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Abstract

Magnetic reconnection experiments in high-energy-density (HED) laser-produced plasmas have recently been conducted at the Shenguang-II (SG-II)
facility. Two plasma bubbles and a ‘frozen-in’ magnetic ﬁeld are generated by
irradiating an Al foil using two laser beams. As the two bubbles with opposing
magnetic ﬁelds expand and squeeze each other, magnetic reconnection occurs.
In the experiments, three well-collimated high-speed electron jets are observed
in the fanlike outﬂow region of the laser-driven magnetic reconnection. Based
on two-dimensional (2D) particle-in-cell (PIC) simulations, we demonstrate that
the three electron jets in the outﬂow region of laser-driven magnetic reconnection are super-Alfvénic, and their formation mechanism is also revealed in this
paper. The two super-Alfvénic jets at the edge are formed by the outﬂow
electrons, which move along magnetic ﬁeld lines after they are accelerated in the
vicinity of the X-line by the reconnection electric ﬁeld. The super-Alfvénic jet at
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the center is formed by the electrons that come from the outside of the plasma
bubbles. These electrons are reﬂected by the magnetic ﬁeld in the pileup region
and are meanwhile accelerated by the resulting electric ﬁeld.
Keywords: magnetic reconnection, laser-produced plasmas, electron jet

1. Introduction

Magnetic reconnection is a fundamental plasma process that provides a mechanism of efﬁcient
and fast conversion of magnetic energy to plasma kinetic and thermal energy [1–3]. The
topological structures of magnetic ﬁeld lines are also changed during the reconnection process.
Magnetic reconnection is believed to be the driving mechanism of many explosive phenomena
in space and laboratory plasmas, such as ﬂares in the solar atmosphere [4, 5], ﬂux transfer
events (FTEs) [6–8], substorms [9, 10] in the Earth’s magnetosphere and disruptions in
laboratory fusion experiments [11]. Magnetic reconnection is also found to occur in the
magnetotail of non-magnetized planets [12, 13].
The ﬁrst series of dedicated laboratory experiments has been performed to investigate the
process of magnetic reconnection. This includes the magnetic reconnection experiment (MRX)
[14], Versatile Toroidal Facility (VTF) [15] and Todai Spheromark-3/4 (TS-3/4) [16, 17].
Besides these experiments, the high-energy-density (HED) laser-plasma experiment has
recently been found to provide a new platform for the study of magnetic reconnection. Plasma
bubbles are created by focusing HED laser beams on a planar foil target, and an azimuthal
magnetic ﬁeld is self-generated through noncollinear electron density and temperature gradients
(ne × Te ) around the laser spot [18]. The magnetic ﬁeld is approximately ‘frozen’ in the
plasma bubbles. As the bubbles with the opposing magnetic ﬁeld expand and eventually
encounter each other, magnetic reconnection occurs in the current sheet formed between the
plasma bubbles. The ﬁrst experimental measurement of the magnetic ﬁeld and plasma dynamics
in such a geometry was carried out by Nilson et al [19] and Li et al [20]. In their experiments,
highly collimated bidirectional plasma jets and topological changes of the magnetic ﬁeld were
observed, which indicate the occurrence of magnetic reconnection. After the experimental
observations of laser-driven magnetic reconnection, two-dimensional (2D) particle-in-cell (PIC)
simulations were performed by Fox et al [21, 22]. to study magnetic reconnection between two
laser-produced plasma bubbles with parameters and geometry based on the experiments. It was
found that the reconnection rate, which is faster than the prediction by the Hall reconnection
model in such a strongly driven system, can be explained by substantial upstream ﬂux-pileup
effects, which enhance the relevant magnetic ﬁeld intensity in the current sheet.
The generation of energetic electrons is considered to be an important signature in
magnetic reconnection. In solar ﬂare observations, it has been estimated that up to 50% of the
released energy is taken by energetic electrons [23, 24]. In the Earth’s magnetotail, energetic
electrons up to several hundreds of keV have been detected in the vicinity of the reconnection
site [25–29]. The acceleration mechanism of energetic electrons has been studied in the Harris
current sheet model—the electrons move towards the vicinity of the X-line along the
separatrices, where they are accelerated by the reconnection electric ﬁeld, and then are directed
away from the X-line along the magnetic ﬁeld lines just inside the separatrices [30–33]. The
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Figure 1. Interferometric image at (a) t = t0 and (b) t = t0 + 1ns, where t0 is set at the

half maximum of the laser pulse tail. The electron diffusion region is between X1 and
X2. R1 points to a fanlike outﬂow region, and R2 points to a relatively calm and
uniform plasma region. P1 and P2 mark the location of a front of the expanding fanlike
region at the two times. (c) A linearly polarized self-emission image of the plasma. The
details of the experiment can be found in Dong et al [39].

reconnection outﬂow electron jets are considered to be super-Alfvénic [34–37], which has been
veriﬁed during magnetic reconnection observed in the magnetotail [38].
Recently, the laser-driven magnetic reconnection experiment has also been conducted at
the Shenguang-II (SG-II) laser facility [39]. Figures 1(a) and (b) show the interferometric
images of the laser-generated plasma at t = t0 and t = t0 + 1ns, respectively, where t0 is set at
the half maximum of the laser-pulse tail. Figure 1(c) shows the proﬁle of the linearly polarized
self-emission from the plasma. The region between X1 and X2 is the electron diffusion region.
The details of the experiment can be found in Dong et al [39]. From the ﬁgure, a plasmoid and
three well-collimated high-speed electron jets are shown during the reconnection. The
generation mechanism of the plasmoid during reconnection in HED laser-produced plasmas has
been investigated in Lu et al [40]. The three well-collimated high-speed electron jets are formed
in the fanlike outﬂow region. The energy of the energetic electrons in the three jets can reach
MeVs, and their spectrum exhibits a power-law scaling at the high-energy tail for electrons up
to 2 MeV. In this paper, with 2D PIC simulations, the formation mechanism of the three
electron jets is investigated. The simulation parameters and geometry are based on the reported
SG-II experiments.
The outline of the paper is as follows. In section 2, the simulation model is described,
section 3 presents the simulation results, and section 4 gives the conclusions and discussion.
3
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2. Simulation model

In the 2D PIC simulation model, the electromagnetic ﬁeld is deﬁned on the grids and updated
by solving Maxwell’s equations with a full explicit algorithm, and the ions and electrons are
advanced in the electromagnetic ﬁeld. The initial conﬁguration of the simulation system is two
expanding semicircular plasma bubbles in the (x, z ) plane, which is in accord with the previous
PIC simulations by Fox et al [21, 22]. The computation is carried out in a rectangular domain in
the (x, z ) plane with the dimensions [−L x , L x ] × [−L z , L z ]. The two semicircular bubbles are
centered at (0, −L z ) and (0, L z ), respectively. The radius vectors of the bubbles are deﬁned
from the center of each bubble, which can be expressed as r (1) = (x, z + L z ) and
r (2) = (x, z − L z ). The initial number density is n b + n(1) + n(2), where n b is a background
density, and n(i) (i = 1, 2) is

n (i)

⎧
⎛ (i) ⎞
⎪ (n 0 − n b ) cos2 ⎜ πr ⎟
=⎨
⎝ 2L n ⎠
⎪
⎩0

if r (i) < L n,

(1)

otherwise,

where L n is the initial scale of the bubbles and n 0 is the peak bubble density. Initially, the
bubbles expand radially, and the velocity is expressed as the sum of the following ﬁelds

V (i)

⎧
⎛ (i) ⎞
⎪V0 sin ⎜ πr ⎟ rˆ (i)
=⎨
⎝ Ln ⎠
⎪
⎩0

if r (i) < L n,

(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

⎧
⎛ π L − r (i)
n
⎪
⎜
⎪
B
sin
0
(i)
⎜
B =⎨
2L B
⎝
⎪
⎪0
⎩

(

) ⎞⎟ rˆ
⎟
⎠

(i)

× yˆ if r (i) ∈ [L n − 2L B, L n ],

(3)

otherwise,

where B0 is the initial strength of the magnetic ﬁeld, and L B is the half-width of the magnetic
ribbons. In order to be consistent with the plasma ﬂow, an initial electric ﬁeld E = −V × B is
added, while the initial out-of-plane current density is determined by Faraday’s law.
The simulation parameters are chosen based on the reported or estimated SG-II
experimental parameters, which are listed in table 1 [39]. The measured electron density near
the X-line is ∼5 × 1019 cm−3, which is about one tenth of the peak electron density. Therefore,
the peak electron density is about 5 × 10 20 cm−3. The estimated average ionic charge is about
Z ∼ 10, and thus the peak ion density is about 5 × 1019 cm−3. The ion inertial length based on
the peak ion density is about di = c/ω pi = 16.8 μm . The measured plasma bubble radius is
about L n = 200 μm , and the width of the magnetic ribbons, 2L B , is about 80 μm . In our PIC
simulations, we choose L n = 12di and L B = 2di . The self-generated magnetic ﬁeld in laserplasma interaction is at the order of mega-gauss (MG) [19, 20, 41, 42]. In the SG-II
experiments, the magnetic ﬁeld is estimated to be around 3.75 MG after the bubbles have been
strongly squeezed. Therefore, it is several times larger than the initial magnetic ﬁeld. So in the
simulations, we choose the initial magnetic ﬁeld B0 = 2 MG . The mass ratio m i /me is set to be
4
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Table 1. SG-II experimental parameters [39].

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
Alfvén speed
Electron beta
Sound speed
Electron mean-free-path

Reported or estimated values
Al
∼10
∼5 × 10 20 cm−3
∼5 × 1019 cm−3
200 μm
80 μm
570 eV
2 MG
5.4 × 10 5 m s−1
16.8 μm

Z
n e0
n i0
Ln
2L B
Te , Ti
B0
V0
d i = c/ω pi
vA
βe

1.2 × 105 m s−1
2.9
1/2

Cs = (γZTe /m i )
λ mfp, e

1.8 × 105 m s−1
600 μm

100 and the light speed c is 75vA (where vA is the Alfvén speed based on B0 and ni0 ). We choose
n b = 0.2n 0 , and uniform initial ion and electron temperatures are adopted for simplicity:
Ti0 = Te0 = 0.025me c 2. The initial distribution functions for the ions and electrons are
Maxwellian, with the bulk velocities in the radial direction (described by equation (2)) and
drift velocities in the y direction and which supply the out-of-plane current density. The initial
1/2
expansion speed of the plasma bubbles is V0 = 3Cs , where Cs = (γZTe /m i ) is the sound speed.
We set L x = 25.6c /ω pi and L z = 12.8c /ω pi , and the number of grid points is
Nx × Nz = 1024 × 512 with a spatial resolution of Δx = Δz = 0.05c /ω pi . The time step is
Ωi t = 0.0001 (Ωi = eB0 /m i is the ion gyrofrequency). More than 2 × 108 particles per species
are employed to simulate the plasmas. In the simulations, periodic boundary conditions are used
along both the x and z directions.

3. Simulation results

Figure 2 shows the magnetic ﬁeld B /B0 and out-of-plane current density jy /(en 0 vA ) at Ωit = (a)
0, (b) 1.1, (c) 2 and (d) 2.75, respectively. The magnetic ﬁeld lines are also plotted in the ﬁgure.
The plasma bubbles squeeze each other strongly because of the supersonic expansion.
Therefore, the magnetic ﬂux is piled up in the inﬂow region before it is reconnected. At
Ωit = 1.1, just before the reconnection begins, the upstream magnetic ﬁeld is strongly enhanced,
with a maximum about 3B0 . The pileup of the upstream magnetic ﬂux is considered to be the
key to understanding the faster rate of reconnection observed in laser-produced plasma bubbles
than the prediction by the Hall reconnection model [21, 22, 40]. With the pileup of the upstream
magnetic ﬂux, a long and thin current sheet is formed between the two plasma bubbles. The
maximum of the out-of-plane current density is about 6en 0 vA, and the length and half-width of
the current sheet are 14.05c /ω pi and 0.675c /ω pi , respectively. Here, the length of the current
sheet is deﬁned as the length of the region where jy is larger than zero along z = 0, and the
5
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Figure 2. Magnetic ﬁeld magnitude B / B0 (left column) and out-of-plane current density

jy /(en 0 vA ) (right column) at Ωit = (a) 0, (b) 1.1, (c) 2 and (d) 2.75. The black lines
denote the magnetic ﬁeld lines in the (x, z ) plane.

width of the current sheet is deﬁned as the distance between the positive and negative peaks of
Bx along x = 0. Based on the linear theory of the tearing mode instability [43, 44], the
maximum growth rate occurs around kδ = 2πMδ /L = 0.55, where M = 1, 2, 3, …. Therefore,
the most unstable tearing mode is M = 2 (kδ ≈ 0.6), which is consistent with the simulation
result: at Ωit = 2, two reconnection X-lines are generated in the current sheet, and a plasmoid is
formed between the two X-lines. The formation of the plasmoid has also been observed in laserproduced plasma reconnection at the SG-II facility [39]. Magnetic reconnection gradually slows
6
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Figure 3. Electron bulk velocity in the x direction Vex / vA at Ωit = 2.75. The black lines

represent the magnetic ﬁeld lines in the (x, z ) plane.

down after Ωi t ≈ 2, and the magnetic ﬂux ﬂowing outward begins to pile up in the outﬂow
region. Meanwhile, with the development of magnetic reconnection, the plasmoid grows larger
and gradually merges into the outﬂow region in the right side.
Figure 3 shows the electron bulk velocity along the x direction, Vex /vA at Ωi t = 2.75. The
magnetic ﬁeld is weak in the vicinity of the X line, therefore, there forms a magnetic mirror
geometry in the electron inﬂow region. The electrons sense a magnetic mirror force F = μ B
when they are injected to the vicinity of the X-line along the magnetic ﬁeld. The electron inﬂow
speed is about 1.0vA. In the fanlike outﬂow region, three well-collimated super-Alfvénic electron
jets, which are directed away from the X-line, are observed. Such a phenomenon has been
observed in the SG-II laser-driven magnetic reconnection experiment, which is shown in
ﬁgures 1(a) and (b). The two jets at the edge ﬂow out along the magnetic ﬁeld lines just inside
the separatrices, and the one at the center is in the middle of the outﬂow region. The maximum
speed of the electron jets is about 4vA (≈480 km s−1), the opening angle of the outﬂow region is
about 40°, and the width of the jets is about one ion inertial length. In the SG-II experiment, the
speed of the electron jets is about 600km/s, the opening angle is 35° −40°, and the width is
0.75c /ω pi − 1c /ω pi [39], which shows a good consistency between the simulation and
experiment. Note that at Ωit = 2.75, the upstream magnetic ﬁeld is about 0.4B0, and the density
in the X-line is about 0.3n0. Therefore, the instantaneous Alfvén speed v A* ≈ 0.73vA, so the
maximum speed of the electron jets is about 5.5v A*. Figure 4 shows the electron number density
ne /n 0 and energy spectrum in the outﬂow region x ∈ [−8, − 7] c /ω pi , z ∈ [−1.5,1.5] c /ω pi
(within the red rectangle in ﬁgure 4(a)) at Ωit = 2.75. It shows that the electron density in the
outﬂow region is relatively higher than that in the inﬂow region. The electron energy spectrum
in the jets obeys a power-law scaling at the high-energy tail, and the power-law index is −6.76,
which is also consistent with the SG-II experimental results.
In order to reveal the formation mechanism of the super-Alfvénic electron jets in the
outﬂow region, we ‘tag’ these electrons in the super-Alfvénic jets at Ωit = 2.75. Then the
simulation is re-run to trace the position and energy of each tagged electron. Figure 5 presents
the spatial and energy distributions of the tagged electrons at four different times: Ωit = (a) 0,
(b) 1.8, (c) 2.6 and (d) 2.75. All these tagged electrons move to the region ‘A’ (marked in
ﬁgure 3) and contribute to the upper super-Alfvénic electron jet at Ωit = 2.75. Initially, most of
these electrons are located in the ﬂux tube at the edge of the two plasma bubbles. With the
proceeding of magnetic reconnection, these electrons are injected into the vicinity of the X-line
7
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Figure 4. (a) Electron number density ne / n 0 and (b) energy spectrum in the outﬂow
region x ∈ [−8, − 7] c /ω pi , z ∈ [−1.5,1.5] c /ω pi (within the red rectangle in ﬁgure 4(a))
at Ωit = 2.75. The black lines represent the magnetic ﬁeld lines in the (x, z ) plane.

and accelerated by the reconnection electric ﬁeld. Then, the accelerated electrons are directed
away from the X-line along the magnetic ﬁeld lines just inside the separatrix. Therefore, two
super-Alfvénic electron jets are eventually formed at the edge of the fanlike outﬂow region. The
increase of the colour-coded energy shows that the electrons are accelerated during this process,
especially after magnetic reconnection begins. At Ωit = 0, the energy of the tagged electrons is
around the initial temperature 0.025 me c 2. At Ωit = 2.6, some of the tagged electrons can be
accelerated to 0.3 me c 2 or even higher energies.
In order to further clarify the formation mechanism of the two super-Alfvénic electron jets
at the edge of the fanlike outﬂow region, ﬁgure 6 shows the trajectory of a typical electron from
the upper jet. In the ﬁgure, the trajectory is divided into three segments: (a) 1.6 ⩽ Ωi t ⩽ 2, (b)
2 ⩽ Ωi t ⩽ 2.25 and (c) 2.25 ⩽ Ωi t ⩽ 2.65. The contours present the out-of-plane electric ﬁeld
Ey /(vA B0 ) and magnetic ﬁeld lines at Ωit = (a) 1.8, (b) 2.15 and (c) 2.45. The time evolution of
the electron energy Ee / me c 2 is shown in ﬁgure 6(d). During 1.6 ⩽ Ωi t ⩽ 2, the electron moves
towards the X-line due to the effect of the magnetic mirror, thus electron energy is nearly
unchanged in the segment. From Ωit = 2 to Ωit = 2.25, the electron is accelerated by the
reconnection electric ﬁeld in the vicinity of the X-line. The accelerated electron then leaves the
X-line region along the magnetic ﬁeld lines.
Figure 7 presents the tracing results of the tagged electrons in the center super-Alfvénic
electron jet, with (a), (b), (c) and (d) showing spatial and energy distributions of the tagged

(

)
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Figure 5. The distribution of the ‘tagged’ electrons at the upper outﬂow jet (within the

rectangle denoted by ‘A’ in ﬁgure 3). Here (a), (b), (c) and (d) represent the spatial
distributions of the ‘tagged’ electrons at Ωit = 0, 1.8, 2.6 and 2.75, respectively. The
colour represents the energy of the ‘tagged’ electrons Ee /(me c 2 ), and the black lines
represent the magnetic ﬁeld lines.

electrons at Ωit = 0, 1.8, 2.6, and 2.75, respectively. All these tagged electrons move to the
region ‘B’ (marked in ﬁgure 3) and contribute to the center outﬂow jet at Ωit = 2.75. These
electrons are initially located in the region outside of the plasma bubbles with an averaged
energy of about 0.025 me c 2. With the development of magnetic reconnection, the magnetic ﬂux
is piled up in the outﬂow region. The magnetic ﬁeld lines move outward quickly due to the push
of the electrons accelerated in the vicinity of the X-line. The electrons outside of the plasma
bubbles are then reﬂected by the magnetic ﬁeld in the pileup region, and meanwhile they are
accelerated by the resulting electric ﬁeld Ey . At Ωit = 2.6, some of the tagged electrons can be
accelerated to 0.3 me c 2, and the highest energy can reach 0.54 me c 2. Thus the center superAlfvénic electron jet in the middle of the outﬂow region is formed.
Figure 8 shows the trajectory and energy evolution of a typical electron from the center
super-Alfvénic jet. The trajectory is also divided into three segments: (a) 2.4 ⩽ Ωi t ⩽ 2.57, (b)
2.57 ⩽ Ωi t ⩽ 2.64 and (c) 2.64 ⩽ Ωi t ⩽ 2.75. The contours present the out-of-plane electric
ﬁeld Ey /(vA B0 ) and magnetic ﬁeld lines at Ωit = (a) 2.5, (b) 2.6 and (c) 2.7. The time evolution of
the electron energy Ee / me c 2 is shown in ﬁgure 8(d). During 2.4 ⩽ Ωi t ⩽ 2.57, the electrons
move towards the pileup region with a relatively low speed, and the energy is nearly unchanged
in the segment. During 2.57 ⩽ Ωi t ⩽ 2.64, the electron is reﬂected by the magnetic ribbon, but
the energy is almost unchanged. The magnetic ﬁeld in the background region is very weak, so
there is a sharp boundary between the background region and the pileup region. From
Ωit = 2.64, as the electron begins to penetrate through the boundary into the pileup region, it
senses a ve × B Lorentz force, which causes it to gyrate about half an orbit. Meanwhile, the
electron is accelerated in the y direction by the electric ﬁeld Ey . After this process, at about
Ωit = 2.67, the electron leaves the pileup region and moves back into the background region

(

)
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Figure 6. The trajectory (a)–(c) and energy evolution (d) of a typical electron from the
upper super-Alfvénic jet. The trajectory is divided into three segments: (a)
1.6 ⩽ Ωi t ⩽ 2 (green), (b) 2 ⩽ Ωi t ⩽ 2.25 (blue) and (c) 2.25 ⩽ Ωi t ⩽ 2.65 (black).
The start position of the particle in each segment is marked with an asterisk. The
contours present the out-of-plane electric ﬁeld Ey /(vA B0 ) and magnetic ﬁeld lines at
Ωit = (a) 1.8, (b) 2.15 and (c) 2.45.

along the −x direction with larger energy. The acceleration mechanism is similar to the
formation of the energetic particles reﬂected by shocks [45, 46].

4. Conclusions and discussion

Magnetic reconnection experiments between laser-produced plasma bubbles that provide a new
experimental platform for the study of magnetic reconnection have recently been conducted
[19, 20]. Dong et al [39] observed three well-collimated high-speed jets in the fanlike outﬂow
region during the laser-driven magnetic reconnection at the SG-II facility. In this paper, with 2D
PIC simulations, we demonstrate that the three electron jets are super-Alfvénic, and their origins
are different. The two electron jets at the edge are formed by the energetic electrons that are
accelerated in the vicinity of the X-line and directed away along magnetic ﬁeld lines just inside
the separatrices. The electron jet at the center is formed by the energetic electrons that come
10

S Lu et al

New J. Phys. 16 (2014) 083021

Figure 7. The distribution of the ‘tagged’ electrons at the center outﬂow jet (within the

rectangle denoted by ‘B’ in ﬁgure 3). Here (a), (b), (c) and (d) represent the spatial
distributions of the ‘tagged’ electrons at Ωit = 0, 1.8, 2.6 and 2.75, respectively. The
colour represents the energy of the ‘tagged’ electrons Ee /(me c 2 ), and the black lines
represent the magnetic ﬁeld lines.

from the region outside of the plasma bubbles. They are reﬂected by the magnetic ﬁeld in the
pileup region. During the reﬂection, the electrons are accelerated by the resulting electric ﬁeld
Ey .
The formation mechanism of the two electron jets at the edge is analogous to that of
magnetic reconnection in a Harris current sheet [30–33], and such super-Alfvénic jets have also
been observed by Cluster during magnetic reconnection in the magnetosheath region
downstream of the Earth's bow shock [38]. However, during the laser-driven magnetic
reconnection, the electrons outside the plasma bubbles may be reﬂected by the fast moving
magnetic ﬁeld and then accelerated in the pileup region of the outﬂow region, thus the third
super-Alfvénic electron jet can be formed at the center of the outﬂow region. The existence of
such a super-Alfvénic electron jet in the outﬂow region is evidence that the magnetic ﬁeld lines
also move outward with a super-Alfvénic speed during the reconnection; therefore, it is one of
the key signatures of fast magnetic reconnection.
In Harris current sheet geometry, there is also a central electron outﬂow jet. However, it is
within the electron diffusion region, and the electrons in the jet are originally from the upstream
region. A similar jet also exists in laser-driven reconnection geometry (see the region
x ∼ −3c /ω pi in ﬁgure 3). However, in this paper, we focus on the high-speed electron jet in the
fanlike outﬂow region.
Coulomb collisions may play some role in the laser-driven reconnection experiments. In
the SG-II experiment [39], the electron number density in the vicinity of the X-line is
ne ≈ 5 × 10 25 m−3, and the electron temperature is Te ≈ 570 eV. Therefore, the electron meanfree-path is λ mfp, e ≈ 600 μm [47], while the characteristic spatial scale of the SG-II reconnection
is ∼100 μm . Given this, the effect of Coulomb collisions is negligible in the SG-II experiment
and will not change the conclusions in this paper. Actually, Fox et al [22] have demonstrated
11
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Figure 8. The trajectory (a)–(c) and energy evolution (d) of a typical electron from the
super-Alfvénic jet at the center. The trajectory is divided into three segments: (a)
2.4 ⩽ Ωi t ⩽ 2.57 (green), (b) 2.57 ⩽ Ωi t ⩽ 2.64 (blue) and (c) 2.64 ⩽ Ωi t ⩽ 2.75
(black). The start position of the particle in each segment is marked with an asterisk.
The contours present the out-of-plane electric ﬁeld Ey /(vA B0 ) and magnetic ﬁeld lines at
Ωit = (a) 2.5, (b) 2.6 and (c) 2.7.

that the collisions may slow down the reconnection process to some extent (although it is still
very fast), while the evolution of density and upstream magnetic ﬁeld is not changed.
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