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The dynamics of low-f magnetic reconnection (MR) driven by laser interaction with a capacitor—coil target are reex-
amined by simulations in this paper. We compare two cases MR and non-MR (also referred as AP-case and P-case standing
for the anti-parallel and parallel magnetic field lines, respectively) to distinguish the different characteristics between them.
We find that only in the AP-case the reconnection electric field shows up around the X line and the electron jet is directed
toward the X line. The quadruple magnetic fields exist in both cases, however, they distribute in the current sheet area in the
AP-case, and out of the squeezing area in the P-case, because electrons are demagnetized in the electron diffusion region in
the MR process, which is absent in the P-case. The electron acceleration is dominant by the Fermi-like mechanism before
the MR process, and by the reconnection electric field when the MR occurs. A power-law electron energy spectrum with an
index of 1.8 is found in the AP-case. This work proves the significant potential of this experimental platform to be applied

in the studies of low-f3 astronomy phenomena.
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1. Introduction

Magnetic reconnection (MR) plays an important role
in space and laboratory plasma by determining the topol-
ogy of the magnetic field and releasing the energy stored in
the magnetic field to plasma kinetic and thermal energies,

1-31 coronal mass ejections,*! plan-

such as in solar flares,!
etary magnetospheres,[®°! and laboratory plasmas.['”! Since
the concept of magnetic reconnection was first suggested by
Giovanellil'!'! about 70 years ago, it was widely used to ex-
plain explosive phenomena in space and laboratory plasma and
has always been a hot topic.

In recent years, thanks to the rapid development of high
power-laser technology, magnetic reconnection experiments
in laser-driven high-energy-density (HED) plasmas have been
extensively performed on different laser facilities, including
OMEGA, "l vulcan,['3 and Shenguang-H.[M] In these ex-
periments, the magnetic field configuration is built on the
Biermann battery mechanism through the laser-target interac-
tion process, the generated side-by-side plasma bubbles usu-
ally go through colliding, squeezing, and reconnecting three
steps. Alternatively, insert external magnetic fields generated
by external currents in two laser-generated plasma bubbles
to perform MR. Magnetic field annihilation and outflow jets
discovered in these experiments are regarded as evidences of
MR.[!5] However, the flow-driven MR with the high thermal
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pressure, B = p./(B?/2uo) > 1, in these cases is less rel-
evant to most astronomy phenomena. Experiments on MR
have also been conducted on large dedicated plasma devices,
such as the MRX,'! VTE['7l and Keda linear magnetized
plasma device,!'3! efc. The fundamental physical processes
of magnetic reconnection are further revealed, including test-
ing the Sweet—Parker MHD model,!'”! identifying the ion
diffusion,?°! and electron diffusion!?'! regions. In these ex-
periments, the plasma f3 is less than 1, i.e., MR process is dom-
inant by magnetic pressure, which is similar to the corona and
chromosphere plasma.??) More recently, kinetic simulations
have revealed that MR leads to nonthermal electron accelera-
tion and forms a power-law distribution in the low-f regime,
but not in the high-B regime.>!

A robust low-f experiment platform using high-power
lasers interacting with a double capacitor—coil target com-
posed of two metal coils connecting two metal foils draws
more and more attention recently. The first experiment
was conducted using one coil getting 60 T by Daido et
al. in 1986, further contributions were made by different
groups and until now up to kiloTesla magnetic field has been
achieved.>>2%] With the double-coil target, two parallel coil
currents are driven by the electric potential between the two
target foils generating toroidal magnetic fields, which are an-
tiparallel between the coils allowing MR occurs there. Pei
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et al.'”’! first demonstrated the feasibility of studying low-

B MR using this platform on GEKKO-XII laser facility and
obtained the B ~ 0.016. Thanks to this experiment config-
uration, the direct measurement of the nonthermal electrons
from MR becomes feasible,?® which is limited in the ded-
icated devices like MRX, because of the larger system size
compared to the short mean free path and Debye lengths.

(27291 and kinetic simulations**3!1 depend on

Experiments
this configuration have revealed MR outflow, quadruple mag-
Differ-

ent acceleration mechanisms have been studied theoretically

netic fields, and nonthermal electron acceleration.

and numerically, including direct acceleration of reconnec-
tion electric field where the particles drift along the recon-

[32-34] Fermi

nection electric field following the Speiser orbits,
mechanism that is the particles are reflected in contract mag-
netic island®>3%! or by the moving magnetic field lines>7-38
and gain kinetic energy, betatron acceleration that is the mag-
netized electron is accelerated by the perpendicular induc-
tive electric field generated by the enhancement magnetic
field,3°*!1 and parallel electric field acceleration along the
magnetic fields.[#>~#4]

In this paper, we perform two-dimensional (2D) PIC sim-
ulations to examine MR and non-MR dynamics based on the

1.127] We consider two

experimental configuration by Pei ef a
cases, the magnetic fields generated in the middle region by
two driving currents are antiparallel and parallel, referred to
as AP-case and P-case, respectively, and naturally, there is no
reconnection in the latter case. In the paper of Huang et al.,13]
the simulation of the AP-case has been performed and found
that the electrons are accelerated forming a power-law with
an index of 3. We compare the AP-case and P-case and find
that they both experience expanding and squeezing phases un-
til the AP-case comes to the reconnection stage, and the P-

case still squeezes. In the early stage, the electrons are heated

(a) AP-case capacitor—coil target

Laser beams

(c) P-case capacitor—coil target

\\ Laser beams

(b) Reconnection plane

(d) Squeezing plane

in the same way by the Fermi-like acceleration mechanism in
both cases, and in the later stage the reconnection dominates
the acceleration process in the AP-case, and forms a power-
law distribution with an index of 1.8 based on our parameters.
The comparisons distinguish the features of the AP-case and
P-case, which will help us to understand low-3 phenomena in
astrophysics and guide future laser-driven capacitor—coil ex-
periments.

The experimental scheme and the simulation setup are de-
scribed in Section 2, the simulation results are presented in
Section3, Sections 4 and 5 give discussion and conclusion, re-
spectively.

2. Experimental setup and simulation model

Figure 1(a) shows the experimental scheme of low-f3
magnetic reconnection. The capacitor—coil target is composed
of two nickel disks connecting with two nickel U-shaped
parallel-placed coils, the separation of the disks is ~ 600 pm,
The radius of the
coil-bend and the length of the straight part of the coil are

as well as the separation of the coils.

~ 300 um and ~ 600 wm, respectively. The cross-section of
the coil is ~ 100 pm x 100 pm. The long pulse laser beams go
through the entrance hole (with a diameter of ~ 1600 pm) in
the front disk and interact with the rear disk generating electric
potential which induces intense driving currents in the coils.
Figure 1(c) shows the target of the P-case, where the U-turn
coil currents are antiparallel for which longer coils are used.
Figures 1(b) and 1(d) show the zoomed-in U-turn coils along
with the coil currents, and the reconnection/squeezing planes
which are the simulation domains cross the tips of the coils.
The sampled magnetic field lines show the “push” reconnec-
tion magnetic geometry, i.e., the currents increase rapidly in-
ducing the expansion of the magnetic fields during this phase
in Fig. 1(b), and squeezing magnetic geometry in Fig. 1(d).

Coil currents ¥

Coil currents  y

Fig. 1. Schematics of the experimental setup of the laser-driven capacitor—coil target in (a) the AP-case and (c) the P-case. (b) and (d) Zoomed-in
coil along with the square line box (reconnection/squeezing plane) where is the 2D simulation domain. The black curve lines with the arrows are
the sampled magnetic field lines showing the reconnection/squeezing geometry, only the U-turn part is shown in panel (d).
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We now consider the reconnection simulation in the
(x,y) coordinates using EPOCH PIC code, which uses finite-
difference time-domain method for solving Maxwell’s equa-
tions and particle pusher solves the relativistic equation of
e 145

motion under the Lorentz force for each particle.[*! An ini-

tial uniform background plasma with the electron density of
neo = 1 x 10'8 cm™3 and ion density of njp = 0.17 x 10'8 cm—3
are set, because the laser—target interaction process which is
the source of background plasma in the experiment is not in-
cluded in the simulations. Assuming the coil currents increase
linearly during the laser duration and decay exponentially af-
ter the laser off, the peak current is 45 kA and defined on the
grids in the PIC code, the magnetic fields are generated self-
consistently by solving Maxwell’s equations. The raising time
t= 2!2161 , Where !251 =m;/ZeB is the ion gyrocycle, Z = 6
and the decay time t4 = 7!251 (based on the decay time of
L/R).[4] The simulation parameters are similar with the ex-
periments conducted by Pei ef al.!?’! The particle temperature
is T. = T; = 100 eV, and the peak magnetic field By at the
midpoint of the line connecting the two coil-bend centers is
~S9T, B = pe/(B/20) = nekTe/ (B /2) = 0.012.

The simulation rectangular domain is [—Ly,L,] and
[—Ly,Ly], Ly = L, = 2d,, d; is the ion inertial length. The
grid number is Ny x N, = 1000 x 1000, the size of the grid
is Ax = Ay ~ 2.8 um, cells are typically of the scale of the De-
bye length. Each grid includes 200 particles per species. The
ion-to-electron mass ratio m;/Zme = 100 and the light speed
is ¢ = 20V, Vj is the Alfvén speed which is based on By and
nep. The system adopts the open and conduct boundaries for
particle and electromagnetic fields, respectively. The magnetic
field is normalized by By. A summary of the parameters in the

simulation is given in Table 1.

Table 1. Physical parameters in the PIC simulations. m,, is the proton
mass.

Parameter Estimated values
Ton (Ni) mass m; 58.6934m,,
Ion charge Z 6

1.0x 10" cm™3
0.17 x 108 cm 3

Electron density neo

ITon density njo

Electron and ion temperature 7' 100 eV
Magnetic field By 59T

Radius of the coils R 300 pm

Coil separation distance D 600 um

Ion inertial length d; 705 pm

Ion gyrofrequency jo 0.6 x 10%/s
Alfven speed V 405 km/s
Plasma f3 ~0.012

Two different cases are considered for comparison in this

paper, one is the reconnection case with the parallel driving

currents in the z direction, MR occurs in the middle zone,
which is referred to AP-case. In contrast, the non-reconnection

case (P-case) has antiparallel driving currents.

3. Simulation results

Firstly, we reexamine the dynamics of the MR process
in the AP-case, figure 2 shows the evolutions of the mag-
netic field B/By and current density J,/eneoVa at Qi =
0.5,1.2,2.2, and 2.5. As the driving currents rise, the magnetic
bubbles expand pushing the initial plasma outwards, and out-
of-plane currents J; are generated by J = V x B/ at the edge
of the magnetic bubbles. When the two magnetic bubbles col-
lide and squeeze with each other, a current sheet forms in the
middle of the two bubbles. When the width of the current sheet
becomes thin enough, ~ 0.2d;, magnetic reconnection occurs,
and a single X line forms in the current sheet. With the pro-
ceeding of the MR, the current sheet tears up and becomes ex-
panding. The reconnection process lasts about 0.7!25l . Based
on the evolution of the current sheet, the whole process in the
AP-case can be divided into four phases, the magnetic bub-
bles expand roughly at Qjot = 0.0 ~ 1.0, collide and squeeze
at Q;ot = 1.0 ~ 1.6, reconnect at Q;of = 1.6 ~ 2.3, and end
after Q;ot = 2.3 in the AP-case.

S I

x/d,
]
1 2 -6 —4 =2 0
B/B, J/en V,

Fig. 2. The magnetic field B/By and the current density J,/eneoVa at
(a) Qi = 0.5, (b) Qipt = 1.2, (¢) Qjpt = 2.2, and (d) Qjot = 2.5 in the
AP-case. The black in-plane magnetic field lines are also plotted in the
figures for reference.

Figure 3 shows the time evolutions of the reconnected
magnetic flux ®@p/Bod; = [ B x dl/Bod;, where d! is the line
element of the integration path (y = —2 ~ 2d;, x = 0), and the
reconnection rate d ®p/dt in the AP-case and P-case. The re-

connection rate reaches the max at Q;or = 2.3. However, it
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is clear that there is no reconnection takes place in the P-case,
only squeezing and magnetic field enforcement occur between
the bubbles, thus the reconnection rate and the reconnected

flux are nearly O during the whole time.

—— mfin AP-case
0.25 — mrin AP-case 0.4
0.20 03
~ -
- IS
Q 0.15
N 02 8
0.10
0.05 0.1
0 0
0 1 2 3
Q1

Fig. 3. The time evolutions of the reconnected magnetic flux (mf) ®g/Bod;
and the magnetic reconnection rate (mr) d ®p/dt in the AP-case.

In order to distinguish the different characters between
the AP-case and P-case, we compare a set of quantities in-
cluding the magnetic field B/By, out-of-plane electric field
E./VaBy, out-of-plane magnetic field B;/By, current density
in the y direction J,/encoVa, and temperature 7./Tp at two
different times Qjor = 1.2 and 2.2, respectively, as shown in
Figs. 4 and 5.

(@) @)

-2 -1 0 1 2-2 -1 0 1 2
x/d, x/d,

Fig. 4. Comparisons between the AP-case (left column) and the P-case
(right column) at the squeezing stage at ;¢ = 1.2 for (a) magnetic field
B/By, (b) electric field in the z direction E;/VaBy, (c) out-of-plane mag-
netic field B /By, (d) current density in the y direction Jey/encoVa, and (e)
electron temperature T./T(. The black in-plane magnetic field lines are also
plotted in the figures for reference.

At the time of Qjpr = 1.2, i.e., the squeezing phase, all
the qualities in both cases are very similar. We can see that the

electrons are heated because of the resulting motional electric

field when they are reflected between the magnetic bubbles,
which is known as the Fermi-like mechanism. At the time of
Qjot = 2.2, the X-type reconnection is taking place in the AP-
case, and an out-of-plane electric field is generated around the
X line. In contrast, the magnetic bubbles are still squeezed by
each other enforcing the magnetic field strength, and the out-
of-plane electric fields between the bubbles are cancelled out
by each other in the P-case. The out-of-plane electric fields in
the bubbles are induced by —v x B, where v is the velocity of
the magnetic lines. The magnetic bubbles expands/contracts
because of the increasing/decreasing of the driving currents,
which results the different directions in the out-of-plane elec-
tric fields in the bubbles.

T2 2-2 —1 0
x/d,

Fig. 5. Comparisons between the AP-case (left column) and the P-case
(right column) at ;¢ = 2.2 for (a) magnetic field B/By, (b) electric field in
the z direction E;/VaBy, (c) out-of-plane magnetic field B, /By, (d) current
density in the y direction Jy /encoVa, and (e) electron temperature T, /Tp.
The black in-plane magnetic field lines are also plotted in the figures for
reference.

In Fig. 5(c), the quadruple magnetic fields show up in
both cases. From the time evolution of the simulations, the
quadruple fields become more and more intense after the MR
takes place, and distribute in the current sheet area in the AP-
case. In the P-case, the quadruple fields are less intense and
only distribute out of the squeezing area. The ions between
the two bubbles are easily demagnetized when two bubbles
collide in both cases, due to the large mass. However, the
electrons are magnetized all the time except in the electron
diffusion region in the reconnection case. Thus, the electrons
are decoupled with the magnetic field lines in the current sheet
in the AP-case, and the outflow electrons cause stronger net
electron currents, which induce stronger quadruple fields. Al-
though the quadruple fields can not be treated as the direct
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criterion of MR, the observation of quadruple fields in the col-
lisionless regime indicates Hall effects, which have been ver-
ified to speed up the reconnection rate.*’! Another important
characteristic of magnetic reconnection is electron outflow in-
dicated by current density J.,, which is directed to the X line
in the outflow regions and be outside the peaks of the quadru-
ple fields*8) in the AP-case. The reason for the formation of
Jey is the rapid movement of the magnetic field lines away

from the current sheet, and the electrons in the outflow regions

are continuously bounced.*”! Electron outflow has been ver-
ified as a criterion for reconnection in both simulations and

(49501 There is no current density in the P-case

experiments.
where no MR occurs. The fluctuations with alternate posi-
tive and negative values at the edge of the magnetic bubbles
shown in Figs. 4(c), 4(d) and 5(c), 5(d) are probably caused
by Weibel instability which is similar to the process found in

Ref. [39].

— =050,
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Fig. 6. The velocity distributions (vy, vy, v;) of the electrons at the location of x = —0.1 ~ 0.1d;, y = —1.0 ~ 1.0d; for the AP-case and P case at (a)-(c)

Qiot = 0.5, (d)—(f) Qipt = 1.2, and (g)-(1) 2ot =2.2.

In Fig. 5(e), we can see that the electron temperature in
the current sheet is higher in the AP-case than P-case, which
is because the electrons are heated mainly by the Fermi-like
mechanism in the P-case. However, in the AP-case reconnec-
tion electric field makes an additional contribution. Figure 6
shows the distributions of the electron velocities vy, vy, and
v, at Qpt = 0.5, Q;pt = 1.2, and Qjpt = 2.2 at the location of
x=-0.1~0.1djandy=—1.0 ~ 1.0d;. At Qipt =0.5, we can
see that the velocity distributions in three different directions
are overlapped with each other in both cases, and obey Gaus-
sian distribution because at the early expanding stage electrons
are barely heated. As the magnetic bubbles squeeze each other,
they are mainly heated by the Fermi-like mechanism in both
cases as mentioned before, as shown in Figs. 6(d), 6(e), and
6(f). Note that v, distribution is different in the AP-case and
P-case, as shown in Fig. 6(f), because of the different electrons
movements. The electrons are energized by the resulting mo-
tional electric field when they bounce between the bubbles, as

shown in Figs. 7(a) and 7(b). The electrons obtain a net move-
ment in the z direction in the AP-case, as shown in Figs. 7(c),
7(e), and 7(g), the velocity v, is positive all the time. However,
the electrons oscillate back and forth in the z direction in the
P-case, as shown in Figs. 7(d), 7(f), and 7(h), and the velocity
alternates between negative and positive, this is similar to the
process studied in Ref. [37]. The small circles show the picks
of v, and the corresponding positions. Based on the knowledge
of electron movement in the magnetic field we know that the
v, in Figs. 7(c), 7(e), and 7(g) decreases after the rebounded by
the magnetic field lines, because part of the velocity converts
to v, during the electron gyromotion, and in Figs. 7(d), 7(f),
and 7(h) the velocity changes between positive and negative,
because the electron moves in the opposite directional mag-
netic fields. As the reconnection proceeds, the electrons flow
out of the current sheet region and are heated in the y direction.
The out-of-plane electric field around the X line generated dur-
ing the reconnection process accelerates electrons causing a
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tail in the AP-case, as shown in Fig. 6(i). Figures 8(a), 8(c)
and 8(b), 8(d) show the typical electron trajectories in the AP-
case and P-case during Qjot = 1.2 ~ 2.2. Figure 8(e) shows
the tracked electron energy versus time. The electron energy
increases fast after arriving at the out-of-plane electric field in

the AP-case. In the P-case, there is no reconnection electric
field generated, only electron bouncing between the magnetic
field lines, thus the electron gains little energy, which confirms
the contribution to the electric acceleration from the reconnec-
tion electric field during the MR process.

0.5

0.5

—0.5 —0.5
—0.5 —0.5
4 E
() a5k (D (e)
>< L
= ot = 9 32
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Fig. 7. Typical trajectories of three thermal electrons during Qjor = 0.5 ~

1.2 in (a) the AP-case and (b) the P-case, and the magnetic field lines and the

out-of-plane electric field at ;o = 1.2 are plotted for reference. (c)—(h) The electron velocity v, versus time of the tracked electrons in panels (a) and (b).

The small circles represent the picks of v, of the tracked electrons in panels
black star represents ;o = 0.5.

(c) and (d), the corresponding positions in panels (a) and (b), respectively. The

—1.0 . —1.0 .

—1.0 0 1.0 ~1.0 0 1.0

x/d, x/d,
0.7
d) (e)
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Fig. 8. Typical trajectories of nonthermal and thermal electrons during £;pt = 1.6 ~ 2.2 in (a) the AP-case and (b) the P-case, respectively, and the magnetic
field lines and the out-of-plane electric field at £yt = 2.2 are plotted for reference. Panels (c) and (d) show the zoomed views of the dashed black squares in

panels (a) and (b). (e) The red and green lines are the electron energy versus
black star and green dot represents £2;ot = 1.6 and 1.8, respectively.
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Figure 9(a) shows the electron energy spectra counting
the electrons at Q;ot = 0.5, Q;ot = 1.2, and Q;pt = 2.2 at the
location of x = —0.1d; ~ 0.1d; and y = —1.0d; ~ 1.0d; in the
AP-case and the P-case. The population of the energetic elec-
trons becomes larger and larger with the MR proceeding in the
AP-case as shown in Fig. 9(b) and forms a power-law distri-
bution with an index of 1.8 at Q;of = 2.2. For the P-case, the
electron energy spectrum at Q;pf = 1.2 includes more ener-
getic electrons than €;pf = 0.5 because of the Fermi-like ac-
celerated, and also more than that at Q;pt = 2.2, which is due
to part of the electrons flowing out of the counting zone with
the time evolution. Therefore, here we can conclude that the
reconnection electric field dominates the electron acceleration
of the power-law distribution, not the Fermi-like mechanism.
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Fig. 9. (a) The electron energy spectrum for the AP case and the P-case at
Qjot = 0.5, 1.2, and 2.2, respectively; (b) the electron energy spectrum for
the AP-case at Q;pr = 1.0, 1.2, 1.6, 1.8, 2.0, 2.1, and 2.2, at the location of
x=—0.1d; ~ 0.1d;, y = —1.0d; ~ 1.0d;.

4. Discussion

Laser interacting with a double capacitor—coil target is
proved to generate up to kiloTesla magnetic field.[>>>! Such
a strong external magnetic field has broad potential applica-
tions to many subjects besides magnetic reconnection, such as

(321 plasma magneto-

guiding and controlling charged particle,
hydrodynamics study,>?! relaxing the requirements for fusion
ignition,’*>! generation of high-power circularly-polarized
laser pulses, ! mitigation of stimulated Raman scattering in-
stability in ICFP7] or laser amplification via magnetized low-

[58]

frequency scattering,>®! etc.

The acceleration mechanisms of the nonthermal electron
and the formation of a power-law spectrum have been central
topics in magnetic reconnection studies. Fermi-like and recon-
nection electric field mechanisms both are proved to play es-
sential roles in energizing particles and forming a power-law
spectrum.3%3°-01 In this paper, we address the acceleration
of the nonthermal electrons is dominated by the electric field
generated in the reconnection of the laser interaction with the
capacitor—target, excluding the effect of the Fermi-like mech-
anism. However, for the MR in the HEDP regime, where two
interaction plasma bubbles are generated by laser irradiating a
plane target, the reconnection is mainly flow-driven and f is

1,139 the Fermi-like acceleration is also im-

always larger than
portant for the generation of energized electrons. Because this
regime always leads to a higher initial electron energy which
causes a stronger Fermi effect than ours which is low 8 and
magnetically driven.3’! There are studies arguing that some
loss mechanism is needed to balance the energy gain for form-
ing a power-law distribution in a system.*-!l The simpli-
fied power-law spectral index model is ~ 1+ (0 Tesc) ~!, where
a=de/drx £ 1 is the acceleration rate, where € is the particle
energy, Tesc ~ L/Vy is the escape time, L is the characteristic
length, V4 is the Alfvén speed.!>®! Alfvén speed characterizes
the outflow speed which affects the energy loss when particles

flow out of the system.

5. Conclusions

In this paper, we perform 2D PIC simulations for studying
dynamics of MR and non-MR, respectively, based on laser-
driven capacitor target. Through the comparisons, we find
that the quadruple fields exist in both cases, however, in the
AP-case electrons are demagnetized in the electron dissipa-
tion layer causing stronger quadruple fields in the current sheet
area, and in the P-case the quadruple fields are at the area out
of the squeezing region. The electrons outflow is believed as
an important feature for MR, and cannot be obviously found in
the P-case. During the squeezing stage, electrons are mainly
accelerated by Fermi-like mechanism, the reconnection elec-
tric field dominates the nonthermal acceleration with the MR
proceeding and forms a power-law spectrum with an index of
1.8. The experimental setup we proposed provides more pos-
sibilities to study the similar low-f3 magnetic reconnection in
astronomy.
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