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Three-dimensional fast magnetic reconnection driven by relativistic ultraintense femtosecond lasers

Y. L. Ping,l’* Y. Zhong,1 Z. M. Sheng,z’S X. G. Wang,3 B.Liu,* Y. T.Li,> X. Q. Yan,>* X. T. He,* J. Zhang,z’5 and G. Zhao!-f
Key Laboratory of Optical Astronomy, National Astronomical Observatories, Chinese Academy of Sciences, Beijing 100012, China
2Key Laboratory for Laser Plasmas (MOE) and Department of Physics and Astronomy, Shanghai Jiao Tong University,

Shanghai 200240, China
3State Key Laboratory of Nuclear Physics and Technology, School of Physics, Peking University, Beijing 100871, China
4Center for Applied Physics and Technology, Peking University, Beijing 100084, China
3Beijing National Laboratory of Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100080, China
(Received 19 July 2012; revised manuscript received 12 June 2013; published 7 March 2014)

Three-dimensional fast magnetic reconnection driven by two ultraintense femtosecond laser pulses is
investigated by relativistic particle-in-cell simulation, where the two paralleled incident laser beams are shot
into a near-critical plasma layer to form a magnetic reconnection configuration in self-generated magnetic fields.
A reconnection X point and out-of-plane quadrupole field structures associated with magnetic reconnection
are formed. The reconnection rate is found to be faster than that found in previous two-dimensional Hall
magnetohydrodynamic simulations and electrostatic turbulence contribution to the reconnection electric field
plays an essential role. Both in-plane and out-of-plane electron and ion accelerations up to a few MeV due to the

magnetic reconnection process are also obtained.
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Magnetic reconnection (MR) [1,2] occurs widely in fast
energy release processes such as in solar flares [3,4], coronal
mass ejections, interaction of solar and magnetosphere [5],
certain explosive astrophysical events [6], and fusion plasma
instabilities [7]. Moreover, the relativistic magnetic recon-
nection may play an important role for energy conversion
in relativistic objects, for example, hard x-ray and higher
energy spectrum bursts in solar flares [8], pulsars [9], gamma-
ray bursts [10], and active galactic nuclei [11]. With the
development of high energy and high power long lasers, there
is an increasing interest to investigate this kind of process in the
laboratory [12-15]. Related two-dimensional particle-in-cell
(2D PIC) simulation has been carried out with preassumed
laser-produced plasma bubble structures [16].

These laser-driven MR configurations were realized with
magnetic fields typically at the mega-gauss (MG) level
produced by nonparallel temperature and density gradients
[12—-15], which are located near the target surface. On the other
hand, it is well known that the intensive quasistatic magnetic
fields over 100 MG can be generated by the relativistic intense
lasers interacting with plasma, as shown numerically [17-19]
and theoretically [20-22]. Near giga-Gauss (GG) magnetic
fields have been measured in intense laser interaction with solid
targets, where the region of strong magnetic fields is located
both at surface and inside the target [23]. Due to dynamic
evolution of the magnetic fields, magnetic interaction [24] and
reconnection [25] have been foreseen in such laser-produced
plasmas.

In this Rapid Communication, we report a relativistic PIC
simulation using KLAP code [26,27] for a three-dimensional
(3D) MR process occurring in intense femtosecond laser pulse
produced plasmas. Two femtosecond laser pulses, parallel
to each other, are shot into a target of near critically dense
plasma layer. Fast reconnection of the GG level magnetic
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field inside the target is then demonstrated. Such a magnetic
reconnection process can be possibly realized experimentally
with subpicosecond subpetawatt intense laser systems such as
LFEX [28] and OMEGA-EP [29].

The simulation is performed in a box of L,y = Lo =
24 um and L,y = 40 um, with 480 x 480 x 800 cells and
10° quasiparticles. Two identical circularly polarized laser
beams shoot at the target and then propagate in parallel in
the box along the z axis. The lasers have a peak intensity of
5 x 10 W/cm? corresponding to a normalized laser vector
potential ay = 13.5, a spot diameter of 3 um, the wavelength
Ao = 1 pum, and the laser period Ty = Ag/c. The incident laser
pulse has a rising front of two laser cycles followed by a
flat top in the z direction and is a Gaussian form in the x,y
directions. The distance between two laser centroids is 8 pm.
A near-critical density plasma target is located in 5 um < z <
35 um with nonuniform density in the z direction and uniform
density in the x,y directions. The density linearly increases to
a critical density from 5 to 10 um, and then remains constant
for 10 um < z < 15 um, then linearly decreases asn = [1 —
(z — z0)/Loln¢, Ly = 20 umfor 15 um < z < 35 um, where
Zo = 15 um. In the transverse directions, periodic boundary
conditions are applied for particles and fields. Particles are
reflected and fields are absorbed at the boundaries in the
longitudinal direction. The temperatures of the initial ion and
electron are 0.01 and 10 keV, respectively. The ions are simply
protons with the mass ratio m,/m, = 1836. The critical
density is n, = mea)(z)/47re2 = 1.15 x 10*! cm™3, where m,
is the electron rest mass, wy represents the laser angular
frequency, and e is the element charge. It has been shown by
Nakamura et al. [30] and Bulanov et al. [31] that the produced
magnetic fields can expand laterally when intense laser beams
propagate in inhomogeneous plasmas from the higher density
to the lower density or vacuum.

When an ultraintense laser propagates in underdense
plasmas, both electron and ion density channels are formed.
For the circularly polarized laser pulses, an axial field B,
can be generated through the inverse Faraday effect [20-22],
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FIG. 1. (Color online) Snapshots (at z = 20.7 wm from 357 to
807p) of magnetic fields B. (a)—(c) Azimuthal magnetic fields By
and (d)—(f) out-of-plane magnetic fields B, produced by a single
incident laser. (g)—(i) By and (j)—(1) B, by two incident lasers. Here,
the magnetic fields are normalized by the initial laser field By =
JT]ec/c = 1.45 GG. The region in the white line surrounded box
contains a reconnection region and an outflow region.

and an azimuthal field By is produced from the longitudinal
current driven by the laser acceleration [32,33]. The evolution
of the magnetic fields, normalized to the initial laser field
By = \/I/ec/c = 1.45 GG, from 35T; to 807 in plasma at
z =20.7 pum is shown in Figs. 1(g)-1(1). As a reference, the
field generated by a single incident laser pulse is also plotted in
Figs. 1(a)-1(f). Clearly the azimuthal magnetic field expands
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laterally due to the force acting on the vortex in the Vn x 2
direction [34] with its topological structure kept unchanged, as
an expanding bubble with an O-point-type null at the center.
The evolution of the azimuthal magnetic field produced by the
two lasers is shown in Figs. 1(g)-1(i). Irradiated by the lasers,
the azimuthal fields expand toward each other at t = 35Tj.
At this moment, the magnetic fields of two bubbles do not
yet meet [Fig. 1(g)]. At t = 507y, however, much of the
magnetic flux is already reconnected, as shown in Fig. 1(h).
The X-point-type magnetic null is then found between the two
bubbles. It is the place where the magnetic field vanishes as the
magnetic bubbles with different polarities meet one another,
that MR occurs. As the process goes on, the two bubbles start
to merge together into a single big bubble as shown in Fig. 1(i).
The area with heavily diminished field strength also increases,
where the magnetic energy is converted to kinetic energy of
electrons and ions, forming outflow jets along the y direction
and out-of-plane acceleration along the z direction, as shown
in Fig. 4 later. At ¢+ = 80Tp, the two bubbles merge with each
other completely and the new magnetic topological structure
is formed.

The out-of-plane magnetic fields B, generated by a single
laser pulse and two lasers are also shown in Figs. 1(d)-1(f)
and 1(j)—1(1), respectively. In the case of one laser [Fig. 1(d)—
1(D)], it is found that the magnetic field structure is always
nearly centrosymmetric. In the case of two lasers [Figs. 1(j)—
1(1)], however, a quadrupole structure appears around the
reconnection site, which is a typical signature of the Hall effect
[1,35]. The reconnection process is clearly collisionless since
the width of the diffusion region [<5 um as shown in Fig. 3(b)]
is much less than the ion skin depth. The ion skin depth is
calculated as d; = ¢/w),; ~ 8.3 um at z =20.7 um, where
wpi = (4e*ng/m;)"/? is the ion plasma frequency. However,
the electron skin depth is d, = ¢/wp, ~ 0.71 um, where the
electron plasma frequency is w,, = (me’ng/yom,)"/* with
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FIG. 2. (Color online) (a), (b) Snapshots of three-dimensional magnetic field lines (a) at 357 and (b) at 507j. (c), (d) Corresponding

electron density normalized by n, in the x-z plane at y = 12 pum.
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the relativistic factor yp ~ +v1 + ag. Since the reconnection
region size is less than d;, the Hall magnetohydrodynamics
(MHD) model may not be applied and the electron MHD
(EMHD) model is used in the fluid approach [36]. In EMHD,
the generalized vorticity should be frozen in the electron com-
ponent if the plasma density is initially uniform. In the region
where the displacement current effect is significant, the general
vorticity of €, = —e(1 — d>V?)B/c should be rewritten as

Q= —<[1 —dX(V? - %%)]B.Then the optical propagating
operator of V2 — 32 /c?9t? can then spread the electromagnetic
fluctuations, in the small scale of and below d,, out of the recon-
nection region. Additionally, the nonuniformity of the plasma
induces the Biermann battery effect, also called the baro-
clinic effect in fluid theory, of Vn, x VT, to break the
frozen-in condition and meanwhile to generate the magnetic
field.

The 3D magnetic field configurations and corresponding
electron density are plotted in Fig. 2. At + = 35Ty when the
laser pulses have not yet reached most of the right half of the
simulation box, two magnetic flux tubes have already clearly
shaped [shown in Fig. 2(a)] and the lasers transport in the
plasmas in Fig. 2(c). Then, a fully developed 3D magnetic
reconnection configuration is formed at ¢+ = 507, [Fig. 2(b)]
with the two flux tubes reconnecting into one in the outer
region.

Figures 3(a)-3(d) show the reconnection electric field at
two characteristic moments (357 and 507,). At t = 35T
reconnection has not yet fully developed and the electric field
(E,) between the bubbles is very low. As time increases the
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FIG. 3. (Color online) Reconnection electric field (E.) at

t =357y [(a), (c)] and at t = 507 [(b), (d)]. (c), (d) Contributions of
terms in the generalized Ohm’s law from Eq. (1) to (E;) (black) along
the x axis at (c) and (d) for y = 12 um, as e(rlw ((j) x (B)). (purple),
— 2y (V- P (blue), 75 (() - V(1)) (brown), % 5 (yellow),
—(nlj(ﬁnec?Ez) (red), and e(y'l() (8j x 8B). (green). (A) means that
variable A is smoothed over the fast oscillation and then averaged
over the z direction from 5 to 35 um. Here, the electric fields is
normalized by the initial laser field Ey = cBy = 4.34 x 10"® V/m.
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reconnection electric field component (E,) at the X point starts
to increase and reaches its maximum at ¢t = 507,.

Another important parameter for MR is the reconnection
rate c¢(E;)/(BaVa), where the mean field of a variable A,
(A), is smoothened over the fast oscillation and then averaged
over the z direction, and its fluctuation §A = A — (A),
(Ba) is asymptotic magnetic field strength and (V,) is the
corresponding Alfvén speed, as (V4) = (Ba)/+/4mp, where
p =mpn; +men, is the mass density of the plasma with
n; and n, being the ion and electron number densities,
respectively. The reconnection electric field (E;) on the line
of y = 12 um at 357, and 507y is then plotted in Figs. 3(c)
and 3(d). As shown above, at t = 357, flux tubes have not
fully formed in the simulation domain and the corresponding
reconnection field near the X pointx = 12 pum are very small.
At t = 50T, reconnection is proceeding throughout the box
and the reconnection electric field reaches its maximum. The
asymptotic Alfvén speed is (V) = 1.483 x 10° cm/s (nearly
1/20 of the speed of light in vacuum) with (B4) = 0.1 at
x =9.75 pm. The reconnection rate is then calculated to
be c(E.)/(BaV4) = 6.72, almost two orders of magnitude
higher than the typical value 0.1 obtained by 2D MHD
simulations for Hall magnetic reconnection [37]. In fact, in
the short pulse laser-driven duration, the ion is approximately
at rest in comparison with the electron, as shown in Fig. 4.
Then the reconnection electrical field should be scaled by
the electron Alfvén velocity Vs, ~ c¢/4/€ ~ 0.9992c, where
€ = 1+ 2(wpe/R2)* is the relative permittivity with the elec-
tron cyclotron frequency Q2. = eB/m.c,as c(E.) /(B Va.) =
0.44. It is still much faster than that of 2D MHD simulations,
a significant feature of strong driven fast reconnection.
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FIG. 4. (Color online) Electron momentum distributions (a)
Dex = YeBexs (€) Pey = VeBey, and (&) pe; = VePe; ion momentum
distributions (b) pix = ¥ Bix, (d) piy = ¥yBiy, and (f) pi; = yiBi;, as
well as their energy distributions (g) for electrons normalized by m,c?
and (h) for ions normalized by m;c?, in the white line surrounded box
(10 pm < x < 14 um,7 pum < y < 17 pum) shown in Figs. 1(b) and
1(h) with 11 um < z < 35 um at t = 507,. The red lines are for a
laser and the blue lines are for two lasers.
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From the generalized Ohm’s law [38,39] of the mean field,
(E) can be written as

1. —1
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In Eq. (1), ﬁ(SnKSEZ) is the electrostatic (ES) turbulence

contribution and ﬁ((S j x 6B), is the electromagnetic (EM)
turbulence contribution to the reconnection field, while the
first term is the Hall field, the second is the pressure gradient
effect, and the third and the fourth are the electron inertial
terms. In Figs. 3(c) and 3(d), the distributions of each of
those terms and the reconnection electric field along the x
direction are given at ¢t = 357 and ¢t = 507, respectively. It
can be seen that both the electron pressure tensor gradient
and ES turbulence dominate the reconnection process near
the X point at ¢ = 507y, different from previous studies in
3D reconnection where the EM turbulence plays an important
role at the X point, while the ES turbulence contribution is
very small [38,39]. This is due to the fact that the ultraintense
lasers are injected continuously into the plasmas to generate
intensive ES fluctuations propagating in the z direction, and
the EM propagating operator in the general vorticity spreads
the EM fluctuations out of the reconnection region.

A major consequence of reconnection is that the magnetic
energy can be partially converted to particle kinetic energy. We
then focus on the particle acceleration in the volume around the
diffusion area, 10 um < x < 14 um, 7 um <y < 17 um,
and 11 um < z < 35 um for MR at r = 507,. The distri-
bution functions for the transverse and longitudinal momentum
of the electrons and ions in this volume are then shown in
Figs. 4(a)-4(f), respectively. In comparison with the single
laser case (illustrated by red lines, without MR), clearly both
electrons and ions are significantly accelerated in the MR
process. For the single laser case the expansion of the bubble
in the x direction can be seen in Fig. 4(b) for p;,. Clearly, for
the two laser case, ions are decelerated in the x direction in the
selected box due to reconnection. On the other hand, electrons
are still accelerated in the x direction though there should
be a stagnation point of electron flow at the X point. This is
due to the compressibility and z-direction acceleration of the
electrons, and might be a reason why the reconnection rate is
much higher than that of 2D MHD cases. For the longitudinal
momentum p,, more electrons are accelerated towards the —z
direction than that in the single laser case, while protons are
accelerated in the +z direction, due to the induced E, field,
as shown in Fig. 3. In the outflow directions, however, from
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Figs. 4(c) and 4(d), it is found that both ions and electrons are
accelerated substantially. It is shown clearly that a great portion
of high energy protons are ejected to both sides together with
peaks at £V, [Fig. 4(d)], with p;, ~ £0.04 [Fig. 4(d)].

In Fig. 4(g), the energy spectra of out-of-plane electrons
and ions are shown at ¢ = 507 in the diffusion region around
the X-point region. With reconnection, the electron spectrum
clearly shows a collective acceleration by a Ay ~ 20-50
almost throughout the spectrum, corresponding to an energy
gain of MeV level. It can also be seen in Fig. 4(c) that the
electron momentum p,, in the reconnection outflow direction
approximately peaks at £50. Therefore, our results provide
evidence of particle acceleration and ultrahigh energy electron
generation by magnetic reconnection in the X-point region in
intense laser generated plasmas.

In summary, fast magnetic reconnection driven by two
intense femtosecond lasers is studied by a self-consistent 3D
relativistic PIC simulation. Magnetic reconnection geometry
is built up while two identical intense laser pulses propagate
in a near-critical density plasma. Evolution of the topological
structure of magnetic reconnection is plotted to reveal the
magnetic X- point in plane (of reconnection) and the out-of-
plane quadrupole magnetic field component. The reconnection
rate is calculated as c(E;)/(BaVa.) = 0.44 scaled by the
electron Alfvén velocity instead of the Alfvén velocity. By
the initial driven laser field Ej, the reconnection rate can be
scaled as (E,) = 0.036, larger than that previously obtained
in two-fluid models. It shows clearly the strong driven
and 3D reconnection features. Investigating the generalized
Ohm’s law, we find that the electron pressure tensor gradient
and electrostatic turbulence terms dominate the reconnection
process. By analyzing momentum distributions for electrons
and ions in the reconnection area, both of them are accelerated
in the reconnection outflow directions. For the longitudinal
direction, electrons are accelerated backward while ions are
accelerated forward by the induced reconnection electric field.
Moreover, the energy spectra of electrons show ultrahighly
energetic electron acceleration by an energy gain of MeV
with Ay ~ 20-50. It may provide new mechanisms for some
explosive astrophysical phenomena.
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