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ABSTRACT
Magnetic reconnection driven by a capacitor coil target is an innovative way to investigate low-β magnetic reconnection in the laboratory,
where β is the ratio of particle thermal pressure to magnetic pressure. Low-β magnetic reconnection frequently occurs in the Earth’s mag-
netosphere, where the plasma is characterized by β ≲ 0.01. In this paper, we analyze electron acceleration during magnetic reconnection
and its effects on the electron energy spectrum via particle-in-cell simulations informed by parameters obtained from experiments. We
note that magnetic reconnection starts when the current sheet is down to about three electron inertial lengths. From a quantitative com-
parison of the different mechanisms underlying the electron acceleration in low-β reconnection driven by coil targets, we find that the
electron acceleration is dominated by the betatron mechanism, whereas the parallel electric field plays a cooling role and Fermi acceler-
ation is negligible. The accelerated electrons produce a hardened power-law spectrum with a high-energy bump. We find that injecting
electrons into the current sheet is likely to be essential for further acceleration. In addition, we perform simulations for both a double-coil
co-directional magnetic field and a single-coil one to eliminate the possibility of direct acceleration of electrons beyond thermal ener-
gies by the coil current. The squeeze between the two coil currents can only accelerate electrons inefficiently before reconnection. The
simulation results provide insights to guide future experimental improvements in low-β magnetic reconnection driven by capacitor coil
targets.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0149259

I. INTRODUCTION

Magnetic reconnection, as a fundamental physical process in
plasmas, can convert magnetic energy into plasma kinetic energy,
accelerate particles to nonthermal energies,1,2 and change the topol-
ogy of magnetic fields. Particle acceleration by magnetic reconnec-
tion is a common occurrence in magnetic reconnection experiments
(MRXs),3,4 as well as in high-energy astrophysical environments,
including solar-terrestrial space,5,6 solar flares,7,8 and high-speed jets
from pulsars.9,10 Particle acceleration by magnetic reconnection has
been extensively studied and proposed as an explanation for a variety
of high-energy astrophysical events.

The study of magnetic reconnection has made considerable
progress in recent years,11 especially in the context of astronom-
ical observations. In addition, magnetic reconnection can now be
studied in laboratory experiments, which provide further opportuni-
ties for extending the understanding of this phenomenon. There are

two major schemes for driving magnetic reconnection in the labo-
ratory. The first is through the use of magnetically driven systems,
which are less subject to disturbances by other unrelated physi-
cal processes. The Magnetic Reconnection Experiment (MRX)12 is
a typical device that has been used to perform multiple magnetic
reconnection experiments, such as studies of the Hall effect in col-
lisionless magnetic reconnection13 and of the electron dissipation
layer in reconnection.14 The second scheme uses flow-driven sys-
tems, usually based on high-power lasers, and has the merits of
a high-density plasma and strong magnetic fields. OMEGA15 and
Shenguang-II,16 two large laser devices, have been used to perform
magnetic reconnection experiments, and promising results have
been obtained. Most recent magnetic reconnection experiments15,17

have involved irradiating a planar target with an intense laser to gen-
erate plasma from the target surface. The Biermann self-generated
magnetic field around the laser spot then drives magnetic recon-
nection. This direct-drive method creates a high thermal pressure,
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which in turn leads to a high-β (β > 1) plasma (where β is the
ratio of particle thermal pressure to magnetic pressure), whereas
low-β (β < 1) magnetic reconnection is more commonly found in
astrophysical plasma environments.

In recent years, capacitor coil targets have been widely
employed in the laboratory to produce strong magnetic fields, on
the basis of a concept first proposed by Daido et al.18 in 1986. This
regime provides a stable and strong external magnetic field, even up
to a 1000 T,19 and such targets are often used to drive low-β magnetic
reconnection experiments. A capacitor coil target consists primarily
of two target disks connected by a thin copper wire. A laser beam
crosses one of the disks to irradiate the other disk. A substantial
electric potential difference is thus formed between the two disks
as a large number of free electrons are ionized and leave the sur-
face of the rear target disk. A strong magnetic field is induced by the
high current in the copper wire, and this enables low-β magnetic
reconnection experiment to be performed by using two capacitor
coil targets. Pei et al.20 were the first to conduct a low-β magnetic
reconnection experiment on Gekko XII using a capacitor coil tar-
get and confirmed the feasibility and stability of this experimental
scheme. Yuan et al.21 and Chien et al.22 performed detailed exper-
iments on low-β magnetic reconnection with different diagnostics
and thereby provided further understanding of this phenomenon.
Law et al.23 modeled the emission in the accretion disk corona of
black hole systems by means of a novel coil target-driven low-β mag-
netic reconnection experiment. However, despite these experimental
efforts, little work has been done on numerical simulations of low-β
magnetic reconnection driven by capacitor coil targets. Such sim-
ulations would help develop a more comprehensive understanding
of magnetic reconnection experiments and offer positive feedback
regarding these experiments.

In this paper, we perform two-dimensional (2D) electromag-
netic particle-in-cell (PIC) simulations to investigate low-β magnetic
reconnection driven by capacitor coil targets. Our focus is on under-
standing the acceleration process of nonthermal electrons. To inves-
tigate the energization mechanisms of these electrons, we quantify
the contributions of different acceleration mechanisms. By track-
ing a large number of electrons, we investigate the formation of
electron power-law spectra and energy spectrum bumps. We also
perform simulations of a double-coil co-directional magnetic field
and a single-coil one to illustrate the effect of squeeze accelera-
tion on electrons. Section II describes the simulation setup and the
various parameters in detail. Section III discusses the acceleration
mechanism and power-law energy spectrum of electrons. Section IV
presents the conclusions and provides a comprehensive overview of
directions for future work.

II. SIMULATION SETUP
The simulation of coil-driven magnetic reconnection was run

in the (x, y) plane, with the setup shown schematically in Fig. 1. We
used the open-source code SMILEI,24 which is a fully relativistic elec-
tromagnetic PIC code. The initial parameters of the simulation were
referenced to the experimental parameters, and some of the para-
meters in the experiments and simulations are listed in Table I. The
ion gyrofrequency Ωci is proportional to the ion charge Z, and we
set Z = 1 to save computational resources. We performed two sim-
ulations using the different ionization degrees estimated by Chien

FIG. 1. Schematic of simulation setup. The magnetic field lines are shown in
orange.

TABLE I. Experimental20 and simulation parameters, in normalized units.

Parameter Expt. Simulation

Ion mass mi/me 107 767 400
Ion charge Z 28 1
Temperature T/mec2 0.0002 0.001
Coil radius rc/di 0.15 0.15
c/vA 398 13.4
Plasma β 0.016 0.082
Current rise time Ωcitrise 2.285 1.14
Coil separation distance D/di 2.13 2.13
Ion inertial length di/de 11.7 20

et al.25 and Yuan et al.26 to ensure that the choice of ionization degree
did not affect our conclusions. The results of these two simulations
were indeed consistent with our conclusions. The relevant figures
are available in the supplementary material. We determined the ini-
tial parameters in the simulation by the ion inertia length, and all
parameters were in normalized units. The two coil domains simu-
lated the electric current inside the copper wire and continuously
produced an electromagnetic wave that could interact with the par-
ticles, but the particles did not affect the coil current. The electric
current27,28 in a coil was described by I0(t/2trise + 0.5) if t < trise and
by I0(1.05 − 0.05t/trise) if t > trise, where I0 = 37.5 kA, and the cur-
rent increased from 0.5I0. The plasma was initialized with a uniform
distribution, and the number densities of particles were ni = ne = n0.
The simulation domain size was Lx × Ly = 6.08di × 7.6di, and the
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grid cell size was Δx = Δy ≈ 0.005di = 0.1de, where di and de are
the inertial lengths of the ion and electron, respectively. The sim-
ulation domain had 5.2 × 108 pseudoparticles, with 128 electrons
and ions per grid cell. Ωci = ZeB0/mic is the ion gyrofrequency, and
the simulation timestep was Δt ≈ 2.6 × 10−5Ω−1

ci ≈ 0.066ω−1
pe , where

ωpe is the electron plasma frequency. The external magnetic field
was generated by the coil current and governed by Ampère’s law
∂E/∂t = ∇ × B − J and Faraday’s law ∂B/∂t = −∇ × E. B0 repre-
sents the magnetic field strength at the center point (60.8de, 76de)

when the coil current was at its maximum value, where B0 = 50 T.
We adopted absorbing boundary conditions for the electromag-
netic field and open boundary conditions for the particles in the
simulation.

III. SIMULATION RESULTS
The two plasma bubbles shown in Fig. 2 developed around the

coil regions owing to the strong magnetic field generated by the coil
current, which is consistent with experimental results.29 The density
measured in the experiment was that of the plasma near the coil,
including various plasma sources. Therefore, we used the density
values from the experiment as the initial plasma number densities
of the simulation. Magnetic flux piles up inside the diffusion region
between the two expanding bubbles. Then, the electrons decouple
from the magnetic field and form a thin current sheet between the
coils. The current sheet thins down to a thickness of 3de. Magnetic
reconnection then occurs, with the reconnection electric field being
enhanced immediately, and substantial magnetic energy is released
to accelerate the particles. The accelerated particles move quickly
toward the outflow region and then cool down. Figure 3(a) shows
the oscillation of the electron energy spectral profile in the period
Ωcit = 0.98–3.54. We note that the electron energy spectrum in this
period shows a small periodic evolution between being hardened
and softened. During the expansion phase of the plasma bubble,
some electrons enter the strong-field region (EZ/vAB0 > 0.3), i.e.,
the edge region around the plasma bubble. These electrons are accel-
erated to energies above 40εth (where εth is the initial thermal energy
of the electrons), and these electrons correspond to the nonthermal
component of the electron energy spectrum. The power-law spectral
index varies between −4.5 and −3 owing to the electron accelera-
tion at the bubble edge and the electron deceleration after leaving
the strong-field region. Some accelerated electrons propagate farther
away from the strong-field region, and their energy decreases quickly

FIG. 2. Electron number density plots at different time points. The magnetic field
lines are shown in black.

to ∼ 4εth. The particle cooling process corresponds to the change in
the energy spectrum. As discussed previously, the periodic oscilla-
tion of the energy spectrum before reconnection is related to two
factors: particle acceleration by the strong field at the plasma bub-
ble edge and the cooling of particles after leaving the strong-field
region. Subsequently, we will study the formation of the electron
energy spectrum during magnetic reconnection.

Figure 3(b) shows the evolution of the electron energy spec-
trum during magnetic reconnection, and it can be seen that a
high-energy bump appears in the spectrum at Ωcit ∼ 5.5. During
reconnection, this bump keeps moving toward the high-energy end,
and the spectral index of the electron energy spectrum increases.
After the energetic electrons quickly enter the outflow region and
cool down, the electron spectrum softens to p ∼ −3, and the high-
energy bump disappears. We now further analyze the formation
of the high-energy bump. Electrons in different energy ranges are
located at different positions, as shown in Fig. 4(a), where the back-
ground is the reconnection electric field. It should be noted that
we only tracked the trajectories of ∼2 × 105 electrons. The energetic
electrons in the energy range of 100 ≤ ε/εth are located primarily in
the diffusion region of the strong reconnection electric field. The
electrons with energy in the range 20 ≤ ε/εth ≤ 100 are focused on
the outer edge of the diffusion region, while those with energy in
the range 9 ≤ ε/εth ≤ 20 are mainly located in the transition region
between the diffusion region and the outflow region. The features
of the distribution of electrons with different energies suggest that
the electrons can be effectively accelerated in the current sheet and
rapidly decelerate after entering the outflow region. The time evolu-
tions of the reconnection electric field EZ and the electron kinetic
energy shown in Fig. 4 verify the previous result. The electrons
accelerated at the bubble edge lead to the creation of a nonthermal
component of the energy spectrum before reconnection. Some of
these electrons then enter the current sheet to be further accelerated.
When reconnection occurs, the electrons in the diffusion region are
suddenly accelerated to high energy by the enhanced reconnection
electric field, as shown in Figs. 4(b) and 4(d). This further hardens
the electron energy spectrum and leads to the formation of a high-
energy bump, as shown in Fig. 3(b). Thus, there is a close connection
between the electron acceleration in the diffusion region and the
profile of the electron energy spectrum. Under different plasma con-
ditions, the process of electron acceleration in the diffusion region is

FIG. 3. Electron energy spectra at times (a) Ωci t = 0.98–3.54 and
(b) Ωci t = 5.13–5.70. The dashed lines show the fitted spectral indices,
and the black curves are the initial electron energy spectra. The different colors
indicate the spectrum at different time points.
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FIG. 4. (a) Electron kinetic energy at Ωci t = 5.59. The red, orange, and green
points represent electrons in the energy ranges 100 ≤ ε/εth, 20 ≤ ε/εth ≤ 100,
and 9 ≤ ε/εth ≤ 20, respectively. (b) and (d) Temporal evolutions of the elec-
tron kinetic energy ε and the reconnected electric field EZ , respectively, along x
between 72 ≤ y/de ≤ 80. The red dashed line marks the time point Ωci t = 5.59.
(c) Reconnection electric field EZ . The magnetic field lines are shown in black.

not the same.30,31 Therefore, it is essential to investigate the electron
acceleration in the diffusion region. The sign of EZ keeps chang-
ing throughout the simulation, as shown in Fig. 4(d). At the initial
moment, the current rises suddenly from 0.5I0 rather than linearly
from 0, which could excite an electromagnetic wave. Besides, it takes

some time for the external magnetic field to respond to the cur-
rent variation as the coil current varies. These two processes lead to
the change in sign of EZ . Detailed explanations are provided in the
supplementary material.

We will calculate the contributions from the various acceler-
ation mechanisms to the electron energy evolution in the current
sheet. When the electron gyroradius is smaller than the width of the
current sheet, the guiding-center approximation can be employed to
analyze the electron acceleration. Calculation of the electron gyro-
radius re = meve/eB within the current sheet indicates that most
electrons have a gyroradius less than the width of the current sheet,
with only a few electrons having a gyroradius comparable to that
width. Therefore, we choose the guiding-center approximation to
investigate the electron acceleration in the simulation.

The guiding-center approximation is described in detail in
Refs. 32 and 33. The energy evolution of a single electron in the
guiding-center limit is given by

dε
dt
=

μ∂B
γ∂t
+ q(υ∥b + vc + vg) ⋅ E, (1)

where

vc =
υ2
∥b

Ωce
× κ and vg =

υ2
�b

2Ωce
×
∇B
B

represent the curvature drift term and gradient-B drift term, respec-
tively. b = B/B is the unit vector in the direction of the magnetic
field, υ∥ = v ⋅ b, μ = meγ2υ2

�/2B is the magnetic moment, γ is the
relativistic Lorentz factor, Ωce = qB/γmec is the electron cyclotron
frequency, and κ = b ⋅ ∇b is the magnetic curvature. If we consider
all the particles in the domain, then Eq. (1) can be rewritten as

dU
dt
= E∥J∥ +

p�
2B
(
∂B
∂t
+ vE ⋅ ∇B) + (p∥ + nemev2

∥)vE ⋅ κ, (2)

where vE = (E × B)/B2 is the E-cross-B drift, and p∥ and p� are
the parallel and perpendicular pressures, respectively. The first term

FIG. 5. (a) Energy evolution over time driven by the parallel electric field (blue), the first-order Fermi acceleration (red), the betatron acceleration (green), and the
sum of these three terms (black). The result calculated by summing over all electrons with energy greater than 50εth corresponds to the bump in the spectrum at
Ωci t = 5.54. (b) Electron trajectory (red line) and reconnection electric field EZ at Ωci t = 5.54. The magnetic field lines are shown in black.
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FIG. 6. (a) and (d) Parallel electric field E∥J∥. (b) and (e) Betatron acceleration (p
�
/2B)(∂B/∂t + vE ⋅ ∇B). (c) and (f) First-order Fermi acceleration (p∥ + nemev2

∥
)vE ⋅ κ.

The time point in (a)–(c) is Ωci t = 5.54, and that in (d)–(f) is Ωci t = 5.59. The dashed and solid lines represent the contours of electron number density, and the electron
number density of the solid lines is an order of magnitude larger than that of the dashed lines.

on the right-hand side of Eq. (2) is the parallel electric field term.
The second term represents the contribution of betatron accelera-
tion, which depends on the adiabatic invariant μ and the gradient-B
drift. The third term represents the first-order Fermi acceleration.
We calculated the contribution of various acceleration mechanisms
to a typical energetic electron, and the results are shown in Fig. 5,
in which different colored lines represent the evolution of electrons
driven by the different acceleration terms. These electrons are picked
up from nonthermal electrons with energy greater than 50εth at
Ωcit = 5.54 and constitute the bump in the electron energy spectrum.
The rate of energy change is presented in arbitrary normalized units.
The electrons gain energy mainly through the betatron acceleration,

and the first-order Fermi acceleration also makes some contribu-
tions to the electron acceleration during magnetic reconnection.
Meanwhile, the parallel electric field has a deceleration effect on
the electrons. Therefore, the betatron acceleration mechanism is
primarily responsible for the appearance of the bump in the elec-
tron nonthermal energy spectrum. We investigated the acceleration
processes of other nonthermal electrons and came to the same con-
clusion. The duration of the acceleration is short, owing mainly
to the accelerated electrons in the current sheet entering the out-
flow region and no more particles being injected into the current
sheet to maintain the reconnection. Figure 5(b) presents the trajec-
tory of motion of a typical electron. The electrons are first trapped
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FIG. 7. (a) and (b) Spatial distributions of the different acceleration mechanisms
along the dashed (x = 60.8de) and solid (y = 74.1de) lines in (d), respectively.
Light blue, light green, light red, dark blue, dark green, and dark red correspond
to Figs. 6(a)–6(f), respectively. (c) Spatial distribution of electron kinetic energy
density Ue at Ωci t = 5.59. (d) is identical to Fig. 6(e). The yellow lines in (c) and
(d) represent the contours of the electron kinetic energy density.

and accelerated by the electromagnetic field at the plasma bubble
edge and then injected into the current sheet. We believe that the
injection is a necessary preliminary to electron acceleration during
magnetic reconnection. Subsequently, the abruptly enhanced recon-
nection electric field accelerates the electrons in the current sheet.
The betatron acceleration mechanism dominates this acceleration
process. The electrons eventually enter the outflow region and move
along with the relaxation of the reconnected magnetic field or are
ejected at high speed.

To directly quantify and compare the contributions of the dif-
ferent terms in Eq. (2), we integrated all electrons over the entire
region at time points Ωcit = 5.54 and 5.59, as shown in Fig. 6. It is
evident that the three terms in Eq. (2) have different acceleration
and deceleration effects on the electrons in distinct regions. We have
confirmed that the choice of boundary conditions does not affect
the results for the electron acceleration by performing simulations
with different sizes. The acceleration of electrons by the gradient-B
drift occurs mainly in the diffusion region and part of the transi-
tion region. This acceleration is powerful and directly determines the

maximum energy that nonthermal electrons can attain. This strong
betatron acceleration comes mainly from two effects: one is that the
enhanced reconnection electric field leads to the electron vertical
velocity v� being larger than the parallel velocity v∥, and the other
is that there is a large magnetic field gradient within the current
sheet. Both of these enable betatron acceleration to dominate the
electron acceleration process. The parallel electric field in the cur-
rent sheet decelerates the electrons. Compared with gradient drift,
curvature drift has a weak acceleration effect on the electrons in the
current sheet. It should be noted that the magnitude of the accelera-
tion and deceleration driven by the gradient-B drift in Figs. 6(b) and
6(e) is larger by one to two orders of magnitude than that in Figs. 6(c)
and 6(f). Figures 7(a) and 7(b) present the spatial distributions of the
different acceleration mechanisms, allowing an intuitive compari-
son of these mechanisms. In Figs. 7(c) and 7(d), the yellow contours
show that the regions of high-energy electron concentration and
betatron acceleration mostly overlap. Therefore, the betatron accel-
eration dominates the nonthermal electron acceleration process in
the current sheet. In general, the three different mechanisms have
both acceleration and deceleration regions in the current sheet. For
betatron acceleration, the center is mainly a deceleration region,
while the area where electrons are concentrated is an acceleration
region. The solid contours in Fig. 6 are an order of magnitude larger
than the dashed contours, and so we can infer that the electrons are
concentrated within the region enclosed by the solid contours. For
Fermi acceleration, there is a small deceleration region in the center,
and the other regions are mainly acceleration regions. However, the

FIG. 8. (a) and (c) Electron energy spectra from the single- and double-coil sim-
ulations, respectively, at times Ωci t = 0.98–5.7. The black curves denote the
initial electron energy spectrum, and the red dashed line in (c) is a power-law
fit. (b) and (d) Time evolutions of the electron kinetic energy ε along x between
72 ≤ y/de ≤ 80 from the single- and double-coil simulations, respectively.
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spatial distribution of the parallel electric field acceleration regions
is the opposite to that for Fermi acceleration. Therefore, electrons
with different energies undergo different accelerations. This analysis
of nonthermal electrons shows that betatron acceleration dominates
the acceleration process of most nonthermal electrons in the current
sheet.

We also performed two simulations of single-coil (case 2) and
double-coil co-directional (case 3) magnetic fields to demonstrate
that the acceleration of nonthermal electrons does not depend on
the coil current. Figure 8 presents the evolution of the energy spec-
trum and the electron energy spatial distribution over time in cases
2 and 3. In case 2, the energy of electrons around the current gradu-
ally decreases with plasma bubble expansion, and the electron energy
spectrum maintains the profile of a Maxwell–Boltzmann distribu-
tion. In case 3, coils drive co-directional magnetic fields close to each
other. The acceleration of electrons by the ongoing squeeze between
currents is not noticeable. This suggests that the nonthermal elec-
trons being accelerated at Ωcit ∼ 5.5 are not driven by the coil current
in the two-coil simulation, but result from magnetic reconnection.
The two cases further demonstrate that magnetic reconnection can
effectively accelerate electrons.

Parallel electric fields are not always very effective for electron
acceleration in magnetic reconnection, and sometimes they are neg-
ligible. Egedal et al.34 suggested that parallel electric fields provide
electrons with an initial energy boost as they enter the reconnection
region, but have no significant effect on the electron acceleration
in the current sheet during connection. Li et al.35 performed a
detailed study of low-β magnetic reconnection and concluded that
the electron acceleration during reconnection is driven primarily
by curvature drift, while the parallel electric field is negligible for
electron acceleration. However, the parallel electric field is impor-
tant for electron acceleration in turbulent magnetic reconnection.
Ping et al.36 confirmed this conclusion through reconnection exper-
iments and PIC simulations. Our paper focuses on a low-β magnetic
reconnection driven by the coil target, and we have found that the
parallel electric field has a weak deceleration effect on the electrons
in the current sheet, which can be neglected compared with the
betatron acceleration. Chien et al.25 directly observed nonthermal
electron acceleration in a recent reconnection experiment using a
capacitor coil target and combined this observation with PIC simu-
lation results to suggest that the out-of-plane reconnection electric
field dominates the electron acceleration. The experimental results
of Chien et al.25 provide direct evidence for the conclusions of this
paper.

IV. CONCLUSIONS
We have simulated low-β magnetic reconnection driven by a

capacitor coil target using a fully relativistic electromagnetic PIC
code. We have estimated the contributions of different acceleration
mechanisms of electrons and have analyzed the formation of a spec-
tral bump and a nonthermal component of the electron energy spec-
trum. As the magnetic flux accumulates in the diffusion region, some
electrons are captured by the bubble edge and gain an initial energy
boost, which results in the electron power-law spectrum before
reconnection. Then, the electrons inside the current sheet experience
acceleration dominated by betatron acceleration and deceleration
by the parallel electric field during reconnection. The acceleration

of electrons within the current sheet leads to a bump in the elec-
tron energy spectrum and further hardens the spectrum. Finally, the
electrons are trapped by the relaxation of the reconnected magnetic
field when entering the outflow region and cool quickly, which soft-
ens the electron energy spectrum. This describes the whole process
of electron acceleration in low-β magnetic reconnection driven by a
capacitor coil target.

In this work, betatron acceleration dominates the electron
acceleration in the current sheet, while the parallel electric field
acceleration and the first-order Fermi acceleration are negligi-
ble. Some studies37,38 of magnetic reconnection in the geomag-
netic tail have indicated that betatron acceleration is the dom-
inant mechanism of electron acceleration. In the future work,
we shall try to explain the electron acceleration in this case by
improving the present experiments. We also intend to perform
3D simulations to study the low-β magnetic reconnection driven
by a capacitive coil target. The results of such simulations should
provide valuable guidance for the application of the results of
coil magnetic reconnection experiments to astrophysical magnetic
reconnection.
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FIG. 9. These results correspond to the ionic charge Z = 6. (a) The variation of the electron energy spectrum containing the high-energy bump during reconnection. The
dashed line represents the fitted power-law line. (b) The contribution of each acceleration term to the non-thermal electrons. (c)–(e) Show the spatial distribution of the
different acceleration terms.

APPENDIX A: THE DIFFERENT PARAMETERS

We performed two simulations with reference to the para-
meters of Yuan et al.26 and Chien et al.,25 respectively, and the results
as shown in Figs. 9 and 10. The relevant parameters for both simula-
tions are given in Tables II and III. The electron energy spectrum in
all three simulations has a bump, but the spectral indices are slightly
different. The differences in the non-thermal spectral index of the
electrons in these simulations are within the error bars. Coil radius,
coil separation, and current rise time may all contribute to the small
variations in the spectral index. The exact reasons need to be inves-
tigated by further simulations. Figures 9(c)–9(e) and 10(c)–10(e)
show a similar spatial distribution as in Fig. 6, and the accelera-
tion curves for all three simulations indicate that the contribution
of the betatron acceleration is the largest. These results support the
previous conclusion that the betatron mechanism is the dominant
mechanism for electron acceleration during magnetic reconnection.

APPENDIX B: THE SIGN CHANGE OF EZ INSIDE
THE PLASMA BUBBLE

In this section, we will explain the asymmetry and the
sign change of EZ in Fig. 4(d) using the higher time resolution
simulation. Time-dependent currents can generate time-dependent
magnetic fields through Ampere’s law ∇× B = μ0J + ∂D/∂t. Then,
the time-dependent electric field is induced through Faraday’s
law ∇× E = −∂B/∂t. Here, we only care about the Z component
of Ampere’s law in normalized: dEz/dt = (∂By/∂x − ∂Bx/∂y) − Jz .
The external coil current starts to increasing suddenly from 0.5I0
rather than linearly from 0. That’s why electromagnetic waves are
excited at the initial time. We can tell the variation of Ez by
dEz/dt = (∂By/∂x − ∂Bx/∂y) − Jz , and the magnetic field around
the current is unformed when computing this equation for the
first time. Therefore, it is reasonable to simplify it to dEz/dt = −Jz .
It means that we obtain an Ez with a large value. The large Ez ,
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FIG. 10. These results correspond to the ionic charge Z = 18. (a) The variation of the electron energy spectrum containing the high-energy bump during reconnection.
The dashed line represents the fitted power-law line. (b) The contribution of each acceleration term to the non-thermal electrons. (c)–(e) Show the spatial distribution of the
different acceleration terms.

in turn, produces a large Bx and By when solving the equations
dBx/dt = −∂Ez/∂y and dBy/dt = ∂Ez/∂x. The initial wave gradually
decays as it propagates, and the decay time depends on the strength
of the initial wave (in other words, the initial value of Jz). That is

TABLE II. Experimental parameters (Z = 6) and simulation parameters.

Parameters Experiment Simulation

Ion mass mi/me 107 767 400
Ion charge Z 6 1
Temperature T/mec2 0.0002 0.001
Coils radius rc/di 0.07 0.07
c/vA 861 13.4
Plasma β 0.075 0.082
Current rise time Ωcitrise 10.66 5.33
Coils separation distance D/di 0.99 0.99
Ion inertia length di/de 25.3 20

why the spatial field is an oscillating structure in the early times,
while there are no significant oscillations in the later times. To fur-
ther investigate the effect of the initial current, we performed a short
simulation [Figs. 11(b) and 11(d)] where the current increases from

TABLE III. Experimental parameters (Z = 18) and simulation parameters.

Parameters Experiment Simulation

Ion mass mi/me 107 767 400
Ion charge Z 18 1
Temperature T/mec2 0.0002 0.001
Coils radius rc/di 0.12 0.12
c/vA 497 13.4
Plasma β 0.025 0.082
Current rise time Ωcitrise 3.554 1.78
Coils separation distance D/di 1.71 1.71
Ion inertia length di/de 14.6 20
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FIG. 11. Different simulations of EZ and By at Ωci t = 0.015, where Iint is the elec-
tric current at t = 0. (a), (c), (b) and (d) Correspond to two simulations where the
values of Iint are 0.5I0 and 0, respectively. (e) Shows the variation of the elec-
tromagnetic field around the coil with time in the simulation, where the current
increases from 0.5I0.

0 instead of 0.5I0. Figure 11 shows that the initial waves decayed
before Ωcit = 0.015 in the simulation, where the current increases
from 0. The decay process is hard to record because the decay time
is smaller than the time step of the simulation.

When the plasma number density around the plasma bubble is
high enough, the plasma can screen out electromagnetic fields. The
electric field EZ inside the plasma bubble gradually develops into an
irregular structure like Fig. 12(d). There are some specific regions
within the bubble where EZ will increase or decrease, depending on
whether the calculated value of dEz/dt is positive or negative. We
can measure the change in EZ by integrating over the dEz/dt inside

FIG. 12. (a) and (c) Show the electric field EZ at different times. (b) and (d) Is the
change rate of the electric field EZ at different times. The curves in (e) represent
the change of integral Edt = ∬ (dEz/dt)dS/S with time in the circles drawn in (c)
and (d). For example, the solid green line in (e) shows the result obtained in the
solid green ring in (c), and the other curves are similar.

the plasma bubble. Figure 12(e) shows the calculation, with the
integration region being the circular region in Figs. 12(c) and 12(d).
There is a tiny difference in the dEz/dt between the two plasma bub-
bles, which results in a difference between the oscillation phases of
EZ inside plasma bubbles. This results in EZ within the two bubbles
having opposite signs for the period when EZ varies through 0. This
is why the EZ in the two plasma bubbles has an asymmetry similar to
Fig. 5(b).
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