plow, 1D MHD, %31 and PIC
simulations, and those of main plasma inner and outer bound-
aries also by PIC simulation, as well their external and plasma
current waveforms. In this study the main plasma is defined as
the center 90% of total load mass. From Fig. 1, it can be found
that the deuterium plasma shell expands first due to its higher
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initial temperature, and the mass center implosion trajectory
agrees roughly with the snowplow simulation’s one, and bet-
ter with the radial 1D MHD simulations’ one, and also the
Z-pinch plasma current calculated through Eq. (2) is almost
the same as the external current set by a quartic sine function.
This implies the simulation results by means of our novel Z-
pinch PIC radial 1D algorithm presented above are physically
reasonable overall, and in turn the algorithms are basically rea-
sonable about the assumption of uniform distribution of D, in
radius, and the calculations of D, and the static magnetic field,
as well the approximation of gyromotion of charged particle in
advance. Only a very small part of external current is held up
on the electrode plates to form the axial electrostatic electric
field. At around 60 ns, the Z-pinch plasma reaches its maximal
compression state, and then expands.

12.0
1.0

0.8 {15
—~ ) .
g 0.6r Snow plow 10 <
g —A- MHD 110 =2
0.4 Mass center, ~
Inner radius
0.2} Outer radius 10-5

©-1

—_— 1

0.0 : L : -
20 30 40 50 60
t (ns)

Fig. 1. The Z-pinch implosion trajectories of mass center obtained
by snow-plow (dashed orange line with asterisk), 1D MHD simulation
(solid green line with triangle), PIC simulation (solid purple line), and
those of the inner (dash-dotted green line) and outer (solid green line)
boundaries of main Z-pinch plasma obtained by PIC simulation. The
variations of external (driven) current I (black line with hollow circles)
and plasma current I, (solid blue line) with time are also plotted here
for showing the whole pinch process.

Figure 2 shows the spatiotemporal evolutions of ion den-
sity and temperature during the Z-pinch process. The ion tem-
perature can be statistically calculated through this expression
Ti(eV) = mi L7 (vi;— 0;)2/ (BNicenlge|). where mi, v ;,
and ; are the mass, velocity, and averaged velocity of ions
in a cell, Nicep is the ion number in a cell, |ge| is the absolute
value of electron charge, and j is the particle number in order
in a cell. During the run-in phase (before 59 ns), the plasma
shell is compressed, and in turn the ion density and tempera-
ture increase. After 59 ns, the plasma enters into the stagna-
tion phase, both the ion temperature and number density reach
their maximal values, signifying that the ion thermal pressure
has reached its maximum. Simultaneously, since the Z-pinch
current is declining, the magnetic pressure tends to decrease.
After 60 ns, one can observe a gradual decrease in ion density
and temperature with the plasma shell expansion.*!! During
the run-in phase, a small fraction of particles with higher ve-
locity move into the inner vacuum region near the axis as seen

in Fig. 2(a). Because the number of these particles in each cell
may be relatively less, it may cause strong electric field fluctu-
ations on the grid. Consequently, there are a small fraction of
particles that reach the axis region prematurely.

1020

5
g s &
N &
1016
20 30 40 50 60
t (ns)
10.’5
102 —~~
>
2L
10 &
100
"20 30 40 50 60
t (ns)

Fig. 2. Spatiotemporal evolutions of ion density (a) and ion temperature (b).

5000
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Fig. 3. Temporal variations of averaged ion kinetic energy and temperature.

3.2. The ion heating process

Figure 3 illustrates the variations of averaged ion kinetic
energy and averaged ion temperature with time through statis-
tics on particle velocities in our novel electrostatic PIC simu-
lations. At the moment of a large number of plasma particles
pinching to the axis, the averaged ion kinetic energy decreases
sharply, and at the same time the averaged ion temperature
rapidly increases. This indicates that the pinching plasma en-
ters into stagnation at 59 ns. It is attributed to a large number
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of particles moving inwards in all directions to get together,
and inducing intensively Coulomb collisions and stagnation
near the axis region, in which the kinetic energies of most ions
are thermalized and some ions may be reflected into the oppo-

site direction and movement outwards. When the ion kinetic
energy increases again, the pinched plasma enters into expan-
sion phase at 60.6 ns. This PIC simulated result is similar to
the MHD calculated result of Z-pinch.

(a) t=57.4ns X100 (b) t=58.4ns X107 (¢) t=59ns X101
600 4 1500 8 5000 2.0
/ N\
/ 3 PN 6 4000\ s
N7 :
400 / . 1000 / N - \ oo
— / o~ / \ L, © 3000 \ e
% ( 2 § % / \\ 1§ o \ 1.0 5
& = N - 2000
200 / g 5001/ | A S \ s
/ 1 / N2 \ 0.5
- n; \ 1000 N
~ / N/
— AN
>~
0 0 0 0 0 —10.0
0 0.05 0.10 0.15 0.20 0 0.05 0.10 0.15 0.20 0 0.05 0.10 0.15 0.20
r (cm) r (cm) r (cm)
(d) t=59.8ns X102 (e) t=60.3ns X102 (f) t=62ns x10%0
5000 2.0 5000 2.0 6000
4000 4000
1.5 \ 1.5 6
\ foa \ o~ 4000\ =
o £ 3000 o i
& 2000 = & 2000 RS \ -
\ S \\ S 2000p S
| 0.5 0.5 2
1000f 1000} | X
N \ h N
0 —— 0.0 0 == 0.0 0 == 0
0 0.05 0.10 0.15 0.20 0 0.05 0.10 0.15 0.20 0 0.05 0.10 0.15 0.20
r (cm) r (cm) r (cm)

Fig. 4. Profiles of ion temperature (solid red line), electron temperature (short dashed green line), and ion density (long dashed black

line) during the Z-pinch stagnation process, at 57.4 ns (a), 58.4 ns (b), 59.0 ns (c), 59.8 ns (d), 60.3 ns (e), and 62.0 ns (f).

Figures 4(a)—4(f) show the variations of ion temperature,
electron temperature, and ion number density along the radius
from 57.4 ns to 62 ns. Figure 4(c) (t = 59 ns) depicts the
radial distributions of the variables at the start time of stag-
nation, and Fig. 4(e) (t = 60.3 ns) shows those at the maxi-
mal compression state. Figures 5(a)-5(f) are the diagrams of
ion radial-velocity probability distributions in velocity—radius
phase space at a few times corresponding to Figs. 4(a)—4(f),
respectively. They exhibit clearly movements of all ion parti-
cles along radial directions and the stagnating and expanding
processes in the particle system. As shown in Figs. 4(a) and
4(b), the ion temperature in the inner radius of plasma is higher
than that in other place because the smaller ions existing in the
front were disturbed and accelerated intensively through col-
lision and pressure work. This ion heating mechanism might
occur in many gas puff and wire-array Z-pinch experiments,
because less precursor plasma or gas often already existed near
the axis before the stagnation phase.*?! Figures 5(c)-5(e) il-
lustrate the variable profiles during the stagnation phase, in
which the particles are pinched to near the axis and its ion

temperature increases to more than 4 keV. It can be found that
the ion temperatures are much higher than the electron tem-
peratures possibly due to the ion gained more energy there in
collision. It should be noted that in Fig. 4(f), which illustrates
the variable profiles in expansion, the temperatures of ion out-
side the main plasma seem too high possibly due to the ion
non-Maxwellian distribution, and that they may be imprecise.

From Figs. 5(c)-5(e), it can be seen that more and more
ion particles have been accumulated near the axis region. Spe-
cially in Fig. 5(e) (t = 60.3 ns), the ion averaged velocity looks
like to be close to zero, and most of the ion particles stagnate
together on the axis. The ion averaged velocity approaching
to zero means that the ions are experiencing the thermalization
process. However, the electrons carry relatively small kinetic
energy, and the electron—ion relaxation time is calculated to be
Te,i = 6 ns (Ref. [33]) during stagnation phase, which is larger
than the duration of stagnation phase (about 1.3 ns). There-
fore, the ions and electrons should not reach an equilibrium
state, and their temperatures are separated.

In Figs. 5(d) and 5(e), there are noticeable differences of
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ion velocity probability distribution in different radial regions.
On the side closer to the axis, ions’ average velocity close to
zero, while on the other side, ions have a significant drift ve-
locity. Corresponding to Figs. 5(d) and 5(e), Fig. 6 illustrates
the ion velocity probability distributions in different radial re-
gions. In Fig. 6(a), in the region r < 0.025 cm, the ion velocity
probability distribution approximates a Maxwellian distribu-
tion, indicating that these ions have already stagnated. The
number of ions in this region is approximately 36% of the to-
tal number of ions. In the region 0.025 cm < r < 0.2 cm, the
ion velocity probability distribution exhibits significant drift
velocities in the negative direction, indicating that these ions
are still moving towards the axis. In Fig. 6(b), in the region
r < 0.04 cm, the ion velocity probability distribution also ap-
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proximates a Maxwellian distribution, with ions in this region
increasing up to 69% of the total ion population. This sug-
gests that the majority of ions have been stagnated. In the re-
gion 0.04 cm < r < 0.2 cm, there are some ions moving along
the positive direction, indicating that these ions are expanding
outwards.

The primary influence on the azimuthal velocities of ion
is exerted by Coulomb collisions. As shown in Fig. 7, the char-
acteristics of ion thermal motion in the radial and azimuthal
directions are similar. However, the azimuthal velocity of ions
follows a Maxwellian distribution (as well as the axial velocity

of ions), while the radial velocity exhibits a drift Maxwellian

distribution.
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Fig. 5. Diagrams of ion radial-velocity probability distributions in phase space around the Z-pinch stagnation process, at 57.4 ns (a),

58.4 ns (b), 59.0 ns (c), 59.8 ns (d), 60.3 ns (e), and 62.0 ns (f).
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Fig. 6. Radial velocity probability distributions of ions in different radial regions at 59.8 ns (a) and 60.3 ns (b).
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Fig. 7. Diagrams of ion azimuthal-velocity probability distributions in phase space at 58.4 ns (a), 59.0 ns (b), and 60.3 ns (c).
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Fig. 8. Diagrams of electron radial-velocity probability distributions in phase space around the stagnation at 58.4 ns (a), 59.0 ns (b), and 60.3 ns (c).
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Fig. 9. Radial-velocity probability distributions of electrons at around
the stagnation.

3.3. The kinetic characteristic of electron motion

Figures 8(a), 8(b), and 8(c) show the electron radial-
velocity probability distributions in v,—r space at 58.4 ns,
59 ns, and 60.3 ns, respectively. They are equivalent to the
phase space diagrams of electron motion at different times.
Compared to Figs. 5(b), 5(c), and 5(e) of ion motion phase dia-
gram also at 58.4 ns, 59 ns, and 60.3 ns, respectively, we can be
found that there are great differences between them. The main
kinetic characteristic of electron motion is oscillation, which
should be oscillated around the ions, while that of ion mo-

tion is implosion inwards. For well understanding the electron
motion status on the whole, the radial-velocity probability dis-
tributions of electron are correspondingly presented at around
the stagnation in Fig. 9. They are the drift Maxwellian distri-
butions of electron velocity in radius, the electron drift veloc-
ity refers to the implosion velocity of electrons. At 58.4 ns,
59 ns, and 60.3 ns, the radial averaged electron velocities D ,
are —2.2 x 1073¢, —2.3 x 107 3¢, and —0.8 x 10~ %¢, respec-
tively, which are almost the same as the radial averaged ve-
locities of ions. Moreover, simulation results also indicate
that at 60.3 ns there are also differences of U, in different
radial regions, similar to those of ions (see Fig. 6), in the re-
gions of 0 <r < 0.04 cm and 0.04 cm < r < 0.2 cm, Ve, are
—4.6 x 1072¢ and —2.0 x 10~ 3¢, respectively. However, the
electron drift velocities are very small compared to their ther-
mal velocities. The azimuthal and axial electron velocities are
Maxwellian distributions, which are consistent with the radial
electron distribution due to the strong collisions between elec-
trons. Therefore, based on Eq. (7) and Figs. 5-9, the kinetic
picture of Z-pinch can be figured out. The electrons first move
inwards under the action of Lorentz force 5 x B, and then
cause separations between electrons and ions for the heavier
ion mass. The radial electrostatic fields are produced due to
the separations, and in turn the ions are attracted inwards by
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the electric force. When the electrons are driven away from
ions too much, they will be attracted towards the ions again
by the electric force. Thus, the ions are attracted inwards due
to the charge separation, and the electrons oscillate around the
ions and move inwards with the ions.

3.4. The variations of ion Kinetic characteristic with cur-
rent peaks

From the observation of ion heating, Coulomb collisions
play an important role in the energy conversion of ions during
stagnation phase. However, if the ion density near the axis re-
gion is not sufficiently high, the mean free path of ions (A;)
may be greater than the stagnation radius (Rg).[**3>! This im-
plies that the velocity probability distribution of ions at the
axis region might not be the Maxwellian distribution. There-
fore, we performed a series of calculations for Z-pinch models
with different initial densities, as presented in Table 1, with
the same configuration as described at the beginning of this
section. The variations in initial density will result in differ-
ences in ion density near the axis during the stagnation phase.
The current is then determined based on the scaling relation-
ship I? o< m; where my is the linear mass of the Z-pinch load,
which is the total mass of the load divided by the length of the
load in the z-direction. In Z-pinch, the square of the current is
proportional to the magnetic pressure. Therefore, maintaining
the proportional relationship between the square of the current
and the linear mass ensure that the maximal implosion velocity
vif‘n‘;" keeps consistent in all models. The A;; in different mod-
els can be calculated from the following expression, which is
a function of the temperature and density of ions, %]

i (cm) = 2.0 x 1012 [(T; ) (eV)]* /(i) (em™),  (17)

where (T; ) represents the averaged ion temperature at stag-
nation time, (n; ) represents the averaged ion density within
the stagnation radius Ry at the stagnation time. To obtain
(Ti «t), we assume that the total kinetic energy of ions was con-
verted into the thermal energy during stagnation phase in all
models. Therefore, we can estimate (7; ) by (Ti«) (eV) =
mi (V) /3| ge|, where Vi 2.3 x 10~ ¢. Table 1 displays
the ratio of A; to stagnation radius in different models.

Figure 10 shows the radial-velocity probability distribu-
tion of ions at the stagnation time in all models listed in Ta-
ble 1. In the case of Iy = 0.2 MA, there are two peaks in the
velocity probability distribution, where a peak in the negative
direction represents a fraction of ions moving towards the axis,
while the other peak in the positive direction does a fraction of
ions to be expanding. As [y increases in the model settings
(meaning an increasing in (n;«)), the peaks in the positive
and negative directions gradually disappear, and a new peak
near the zero velocity appears. This means that the velocity
probability distribution gradually transits into a Maxwellian

distribution with the current peak increase in a whole. The
change in velocity probability distribution is associated with
Ai;. As shown in Table 1, when [ increases in the model set-
tings, A;;/Rg will continuously decrease. Thus, from model 7
to model 1, it can be inferred that the ions undergo a transi-
tion from a collisionless regime to a collisional regime during
their stagnation phases. This indicates that only when the peak
current is sufficiently high can the plasma achieve a high col-
lision frequency, which facilitates uniform energy distribution

and the occurrence of thermonuclear fusion reactions.2!1

Table 1. Peak current Iy, initial density ng, stagnation time 7 (the max-
imal compression time), stagnation radius Ry (the outer radius contain-
ing 80% of the plasma mass), and the ratio of ion mean free path to
stagnation radius for different models.

Model Ip (MA)  ng(cm™3)  tq(ns) Ry (cm)  A;i /Ry
1 2.00 3.0x 1018 603 0.050 0.7
2 1.50 1.7x 10" 60.2 0.045 1.1
3 1.16 1.0x 10" 60.1 0.045 1.9
4 0.80 48x107  60.0 0.050 45
5 0.63 3.0x 107  60.0 0.055 7.9
6 0.37 1.0x 107  59.8 0.060 25.7
7 0.20 3.0x10' 596 0.069 96.6

s ><10—|‘J . ‘ ‘ ‘ . . . .
2MA — 0.8 MA — 0.2 MA
1.5 MA —— 0.63 MA
6t 1.16 MA —— 0.37TMA
£
~
9k

075 -4 -3 -2 -1 0 1 2 3 4 5

v;r/c (1073)

Fig. 10. Radial-velocity probability distributions of ions within Ry at
stagnation time of all models.

4. Conclusions

For a long time, MHD fluid simulation has been a pow-
erful tool for modeling Z-pinch, with a fundamental assump-
tion that the fluid elements are in thermal equilibrium. In vari-
ous Z-pinch experiments, the true of this assumption generally
holds for electrons, but it may not do for ions. In compari-
son to MHD fluid simulations, the PIC simulations can pro-
vide much more physical details about the ion heating and the
velocity probability and temperature distributions of ion and
electron in Z-pinch process, especially during the stagnation
phase.

In this study, we have developed a novel one-dimensional
modified electrostatic implicit PIC algorithm suitable for 1D
Z-pinch simulations. This modified electrostatic implicit PIC
algorithm is suitable in simulating MHD models with slow
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evolution of magnetic fields, while it is easier to implement
and has lower computational cost for electromagnetic field
solving. In our algorithm, the electromagnetic field solving
only accounts for 0.1% of the total program runtime, almost
all the runtime is dedicated to the calculations of particle push-
ing, interpolation, and collisions. The average time spent in
per simulation step for field solver, electromagnetic field and
particle interpolation, particle pushing, and collisions of the
code used in this manuscript and the electromagnetic direct

tB37] (EMDI) code are shown in Fig. 11. It can be seen

implici
that the time spent on solving the electric field in our algorithm
is much less than that in the EMDI algorithm. This is because,
in our algorithm, the electric field calculation mainly involves
solving Poisson’s equation. In the EMDI algorithm, one of
the major reasons for the larger time spent in solving the elec-
tromagnetic fields is the inclusion of time-dependent matrix
coefficients in the field equations, which necessitates the use
of an iterative solver.*®3% In Fig. 11, the time spent in inter-
polation in the EMDI algorithm is larger. This is due to our
introduction of the Lapenta matrix*?! in the EMDI algorithm.

Due to the need to use a simplified model for z-direction
plasma current calculation in radial one-dimensional algo-
rithms, it may not be very accurate to describe the magnetic
field diffusion, thus the differences caused by magnetic field
diffusion still need to be carefully considered. However, our
simulation practices have shown that our novel Z-pinch PIC
simulation method in one dimension is effective.

250 T T .
230 ms
T our algorithm

200 [ EMDI ~
~ 150 1
[}
g
~ 100 ms
-~

100+ 1
67.2ms 67.6 ms
50 1
19 ms2‘4 ns 23 ms
0 ,_l . 0.08 ms |—|

Particle Field Interplotion Collisions
push solver

Fig. 11. Average time spent in particle pushing, field solver, electromag-
netic field and particle interpolation, and collisions per simulation step.

Based on the 2 MA deuterium plasma shell Z-pinch sim-
ulation, the mechanism of ion heating is thoroughly simulated
and analyzed. As the ions are approaching to the axis, the main
ion heating process occurs when most ions stagnate on the
axis, where most ion kinetic energy is converted into thermal
energy through stagnation and Coulomb collisions. This re-
sults in ion temperatures exceeding 4 keV. Due to the fact that
the physically required electron—ion relaxation time is much
larger than the duration of the stagnation phase, the tempera-
tures of electrons and ions remain separated. Because of the
considerably lower kinetic energy of electrons, the tempera-
ture of electron during the stagnation phase is also lower than

that of ions. The models with different initial conditions ex-
hibit the significant variations in the radial-velocity probability
distribution of ions during the stagnation phase.
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