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Experiments about the flow-driven magnetic reconnection in high-energy-density laser-produced
plasmas have recently been conducted on different platforms of giant laser facilities. In this paper,
we perform two-dimensional (2D) particle-in-cell simulations to study the interactions of two col-
liding laser-produced plasma bubbles with a self-generated toroidal magnetic field. Two cases are
investigated: in one case, the two plasma bubbles have an anti-parallel magnetic field (AP-case) in
the colliding region, and in the other case, the two interacting parts of the magnetic field are config-
ured parallel to each other (P-case). In both cases, the quadrupole structure of the out-of-plane mag-
netic field is observed, as well as the Hall electric field and the electron energization in the
colliding region. However, only in the AP-case, three well-collimated in-plane electron jets are
observed. Two electron jets along the magnetic field at the edge of the plasma bubbles are formed
because the electrons are trapped and accelerated by the out-of-plane electric field located between
the two colliding bubbles and then move outward along the magnetic field. The high-speed electron
jet in the middle of the outflow region is formed as the electrons are reflected and accelerated in the
pileup region of the magnetic field, which is moving outward quickly. We demonstrate that besides
the annihilation of the magnetic field in the colliding region between the two laser-produced plasma
bubbles approaching each other, the three well-collimated electron jets can also be considered as
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the evidence for the magnetic reconnection. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4978883]

I. INTRODUCTION

Magnetic reconnection is a fundamental physical pro-
cess in plasmas, during which the topology of magnetic field
lines is rearranged and magnetic energy is converted to
plasma kinetic energy.'™ This process is generally invoked
to explain the explosive phenomena in different plasma envi-
ronments, such as solar ﬂares,s’6 substorms in Earth’s mag-
ne:tosphere,7‘9 and sawtooth crashes in tokamaks.'®'" Much
of the electron dynamics in the magnetic reconnection pro-
cess has been learned from particle simulations'*™ and in
situ satellite observations of Earth’s magnetosphere.”* %’
Super-Alfvenic electron jets are found to be one of the
important characteristics in magnetic reconnection.”*>* In
most studies, two high-speed jets are formed in the outflow
region of magnetic reconnection after they are accelerated in
the vicinity of the X line by the reconnection electric field
and then run away along the magnetic field that helps form
the separatrices.”

YAuthors to whom correspondence should be addressed. Electronic
addresses: canhuang@mail.ustc.edu.cn and qldong@aphy.iphy.ac.cn
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Recently, magnetic reconnection experiments in high-
energy-density (HED) laser-produced plasmas have been
conducted on different platforms of Vulcan,34_36
OMEGA,*"*® and Shenguang-II (SG-II) facilities,***°
respectively. In such laser-driven magnetic reconnection,
two plasma bubbles are produced side-by-side by two
HED laser beams focused on a planar foil target. In the
overlapping region of the two plasma bubbles, the azi-
muthal spontaneous magnetic fields produced in each bub-
ble due to the well-known Biermann effects are then
inherently configured as anti-parallel so that there occurs
the reconnection of these two approaching magnetic field
lines. The squeezing of the two plasma bubbles and the
resultant compression of the magnetic fields due to the
strong counter streaming plasma inflow there are expected
to play significant roles in such laser-driven reconnec-
tion.*"*> Although both laser-driven magnetic reconnec-
tion experiments and particle-in-cell (PIC) simulations
based on corresponding experimental parameters have
demonstrated the formation of high-speed electron jets in
the outflow region,’>¥¥4%4344 there is still speculation

Published by AIP Publishing.
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whether the high-speed electron jets could be created
merely by the plasma bubble collision without magnetic
reconnection.

In this paper, we perform two-dimensional (2D) PIC simu-
lations to revisit the interactions of two colliding laser-produced
plasma bubbles with self-generated toroidal magnetic fields.
Two geometries of the magnetic field lines in the colliding
region are investigated with the two interacting sets of magnetic
fields in each case configured as anti-parallel or parallel to their
correspondents. The two geometries are referred hereafter as the
AP-case and the P-case, respectively. Of course, no reconnec-
tion is expected in the latter case. By comparing the two cases,
we find that high-speed electron jets can only be formed when
the magnetic reconnection occurs between the two bubbles and
demonstrate that high-speed electron jets can be considered to
be the evidence of laser-driven magnetic reconnection.

The outline of the paper is organized as follows: In
Sec. II, the simulation model is described, and Sec. III
presents the simulation results. At last, the conclusions and
discussion are given in Sec. IV.

Il. SIMULATION MODEL

In our 2D PIC simulation model, the electromagnetic
field is defined on the grids and updated by solving
Maxwell’s equations with a full explicit algorithm. Ions and
electrons are relativistically advanced in the electromagnetic
field. The processes of laser-plasma interactions and mag-
netic generation are not included in the simulations, and the
initial conditions of the simulations are set corresponding to
the plasma bubble expanding phase in the experiment.*'*>
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Two circular plasma bubbles are defined in the (x,z) plane
with a toroidal magnetic field around it. The simulation
domain size is [—Ly,L,] X [-L.,L.], and the centers of the
two plasma bubbles locate at (0,—Lg) and (0, Lg), respec-
tively, from which their radius vectors are defined as r) =
(x, z+Lo) and r® = (x, z — Ly) accordingly. The initial
density is defined as n;, + nY) + n@, where ny, is the back-
ground density and n!)(i = 1, 2) is the density of each bub-
ble with the following distributions:

(@)
. “aeost | - 0
n(’)(r) — (n() nb)COS <2Ln> lf" < Li’l) (1)

0 otherwise.

Here, L, is the radius of the two bubbles, and L, <
min{Ly, L,} and Lo+ L, <L, so that the simulation
domain can contain two whole bubbles. 7 is the peak den-
sity of two plasma bubbles, and n, = 0.1ng is chosen. The
initial expanding velocity of the plasma bubbles is
VO 4+ VP and VO(i=1,2) is

(i)
. AT 20 )
V(’>(r) _JY sm( L )r ifr <L, , @)
0 otherwise .

The magnetic field, which is the sum of two toroidal rib-
bons, BY + B(z), bears the only initialization difference
between the AP-case and the P-case.

In the AP-case, the magnetic field is defined as

(L =) .
BO(r) = { Bosin <(TB)>r<’> xy ifr') €L, — 2Ly, Lp|, 3)

0

where L is the half width of the initial magnetic ribbons.
In the P-case, the magnetic field is

Lp
BY(r) =

2Lp
0

An initial out-of-plane current is added to satisfy
Ampere’s law. Moreover, to be consistent with the plasma
flow, an initial electric field E = —V x B is imposed.

The size of the plasma bubbles is L, = 12d;, and Ly
= 12.5d; in our simulations, where d; = c/w); is the ion
inertial length based on ng, and Ly = 2d;. The mass ratio is
m;/m, = 400, and the light speed is ¢/vy = 75, where v4
is the Alfven speed based on ng and By. The initial tempera-
ture of all ions and electrons is set to be uniform

_ 2
—Bg sin (—n(L" d )

)f(” xy ifr? e|L,—2Ly, Lg|,

otherwise,

Ln - <1)
By sin <ﬂ(2r)> P xy iV elL, — 2Ly, Ly,

“

otherwise .

T; =T, = 0.1m,c?, and their initial velocity distributions are
Maxwellian with the bulk velocities in the radial direction
and the drift velocities in the y direction to supply the out-of-
plane current. The expanding speed of the plasma bubbles is
usually supersonic, and here we set the plasma expanding
velocity Vy = 4.6v4 and the ionic charge Z = 10. The elec-
tron plasma beta is B, = 2pynoksT,/B} ~ 2.9. In the simula-
tions, L, = 25.5d; and L, = 35d;, and the number of grid
points is N, x N, = 2040 x 2800 with a spatial resolution of
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Ax = Az = 0.025d;. The time step is At = 0.00005Q;7!,
where Q; = eBy/m; is the ion gyrofrequency. 640 particles
per species in a grid for ny are employed in the simulations.
The periodic boundary condition is applied in both x and z
directions. Compared with the experiments, e.g., the SG-II
reconnection ones,***® parameters utilized above correspond
to the following experimental conditions: the peak ion den-
sity o ~ 5 x 10" cm 3, the magnetic field By ~ 2 MG, and
the Al foil target. Then, the ion inertial length d; ~ 16.8 um,
Lg ~ 33.6 um, the plasma bubble size L, ~ 201.6 um, the
Alfven speed v4 ~ 1.2 x 10°ms™!, and the plasma expand-
ing speed Vo ~ 5.5 x 103 ms ™.

lll. SIMULATION RESULTS

We at first introduce the results of the AP-case with
magnetic reconnection. Figure 1 shows the time evolution of
the magnetic field B/By and the out-of-plane electron current
density J,y /noev4. The in-plane magnetic field lines are also
plotted for reference. The process can be roughly divided
into two stages. In the first stage, the two magnetic ribbons
squeeze each other due to the high expanding speed of the
plasma bubbles. As demonstrated by Lu et al.,** because the
expanding speed of the plasma bubbles is much higher than
the local Alfven speed, the magnetic flux pileup is faster
than the reconnection rate. The toroidal magnetic field asso-
ciated with the plasma bubbles can be enhanced about 2-3
times the initial value, and simultaneously, a thin current
sheet is formed. Subsequently, in the second stage, magnetic
reconnection occurs at about Q;z = 1.1 when the expansion

Jo /engv,
6 3 0 3

FIG. 1. Time evolution of the magnetic field B/By and the out-of-plane elec-
tron current density J,,/engva at Q;it = (a) 0.5, (b) 1.0, (c) 1.3, and 1.6,
respectively. The in-plane magnetic field lines are also plotted for reference.
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of the plasma bubbles and then the magnetic flux pileup have
been significantly slowed down.

Figure 2 plots the time evolution of the reconnected
magnetic flux ®p/Bod; and the reconnection electric field
E,/vaBy at the X-line. The peak value of the reconnection
electric field can reach 5.0 v4By, which is much larger than
with a Harris current sheet. This is attributed to the squeez-
ing of the plasma bubbles as explained by Fox e al.*' As the
toroidal magnetic field associated with the plasma bubbles
piled up, the local Alfven speed is greatly enhanced to be
much larger than its initial values when reconnection occurs.
In our simulations, if we normalized the reconnection elec-
tric field to the instantaneous values of the Alfven speed and
magnetic field in the upstream of the X line as shown by the
dotted line in Fig. 2, its peak varies between 0.1 and 1, which
is consistent with the prediction in the Harris current sheet.
However, in the saturation stage of magnetic reconnection,
all the magnetic flux in the upstream is reconnected and then
expelled into the downstream, and the magnetic field in the
upstream approaches zero. Therefore, in the saturation
stage, it cannot give useful information if we normalize the
reconnection electric field to the instantaneous values of
the Alfven speed and magnetic field in the upstream of the
X line. Therefore, in the situation of flow-driven laser-
plasma magnetic reconnection, it is preferred to normalize
physical values with the background magnetic field and cor-
responding Alfven speed rather than the instantaneous ones
in the vicinity of the X-line so that a continuous and compre-
hensive description of the physical process can be achieved.

In order to distinguish the differences between the AP-
case and the P-case, we compare the magnetic field B/B,,
the out-of-plane magnetic field By/By, the out-of-plane
electron current density J,,/ngeva, the electric field in the
z direction E. /v4By, and the electron temperature T,/ m,-vfx in
the two cases. Figures 3 and 4 plot these values at two differ-
ent times Q;#=1.0 and 1.3. The in-plane magnetic field lines
are also plotted in the figures for reference. In the P-case,
there is only the squeezing of the two colliding plasma bub-
bles and magnetic ribbons, while in the AP-case, we can
observe the topological change in magnetic field lines. In the
AP-case, recorded physical variables at the times Q;=1.0
and 1.3 represent the squeezing and reconnection stages,
respectively. In both cases, because the curvature radii of the
plasma bubbles are on the order of the ion gyro-radius, the
electrons are frozen around the magnetic field lines except in

3 6
o 2f 14 o
o >
& .
S 1t L
0 ™A &
0.0 0.6 1.2 1.8

Qt
FIG. 2. Time evolution of the reconnected magnetic flux ®p/Bod; and the
reconnection electric field Ey /v4By at the X-line ((x,z) = (0,0)). The recon-
nection electric field normalized to the Alfven speed and magnetic field in
the upstream of the X line is also shown as the dotted line for comparisons.
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FIG. 3. Comparison between the AP-case and the P-case at the expanding or
squeezing stage at ;r = 1.0: (a) the magnetic field B/By, (b) the out-of-
plane magnetic field B, /B, (c) the electric field in the z direction E. /v4By,
(d) the out-of-plane electron current density J,,/engva, and (e) the electron

temperature T, /m;v,>.
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FIG. 4. Comparison between the AP-case and the P-case at the reconnection
stage at Q;¢ = 1.3: (a) the magnetic field B/B, (b) the out-of-plane magnetic
field By /By, (c) the electric field in the z direction E./v4By, (d) the out-of-
plane electron current density J,, /engva, and (e) the electron temperature
Te / n;iva 2 .
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the electron diffusion region (EDR) during the reconnection
stage for the AP case, while the ions are not magnetized.
This feature results in the generation of the local net charge
and then the Hall electric field E, at the edge of the plasma
bubbles, as well as the quadrupole structures of the out-of-
plane magnetic field. It is noted that the generation of the
quadrupole out-of-plane magnetic field is not the sufficient
condition for the occurrence of reconnection here, as also
mentioned in recent works.*® Also, in both cases, part of
electrons is energized at the ribbon of the plasma bubbles
through the betatron mechanism due to the enhancement of
the magnetic field, while part of electrons is trapped and
bounced between the two expanding plasma bubbles and
gets energized through the Fermi mechanism. As demon-
strated in Ref. 46, the betatron mechanism together with the
Fermi mechanism dominates the process of electron energi-
zation before the reconnection occurs. Therefore, the
enhancement of the electron temperature is also similar in
the AP-case and the P-case. These results have also been dis-
cussed in Ref. 47. However, only in the AP-case, we can
observe the enhancement of the out-of-plane electron current
density in the vicinity of the X line.

For the reconnection studies, it is critical to analyze the
diffusion region where charged particles are decoupled from
the field lines. In simulations, the measurement of the curl of
the non-ideal electric field V x (E + Vi, x B) can be treated
as a criterion of the diffusion region. Figures 5(a) and 5(b)
show the curl of the non-ideal electric field in the ion’s and
electron’s frames, respectively. The scale of the ion diffusion
region, which covers the whole reconnection site, is about 10
d; in the x direction and 3 d; in the z direction. Its position
corresponds to the quadrupole out-of-plane magnetic field in
Fig. 3. Meanwhile, the electron diffusion region (EDR) is
embedded in the center of the ion diffusion region and has a
smaller scale of about 4 d; in the x direction and 1 d; in the z
direction. This picture is similar to that of the reconnection
in a Harris sheet. The same quantities are also shown for the
P-case, but there are no obvious signatures for ion or electron
diffusion regions. The electron agyrotropy, an alternative
measurement of the EDR as proposed by Scudder and
Daughton,* is plotted in Figure 5(c). The width of EDR in

AP-case P-case
(@) 10 —
5 L
5 5 X%
0 —
(b) 6 —
el w
N 8%
0=
(© 0.6
g 03 %
0.0

FIG. 5. Contours of (a) the absolute value of the curl of non-ideal electric
field E; = E + V; x B, (b) the absolute value of the curl of non-ideal electric
field E, = E + V. x B, and (c) the electron agyrotropy A¢,, in the AP-case
and the P-case, respectively.
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this measurement is narrower than the curl of the non-ideal
electric field. It is noted that the agyrotropy is large along the
edge of magnetic ribbons, especially in front of the piled-up
magnetic field lines in the outflow region, so does it in the P-
case. The increase in electron agyrotropy in these regions is
attributed to the large gradient of the magnetic field and
small radius of the curvature of the magnetic field lines. This
is the one feature that makes the magnetic reconnection dif-
fer in the laser produced plasma from that in a Harris sheet.
In the AP-case, however, a third electron agyrotropy peak
area is observed in the middle of the outflow region, which is
absent in the P-case. Such a feature also has its correspon-
dent in the electron velocity distribution as shown below.

The parallel electric field in the vicinity of the X-line in
the AP-case is also diagnosed. Figure 6(a) shows that in the
ion diffusion region, there is a parallel electric field, which
around the EDR also has a large scale quadrupole structure,
i.e., the direction of this large scale parallel electric field is
reversed along the horizontal (x) and vertical (z) directions
near the X-line. Contributions of the electron pressure term
(=V - P¢/ne), and the electron inertial term (—m,dV.,/edr),
in the generalized Ohm’s law are also plotted (where P, is
the electron pressure tensor) in Figs. 6(b) and 6(c), respec-
tively. The comparisons between the three graphed variables
along the dashed line in Figs. 6(a)-6(c) are shown in Figs.
6(d)—-6(f), indicating that the contribution from the divergence
of electron pressure tensor dominates the large scale parallel
electric field. This kind of pressure distribution and the paral-
lel electric filed are caused by the non-adiabatic motion of
electrons when the upstream electron f§ becomes significantly
low, as described by Egedal et al®® and Huang ez al.”!

Figure 7 shows the evolution of the in-plane electron
jets Vein/va (Fig. 7(a)) and the out-of-plane electric field
E,/vaBy (Fig. 7(b)) in the AP-case. With the proceeding of
magnetic reconnection, the electrons are accelerated by the
reconnection electric field in the vicinity of the X line. When

E,/VaB,
-2 -1 0 1 2

E, VB,

FIG. 6. Contours of (a) the parallel electric field E|| /vaBy, (b) the electron
pressure term, and (c) the electron inertial term. The red line in (d)—(f) shows
the E), /vaBy along the dotted line at x = 1.6d; in (a)—(c). The blue lines in
(e) and (f) show the electron pressure term and the electron inertial term
along the same line, respectively, while the blue line in (d) shows the sum of
the pressure term and the inertial term in (e) and (f).
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FIG. 7. Contours of (a) the in-plane electron flow velocity V,;,/v4 and (b)
the out-of-plane electric field E, /v4Bg at Q;r = 2.2, 2.6, and 3.0 in the AP-
case. Vi, is defined as Vi, = sgn(Voy) - \/Ver? + V.2, in which V,,, and V,,
are the electron flow velocities in the x and z directions, and sgn(x) is the
sign function. The in-plane magnetic field lines are plotted for reference.

they are directed away from the X line, two electron jets
along the magnetic field at the edge of the plasma bubbles
are formed. At the later stage of the reconnection, a third
electron jet directed away from the X line is formed in the
middle of the outflow region between two plasma bubbles.
The electron jet in the middle is formed as the electrons are
reflected by the piled-up magnetic field, which moves away
from the X line quickly. The three-tined fork structure of
the electron in-plane velocity distribution is the same as
that of the electron agyrotropy and consists of the important
feature of the electron diffusion regions. Such a feature is
also observed in other PIC simulations,’® in satellite meas-
urements of magnetic reconnections in Earth’s magneto-
sphere,” and in laser-plasma experiments.*’ But obviously,
more experimental results are necessary for this EDR feature
study. As comparison, Fig. 8 shows the evolution of the in-
plane electron jets V., /v4 and the out-of-plane electric field
E,/vaBy in the P-case. In the colliding region between the
two plasma bubbles, there is neither obvious electric field in
the out-of-plane direction nor obvious electron jets.

Qt=2.2 Qt=2.6 Q1=3.0
(@ 10 6
>(
0 &
>
-3
-6
4
2 7
02
o
-4

0 10 20 0 10 20 0 10 20
x/d, x/d, x/d

FIG. 8. Contours of (a) the in-plane electron flow velocity V,;,/v4 and (b)
the out-of-plane electric field E,/vaBy at Q;t = 2.2, 2.6, and 3.0 in the P-
case. V,j, is defined as in Figure 7. The in-plane magnetic field lines are plot-
ted for reference.
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IV. CONCLUSIONS AND DISCUSSION

In this paper, we perform 2D PIC simulations to study
the interactions between laser-produced plasma bubbles. By
comparing the results from the AP-case and the P-case, we
find that in both cases, there exist the quadruple structure of
the out-of-plane magnetic field, the Hall electric field due to
the separation of ion motions from electrons, and the
enhancement of the electron temperature. However, the char-
acteristics of the in-plane electron jets in the two cases are
different. In the AP-case, besides the two electron jets, which
are directed away from the colliding region along the mag-
netic field at the edges of the plasma bubbles, there is still a
third electron jet in the middle of the outflow region. The
two electron jets at the edges of the plasma bubbles are
formed as the electrons are trapped and accelerated by the
out-of-plane electric field between the colliding bubbles and
then leave outward along the magnetic field. The electron jet
in the middle is formed by the electrons that are reflected
and accelerated by the magnetic field in the pileup region,
which is moving outward quickly. In the P-case, obvious
electron jets are not observed.

The magnetic reconnection occurring in two laser-
produced plasma bubbles needs further investigations. The
annihilation of the magnetic field in this kind of experiments
was observed by Li er al.’’ In the following experiments,
both Dong er al.*® and Rosenberg et al.>> observed three
well-collimated high-speed plasma/electron jets, which bear
similar features but obtained through different diagnostics
and using the Shenguang-II (SG-II) and the Omega laser
facilities, respectively. Our simulations reproduce both the
magnetic annihilation and the three plasma/electron jets,
which leads to a conclusion that the well collimated electron
jets can be regarded as the evidence of magnetic
reconnection.
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