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In this paper, we propose an experimental scheme to fulfill magnetically driven reconnections.
Here, two laser beams are focused on a capacitor-coil target and then strong currents are wired in
two parallel circular coils. Magnetic reconnection occurs between the two magnetic bubbles cre-
ated by the currents in the two parallel circular coils. A two-dimensional particle-in-cell simulation
model in the cylindrical coordinate is used to investigate such a process, and the simulations are
performed in the (r,z) plane. The results show that with the increase of the currents in the two
coils, the associated magnetic bubbles expand and a current sheet is formed between the two bub-
bles. Magnetic reconnection occurs when the current sheet is sufficiently thin. A quadrupole struc-
ture of the magnetic field in the 6 direction (By) is generated in the diffusion region and a strong
electron current along the r direction (J,,) is also formed due to the existence of the high-speed
electron flow away from the X line in the center of the outflow region. Because the X line is a circle
along the 0 direction, the convergence of the plasma flow around » = 0 will lead to the asymmetry
of J. and By between the two outflow regions of magnetic reconnection. Published by AIP
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I. INTRODUCTION

Magnetic reconnection not only provides a physical
mechanism for fast conversion from magnetic energy to
plasma kinetic energy, but also can accelerate and heat
charged particles and produce energetic particles.'™® It is
generally accepted that magnetic reconnection is the key to
unveil the mystery of explosive phenomena in space plasma,
like solar flares and substorms in the earth’s magneto-
sphere.”” ' Therefore, magnetic reconnection has always
been a hot topic in space plasma since the first physical
model was proposed in 1950s independently by Sweet and
Parker."!!

Besides satellite observations, well-designed laboratory
experiments provide another experimental platform to study
magnetic reconnection.'” For example, MRX (Magnetic
Reconnection Experiment) has made much progress on the
structures of the ion diffusion region and associated plasma
waves with magnetic reconnection.'*>'* Recently, a magnetic
reconnection experiment has been realized in high-energy-
density laser-driven plasmas.”>™® In such an experiment,
magnetic reconnection occurs between two expanding
plasma bubbles with the azimuthal magnetic field. The
plasma bubbles are created by two closely focused laser
beams on a plane foil target, and the azimuthal magnetic
field is self-generated through a noncollinear electron density
and temperature gradient. The expanding speed of the
plasma bubbles is usually several times of the sound speed
and the plasma beta is ~10.'"">* Therefore, the expanding
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speed is much larger than the Alfven speed, and the process
of interaction between the plasma bubbles can be roughly
separated into two stages: in the first stage, the two plasma
bubbles expand quickly and collide with each other, which
leads to the enhancement of the magnetic field in the inflow
region and the acceleration of energetic electrons mainly due
to Fermi and betatron mechanisms; in the second stage, the
magnetic field lines from the plasma bubbles begin to recon-
nect and energetic electrons are mainly produced due to the
reconnection electric field in the vicinity of the X line.”
Magnetic islands may be generated due to the tearing mode
in the second stage when the formed current sheet is suffi-
ciently thin,lg’20 and electrons will suffer further acceleration
when trapped in these islands,>*** which has also been dis-
cussed before during reconnection in a Harris current
sheet.”>?® When the expanding speed is sufficiently large,
the spectrum of energetic electrons at higher energy has a
power law distribution.*’

Recently, kinetic simulations of magnetic reconnection
have revealed that energetic electrons tend to be accelerated
with more efficiency with the decrease of the plasma beta
and produce a power law distribution.?®° Fulfilling experi-
mental magnetic reconnection in a laser-driven plasma with
a low beta is now attracting more and more attention. One
way is to drive two plasma plumes prefilled with a low-
density background plasma and the external magnetic field
by two plasma bubbles created by two closely focused laser
beams on a plane foil target, and magnetic reconnection
occurs when the external magnetic field embedded in the
two plumes has an opposite direction.’® Another way is to
wire two parallel coils with parallel currents by focusing
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laser beams on a capacitor-coil target that comprises two par-
allel metallic foils, and magnetic reconnection occurs
between two magnetic bubbles created by the currents in the
two parallel coils.’' Generating a magnetic field using a
laser-powered capacitor-coil target was firstly carried out by
Daido et al. in 1986,32 where the measured magnetic field
can be up to 60T at the center of a one-turn coil. The ampli-
tude of the generated magnetic field with such a technique
was measured to be from tens of tesla to kilotesla.>*>?
Thanks to the progress, it becomes feasible to study recon-
nection in a low beta plasma using a laser-powered capaci-
tor-coil. Pei et al®' demonstrated a plasma device for
experimental magnetic reconnection between two plasma
plumes with the magnetic fields created by two parallel U-
turn coils, which are driven by irradiating Gekko XII lasers
for a double-turn Helmholtz capacitor target, and they
observed an accumulation of plasma plume in the outflow
region.

Here, in this paper, we propose a new experimental
scheme to fulfill magnetic reconnection, which is magneti-
cally driven by two parallel circular coils powered by irradi-
ating lasers to a capacitor target. Different from Pei ef al.,’’!
here, we use two circular coils, instead of U-turn coils, to
drive magnetic reconnection. In our scheme, the driven
reconnection has an axisymmetric and primarily two-
dimensional (2-D) geometry. It allows better plasma confine-
ment via the periodic boundary condition in the toroidal
direction and more efficient particle acceleration. We also
investigate the corresponding characteristics of the proposed
reconnection with a 2-D particle-in-cell (PIC) simulation
model in the cylindrical coordinate. The experimental
scheme and the simulation model are described in Sec. II.
Section IIT presents the simulation results and we give the
summary and discuss the simulation results in Sec. IV.

Il. EXPERIMENTAL SCHEME AND SIMULATION
MODEL

We propose a new experimental scheme, where mag-
netic reconnection occurs between two laser-powered paral-
lel coils. The scheme is shown in Fig. 1. Two laser beams
are focused on the capacitor-coil target, which has two con-
necting circular coils in parallel to each, and they will propa-
gate through the laser entrance holes on the front plate and
focused on the back-plate foil. One particular addition is that
there is a rectangular spacer between the two plates to block
the plasma expanding into the reconnection region. The elec-
trical potential generated by hot electrons leaves the back
plate and streams onto the front plate. The coils are then
wired and drive strong currents in the two parallel circular
coils. As a result, an axisymmetric magnetic reconnection
geometry of anti-parallel magnetic fields will be created,
with a circular toroidal current sheet between the two circu-
lar coils. Before the magnetic fields are induced in the coils,
a low-density tenuous plasma will be filled in the coil region
by irradiating a low-intensity laser onto a foam target.

A 2-D PIC simulation model in the cylindrical coordi-
nate is used in this paper to investigate such kind of magnetic
reconnection and the simulation is performed in the (r,z)

Phys. Plasmas 25, 052104 (2018)

«—Laser Beam

ey
, 3

Laser Beam

FIG. 1. Proposed experimental scheme for axisymmetric magnetic recon-
nection using the laser-driven capacitor-coil targets. The dashed line box is
the simulation domain.

plane, as shown in Fig. 2. The particles move in the (r,z)
plane and their velocities have three components (v,, v, vg).
The electromagnetic fields also have three components and
their derivative along the 0 direction is zero (9/00 = 0). The
conducting boundary condition is used for electromagnetic
fields in both the r and z directions, while particles are
assumed to be reflected into the simulation domain when
they leave the boundaries in both the r and z directions. The
three-dimensional (3-D) effects, such as the kink mode in the
0 direction, cannot be considered in our simulation model.
The experimental parameters are assumed to have the
following values: the radius of the coils is R = 300 um and
the distance between the two coils is D = 500 um. The shape
of the wire is a square with the side length /= 50 um.

FIG. 2. The cylindrical coordinate used in the 2-D PIC simulation model,
which is performed in the (r, z) plane.
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Because the side length of the square is much smaller than
both the distance between the two coils and the radius of the
coils, the effects of the exact shape of the wire on the result-
ing magnetic reconnection are negligible. The background
electron density is n, = 1 X 10 cm=? and the ions and
electrons have the same temperature, which is
T.o0 = Tip = 200eV. The target mixes 50% C and 50% H, the
ion mass expressed in units of the proton mass is
A =m;/m, = 10, and the average ionic charge is Z =5.
Therefore, the background ion density 79 = 2 x 10" cm™3
and the ion inertial length is d; ~ 320 um. Recently, Fiksel
et al*® proposed a model to estimate the evolution of the
current in a laser-powered coil based on the laser parameters,
and it can be roughly considered to have two stages: a linear
increase in the peak, followed by exponential decay. In our
simulations, we simply use such a kind of evolution of the
current in the coils as a parameter, instead of the laser
parameters. The peak current is assumed to be /o = 30kA in
our simulations. Such a current can produce the magnetic
field and the amplitude is By = 24T at the distance D/2
from the center of the wire. The electron plasma beta is
Beo = 21000k T o0 /B% ~ 0.125. The details of these physical
parameters are listed in Table I. According to these parame-
ters, the estimated electron mean free path is about 600 pum,
which is larger than the measured width of the current layer.
Therefore, the plasma can be considered as collisionless and
modelled with PIC simulations.

In our simulation, the domain size is [—L.,L.]
x[=Ly,L;]. L. = 3d; and L, = 4d; (where d; is the ion iner-
tial length based on nj). The grid number is N, X N,
= 300 x 400 and the grid size is Az = Ar = 0.02d;. The ion-
to-electron mass ratio Zm;/m, is 100 and the light speed is
¢ =20V, (where V, is the Alfven speed based on By and
n;p). We choose the radius of the coils as R = 1.0d; and the
distance between the two coils D = 1.67d;. The current is
divided into external current and plasma current. The exter-
nal current is defined on the grids corresponding to the coils
and varies with time and the plasma current is calculated by
counting particles. Cubic interpolation is used to deposit
charge and current. If there is no explicit statement, the lin-
ear rising time of the current in the coils is T, = 291{)1 and
the exponential decay time is T; = 69151. The initial ion and

TABLE I. Estimated physical parameters.

Parameter Estimated values
Tons CH (50% C and 50% H)
Average ionic charge Z 5

1x10%cm™3
2% 107 em™

Background electron density 7,0
Background ion density 7y

Temperature T, = T; 200 eV
Magnetic field By 24T
Radius of the coils R 300 um
Distance between the two coils D 500 pum
Ion inertial length d; 320 um
Ton gyrofrequency 1.15 x 10° /s
Alfven speed V4 371 km/s
Electron plasma beta f3, 0.125
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electron temperatures are T,0 = Tjp = 0.016m,c%. The time
step is At = O.OOOlQiB1 (where Qjy = ZeBy/m; is the ion
gyrofrequency). The initial plasma density is assumed to be
uniform and 200 particles per species in a grid for n;y are
employed in the simulations.

lll. SIMULATION RESULTS

Figure 3 shows the magnetic field B and the electron cur-
rent in the 0 direction J,9 at Q;ot = (a) 1.0, (b) 2.0, (¢) 3.0,
and (d) 6.0. With the increase in the current in the coils, the
produced magnetic field forms two separated bubbles, which
expand continuously. During the expansion of the two bub-
bles, the electron current in the 6 direction is generated at the
edge of the bubbles, where the electrons are accelerated by
the resulting motional electric field. Such a process is similar
to the acceleration of the reflected particles by a shock
front.*” Then, at about Qiot = 2.0, a thin current sheet is
formed between the two bubbles. At last, the magnetic field
lines from the two bubbles reconnect at about Q;yt = 2.7.
The whole process can also be clearly depicted in Fig. 4,
which plots the time evolution of the (a) magnetic flux func-
tion @g, (b) magnetic field B and (c) electron current in the 0
direction J,y along r = 1.0, which crosses the X line when
magnetic reconnection occurs between the magnetic field
lines from the two bubbles. A thin current sheet with the half
width of about 0.2 d; begins to form between the two plasma
bubbles at about Q;or = 2.0, and it lasts about I.OQIBI. Then,
with the progression of magnetic reconnection, the current
sheet becomes wider and wider and the diffusion region
around the X line also expands.
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FIG. 3. The magnetic field B/B and the electron current in the 0 direction
Jeo/engva at Qipr = (a) 1.0, (b) 2.0, (c) 3.0, and (d) 6.0.
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FIG. 4. The time evolution of the (a) magnetic flux function ®g/Bod;, (b)
magnetic field B/By and (c) out-of-plane electron current density J.g/engva
along r = 1.0, which crosses the X line.

Figure 5 exhibits the distributions of (a) the magnetic
field in the 0 direction By, (b) the electric field in the 0 direc-
tion Ey, and (c¢) the electron current in the r direction J,, at
Q,ot = 3.0. The reconnection electric field can be obviously
identified in the vicinity of the X line. A quadruple structure
of By exists around the X line and the electron current J,, is
directed toward the X line in the outflow region. The genera-
tion of J, in the outflow region is attributed to the fast
motion of the magnetic field lines away from the X line. The
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FIG. 5. The distributions of (a) the magnetic field in the 0 direction By/By,
(b) the electric field in the 0 direction Ey/v4By, and (c) the electron current
in the r direction J,, /engvs at Q;or = 3.0. Here, the magnetic field lines are
plotted for reference.
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electrons in this region are reflected and then accelerated by
the motional electric field that resulted from the fast motion
of the magnetic field lines. A similar acceleration process
has been thoroughly studied by Lu er al.*® The speed of the
corresponding electron jet in the radially outer outflow
region is estimated to be about 6.0 V4, while the speed is
about 4.5 V4 in the radially inner outflow region. The speed
of the electron jet in the radially outer outflow region is
larger than that in the radially inner outflow region, and the
situations of By and Ey are similar, where their values are
larger in the radially outer part than those in the radially
inner part. This is caused by the convergence of the plasma
flow around r = 0, which leads to the asymmetry of J,, and
By between the two outflow regions.

Figure 6 plots the time evolution of the electron energy
spectrum from Q;ot = 0 to 3.05. Here, magnetic reconnection
occurs at about Qo = 2.7. Obviously, with the progression
of magnetic reconnection, the population of energetic elec-
trons increases rapidly. Finally, these energetic electrons
form a power-law distribution with an index of about 3 at
Qjot = 3.05 and the most energetic electrons can be acceler-
ated to more than 60 times the initial thermal energy.

We also investigate the effects of the rising time of the
current in the coils on magnetic reconnection between the two
bubbles by keeping the peak current in the coils as
Iy = 30kA. Figure 7 shows the time evolution of (a) the
reconnected magnetic flux @ /Bod;, (b) the half width of the
electron current sheet d/d;, (c) the maximum of the electron
current density |J,9|/enova, and (d) the reconnection rate
O0®g /Ot when the rising times of the current in the coils are
QT = 1.0, 2.0, 3.0, 4.0 and 5.0, respectively. The five verti-
cal dotted lines represent the start time of magnetic reconnec-
tion T,,. Here, the full width at half maximum of the current
sheet formed when the two magnetic bubbles approaching
each other is regarded as the half width of the current sheet.
Magnetic reconnection can only occur after the half width of
the formed current sheet because the squeezing between the
two magnetic bubbles is sufficiently small (around 0.1 d;). For
the cases with the rising time of the current in the coils
QiT, = 1.0 and 2.0, where magnetic reconnection occurs
after the current in the coils reaches its peak, the width of the

0.1 1.0

10.0 100.0

/KT,
FIG. 6. The electron energy spectrum at ;z = (a) 0, (b) 1.2, (c) 2.0, (d) 2.8,

(e) 2.9, () 2.95, (g) 3.0, and (h) 3.05. The full black line represents a power-
law with an index of 3.
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FIG. 7. The time evolution of (a) the reconnected magnetic flux ®p/Byd;,
(b) the half width of the electron current sheet d/d;, (¢) the maximum of the
electron current density |J.g|/engva, and (d) the reconnection rate 9®p /0t
when the rising times of the current in the coils are Q;07, = 1.0, 2.0, 3.0, 4.0
and 5.0, respectively. The five vertical dotted lines represent the start time of
magnetic reconnection in each case.

current sheet at first decreases linearly, and then the decrease
slows down until magnetic reconnection occurs. For the cases
with the rising time Q;y7, = 3.0, 4.0, and 5.0, where magnetic
reconnection occurs before the current in the coils reaches its
peak, the width of the current sheet decreases linearly until
magnetic reconnection occurs. In general, with the increase in
the rising time, magnetic reconnection occurs later. However,
if normalized by the rising time, the occurrence time of mag-
netic reconnection becomes earlier with the increase in the ris-
ing time (shown as Table II), and the reconnected flux and the
reconnection rate also become larger. The reason is that the
shorter rising time will result in a faster expansion of the mag-
netic bubbles. During the expansion, particles are reflected
and accelerated by the magnetic bubbles; they can also get
Fermi acceleration when trapped between the two approach-
ing bubbles,** and the acceleration will be more significant
when the expanding speed becomes larger.?” This process will
lead to a stronger dissipation of the magnetic energy and
smoothens the magnetic gradient in the reconnection
upstream. The reconnection rate normalized by the upstream
Alfven speed is about 0.1-0.8 in these cases, in agreement
with previous studies.”®*!

IV. CONCLUSIONS AND DISCUSSION

A new experimental scheme for magnetically driven
reconnection is proposed in this paper and 2-D PIC simula-
tions in the cylindrical coordinate are performed to study

TABLE II. Time when magnetic reconnection occurs.

QT, 1 2 3 4 5
QT, 2.57 2.66 3.18 3.82 4.43
Tp/T, 2.57 1.33 1.06 0.955 0.886
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such kind of magnetic reconnection. Two magnetic bubbles
are created by the currents in the two parallel coils and
expand with the increase in the currents. When the two bub-
bles approach and squeeze each other, a thin current sheet is
formed between them. Magnetic reconnection occurs when
the current sheet is sufficiently thin. The reconnection elec-
tric field and the quadrupole Hall magnetic field in the vicin-
ity of the X line, as well as high-speed electron jets in the
outflow regions and energetic electrons with a power-law
spectrum, are observed during magnetic reconnection. Also,
we find that the high-speed jets and the Hall magnetic field
are stronger in the radially outer outflow region than those in
the radially inner outflow region because now the radially
inner flow is blocked due to the plasma convergence around
r = 0. A similar asymmetry has been reported in Inomoto
et al** In their experiment, the symmetry breaking resulted
from the Hall effect associated with the toroidal field, which
is different from that in our simulations.

In summary, the experimental scheme proposed in this
paper may provide a new platform to study magnetic recon-
nection and some new characteristics are revealed with a 2-
D PIC simulation model. We hope that the scheme can be
experimentally realized in the future and reveal more physi-
cal characteristics about magnetic reconnection.
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