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Relativistic magnetic reconnection (MR) driven by two ultra-intense lasers with different spot separation distances is
simulated by a three-dimensional (3D) kinetic relativistic particle-in-cell (PIC) code. We find that changing the separation
distance between two laser spots can lead to different magnetization parameters of the laser plasma environment. As
the separation distance becomes larger, the magnetization parameter ¢ becomes smaller. The electrons are accelerated
in these MR processes and their energy spectra can be fitted with double power-law spectra whose index will increase
with increasing separation distance. Moreover, the collisionless shocks’ contribution to energetic electrons is close to the
magnetic reconnection contribution with ¢ decreasing, which results in a steeper electron energy spectrum. Basing on the
3D outflow momentum configuration, the energetic electron spectra are recounted and their spectrum index is close to 1 in
these three cases because the magnetization parameter o is very high in the 3D outflow area.

Keywords: collisionless shocks, magnetic reconnection, magnetization parameter, electron acceleration

PACS: 52.50.Lp, 94.30.cp, 52.38.Fz

1. Introduction

There are a number of particle acceleration processes in-
volved in astrophysical phenomena such as gamma ray bursts,
jets from active galactic nuclei, and cosmic rays from the
super-nova remnants.' =] Two of these processes are magnetic
reconnection (MR) and collisionless shocks (CSs). Both of
these processes lead to the acceleration of charged particles
and will be discussed in this work. MR, for example, leads
to the conversion of magnetic energy to kinetic energy. In the
heliosphere, the current sheet formed by the interaction be-
tween the solar wind and the geomagnetic field is also con-
sidered as a region where magnetic fields reconnect, and thus
energy conversion and dissipation occur.!%! Energetic particles
accelerated by MR and/or CS have also been observed in the
laboratory.

In the laboratory, the use of nanosecond lasers focused on
plastic or metal targets produces a warm dense plasma and a
mega-Gauss (MG) magnetic field due to the Biermann battery
effect, which is similar to the astrophysical environment.!”-®!
Key features of MR have been found in plasmas generated by
the interaction of two laser beams with a target, including the
MR structure and two high-velocity collimated jets in the re-
connection layer.[!%! The MR-induced ring top x-ray source
and outflow/jet in solar flares were first simulated in the labo-
ratory using MG magnetic field generated by the interaction of
a high-intensity laser with a target. In addition, the decoupling
of ions and electrons at the length of the ion inertia of the diffu-
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sion region has been determined.!!! Electrons are accelerated
to relativistic velocity driven by MR in the laboratory.[!>-17]
The pre-magnetized plasma CS front increases the reflection
of particles on the shock surface before the collision of the
two plasmas to form magnetic reconnection.!'®! Electrons are
effectively accelerated to relativistic non-thermal energy in the
small-scale turbulence generated by shock by first-order Fermi

191 In our work we will employ particle-in-cell

acceleration.
(PIC) simulation methods; such methods have previously been
used in comprehensive studies of high-energy-density plas-

mas and MR.[20-23

| The high-energy electrons were acceler-
ated and injected in the reconnection zone.?*! It is found that
the electron “pick-up ring” and the electrons accelerated by
MR have a flatter spectrum compared with single laser and
target interaction. >

The energy spectrum index is an important parameter of

26,27 1 the relativis-

reaction electron acceleration efficiency.|
tic MR regime, a large number of studies have shown that
the electron energy spectrum index p approaches 1, where
the distribution of the electron energy is N(y) = Cy ? and
C is a constant.[?8] The acceleration driven by the recon-
nection electric field is so intense that the power-law index
of the non-thermal particle energy spectrum tail is close to
1.129-31 For relativistic MR, the magnetization parameter ¢ =
B?/(uonemec?) is usually much larger than 1,121 where o is
the ratio of the energy density in reconnecting the magnetic

field to the rest mass energy density and . is the electron den-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

065203-1


http://dx.doi.org/10.1088/1674-1056/ac3397
mailto:ylping@bnu.edu.cn
mailto:jyzhong@bnu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 31, 065203 (2022)

sity.

In this paper, we present 3D PIC simulation results for
relativistic MR driven by two ultra-intense lasers with differ-
ent spot separation distance. The purpose of our simulation
is to obtain the changing plasma environment (magnetization
parameter o) in the reconnection region with a variable sepa-
ration of the laser spots and to study the influence of electron
acceleration in different plasma environments. The simula-
tion results show that the magnetization parameter in the re-
connection region will increase when the distance between the
two laser spots decreases. Because a larger magnetization pa-
rameter represents stronger magnetic energy, particles can be
efficiently accelerated by MR and have a higher reconnection
rate. It is found that CS plays an important role in electron
acceleration in MR driven by ultra-intense lasers. Lastly, the
3D momentum configuration is presented.

2. Simulation and setup

We used KLAP, which is a PIC code used to study ener-
getic particle acceleration under ultra-intense laser and plasma

33341 1 a previous simulation of MR, electrons

interactions. !
with relativistic energies were generated in the MR process
via an ultra-intense laser—plasma interaction.>! In this paper,
the relativistic MR process driven by two ultra-intense lasers
with different spot separation distance is simulated. The sim-
ulation box size was Ly x Ly X L; = 30 um X 24 um x 50 pm,
which was divided into 600 x 480 x 1000 cells. The number
of particles per cell was 8 and there were more than 2.3 bil-
lion particles in total. Both particles and fields had periodic
boundary conditions in the x and y directions, and radiating
boundary conditions in the z direction.

Initially, two identical circularly polarized laser pulses
were injected into the plasma target along the z direction. Two
laser pulses had a peak intensity of 5 x 10 W/cm?, with a
3 um spot diameter size. The wavelength of the laser was
Ao = 1 pum, and its period was Tp = A /c &~ 3.33 fs. The nor-
malized laser vector potential was ap = 13.5. So, the upstream
side of the MR region showed the bulk Lorentz factor of y =
(1+a)'/? = 13.5. The initial electron and ion temperatures
were 10 keV and 0.01 keV respectively. The Debye length
was Ap = (kT / tonee®)'/? ~ 0.235 um ~ 4.7L (L = 0.05 um
is the cell size in the simulation box). The electron skin depth
was de = ¢/ @pe & 0.71 pm, where @pe = (Loe?no/ Yome)'/? is
the electron plasma frequency. In addition, d, is close to the
laser wavelength Ag. Throughout this paper we set the laser
frequency to f = ¢/A, and we use the normal value of the
mass ratio of a proton to an electron: mj/me. = 1836. In this
paper, we normalize the magnetic field, the electric field and
the electron density to By = (I/ec)'/?/c = 1.45 x 10°T, Eg =
4.34x 1013 V/m, ng = ne = me @ /oe* = 1.15x 10! em =3,
respectively, where 7, is the critical plasma density.

The initial plasma density in the simulation box had a
varying profile along the z direction

Sum <z <10 um,
1, 10 pm < z < 15 pm,
(1—(z—z1)/Lo), 15 pum < z < 35 pm,
0, otherwise,

(z—20)/0,

n(z) = ey

where zo =5 pum, z; = 15 um, and Ly = 20 pum.

Figure 1 shows the evolution of the reconnection rate
E./VaeBa versus time, where E; are the electric fields in the
reconnection points (X-point) versus time. Va is the velocity
of Alfvén and By is the asymptotic magnetic field strength at
the time of the maximum reconnection field. With the laser
separation distance of dg of 8 um (black solid line) in case A,
the reconnection rate is almost zero between 207y and 357,
and MR does not occur. The reconnection rate increases from
40Ty and reaches its maximum 0.28 at r = 507p; then the re-
connection rate starts to go down. For the cases with a laser
separation distance of 9 um (red dashed line) in case B and
10 um (blue dotted line) in case C, the reconnecting rates
reach their maximum, 0.37 and 0.49, at r = 55Ty, respectively.
The reconnection rate increases with increasing spots separa-
tion distance, which means that the magnetic energy dissipates
faster in the corresponding reconnection region. The evolution
trend of the reconnection rate with the separation distance is
consistent with the formulal®3!

dr
VI’

where d; describes the distance of the laser spot to the recon-

R, =2.122 x 10*

@)

nection point and Iy is the laser peak intensity. At t = 75Ty,
there is a second bump in the reconnecting rate.

0.6

Ez/(VAcBA)

t (Tp)

Fig. 1. The reconnection rates for the lasers’ separation with 8 pm (black
solid line) in case A, 9 um (red dashed line) in case B and 10 um (blue dot-
ted line) in case C are 50Ty, 55Ty and 557y, respectively, where the electric
field is normalized by E;/VaeBa.

3. Electron acceleration in magnetic reconnec-
tion with different separation distances

When two laser beams are injected into a plasma target
with near-critical density, the laser will push the electrons for-
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ward and generate a co-directional current and a quasi-static
in-plane magnetic field. The anti-parallel magnetic fields en-
counter each other and MR occurs in the middle of the two
lasers, as shown enclosed by the white dotted rectangle in
Figs. 2(a) and (b). Relativistic energetic electrons are gener-
ated through the interaction between the high-power ultrashort
femetosecond laser pulses and the target. According to a previ-
ous study, the current layer of the MR driven by ultra-intense
lasers is smaller than the ion scale (ion skin depth).[3! This
means that the electrons are frozen with the magnetic field line
and move towards one another. Therefore, this MR process
happens in the electron diffusion region (EDR).

30 30
(a) (b)
—~ 20 @ 0.1 — 20 0.1
g g
= Fe, =
8 10 %: 8 10
O 5 10 15 20 © % 10 20 O
y (um) y (um)
x10* x10%
30 2.0 30 2.0
(c) (d)
1.5 1.5
~ 20 20
g g
2 1.0 E 1.0
8 10 8 10
0.5 0.5
% 10 20 % 10 20
y (pm) y (pm)
x10%
2.0
1.5
) F]
= = 1.0
8 8
0.5
% 10 20
y (um)
x10%
2.0
1.5
) F
= = 1.0
8 8
0.5
% 10 20
y (pm) y (um)

Fig. 2. The in-plane magnetic field |B | for case A is on the x—y plane with
z =20 pum at t = 507y (a) and 557 (b), where the magnetic fields are nor-
malized by the initial laser By = 1.45 x 10° T. The electron energy density
distributions (electron energy in the range of 3 < % < 20) for case A [(c),(d)],
case B [(e),(D], and case C [(g),(h)] are at ¢t = 507; (left column) and 557
(right column), respectively.

Figures 2(c)-2(h) show the electron energy density dis-
tribution electron energy in the range of (3 < 7. < 20) along
the z direction at ¢t = 507y and 557y. It clearly shows that
there are high-density electrons in the reconnection region and
outflow region, where the black arrow points the outflow di-
rection. In case A, a large number of the energetic particles

are accelerated by the reconnection field of MR in the cen-
tral X-line, where the dissipated magnetic energy is converted
into electron kinetic energy. The larger the separation of the
two laser spots, the fewer the high-energy particles acceler-
ated at the magnetic energy dissipation area. However, we
find that a large number of electrons have been accelerated to
the high-energy state when two magnetic tubes compress each
other before MR occurs, possibly due to magnetic pressure
or/and CS (Fermi-like acceleration) as Lu ef al. presented.>!]
As shown in Fig. 2(g), more energetic electrons pile up to cre-
ate a double-layer structure at the compressing magnetic rings,
near the X-line region in the bottom of Fig. 2(g), shown in
black dotted rectangle. At ¢t = 557, this double-layer struc-
ture still exists, as seen in Fig. 2(h).

40
o
20
—50 0 50 0
(d)
50 40
)
20
—50
—50 0 50 0
(g)
50 40
o0
20
—50
—50 0 50 —50 0 50 —50 0 50 0
P, P, P,

z T

Fig. 3. Electron distribution in the phase space of (p, py). From top to bot-
tom, the rows correspond to case A, B, and C. From left to right, the columns
correspond to 45Ty, 507, and 557), in chronological order.

In order to study electron acceleration by MR, we se-
lect the electrons in the volume of 14 pm < x < 16 um,
7 um <y< 17 um, and 10 um < z < 25 wm from ¢t = 45Ty
to 55T, where the current sheet is located. In the previous
work, we found there is a bubble (which is in the black rect-
angle) in the electron momentum distribution of p,—p,, which
is called the pick-up ring.[>>! As shown in Figs. 3(c)-3(i), the
smaller the lasers’ separation distance is, the larger the “pick-
up ring”. The reconnection electric field is E; = 0.037, 0.032,
and 0.028 in case A, B, and C, respectively. When the sep-
aration distance between the two lasers becomes smaller, the
reconnection electric field becomes stronger and more elec-
trons will be accelerated to higher energy along the z direction
in our simulation and induce a larger pick-up ring.

Figure 4 shows the electron energy spectra in the recon-
nection region of case A, case B, and case C driven by two
lasers with MR (shown as the black line) corresponding to a
single laser case without MR (shown as the blue line). In the
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range of 1 < 7 < 50, the electron energy spectrum is fit as a
power-law distribution and its spectrum indexes are p; = 2.5,
3.0, and 3.2 in case A, B, C respectively as the pink dotted
lines shown in Figs. 4(a)—4(c), which are as the same as the
spectrum indexes obtained by single laser driving. Compared
with the energy spectrum generated by the interaction of the
single-sided laser and target, the range of the power-law spec-
trum with the same index is wider than that generated by the
interaction of two lasers and plasma. With the increase of the
laser separation distance, fewer electrons are accelerated in re-
connection region that we selected, which makes the index of
the power-law spectrum increase.

In the range of 1 < % < Y, the power-law indexes of the
electron spectrum driven by two lasers with MR (shown as the
green dotted lines) are p; = 1.4, 1.8, and 1.9 in case A, B, and

C, respectively shown in Figs. 4(a)—4(c). Compared with sin-
gle laser driving case without MR, we find that MR amends
the shape of the electron spectrum and makes the spectrum
index p; less than 2 because more low-energy electrons are
accelerated to higher energy in the MR process driven by two
lasers. Moreover, with a decrease of the laser separation dis-
tance, the power-law spectrum is flattened. This is because
the electron energy spectrum accelerated by lasers is flatter in
the reconnection region when laser the separation distance in-
creases. Meanwhile, the magnetic parameter ¢ of the back-
ground plasma before the MR is driven by lasers increases
when the laser separation distance decreases (as shown in Ta-
ble 1). Our simulation results agree with those of previous

[32]

relativistic astrophysics research!”<' in that the magnetic pa-

rameter affects electron acceleration in relativistic MR.

Table 1. Important parameters of the plasma environment.

Parameter 8 pm 9 um 10 pm Gamma ray bursts
System size (m) 10-3 1073 1073 10*2
Electron temperature (keV) 2.67 2.12 1.53 3x 1022
Plasma density (cm ) 1.15x 10 1.15 % 10 1.15 % 10%! 2x 1022
Ba (T) 1.97 x 10* 1.45x10* 1.06 x 10* 41072
(B) 0.1 0.2 0.7 1.1x1073°P
(o) 24.43 15.56 13.01 3.0x10°°
(Vae)max (m/s) 2.8x 108 2.5% 108 2.3 %108 20x10%°
(Cs); (ms) 6.2x10° 4.7 x10° 4.7 x10° 5.5x10%°
(Cy)e (m/s) 2.17 x 107 1.94 x 107 1.64 x 107 -
Vins (/) 2.8 x 107 2.5% 107 2.3 %107 -
Vq (m/s) 5.6 x 107 5.1 %107 4.1x107 -
(E.)max/Eo 0.037 0.032 0.028 -
Reconnection rate 0.28 0.37 0.49 —
aRefs. [43,44]. POur calculations.
(a) (b ()
106k 100 =g 100 K=
R RS E T
g 10t 8 10 N 8 10t TN
s — 8MR 2 —9MR 2 —8MR 1
° - - 8single ° - - 9single ° - - 8single "\%
g 10 p=14 g 10 pp=18 2 107 pp=19
g Pr=2.5 g p2=3.0 § P2 =3.2
Z i Py =2.5 Z . Py =3.0 Z ) Py =13.2
10 10? 102 10 10? 102 10 10t 102
Ve Ve Ve

Fig. 4. The electron energy spectra for case A (a), B (b), and C (c) at the moment the maximum reconnection electric field is reached (t = 507y, 55T, and
55Ty, respectively). The vertical axis is the electron count, and the horizontal axis is the relativistic factor of electron. The solid line is for the two-laser
case, and the dashed line is for the single laser. The electron distribution is fitted with the power-law spectrum N(y) =y~ ?. The dotted line is the power-law
spectrum line with different powers. The green dotted line is fitted with the low-energy region, and the pink dotted line is fitted with the middle-energy region.

4. Collisionless shock acceleration and magnetic
reconnection acceleration

Figures 3(a)-3(c) not only present the electron pick-up
ring but also two electron jets along the py direction. In par-
ticular, in Figs. 3(b) and 3(e), the pick-up ring is not obvious,
while the electron jets along the p, direction are enhanced.
On the whole, the electron jets along the py direction are ob-

viously present in case C.

Next, the formation mechanism of the electron jets along
the p, direction will be analyzed. Figure 5(a) shows the typ-
ical structures of CS, the electron density and electromag-
netic fields around the shock front when the shock is fully
formed®®! t = 507y in case C (at y = 12 pm, z = 20 pm).

It is found that there are two regions of electron density accu-
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mulation generated by the interaction of two lasers expelling
plasmas. Setting n; as the downstream density at x = 14 um,
which is in the region between the two laser beams, and nj
as the upstream density (peak density of Fig. 5(a)) at x =
14.5 um, the density ratio obtained is np/n; ~ 4. Then we
c2+V3,, the
Zkp T, /m; 137] and the electrons’ down-
stream velocity Vg4 in Table 1. Collisionless shock wave char-

determined the fast magnetosonic speed Vi = .

ion sound speed ¢y =

acteristics of vq > vy were found in this environment. The
electric field E, peaks around the wave front (x = 14.5 um),
providing electrostatic cross shock potential for capturing and
reflecting electrons slower than the shock. Therefore, the
shock wave can be formed between the laser beams, and the
electrons should be accelerated in the shock front located in re-
gion I of Fig. 5(a), which is selected as 14 um < x < 14.5 um,
11 um <y < 13 wm, and 10 pm < z < 25 pum, as shown in
the black dotted line rectangle on the bottom of Fig. 2(g). In
order to compare with region I, region II of Fig. 5(a) is defined
as an MR dominant region because this region is closer to the
reconnection X-point, and it includes 14.5 pm < x < 15 pm,
11 pm <y < 13 um, and 10 um < z < 25 pum in the black
dotted line rectangle on the top of Fig. 2(g).

3 0.1 5
—_—nN -~ 10°
(a) T (b)
£
§:~ <
[}
\w ________ 0 B 103
S 5
2 1 g
E { / — — Shocks50Tj
. Z . — MR50T,
17 10! 102
Ye
. 10° n  10°
£ (©) g (@)
:
o
o
3 3
na 101 *a 10.‘}
3 3
”é’ — — Shocks55T], ’é — — Shocks55T)
2 — MR55T, 2 —— MR55T,
10t - 10t
10 102 10t 102
Ve Ye

Fig. 5. Internal structure of a pair of CS at r = 507 in case C. (a) Line out
of the electron density (n; solid black line) and electromagnetic fields (B
indicated by the blue dash-dotted line; E), red dashed line; E, purple dotted
line), at y = 12 pm and z = 20 pum, region I from x = 14 um to 14.5 pm
and region II from x = 14.5 um to 15 pum. The electron energy spectra for
different acceleration mechanisms by CS (the blue dashed line) and MR (the
red solid line) are in case A att = 507 (b), case B at r = 557 (c) and case C
att = 55Ty (d).

Figures 5(b)-5(d) show the electron energy spectrum in
region I (blue dashed line) and region II (red line). Figure 5(b)
shows that in case A, electrons are accelerated more in MR
than in CS. As seen in Figs. 5(c) and 5(d), with increasing
separation distance, the electron energy spectrum from CS ap-
proaches that from MR. This is because the enlarging separa-
tion distance between the two laser spots leads to amplifica-
tion of the interaction region of the plasma generated by the

two lasers. Collisionless shock wave survival time increases

in this interaction region, which allows more electrons to be
captured and accelerated by the collisionless shock. 333!

To explain the electron acceleration process, the tem-
poral evolution of the electron kinetic energy (Ey) and the
work done by each electric field component (W, = 0.5&E?Z,
Wy = 0.5yE2, and W, = O.SSOEZZ) for one typical electron
are given for case A, case B, and case C in Fig. 6. W, is
related to the collisionless shock acceleration as shown by
Lorenzo Sironi and Anatoly Spitkovsky; 3! W, is the recon-
nection electric field contribution, W), is the outflow direction
and it should respond to the magnetic field effect (magnetic

field compression, magnetic field betatron acceleration).[>!]

10 6
(a) —E,

Energy (7o)

Energy density (10'2 J/m?)

Energy (7o)

Energy density (10'2 J/m?)

Energy (7o)

Energy density (10'2 J/m?)

0
20 30 40 50

t (Tp)

Fig. 6. Evolution of electron kinetic energy over time. The work done by
each electric field component (W,, Wy, W) is plotted for case A, B, and C in
panels (a), (b), and (c).

Figure 6 shows that the electric fields E, and E; all play
important roles in electron acceleration for case A, case B, and
case C. In Fig. 6(a), for case A, the electron kinetic energy Ex
mainly comes from W, and W,. The reconnection contribu-
tion is more than others. Figure 6(c) shows that some particles
gained energy by W,, and reconnection has less influence in
case C. Therefore, figure 6 implies the results of Figs. 5(b)—
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5(d), where more electrons are accelerated by collisionless
shock when two magnetic tubes compress each other.

5. The 3D effects

In order to analyze some quantities, the 2D figures in the
reconnection plane are presented, which are averaged along
the z direction. This method may lead to the absence of some
three-dimensional information. In Figs. 7(a)-7(c), the 3D iso-
surface distribution of the electron momentum p,, is presented
for case A at t = 50Tp, and case B and case C at t = 55T, re-
spectively. High-energy electrons are distributed at the front of
the laser transmission channel. In contrast, in case A, electrons
are concentrated in the reconnected region with a very narrow
x scope, while in case B and case C, more energetic electrons
along the y direction are located over the whole interaction re-

that more energetic electrons are located over a wider range of
x. These features also imply that the acceleration mechanism
is different.

According to the location of the outflow in the 3D sce-
nario of Figs. 7(a)-7(c), the electron energy spectra are given
in Figs. 7(d)-7(f) where the selected region is 13 pm < x <
17 um, 5 um < y < 19 um, and 25 pm < z < 40 um where the
outflows are located. We find that one part of the energy spec-
trum for the two lasers with MR is the same as the case of the
single laser without MR; the other part of the electron energy
spectrum is modified by MR, which can be fit as a power-law
distribution and its index is close to 1. Re-calculating the mag-
netization parameter o, they are 70.2, 38.8, and 37.7 in case
A, case B, and case C, respectively. This plasma environment
is ultra-relativistic, which results in a very flat electron energy

gion of the plasma generated by the two lasers, which means  spectrum.
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Fig. 7. (a)~(c) Three-dimensional isosurface distributions of the electron momentum p, for case A, B, and C are at t = 50T (a), 55T¢ (b), and 55T (c),
respectively. Here, purple shows along positive py and blue shows along negative py. (d)—(f) The corresponding two-laser case spectra (black lines) and the
single-laser case spectra (blue lines) in the contrast diagram are also drawn for the electrons in the reconnection area (x = 13 um—17 um, y =5 pm-19 pm,
z =25 um—40 um). The red lines indicate the power law of the spectrum 1 < % < %p.

6. Discussion and conclusions

Table 1 presents some parameters of the plasma environ-
ment driven by two ultra-intense femtosecond lasers and in a
gamma ray burst environment. The ¢ is also much greater
than unity o > 1, and the energy density of the reconnection
magnetic field is larger than the rest mass energy density of
the electrons. Therefore, the MR driven by ultra-intense lasers
is ultra-relativistic.

The plasma beta 8 = 2uonckgT /B> (B is the ratio of the
thermal pressure to the magnetic pressure) is much smaller
than 1. We find that the electron Alfvén speed is close to the
speed of light vae ~ c. These parameters match the environ-

ment of high-energy astronomical phenomena. Even though
our simulation parameters do not exactly match high-energy
astronomical ones, such as particle density, magnetic field en-
ergy, spatial and temporal scale, to some extent, our simula-
tions reflect the mechanism and process of electron accelera-
tion, corresponding to many high-energy emission of the as-
tronomical observations. [40-4?1

In this paper, from the momentum diagram, the “pick-
up ring” shrinks as the laser separation distance increases.
Fewer reconnection electric fields accelerate fewer electrons
to higher energies. At the same time, two momentum jets
along p, are presented, and they are more obvious with an
increase of the separation distance. This may be related with
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the different acceleration mechanisms in the case with a dif-
ferent separation distance. With the increase of the laser sep-
aration distance, the binding of electrons in the magnetic field
becomes weaker, the duration of CS becomes longer, and the
acceleration space becomes larger. So, more electrons can be
accelerated by CS. Therefore, in the py direction of the elec-
tron momentum phase space, jets appear and become larger as
the laser separation distance increases. Then, through the en-
ergy spectrum analysis of different regions, we find that, with
separation distance increasing, the electron energy spectrum
of energetic electrons from collisionless shock approaches that
from MR. As the separation distance decreases, the magnetiza-
tion parameter o increases, and the electron energy spectrum
becomes flatter and less than 1. From the 3D momentum con-
figuration, the outflow is presented between two lasers. Ac-
cording to the position of the outflow, the electron energy spec-
trum and the magnetization parameter are re-examined. The
magnetization parameter is higher, and the index of the ener-
getic electron spectrum is close to 1.
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