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Recently, magnetic reconnection has been realized in high-energy-density laser-produced plasmas.
Plasma bubbles with self-generated magnetic fields are created by focusing laser beams to
small-scale spots on a foil. The bubbles expand into each other, which may then drive magnetic
reconnection. The reconnection experiment in laser-produced plasmas has also been conducted
at Shenguang-II (SG-II) laser facility, and the existence of a plasmoid was identified in the
experiment [Dong et al., Phys. Rev. Lett. 108, 215001 (2012)]. In this paper, by performing
two-dimensional (2-D) particle-in-cell simulations, we investigate such a process of magnetic
reconnection based on the experiment on SG-II facility, and a possible explanation for the
formation of the plasmoid is proposed. The results show that before magnetic reconnection occurs,
the bubbles squeeze strongly each other and a very thin current sheet is formed. The current sheet
is unstable to the tearing mode instability, and we can then observe the formation of plasmoid(s) in
C 2013 AIP Publishing LLC.
such a multiple X-lines reconnection. V
[http://dx.doi.org/10.1063/1.4832015]

I. INTRODUCTION

Magnetic reconnection, as a kind of energy conversion
mechanism, is widely used to explain many explosive
phenomena in solar atmosphere,1–3 the Earth’s
magnetosphere,4–6 laboratory experiments,7,8 and even the
magnetotail of a non-magnetized planet.9,10 During magnetic reconnection, the topological structures of magnetic
field lines are also rearranged. Thus, the stored magnetic
energy is rapidly converted into plasma kinetic and thermal
energies.11–14 Plasmoid, which is also named magnetic
island, is one of most important ingredients in magnetic
reconnection. It was first predicted in the Near-Earth
Neutral Line (NENL) magnetopheric model of the nearearth plasma sheet,15,16 and hereafter observed for numerous times by satellites.17–19 In general, the formation of a
plasmoid can readily be understood in terms of simultaneous reconnection with multiple X-lines in plasma
sheet.20–22 Plasmoid is believed to be responsible for the
high-energy electrons of magnetic reconnection. Electrons
can be trapped by the plasmoid and accelerated until they
gain sufficient energy and then escape, which is verified by
recent particle-in-cell (PIC) simulations.23–25 There are also
observational evidences showing the enhancement of the
energetic electron fluxes inside a plasmoid.26–30 Recently,
fully kinetic simulations with open boundary conditions
found that plasmoid is also able to be generated in the
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elongated electron diffusion region of magnetic reconnection.31 This kind of plasmoid which is embedded in the
reconnection electron diffusion region is called secondary
(magnetic) island,32,33 which has also recently been
observed by Cluster.26–28,34
Magnetic reconnection has also been realized in many
dedicated laboratory experiments, such as magnetic reconnection experiment (MRX),35 Versatile Toroidal Facility
(VTF),36 and Todai Spheromark-3/4(TS-3/4).37,38 Besides
these facilities, the high-energy-density (HED) laser-driven
experiment provides a new platform to study magnetic
reconnection. In such experiment, two expanding plasma
bubbles are created by two closely focusing laser beams on a
planer foil target, and then the azimuthal magnetic fields are
self-generated through noncollinear electron density and
temperature gradients ðrne  rTe Þ around the laser spots.39
If the bubbles with the opposing magnetic fields eventually
encounter each other, magnetic reconnection may occur
between the two approaching plasma bubbles. The experimental measurements of the magnetic fields and plasma
dynamics in such geometry were firstly carried out by Nilson
et al.,40 and then Li et al.41 made further observations. In
their studies, highly collimated bidirectional plasma jets and
topological changes of magnetic field were observed, which
indicated the occurrence of magnetic reconnection. After the
experimental observations of magnetic reconnection in HED
laser-produced plasmas, Fox et al.42,43 performed twodimensional (2-D) PIC simulations to study the reconnection
between the plasma bubbles with parameters and geometry
relevant to these experiments. It was found that the high
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reconnection rate which is faster than the prediction by the
classic Hall-MHD theory in such a strongly driven system
can be explained by substantial flux-pileup effects, which
enhances the relevant magnetic field intensity at the shoulder
of the current sheet. In the simulations with the Omega
experiment parameters, Fox et al.43 found that the current
sheet was broken into several islands, and they indicated that
these islands are generated due to tearing mode instability or
Rayleigh-Taylor-like instabilities.43
In recent experiment conducted on Shenguang-II (SGII) laser facility, a plasmoid was also observed during
reconnection in laser-produced plasmas.44 In this paper,
by performing 2-D PIC simulations, magnetic reconnection between two expanding plasma bubbles is investigated, with parameters and geometry based on the reported
SG-II experiment.44 The generation of the plasmoid
observed in the reconnection experiment on SG-II facility
is attributed to the tearing mode instability, which is unstable in a thin current sheet. Such a current sheet is formed
when the plasma bubbles created by two closely focusing
laser beams on a planer foil target squeeze each other
strongly.
The paper is organized as follows. In Sec. II, the simulation setup based on experimental parameters is described.
Section III presents the simulation results, which focus on
the process of magnetic reconnection and plasmoid generation between two expanding plasma bubbles. Section IV
gives the conclusions.
II. SIMULATION SETUP

Based on the SG-II experimental setup, 2-D PIC simulation model is employed to study the formation mechanism of
a plasmoid during magnetic reconnection in laser-produced
plasmas. In our 2-D PIC simulation model, the electromagnetic fields are defined on the grids and updated by solving
the Maxwell equations with a full explicit algorithm. The
ions and electrons are advanced in the electromagnetic field.
The initial configuration of the simulation system is two
expanding semicircular plasma bubbles, which is in accord
with the previous PIC simulations by Fox et al.42,43 The
computation is carried out in a rectangular domain in the
(x, z) plane with the dimension ½Lx ; Lx   ½Lz ; Lz . The
two semicircular bubbles centered at ð0; Lz Þ and ð0; Lz Þ,
respectively. The radius vectors of the bubbles are defined
from the center of each bubble, which can be expressed as
rð1Þ ¼ ðx; z þ Lz Þ and rð2Þ ¼ ðx; z  Lz Þ. The initial number
density is nb þ nð1Þ þ nð2Þ , where nb is a background density,
and nðiÞ (i ¼ 1, 2) is

nðiÞ ¼

8
>
<
>
:

ðn0  nb Þcos2
0

pr ðiÞ
2Ln

!
if r ðiÞ < Ln

(1)

otherwise;

where Ln is the initial scale of the bubbles, and n0 is the peak
bubble density. Initially, the bubbles are expanding radially,
and the velocity is expressed as the sum of the following
fields:

VðiÞ

8
>
<

!
pr ðiÞ ðiÞ
¼ V0 sin Ln r^
>
:
0

if rðiÞ < Ln ;

(2)

otherwise;

where V0 is the initial expanding speed of the two plasma
bubbles. The magnetic field is initialized as the sum of two
toroidal ribbons, with
8
!
>
<
pðLn  rðiÞ Þ ðiÞ
^r  y^ if rðiÞ 2 ½Ln  2LB ; Ln ;
BðiÞ ¼ B0 sin
2LB
>
:
0
otherwise:
(3)
Here, B0 is the initial strength of the magnetic field, and LB
is the half-width of the magnetic ribbons. An initial electric
field E ¼ V  B is added in order to be consistent with the
plasma flow, and the initial out-of-plane current density is
determined by Faraday’s Law.
In order to simulate the reconnection experiment on
SG-II facility, our PIC simulation parameters are chosen
based on the reported or estimated SG-II experimental
parameters, which are listed in Table I.41 In the experiment,
the measured electron density is about 5  1019 cm3 near
the X-line; and here, we assume n0 ¼ 10nb . Therefore, the
peak electron density is about 5  1020 cm3 . The electron
temperature is measured to be Te  570eV, and the ion temperature is assumed to be same as the electron temperature,
Ti  Te . The estimated average ionic charge is about 10, and
thus the peak ion density is about 5  1019 cm3 . The ion inertial length based on the peak ion density is about
di ¼ c=xpi ¼ 16:8 lm. The plasma bubble radius is about
Ln ¼ 200 lm, and the width of the magnetic ribbons 2LB is
about 80 lm. In our PIC simulations, we choose Ln ¼ 12di ,
and LB ¼ 2di . In the experiment, the magnetic field is estimated to be around 3:75 MG. However, it is a value in the
pileup region after the bubbles are strongly squeezed, where
the magnetic field can be enhanced 4–6 times. Therefore, in
the simulations, we choose B0 ¼ 0:8MG. The mass ratio
mi =me is set to be 100 and the light speed c is 150vA (where
vA is the Alfven speed based on B0 and ni0 ). The initial
TABLE I. SG-II experimental parameters.41
Parameter
Ions
Average ionic charge
Peak electron density
Peak ion density
Plasma bubble scale
Width of magnetic ribbon
Temperature
Magnetic field
Estimated inflow speed
Ion inertial length
Alfven speed
Electron beta
Sound speed

Reported or estimated values

Z
ne0
ni0
Ln
2LB
Te , Ti
B0

Al
10
5  1020 cm3
5  1019 cm3
200 lm
80 lm
570 eV
0:8 MG

V0
di ¼ c=xpi
vA
be

5:4  105 m=s
16:8 lm
4:7  104 m=s
18

Cs ¼ ðcZTe =mi Þ1=2

1:8  105 m=s

112110-3

Lu et al.

Phys. Plasmas 20, 112110 (2013)

FIG. 1. The contours of the magnitude
of the magnetic field B=B0 at Xi t ¼ (a)
0, (b) 0.44, (c) 0.7, and (d) 1.2. The
magnetic field lines are also plotted in
the figure for reference.

distribution functions for the ions and electrons are
Maxwellian with the bulk velocities in the radial direction
(described by Eq. (2)) and drift velocities in the y direction,
which supply the out-of-plane current. In the simulations,
uniform initial ion and electron temperatures are adopted for
simplicity, Ti0 ¼ Te0 ¼ 0:04me c2 . It is noteworthy that the
sound speed Cs ¼ ðcZTe =mi Þ1=2 is an important parameter in
the system, because the expanding speed of the plasma bubbles V0 is at the order of Cs . In the simulations, we choose
V0 ¼ 3Cs  11:5vA .
We set Lx ¼ 25:6c=xpi and Lz ¼ 12:8c=xpi , and number
of the grids is Nx  Nz ¼ 1024  512 with spatial resolution
Dx ¼ Dz ¼ 0:05c=xpi . The time step is Xi t ¼ 0:0002
(Xi ¼ eB0 =mi is the ion gyrofrequency). More than 2  108
particles per species are employed to simulate the plasmas.
In the simulations, the periodic boundary conditions are used
along both the x and z directions.

Jy =ðen0 vA Þ at Xi t ¼ (a) 0.44, (b) 0.52, (c) 0.76, and (d) 1.2
are plotted. Obviously, a thin current sheet is formed before
the reconnection occurs, and then the plasmoid is generated.
According to the linear theory,45,46 the tearing mode
instability is unstable in a current sheet when kd < 1, and the
maximum growth rate occurs at kd ¼ 0:55, where k is the
wave number of the tearing mode instability, and d is the
half-width of the current sheet. In the 2-D regime, the tearing
mode instability is widely believed to be the onset mechanism of magnetic reconnection.47,48 If the number of the
L
k, is greater than or equal to
reconnection X-lines, M ¼ 2p
two, plasmoid(s) can be formed due to the tearing mode
instability. The length (L) and half-width (d) of the current
sheet are crucial for the formation of plasmoid. We can

III. SIMULATION RESULTS

To simulate the SG-II reconnection experiment and
investigate the generation of plasmoid in laser-produced
plasmas, a simulation with the parameters identified to those
of the experiment is performed in this paper. Figure 1 shows
the contours of the magnetic field B=B0 , with (a), (b), (c),
and (d) representing the time Xi t ¼ 0, 0.44, 0.7, and 1.2,
respectively. The magnetic field lines are also plotted in the
figure for reference. Panel (a) corresponds to the magnetic
field at the initial time. At Xi t ¼ 0.44, the plasma bubbles
begin to squeeze each other strongly by the supersonic
expansion, and the magnetic field wrapping around the
plasma bubbles is enhanced. The maximum value of the
magnetic field is about four times that of the initial time. At
the center of the simulation domain, a thin current sheet is
formed when the two expanding plasma bubbles encounter
and squeeze each other. At Xi t ¼ 0.7, two reconnection
X-lines are formed, and a plasmoid is generated between the
X-lines. As the reconnection develops, the plasmoid grows
larger and gradually moves to the right until it merges with
the magnetic field in the outflow region (Fig. 1(d)). A more
detailed evolution of the current sheet is presented in Fig. 2.
In the figure, contours of the out-of-plane current density

FIG. 2. The zoom-in contours of the out-of-plane current density Jy =ðen0 vA Þ
at Xi t ¼ (a) 0.44, (b) 0.52, (c) 0.76, and (d) 1.2. The magnetic field lines are
also plotted in the figure for reference.
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FIG. 3. The definitions of the length
(L) and half-width (d) of the current
sheet. The length of the current sheet is
defined as the length of the region
where the value of the out-of-plane
current density larger than zero along
z ¼ 0. The width of the current sheet is
defined as the distance between the positive and negative peaks of Bx along
x ¼ 0. According to the definitions, at
the time Xi t ¼ 0.44 which is just before
the beginning of the tearing mode instability, (a) the length of the current sheet
is L ¼ 11:6c=xpi , (b) the half-width of
the current sheet is d ¼ 0:6c=xpi .

calculate the length and half-width of the current sheet. The
length of the current sheet is defined as the length of the
region where the value of the out-of-plane current density
larger than zero along the line z ¼ 0, while the width of the
current sheet is defined as the distance between the positive
and negative peaks of Bx along the line x ¼ 0, which are
shown in Fig. 3.
Figure 4 shows the evolution of the length and halfwidth of the current sheet. As the plasma bubbles expand and
squeeze each other, the length of the current sheet increases,
and the half-width decreases. The reconnection onset occurs
around Xi t ¼ 0.44, at the time, the length and half-width of
the current sheet are L ¼ 11:6c=xpi and d ¼ 0:6c=xpi ,
respectively. According to the linear theory,45,46 the maximum growth rate occurs at
kd ¼ 2pM

d
¼ 0:55;
L

(4)

where M ¼ 1; 2; 3; :::. Therefore, the most unstable tearing
mode is M ¼ 2 (kd  0:65), which is consistent with our
simulation results: two reconnection X-lines are grown in the
current sheet, and a plasmoid is formed between the two
X-lines.

FIG. 4. The time evolution of the length (L) and half-width (d) of the current
sheet. The critical point just before the beginning of the tearing mode instability of the current sheet is marked by the vertical dashed line.

In summary, the process for the formation of plasmoid
can be described as follows: in the first stage, the two bubbles expand supersonically and squeeze each other, which
leads to the formation of a thin current sheet; in the second
stage, the tearing mode instability is excited in such a thin
current sheet, and a plasmoid is then generated. In order to
verify the above conclusion, we run two additional cases,
where we change the initial expanding speed of the plasma
bubbles to V0 ¼ 1:25Cs  4:8vA and V0 ¼ 7:5Cs  28:7vA ,
respectively. The other parameters are unchanged. Figure 5
shows the contours of the magnetic field B=B0 for the case
with V0 ¼ 1:25Cs ¼ 5vA at Xi t ¼ (a) 0, (b) 1.08, (c) 2, and
(d) 3.8, respectively. At Xi t ¼1.08, a current sheet begins to
be formed. Then, a single X-line reconnection is initiated
and developed in the center of the simulation domain. In this
case, the magnetic field in the upstream pileup region is
smaller (about 2B0 ), and the reconnection process is slower,
which lasts about 4X1
i . Figure 6 plots the time evolution of
the length and half-width of the current sheet for the case
with V0 ¼ 1:25Cs  4:8vA . At the critical point (Xi t ¼1.09),
when the reconnection is about to occur, the length and
the half-width of the current sheet is L ¼ 11:65c=xpi and
d ¼ 0:875c=xpi , respectively. Based on the linear theory
of the tearing mode instability, the most unstable mode is
M ¼ 1 (kd  0:47). Therefore, we can only observe one
X-line and no plasmoid is formed.

FIG. 5. The contours of the magnitude of the magnetic field B=B0 for the
run with low initial expanding speed V0 ¼ 1:25Cs  4:8vA at Xi t ¼ (a) 0, (b)
1.08, (c) 2, and (d) 3.8. The magnetic field lines are also plotted in the figure
for reference.
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FIG. 6. The time evolution of the length (L) and half-width (d) of the current
sheet for the run with low initial expanding speed V0 ¼ 1:25Cs  4:8vA .
The time just before the beginning of the tearing mode instability of the current sheet is marked by the vertical dashed line.

FIG. 8. The time evolution of the length (L) and half-width (d) of the current
sheet for the run with high initial expanding speed V0 ¼ 7:5Cs ¼ 28:7vA .
The time just before the beginning of the tearing mode instability of the current sheet is marked by the vertical dashed line.

The contours of the magnetic field B=B0 for the case
with V0 ¼ 7:5Cs  28:7vA are presented in Fig. 7, with (a),
(b), (c), and (d) representing the time Xi t ¼ 0, 0.21, 0.3,
and 0.35, respectively. Because of the high expanding
speed, at Xi t ¼ 0.21, a very long and thin current sheet is
formed between the two expanding and squeezing plasma
bubbles, and the magnetic field in the upstream pileup
region is very strong (8B0 ). After this, four reconnection
X-lines and three plasmoids are formed in the current
sheet. Eventually plasmoids merge with the magnetic field
in the outflow region. In the high expanding speed
case, magnetic reconnection is faster, which last about
0:4X1
i . Figure 8 plots the time evolution of the length
and half-width of the current sheet for the case with
V0 ¼ 7:5Cs ¼ 30vA . Because of the high expanding speed
of the bubbles, the resulting compressed current sheet
becomes longer and thinner. The length and half-width of
the current sheet just before the reconnection occurs
(Xi t ¼ 0:212) are L ¼ 14:25c=xpi and d ¼ 0:3c=xpi ,
respectively. According to the linear theory, the most
unstable tearing mode of the current sheet is M ¼ 4
(kd  0:53), and four X-lines are formed in the case with
high expanding speed. Therefore, there are three plasmoids
formed in the current sheet.

IV. DISCUSSION AND CONCLUSIONS

Magnetic reconnection between HED plasma bubbles
has recently been conducted on SG-II laser facility.44 In this
paper, 2-D PIC simulations are performed to investigate
magnetic reconnection between two expanding plasma bubbles with parameters and geometry based on the reported
SG-II experiment.44 The results show that a thin current
sheet is first formed between the two supersonically expanding plasma bubbles, and the tearing mode instability is unstable in such a current sheet. Subsequently, two X-lines are
developed due to the tearing mode instability, and a plasmoid is formed. With the development of the reconnection,
the plasmoid grows larger and gradually merge with the
magnetic field in the outflow region. Our simulations provide
a possible generation mechanism for the plasmoid observed
in the reconnection experiment on SG-II facility.
Fox et al.42,43 have shown that in a strongly driven
reconnection regime, such as reconnection between laserproduced plasma bubbles, the magnetic flux will pileup in
the inflow region when the inflow rate of the magnetic flux is
much larger than the reconnection rate. The reconnection
rate increases sharply with the pileup of the magnetic flux.
Our simulations verify the results of Fox et al.42,43
Furthermore, we find that when the expanding speed of the

FIG. 7. The contour of the magnitude
of the magnetic field B=B0 for the run
with high initial expanding speed V0 ¼
7:5Cs ¼ 28:7vA at Xi t ¼ (a) 0, (b) 0.21,
(c) 0.3, and (d) 0.35. The magnetic
field lines are also plotted in the figure
for reference.
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FIG. 9. Half-width of the current sheet (d) versus initial expanding speed of
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plasma bubbles is sufficiently large, a thin current sheet,
which is unstable to the tearing mode instability, is formed
due to the strong squeeze of the plasma bubbles. Then, multiple X-lines reconnection occurs, and plasmoids are generated. Because the plasma bubbles expand with the velocity
at the order of the sound speed and the reconnection rate is
related to the Alfven speed, the magnetic flux in the inflow
region will pileup and a thin current sheet may be formed
when the plasma beta (be ¼ ðCs =vA Þ2 ) is much larger than
one. This can be seen more clearly in Fig. 9, which shows
the relation between the half-width (d) of the current sheet
when the reconnection just begins to occur and the expanding speed (V0 ) of the plasma bubbles. Obviously, with the
increase of the expanding speed, the half-width of the current
sheet decrease. Our simulations are also consistent with the
results of Fox et al.43 When they performed the simulations
with the Omega experiment parameters (where the plasma
beta is about 150), several islands are observed in the current
sheet, while there is no generation of plasmoids in the simulations with the Rutherford experiment parameters (where
the plasma beta is about 8).
The Rayleigh-Taylor instability may be unstable in the
laser-produced plasma bubbles, which is wrapped with
the curved magnetic field. Fox et al.43 indicated that the
Rayleigh-Taylor instability may play an important role in the
generation of plasmoid during magnetic reconnection
between HED plasma bubbles. However, the wave vector of
the instability are generally perpendicular to both the background magnetic field and the centrifugal force acting on the
plasma due to particle motions along the curved magnetic
field.49 It is along the y direction, which is neglected in our
simulations. A three-dimensional (3-D) model is necessary
for investigating the role of the Rayleigh-Taylor instability
during magnetic reconnection between HED plasma bubbles,
which is our future goal.
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