
Plasma Physics and Controlled Fusion

PAPER

Particle-in-cell simulations of asymmetric reconnection driven by laser-
powered capacitor coils
To cite this article: Kai Huang et al 2021 Plasma Phys. Control. Fusion 63 015010

 

View the article online for updates and enhancements.

This content was downloaded from IP address 222.195.83.41 on 20/11/2020 at 10:28

https://doi.org/10.1088/1361-6587/abc600
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjst14YqUWzfLLMicuZkJ2mMx7bfnVZHDzLq2aDHDhuvtnHlk_eS57D3Xc0rhwyOnU1YC6tP2qJ6vrngKSoyvIMNrVs3pHtkeLavamMljb_77JdoVIP0vSesu8dr9Visr_c2a0beq7ufwIwHYomxckikMsIcv2zYjmB0a9mnM2InUk1uj6PRuo9R2UDbKTpuAmLIfVZKLcZY1BQR3F528iG2cNFVUymRGihWG6iL2JtAgqT38V-TS&sig=Cg0ArKJSzOQIomFVHpD2&adurl=http://iopscience.org/books


Plasma Physics and Controlled Fusion

Plasma Phys. Control. Fusion 63 (2021) 015010 (10pp) https://doi.org/10.1088/1361-6587/abc600

Particle-in-cell simulations of
asymmetric reconnection driven by
laser-powered capacitor coils

Kai Huang1,2, Quanming Lu1,2, Abraham Chien3, Lan Gao3, Hantao Ji3,4, Xueyi Wang5

and Shui Wang1,2

1 CAS Key Lab of Geospace Environment, Department of Geophysics and Planetary Science, University
of Science and Technology of China, Hefei 230026, People’s Republic of China
2 CAS Center for Excellence in Comparative Planetology, Hefei 230026, People’s Republic of China
3 Princeton Plasma Physics Laboratory, Princeton University, Princeton, NJ 08543, United States of
America
4 Department of Astrophysical Sciences, Princeton University, Princeton, NJ 08544, United States of
America
5 Physics Department, Auburn University, Auburn, AL 36849, United States of America

E-mail: qmlu@ustc.edu.cn

Received 18 July 2020, revised 25 October 2020
Accepted for publication 29 October 2020
Published 20 November 2020

Abstract
During magnetic reconnection, such as in the magnetopause of magnetized planets, the
upstream plasma conditions between the two inflow regions are usually different. In this paper,
we demonstrate that such a kind of asymmetric reconnection can be studied in the laboratory
using the recently proposed experimental scheme where reconnection is driven by
laser-powered capacitor coils. Two-dimensional particle-in-cell simulations on the (z,r) plane in
a cylindrical coordinate are conducted to study magnetic reconnection with the inflow along the
r direction. Magnetic reconnection is found to be asymmetric with a stronger magnetic field in
the inner (small r) inflow region and a weaker magnetic field in the outer (large r) inflow region
due to the cylindrical symmetric geometry. Electron crescent velocity distributions are observed
near the flow stagnation point while ion crescent velocity distributions are observed in the region
with Larmor electric field. The out-of-plane Hall magnetic field is asymmetric between the two
inflow regions with a larger spatial scale in the outer inflow region. This asymmetric Hall
magnetic field configuration is different from that in previous studies. The typical reconnection
rate increases with a stronger driver and the highest rate is around 0.2VAB0, where B0 is the
typical value of the magnetic field and VA is the Alfven speed. This study provides a new
method to experimentally study asymmetric reconnection in the laboratory and has potential
applications regarding magnetic reconnection in the magnetopause of magnetized planets.

Keywords: magnetic reconnection, asymmetric reconnection, Hall magnetic field,
crescent distribution, particle-in-cell simulation, laser-powered capacitor coil

(Some figures may appear in color only in the online journal)

1. Introduction

Magnetic reconnection is a fundamental physical process
that converts magnetic energy to plasma kinetic and thermal
energy by rearranging the magnetic topology. It is believed

to be responsible for the energy release phenomena in many
space and astrophysical plasma environments, such as solar
flares [1], magnetosphere substorms [2], sawtooth crashes in
tokamaks [3], and gamma-ray bursts associated with super-
novae [4]. Reconnection in the magnetopause of magnetized
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Figure 1. Sketch of magnetic reconnection driven by laser-capacitor coil. The dashed box with coordinate corresponding to the simulation
domain. Reproduced from [18], with the permission of AIP Publishing.

planets is usually asymmetric where the upstream magnetic
field, plasma density, or temperature is different between the
two inflow regions.Many features of asymmetric reconnection
such as the separated magnetic null point and flow stagnation
point, asymmetric Hall magnetic field, and electron crescent
velocity distributions have been observed by the Magneto-
spheric Multiscale Mission (MMS) and in some simulations
[5–7].

Besides satellite observations and numerical simulations,
experimental study of asymmetric reconnection using a high
power laser in the laboratory has also been realized recently.
Rosenberg et al [8] studied asymmetric driven reconnection
in high-energy density plasma on OMEGA. Reconnection in

their experiment occurs between two laser-produced plasma
bubbles with a self-generated magnetic field. By introducing a
time delay between two laser beams, the properties of the gen-
erated plasma bubbles will be different, leading to asymmetric
reconnection. Similar experiments have also been conducted
to study symmetric reconnection [9–11]. However, the plasma
beta in these experiments is usually large and around 10, and
the driving speed is much larger than the Alfven speed and
the sonic speed. While in many astrophysical environments,
such as Earth’s magnetopause, the plasma beta is around or
below one and the driving speed is not very large. To study
reconnection in the low plasma beta condition, a new exper-
imental scheme to fulfill reconnection using a laser-powered
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Figure 2. Sketch of half of the simulation domain and magnetic reconnection. Blue curves with arrow represent the magnetic field lines,
while the red arrows show the reconnection inflow and outflow direction.

Table 1. Experimental parameters estimated by Chien et al [13].

Quantities Estimated by Chien et al [13]

Ion species Cu
Average ion charge Z 29
Electron density n0 1018 cm−3

Ion density ni 3.45× 1016 cm−3

Temperature T 500 eV
Typical magnetic field B0 38 T
Radius of the coil R 300 µm
Distance between coils D 600 µm
Ion inertial length di 337 µm
Electron plasma beta βe 0.14
Reverse ion gyrofreqency Ω−1

i 0.6 ns
Current decay time TD 8.6 ns

capacitor coils is proposed [12, 13]. A sketch of the experi-
ment is shown in figure 1. Two laser beams are focused to the
back target through the hole in the front target. Electrons with
a high temperature will be generated from the back target and
hit the front target. Strong currents are driven in the two par-
allel coils connected to the target due to the voltage between
the two targets. A magnetic field is generated around the coils
through Ampere’s law. Experiments show that the magnetic
field generated by this method can reach a kilotesla [14–17].
There is a spacer between the coils and the target to prevent
the laser-produced high-energy plasma from affecting recon-
nection, the reconnection plasma is generated by irradiating
another laser beam to a foam target. In this setup, the plasma
beta can reach a low value (∼0.1).

A previous study indicated that the current in the coils
first increases after the laser irradiated on the target, and then
decays [19]. During the increase phase of the coil current,
the magnetic bubbles generated by the coil current expand
and the reconnection inflow is along the z direction, recon-
nection is in the ‘push phase’ which has been studied using

2D particle-in-cell (PIC) simulations [18]. During the decay
phase of the coil current, the magnetic bubbles contract and the
reconnection inflow is along the r direction, reconnection is in
the ‘pull phase’ [20]. In this paper, we focus on the pull phase
of magnetic reconnection. Due to the cylindrical symmetric
geometry, the upstream magnetic field is stronger in the inner
inflow region (inside the ring-shaped coils) and weaker in the
outer inflow region (outside the ring-shaped coils). Therefore
magnetic reconnection will proceed in an asymmetric fash-
ion. 2D PIC simulations are conducted to study such a kind
of reconnection. Since the laser experiment is very expens-
ive, it is hard to conduct it repeatedly. PIC simulation can
provide guidances on parameters and diagnoses for experi-
ments. It is also helpful for gaining a better understanding of
the experimental results, because the diagnostic techniques are
still limited in spatial and temporal resolutions. The simula-
tion model is described in section 2. The simulation results
are presented in section 3. Finally, in section 4, we summar-
ize the conclusions and discuss the potential applications of
this work.

2. Simulation model

The simulations in this work use the curvilinear coordinate
fully electron and fully kinetic ion code (GCPIC) [18, 21].
Due to the cylindrical symmetric geometry of the experi-
ment setup, our simulation is conducted on the (z,r) plane of
the cylindrical coordinate where ∂/∂θ = 0 is satisfied for all
quantities. The particle motion is solved in Cartesian coordin-
ate, while the electromagnetic field is solved in cylindrical
coordinate. The simulation parameters are designed to be com-
parable to the experimental parameters estimated by Chien
et al [13] listed in table 1. Magnetic field is normalized to B0

which is defined by 2πRB0 = µ0I0, where I0 is the peak cur-
rent in the coil and R is the radius of the coil, and µ0 is the
permeability of vacuum. The initial plasma density is uniform,
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Figure 3. (a) Out-of-plane electric field Eθ/VAB0 and (b) out-of-plane electron current density Jeθ/en0VA at Ωit= 0, 1, 2, and 3
respectively. The black curves represent the in-plane magnetic field lines. The decay time of the coil current is ΩiTD = 2.

and the electron density is n0. Ion to electron mass ratio is set
to be mi/(Zme) = 100 and ion density is ni = n0/Z, where Z
is the average charge number of ions. Electron plasma beta is
βe = 0.18 while ion temperature is equal to electron temperat-
ure. Light speed is c= 20VA, where VA = B0

/√
µ0nimi. The

size of the simulation domain is [−Lz,Lz]× [−Lr,Lr]with spa-
tial resolution ∆z=∆r= 0.015di, where Lz = Lr = 3di and
di is the ion inertia length defined by mi and ni. The time
step is ∆t= 0.0002 Ω−1

i and Ωi = ZeB0/mi is the ion gyro
frequency. Half of the simulation domain and a sketch of
magnetic reconnection in the simulation plane are shown in
figure 2. The position corresponding to the coils is set to be
zc =±D/2, rc =±R, where the radius of the coil is R= 1di
and the distance between two coils is D= 2di. The cross sec-
tion of the coil is assumed to be circular with a radius equal
to 0.15di. During the simulation, external driving current is

applied on the grids corresponding to the cross section of each
coil. The electromagnetic field is advanced using the sum of
external current and current carried by particles while particle
motion has no feedback on the external current. The initial
current in the coil is I0, and it decays with time following
I(t) = I0 exp(−t/TD), where TD is the decay time of the coil
current. In the main case, TD = 2 Ω−1

i , we also study the effect
of TD on reconnection by changing TD to 4, 6, 8, and 10 Ω−1

i .
Perfect conducting boundaries are used for field and reflecting
boundaries for particles at both the r and z directions. Absorb-
ing boundaries are set around the four coils to prevent the accu-
mulation of particles near the coils.When the distance between
the position of a particle (zp,rp) and the position of one coil
(zc,rc) is less than 0.3di, this particle will be absorbed. In all
cases, 400 simulation particles per species are used in each
grid.
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Figure 4. Time evolution of the reconnection rate Erec and the half thickness of the current sheet δ along z= 0. The decay time of the coil
current is ΩiTD = 2.

3. Simulation results

Figure 3 shows the out-of-plane electric field Eθ/VAB0 and
the out-of-plane electron current density Jeθ/en0VA at Ωit=
0, 1, 2, and 3, respectively. The black curves represent the in-
plane magnetic field lines. The regions near the coils where
the particles are absorbed are covered by gray discs. The ini-
tial magnetic field is generated by the current in the coil,
∇×B= µ0Jcoil. With the decay of the current in the coils,
the strength of the magnetic field decreases. As a result, an
out-of-plane electric field is induced through Faraday’s law
∇×E=−∂B/∂t. Plasmas will move to the coil region under
the E×B drift with the magnetic field lines, resulting in the
contracting of the magnetic bubbles. In the region near the
magnetic null point between the two coils, the motion of elec-
trons is decoupled with the magnetic field. A thin current sheet
carried by electrons is formed in this region, and then mag-
netic reconnection occurs. Figure 4 shows the time evolution
of the reconnection rate Erec and the half thickness of the cur-
rent sheet δ along z= 0. The reconnection rate is calculated
by Erec = ∂Φrec/∂t, where Φrec is the reconnected magnetic
flux. The reconnection rate grows rapidly during Ωit= 0–1,
along with the current sheet thinning. At around Ωit= 1, the
reconnection rate reaches the peak value close to 0.2, and the
half thickness of the current sheet reaches the electron inertial
length de = 0.1di.

Figure 5 shows the magnetic field Bz/B0 in (a), the electron
bulk velocity Ver/VA in (b), and the electric field Er/VAB0 in
(c), panel (d) plots the line cut of Bz, Ver, and Er along z= 0
(the dashed line in panel (a) to (c)), the time is chosen to be
Ωit= 3.0. We find these quantities present asymmetric signa-
tures between the outer and inner inflow regions. The amp-
litude of Bz in the inner inflow region (inside the ring-shaped
coils) is about twice as large as that in the outer inflow region
(outside the ring-shaped coils). This difference is formed due
to the cylindrical symmetric geometry, and magnetic field will

be stronger in the inner inflow region. As a result of the flux
conservation during reconnection, the inflow speed Ver is lar-
ger in the outer inflow region, as shown in panel (b). Due to
the different Ver in the two inflow regions, the stagnation point
of the electron flow is separated from the magnetic null point
(or X point). As shown in panel (d), the stagnation point of the
electron flow is at r≈ 1.0di, while the magnetic null point is
located at r≈ 1.2di. The bipolar Hall electric field Er pointing
to the reconnecting current sheet is also asymmetric and Er in
the inner inflow side is larger. At r≈ 0.4di to 0.8di in panel
(d), there is a region with Er pointing in the the opposite direc-
tion from the Hall electric field in the inner inflow side. This
is the Larmor electric field formed due to the finite Larmor
radius effect of ions [22]. These features are consistent with
previous simulations of asymmetric reconnection in a Harris
sheet [7], as well as the satellite observations of magnetopause
reconnection.

Figure 6 shows the distribution function of electrons and
ions at Ωit= 3.0. Panels (a) to (c) show the electron distribu-
tion in rectangular boxes centered on z/di = 0, r/di = 1.0875,
1.0125, and 0.9375 respectively, close to the stagnation point
of electron flow. Panels (d) to (f) show the ion distribution in
rectangular boxes centered on z/di = 0, r/di = 0.825, 0.675,
and 0.525 respectively, close to the region with the Larmor
electric field. Electron distribution function is calculated by
accumulating electrons in a 0.3di× 0.075di box in the z− r
plane, while a 0.3di× 0.15di box is used for ions. All the dis-
tribution functions are shown in vθ − vr space and have been
integrated over vz. We can find that the electron distribution
has two components, a core component with nearly Maxwell
distribution and a crescent-shaped component surrounding the
core component. It is similar to that observed by MMS in the
electron diffusion region (EDR) encounter during magneto-
pause reconnection [5]. In panel (a), the crescent component
is hard to distinguish, while in panels (b) and (c), the crescent
component is very clear. From panel (b) to (c), the position
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Figure 5. (a) Magnetic field Bz/B0, (b) electron bulk velocity Ver/VA, (c) electric field Er/VAB0 at Ωit= 3. Panel (d) shows the line cut of
Bz, Ver, and Er along z= 0, the dashed line in panel (a) – (c). The black curves represent the in-plane magnetic field lines. The decay time of
the coil current is ΩiTD =2.

where the distribution function is observed becomes farther
from the X point, and the density ratio between the crescent
component and the core component decreases. It is also con-
sistent with previous simulation studies of asymmetric recon-
nection [7, 23]. The crescent component is formed due to the
meandering motion of electrons near the X point. When these

electrons penetrate into the inner inflow region, they are accel-
erated by the Hall electric field Er and deflected to the θ dir-
ection by Bz [23]. It is believed to be a robust feature that can
be observed near the flow stagnation point during asymmet-
ric reconnection [23]. In panels (e) and (f), ions also show a
crescent-like velocity distribution. The crescent component of
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Figure 6. (a)–(c) Electron distribution functions in vθ − vr space at z/di = 0, r/di = 1.0875, 1.0125, and 0.9375 respectively, the electrons
used to calculate the distribution function are accumulated from a 0.3di× 0.075di box. (d)–(f) Ion distribution functions in vθ − vr space at
z/di = 0, r/di = 0.825, 0.675, and 0.525 respectively, the ions used to calculate the distribution function are accumulated from a
0.3di× 0.15di box. The distribution functions are calculated at Ωit= 3 and are integrated over vz. The decay time of the coil current is
ΩiTD = 2.

ions has positive vθ, while the crescent component of elec-
trons has negative vθ. The reason is that the ion has a different
gyro direction from the electron. The ion crescent is observed
deeper into the inner inflow region because the ion Larmor
radius is larger [24].

The diagnostic of magnetic reconnection and EDR in laser-
driven systems is still a big challenge. A proton radiograph can
only give an estimation of the topology of the magnetic field
[13]. During the contracting of themagnetic bubbles, electrons
can be energized through betatron and the Fermi mechanisms,
so it is also unclear whether it is reliable to associate the elec-
tron heating and power-law distributions with magnetic recon-
nection [25–27]. Crescent velocity distribution indicates the
nongyrotropy and mixture of particles, and therefore it is a
more essential feature which is expected to provide a new
method of diagnosing reconnection and EDR in laser-driven
systems.

The out-of-plane Hall magnetic field is an important fea-
ture in collisionless magnetic reconnection [28]. In symmet-
ric antiparallel reconnection, the Hall magnetic field presents
a quadrupole pattern. In the ion diffusion region, ion motion
is decoupled from the magnetic field while electrons are still
magnetized. Electrons are accelerated along the separatrices
by the parallel electric field and the magnetic mirror effect
[29, 30], forming the electron inflow towards the EDR. After
electrons leave the EDR, they will move along the outflow
direction and form the electron outflow. Such an in-plane
Hall current system carried by electrons is believed to be
responsible for the formation of the Hall magnetic field. In
asymmetric reconnection, the quadrupole pattern of the Hall

magnetic field becomes asymmetric with respect to the cur-
rent sheet due to the change of the configuration of the Hall
current system [31]. Figure 7(a) shows the out-of-plane mag-
netic field Bθ/B0 at Ωit= 1.5. The distribution of Bθ shows
a clear quadrupole signature. The polarity of Bθ is also con-
sistent with previous studies [30]. However, the Bθ patterns in
the outer inflow region exist in larger areas, they wrap around
the coil and extend to the inner inflow region. Because the
magnetic field is stronger in the inner inflow region than that
in the outer inflow region, a magnetic mirror configuration is
formed with the mirror point in the inner inflow region. Elec-
trons in the magnetic mirror move along the magnetic field
lines from the inner inflow region to the outer inflow region.
Because the characteristic evolution timescale of the magnetic
field is on the order of Ω−1

i , ions have no response to the mag-
netic mirror effect. As a result, an in-plane Hall current sys-
tem from the outer inflow region to the inner inflow region
is formed, generating the large scale out-of-plane Bθ in the
outer inflow region. In the inner inflow region, the Hall current
and Hall magnetic field are similar to those in the symmetric
antiparallel reconnection. Figure 7(d) shows a sketch of this
process, the red arrows represent the direction of the in-plane
current, while the blue symbols denote the direction of the
out-of-plane magnetic field. Figures 7(b) and (c) show the in-
plane current density Jz/en0VA and Jr/en0VA, and their distri-
butions are consistent with the sketch in panel (d). This asym-
metric Hall magnetic field configuration is different from that
in previous studies of asymmetric reconnection, and it is a new
feature duringmagnetic reconnection in cylindrical symmetric
geometry.
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Figure 7. (a) Out-of-plane magnetic field Bθ/B0, (b) in-plane current density Jz/en0VA, (c) in-plane current density Jr/en0VA at Ωit= 1.5.
Panel (d) is a sketch of the in-plane current and the generated Hall magnetic field. The red arrows show the direction of the in-plane current,
while the blue symbols represent the direction of the Hall field. The black curves represent the in-plane magnetic field lines. The decay time
of the coil current is ΩiTD = 2.

In figure 8, we study the effect of the decay time of the coil
current on the reconnection rate. The decay time is chosen to
be ΩiTD = 2, 4, 6, 8, and 10 respectively. We can find that

the peak reconnection rate in the five cases decreases with
a longer decay time of the coil current, or weaker drive. In
the cases where ΩiTD = 6, 8, and 10, the reconnection rate
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Figure 8. Time evolution of the reconnection rate Erec when the decay time of the coil current is ΩiTD = 2, 4, 6, 8, and 10 respectively.

becomes similar after Ωit≈ 5; in the cases where ΩiTD = 2
and 4, the reconnection rate decreases more rapidly than the
other three cases after reaching the peak value. A similar cor-
relation between the peak reconnection rate and the drive time
was also shown in the simulation study of reconnection in the
magnetic reconnection experiment (MRX) [32]. It should be
noted that the increase of the reconnection rate is different
from that in the flow driven reconnection in laser-produced
plasma, where the large reconnection rate is caused by the
increase of the upstream magnetic field due to the squeezing
from the plasma motion [33, 34]. In our simulations, there is
no obvious enhancement of the upstream magnetic field.

4. Conclusion and discussion

In this paper, 2D PIC simulations are performed on the
(z,r) plane in a cylindrical coordinate to study the pull
phase of magnetic reconnection driven by a laser-powered
capacitor coil. Due to the cylindrical symmetric geometry
of reconnection, the reconnecting magnetic field in the outer
inflow region is smaller than that in the inner inflow region,
leading to the asymmetric performance of reconnection. Many
features such as asymmetric inflow speed, asymmetric Hall
electric field, separated magnetic null point and flow stagna-
tion point are observed in our simulation, and they are con-
sistent with previous observations and simulations. The peak
reconnection rate is around 0.2VAB0, and it decreases when the
drive becomes weaker.

Electron and ion crescent velocity distributions are
observed in the inner inflow region where the upstream mag-
netic field is stronger. The characteristic of the distributions
is consistent with previous observations and simulations. We
argue that these distributions can be used as evidences for

the diagnostic of magnetic reconnection and EDR during the
experiments. Thanks to the electron Thomson scattering and
laser-induced fluorescence technology, it will be possible to
measure the electron and ion distribution functions in a higher
spatial and velocity resolution in the near future [35, 36].
Many observations and simulations show that large amplitude
upper-hybrid waves and electromagnetic waves can be gen-
erated by the crescent velocity distribution of electrons near
the EDR [37–39]. These wave activities can provide us with
an opportunity to remotely detect the diffusion region during
reconnection experiments in laser-produced plasma, as well
as magnetic reconnection in solar and astrophysical environ-
ments [37].

We find that in the outer inflow region, the Hall magnetic
field pattern extends in a larger region around the coil, while
in the inner inflow region the Hall magnetic field is similar
to that in symmetric antiparallel reconnection. The Hall mag-
netic field in the outer inflow region is formed due to the
decoupled motion between ions and electrons in a magnetic
mirror developed in the cylindrical symmetric geometry. This
new feature, which is different from previous studies, is expec-
ted to be observed in the experiment [40, 41]. Huang et al [18]
also observed asymmetric Hall magnetic field between the two
reconnection outflow regions in such an experiment during the
rising phase of the coil current. This asymmetry is formed due
to the convergent flow at r= 0 in the cylindrical coordinate,
and is different from that in the current work.

In our simulations, the spatial scale of the reconnection
region is on the ion inertial scale, and the drive time is around
the ion gyro period. These conditions are quite similar to those
in the studies of electron-only reconnection [42, 43]. Although
ion response to the reconnection process is weak in our sim-
ulations, it still exists. Therefore, our study shows a transition
stage between ion-coupled and electron-only reconnection. In
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reality, the mass ratio between ion and electron is much larger
than that in our simulations; the experiment can be conducted
on a spatial scale much smaller than the ion inertial length but
much larger than the electron inertial length. Then it is expec-
ted that electron-only reconnection without ion outflow jets
can be observed.

Magnetic reconnection driven by laser-powered capacitor
coils provides a new platform to experimentally study asym-
metric reconnection in the laboratory. It has potential applic-
ations in reconnection in the Earth’s magnetopause where the
plasma beta is around or below one.With the help of PIC simu-
lations, some detailed questions which are difficult to study in
the laboratory are addressed, providing guidance for the exper-
iments. The results in this paper are expected to be verified
experimentally in the future. In this paper, we use simple initial
and boundary conditions, and some parameters like mass ratio
are also artificial. Although the results in this work are insens-
itive to these assumptions, a quantitative comparison with the
experimental results needs further study with more realistic
boundary conditions and parameters , and this can be carried
out in future work.
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