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The process of fast magnetic reconnection driven by intense ultra-short laser pulses in underdense plasma is investigated by
particle-in-cell simulations. In the wakefield of such laser pulses, quasi-static magnetic fields at a few mega-Gauss are generated
due to nonvanishing cross product V (/) X p. Excited in an inhomogeneous plasma of decreasing density, the quasi-static
magnetic field structure is shown to drift quickly both in lateral and longitudinal directions. When two parallel-propagating laser
pulses with close focal spot separation are used, such field drifts can develop into magnetic reconnection (annihilation) in their
overlapping region, resulting in the conversion of magnetic energy to kinetic energy of particles. The reconnection rate is found
to be much higher than the value obtained in the Hall magnetic reconnection model. Our work proposes a potential way to study

magnetic reconnection-related physics with short-pulse lasers of terawatt peak power only.
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1 Introduction

Magnetic reconnection (MR) is a process by which oppo-
sitely directed magnetic field lines squeeze each other and
reconnect, converting magnetic energy into particles’ kinetic
energy [1-3]. It is widely believed to play a key role in many
explosive plasma phenomena, such as solar flares, fusion
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plasma instabilities, and laser-driven plasma jets [4-7].
Since 2007, laboratory study of MR-related processes by
use of high-power, laser-produced plasma [2,7-8] and other
plasma devices [9] has drawn increasing interest. For MR
in laser-produced plasma, most experimental and numeri-
cal investigations have been carried out with nanosecond
kJ-level high-energy lasers [6-8,10], where the magnetic
fields are produced via the Biermann battery process due to
nonparallel temperature and density gradients [11,12]. The
involved magnetic fields are normally located near the target
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surface, typically at the mega-Gauss (MG) level. Significant
progress has been made in this field [13]. For example, three
well-collimated high-speed electron jets were experimentally
observed in the fanlike outflow region [6,14] to be consistent
with the signatures of MR simulations [15]. Fully kinetic
particle simulations showed that fast reconnection in these
strongly driven systems can be explained by magnetic flux
pileup at the shoulder of the current sheet [16]. However,
most of the simulations did not include the laser-plasma
interaction stages, simply by assuming that two bubbles with
high energy electron currents start to evolve in a background
plasma.

With the development of ultrashort high-power laser tech-
nologies, petawatt lasers with picosecond to femtosecond du-
rations are now available. This makes it possible to investi-
gate fast magnetic-field generation and dissipation under even
higher quasi-static magnetic fields over 100 MGs by the rel-
ativistic intense lasers interaction with plasmas [2,16-18] or
by the interaction of high current relativistic electron beams
with plasmas [19,20].

In this paper, we report particle-in-cell (PIC) simulations of
the MR process driven by intense femtosecond laser in inho-
mogeneous plasma. The idea is to send two parallel-propa-
gating femtosecond laser pulses into a nonuniform layer of
underdense plasma. High quasi-static magnetic fields are
generated in the wakefield behind the pulses due to nonvan-
ishing cross product [21]V (n/ y) X p, where n is the electron
density; p is the electron fluid momentum; and y is the corre-
sponding relativistic factor. The down-ramp density inhomo-
geneity causes lateral drift of the generated magnetic fields
[22,23]. As a result, reconnection occurs when the magnetic
fields having different polarities drift toward each other and
become partly overlapped. This process can induce substan-
tial electrostatic fields which accelerate charged particles and
cause plasma heating. Prominently, such a setup features an
ultra-fast reconnection rate, typically at the time scale of a
few hundred femtoseconds.

2 Quasi-static magnetic field generation and
drift

It is well known that large-amplitude plasma waves can be
excited by an ultra-short intense laser pulse in underdense
plasma. The wakefield can be as high as 1 GV/cm and can
move with a phase velocity close to the group velocity of the
laser pulse, making it ideal for compact particle acceleration
[24,25]. In addition, quasi-static magnetic fields are produced
due to wakefield excitation. By “quasi-static”, we mean the
magnetic fields evolve with a time scale much longer than
the laser oscillation period. The equation for magnetic field
generation in the laser wakefield can be described by the fol-
lowing general equation [21]:

Sci. China-Phys. Mech. Astron.

November (2017) Vol. 60 No. 11 115211-2

1 H? n ; o n
o —— - 2IB=LV|=|xp, 1
[ c? Ot? y ¢? c y P M

where ? = ne*/ ¢ gn,; the magnetic field |B| is normalized
by mw,/e; the density n is normalized by n, (the initial
plasma density); the electron fluid momentum |p| is normal-
ized by m c; and y is the relativistic factor of the electron fluid.
The nonvanishing cross product or the source term on the
right-hand side of eq. (1) § = V (n/y) X p is responsible for
the magnetic field generation. In homogeneous underdense
plasma, eq. (1) can be simplified to
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The source term points to the azimuthal direction in 3D ge-
ometry, as the laser pulse drives a net electric current to the
opposite of the laser propagation direction. The scaling of
the magnetic field strength with the driving laser intensity has
been obtained as|B| o I;” under weakly relativistic laser inten-
sity I, and |B| o I for highly relativistic laser intensity [21].
It has also been shown that the magnetic field profile pro-
duced in homogeneous plasmas changes little up to the time
scale of ion motion. Fast evolutions on the scale of electron
motion are, however, anticipated in inhomogeneous plasmas
by several theory models [22,23]. In particular, being excited
along a down-ramp density profile, the magnetic field tends
to rapidly drift along transverse and longitudinal directions.
In the following, we carry out particle-in-cell (PIC) simula-
tions with the code OSIRIS [26] to study the field evolutions
and identify possible consequences of magnetic reconnection
when two parallel-propagating laser pulses with close focal
spot separations are sent to the plasma.

We begin with 2D PIC simulations, which although de-
scribed in a simplified slab geometry can capture the key
features of the present problem and can provide a reference
for the further 3D simulation shown later. Figure 1(a) shows
the simulation box, which is respectively 115 and 60 pm long
in the X and Y directions. An underdense plasma consisting
of electrons and protons is initialized in 0 < X < 85 pum.
While the transverse density is uniform, the longitudinal
density profile is given by the green curve in Figure 1(a),
ie, n,=00In, in 0 < X <30 pum , then decreases as
n = ny[l —sin(n(x — 30)/100)], in 30 um < X < 70 um,
and then remains constant again in 70 ym < X < 85 pum,
where n_ is the critical density. A linearly polarized laser
pulse polarized along the Z direction and with the wavelength
A, = 1.0 um is incident along the X direction from the left
boundary. It has a focal spot radius w, = 4.0 um and pulse
duration = 137, = 40 fs, where T, = A, /c ~ 3.3 f5. The
normalized laser electric field is a, = eE,/mw,c = 1.0,
where E is the peak amplitude of the laser electric field and
w, is the laser frequency. It is related to the laser intensity
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Figure 1 (Color online) 2D simulation results of the magnetic fields in the wake region. (a) Initial plasma density distribution and the laser profile along X
direction; (b)-(d) the Z-component of the magnetic field (B,) distribution at 1087}, 1287, and 1607, respectively. In this and following figures, the magnetic
field and electric field are normalized by By = m o,/ 21e = 1.7 x 10°T and Ey = m, w,c / 2me = 5.1 x 10" V/m, respectively.

by
I, = 1.37 x 10" W/em*(um/ 1,)%a 2.

Absorbing boundary conditions are used for both particles
and fields. Note that, compared with the work by Ping et al.
[2] much lower laser intensity and plasma density have been
used here. The mechanisms for magnetic field generation are
completely different for the two cases.

Large-amplitude plasma waves are excited as an intense
laser pulse propagates in underdense plasmas, due to the laser
ponderomotive force both in the forward and side directions.
With the resulting charge separation, the electrons oscillate
around their equilibriums with a characteristic frequency
roughly given by the electron plasma frequency. The source
term of the quasi-static magnetic field on the right-hand side
of eq. (2) points only along the Z direction in this 2D slab
geometry. Figure 1(b)-(d) shows snapshots of the magnetic
field component along this direction at different stages.
In the homogeneous plasma region (0 < X < 30 um), the
magnetic field stays steady with time. It shows an oscillating
component around 2k along the longitudinal direction, in

addition to a uniform component which corresponds to a
steady electric current driven by the laser pulse [21]. Here,
k, is the wave number of the plasma wave. The maximum
strength of the magnetic field is about 0.055, or 1 MG under
the given laser and plasma conditions.

In the plasma down-ramp region, however, rapid evolution
of B_ is found, as presented in Figure 1(b)-(d). The magnetic
field structure drifts rapidly in the lateral directions as well as
longitudinally against the density gradient. The lateral drift
is due to the force acting on the magnetic dipole vortex in
the B x V n direction according to refs. [22,23]. Note that
this drift motion is completely different from the well-known
diamagnetic drift [27]. Here, the electron magnetohydrody-
namic fluid model is sufficient since the ion motion is negligi-
ble in this short period of time [28,29]. Interestingly, there are
also opposite magnetic fields generated near the laser axis in
the down-ramp, as shown in Figure 1(c). Up to =160T;, the
drift is almost complete and the magnetic field fully gathers in
the low-density plateau region with the peak spot at around
x= 78 um, where the initial magnetic fields right after laser
passage are weak.
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3 Magnetic field annihilation

Now we use two laser pulses, each with the same parameters
defined above; they copropagate but are separated along the
Y direction by 16 um, with focal spot centers at ¥ = £8 pm,
respectively.

The evolution of the magnetic fields produced by the two
laser pulses is shown in Figure 2(a), (c), and (e). Similarly,
each pulse generates magnetic fields in its own wake. Mir-
rored by the center axis of the box, the magnetic fields show
opposite polarities which will drift toward each other around
the center in the plasma down-ramp. At =1087;, the mag-
netic fields in the low plateau are still negligible and the fields
in the down-ramp have not yet drifted much, although the
laser pulses have already propagated out of the box. Only
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207, later do the magnetic fields become largely accumulated
on the right between X=60 and 80 um, with significant trans-
verse expansion. They start to overlap and annihilate near the
central axis (Y=0). Full annihilation is achieved in another
307, up to +=1601;, as shown in Figure 2(e), while the outer
fields have already drifted close to the box boundaries. Note
that the annihilation of the magnetic fields results in the for-
mation of inductive longitudinal electric fields near the cen-
tral axis, as progressively depicted in Figure 2(b), (d), and (f).
At the beginning right after the passage of the driving lasers
in Figure 2(b), the longitudinal electric fields corresponding
to charge separation are dominantly more intense in the high
density regions, which is in line with the scaling of the wake-
field strength with the plasma density, £, < n'"*>. However, as
the magnetic field drift occurs, the electric fields associated

10~
107
107
10+
10-°

10-°

Figure 2 (Color online) 2D simulation results with two laser pulses. (a), (c), and () show the respective distributions of the Z-component of the magnetic field
(B,) at 1087, 1287, and 1607, respectively; (b), (d), and (f) show the corresponding absolute values of the electric field in the X direction (|E,|) in logarithmic

scale. The magnetic and electric fields are normalized as in Figure 1.
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with the laser wakefield excitation weaken rapidly in the in-
homogeneous region. At the same time, the rise of additional
longitudinal electric fields around the central axis provides
solid evidence of the magnetic field annihilation.

Figure 3(a) further shows the induced longitudinal electric
field E_ near the magnetic field annihilation region at Y=0 at
=108T, 1281,. Two consistent results are that £_is mainly
found in the nonuniform plasma region at the beginning
free of annihilation and grows to substantial levels on the
right around 70 pm < X < 85 pum at =1287,, when the
magnetic annihilation occurs. In addition, the ion skin depth
is about d, = 300 pm and the electron skin depth is about
d,= 7 pm in the low-density plateau region. The electron
cyclotron is about 0.03w, in both Figures 1 and 2. Because
the magnetic annihilation occurs in a very short period of
time, ion motion does not play a critical role. The averaged
inductive electric field is about 0.01E, which suggests that
the magnetic field energy is efficiently converted to the
electric field energy. The inductive electric fields generated
in the annihilation region are unipolar and can accelerate
charged particles. In this way, the magnetic field energy is
again converted into the kinetic energy of plasma. Here,
the inductive electric field represented by the E. com-
ponent is positive according to the generalized Ohm’s
law [2,17,30]; therefore, it accelerates electrons in the
negative direction of the X-axis.

We present the electron momentum distribution in
Figure 3(b)-(d) for the three instances described so far. At
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=108T;, most electrons have only small momenta because
few electrons are trapped and accelerated by the laser wake-
field under the given laser and plasma conditions. A few
electrons have positive velocities along the X direction,
mainly due to electron acceleration by the laser pondero-
motive force. However, at =1607,, a large number of
electrons are accelerated considerably along the negative X
direction. Obviously, they are accelerated by the inductive
electric fields pointing along the positive X-axis. During the
magnetic annihilation, electrons are mainly accelerated by
the longitudinal electric fields, even though their transverse
momenta are increased, due to the presence of transverse
magnetic and electric fields.

4 Magnetic reconnection

In order to check the 3D effects, we also carried out 3D sim-
ulationsin L, x L, x L_ =115 pm>60 pm>50 um simulation
box, divided into 3450x600x500 cells. All the laser plasma
conditions are the same as above, with uniform density along
the third direction.

The most noticeable differences between the 3D and 2D
simulations are that the self-generated magnetic fields be-
come azimuthal around the laser axis in the 3D examples, in
contrast to Z-polarized in the 2D slab geometry. In the density
down-ramp region, quasi-static magnetic fields expand radi-
ally and magnetic reconnection occurs when the expanding
magnetized plasma bubbles meet each other around the box
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Figure 3 (Color online) (a) Longitudinal electric fields E, along the central axis (Y=0) at 1087, and 1287, respectively; (b)-(d) show the respective electron
momentum distributions at 1087}, 1287, and 1607,; where the color bars represent the particle kinetic energy.
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center. This is illustrated in Figure 4 by transverse cuts of
the magnetic fields at X = 65 um for +=1087, to 1207;. In
Figure 4(a) and (b), we only present the Z-component of the
magnetic fields, B,, which have double-lobe profiles for each
wake. Bear in mind that they are azimuthal, so the magnetic
fields should be annular-like, with the Y-components having
similar profiles but aligned in the orthogonal direction. This
result is more evident in Figure 4(c) and (d) in terms of vector
plots. At#=108T,, the distance between the centers of the two
magnetic dipoles is about 4 um, which means the two bubbles
have expanded but have not yet squeezed each other dramat-
ically. As the field drift continues, the magnetic fields gradu-
ally converge around the box center and form a reconnection
X-line at the leading point of tangency (namely, at Y = 0) be-
tween the bubbles. As shown in Figure 4(d), the two magnetic
bubbles reconnect in the outer region at t=1207,. When the
magnetic fields with different polarities meet at the diffusion
region, the field annihilation develops. As the field structures
are rearranged, an electric field perpendicular to the plane is
derived.

Figure 5 shows the electric field in the 3D simulation. At
the X-Z plane (Y = 0), magnetic reconnection occurs dra-
matically and derives an electric field, which will acceler-
ate electrons to high speed. Figure 5(a) and (c) presents the
electric field at 1087]. At this moment, some of the mag-
netic field has already been rearranged and induces a posi-
tive electric field along the X direction. This result explains
why the peak field value is bigger than the valley value. Be-
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tween 70 um < X < 85 pm, the initial density is almost zero
and the E_is along the positive X direction, which indicates
that magnetic reconnection dominates the electric field. At
=1207,, the periodicity of E, is destroyed and the maximum
amplitude is about 0.01E). This is when magnetic reconnec-
tion occurs most dramatically in the Y-Z plane (X=65). At
the same time, the reconnection-induced electric fields effec-
tively heat the plasma electrons to convert a portion of the
magnetic energy to kinetic energy. These energetic electrons
may further be diverted by the Hall effect, leading to hot elec-
tron jets in the annihilation plane (Figure 6).

The momentum space of electrons in —4 pm<Y<4 pm is
illustrated in Figure 6 at 1087} and 1607;. At=108T,, most of
the electrons with small momentum gather around zero. After
52T, when the magnetic reconnection is almost complete, the
X-component momentum of electrons increases; this means
the particles are accelerated by the inductive electric field,
as shown in Figure 6(c). Figure 6(d) also shows that both
the Y-component and Z-component momentum are increased.
This increase in the number of energetic particles confirms
that magnetic energy is converted to kinetic energy by the
reconnection process.

One of the most important issues in the magnetic re-
connection process is the reconnection (annihilation) rate
E./BV,, where E is the inductive electric field and V, is
the Alfven speed evaluated by both plasma density and
magnetic field. We calculated the rate in the plateau region
(70 pm < X < 85 um) where magnetic fields gather together
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Figure 4 (Color online) 3D simulation results with two laser pulses. (a) and (b) show the respective distributions of the Z-component magnetic field (B,) in
the Y-Z plane at X = 65um at 1087, and 1207, respectively; (c) and (d) respectively show the corresponding magnetic field vectors (B,, B,) in the plane at
1087, and 1207,. The arrows indicate the direction and strength of the magnetic fields.
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Figure 5 (Color online) (a) and (b) the longitudinal electric field £, in the X-Z plane (at Y=0) at 1087, and 1207 ; (c) and (d) the corresponding E, along the

X-axis (Y=0, Z=0).
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Figure 6 The momentum space of electrons between —4 pm < ¥' < 4 um. (a) and (c) show electron momentum spaces (P,, P) at 1087, and 1607,; (b) and

(d) show electron momentum spaces (P, P,) at 1087, and 1607,

and annihilate. In 2D simulations, the magnetic field
B 0.03BN=51T; the inductive electric field Ex
0.01Ex = 51x10° V/m, the plasma density n = 5.658
x107 ecm™® =5x 10"*n; and the corresponding Alfven
speed V, = 1.48 x 10° m/s, about 1/200 of the light speed,
which results in a reconnection rate of E./BV, =67.6.
In comparison, the magnetic field and electric field are
B =0.015B, = 25.5T and E, = 0.002E, = 1.02 x 10° V/m

in 3D simulations. The Alfven speed is estimated to be
V, =739 x 10° m/s and reconnection rate is E,/BV, =
54.1. Here we have used the density and magnetic field
conditions when the magnetic reconnection starts to develop.
The rates in both 2D and 3D simulations are much larger
than the typical value 0.1 obtained by MHD simulations for
Hall magnetic reconnection [31]. This increase indicates
a prominent feature of this system of underdense plasmas
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driven by intense short-pulse lasers.

5 Summary

We studied magnetic field drift in inhomogeneous plasmas
driven by ultrashort intense laser pulses, and the consequent
magnetic reconnection of two copropagating pulses with
close spot deviations. In the plasma wake behind the laser
pulses, high-order electron fluid nonlinearities created in-
tense quasi-static magnetic fields, which drifted rapidly in
the forward and lateral directions in a density down-ramp
plasma. When the magnetic fields with different polarities
drifted toward each other and annihilated at the diffusion
region, electric fields were effectively induced, resulting in
significant electron heating. At the same time, hot electron
jets in the diffusion region were generated, which is one of
the signature events that prove the energy conversion from
magnetic field to kinetic energy. The reconnection rate found
in the simulation was much larger than the typical value
obtained in Hall magnetic reconnection, providing clear
evidence of fast reconnection. Our work suggests a way for
experimental realization of fast magnetic reconnection with
intense short laser pulses of terawatt peak power only.
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