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The magnetic quadrupole structure formation during the interaction of two ultrashort high power laser pulses
with a collisionless plasma is demonstrated with 2.5-dimensional particle-in-cell simulations. The subsequent
expansion of the quadrupole is accompanied by magnetic-field annihilation in the ultrarelativistic regime, when
the magnetic field cannot be sustained by the plasma current. This results in a dominant contribution of the
displacement current exciting a strong large scale electric field. This field leads to the conversion of magnetic
energy into kinetic energy of accelerated electrons inside the thin current sheet.
DOI: 10.1103/PhysRevE.93.013203
I. INTRODUCTION

Generation of high energy particles in space and laboratory
plasmas has been attracting a lot of attention for years.
Magnetic reconnection [1] is one of the processes allowing
the energy transfer from magnetic field into charged particles
[2]. It plays a fundamental role in the magnetic confinement of
thermonuclear plasma [3] and has been considered as a plausible mechanism for high energy charged particle generation
in space plasmas [2,4–6]. This process is accompanied by a
current sheet formation [1,7–9], where the oppositely directed
magnetic fields annihilate. The magnetic-field annihilation
has been investigated within the framework of dissipative
magnetohydrodynamics (see Ref. [10] and literature cited
therein). In ultrarelativistic plasma, it becomes principally
different because the electron current has the upper limit [11].
Due to the relativistic constraint on the particle velocity (which
never exceeds the speed of light in vacuum) the electric current
can sustain only a limiting magnetic-field strength. Sometimes
the corresponding regime is called “Syrovatskii’s mechanism
of charged particle acceleration,” whereas S. I. Syrovatskii
called it “dynamic dissipation of the magnetic field” [11].
The development of high power lasers [12] allows accessing
new regimes of magnetic-field annihilation. When a highintensity laser pulse interacts with a plasma target the accelerated electron bunches generate strong regular magnetic fields
[13,14]. A self-generated magnetic field in inhomogeneous
near-critical density plasma enhances fast ion generation [15].
It has been predicted that nontrivial topology of self-generated
magnetic fields eventually leads to magnetic reconnection [16].
Recent experiments with long nanosecond laser pulses have
shown plasma outflows with MeV electrons and plasmoids
generated in reconnection current sheets [17,18]. However,
the conditions for relativistic magnetic-field line reconnection
have not been reached.
In this article, a fast magnetic-field annihilation in relativistic collisionless plasma driven by two collinear ultraintense
femtosecond laser pulses is studied with particle-in-cell (PIC)
simulations. A significant step with a similar configuration has
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been done in Ref. [19], where magnetic reconnection occurred
at relatively high plasma density and the main contribution to
an induced electric field came from electrostatic turbulence
and electron pressure according to Ohm’s law. In contrast, we
demonstrate the magnetic annihilation in low density plasma,
when the magnetic-field variation is compensated mainly by
the displacement current while the electric current is weak.
The induced electric field accelerates charged particles within
the current sheet.

II. SIMULATIONS AND RESULTS

The PIC simulations are performed with the relativistic
electromagnetic code EPOCH [20], with a 2.5-dimensional
configuration (two spatial and three momentum components
for particles). A reduced dimensionality here has two advantages. From the physical point of view, it can elucidate the
mechanism by removing unnecessary complexity. From the
computation side, it is less demanding for computer resources,
therefore a larger number of cases with different interaction
parameters can be processed to reveal favorable conditions.
Two s-polarized Gaussian pulses with the peak intensity of
1021 W/cm2 propagating along the x axis are focused onto
the target left edge. Choosing s polarization, we mitigate high
frequency laser field effects, facilitating a clear observation of
the generated magnetic field and inductive electric field. For
each laser pulse the duration is τ = 15 fs and the spot size is
3λ (full width at half maximum), where λ = 2π c/ω = 1 μm
and ω are the laser wavelength and frequency. The optical axes
of the laser pulses are at y = ±7λ. This separation guarantees
the formation of two independent electron bubbles, not overlapping in a long run. The simulation box size is 195λ × 340λ,
large enough to avoid boundary effects. Hydrogen plasma is
located in 20λ < x < 122λ with a uniform density along the
y axis. The longitudinal density profile is shown in Fig. 1: the
density linearly increases from 0 to 0.1nc for 20λ < x < 22λ,
then remains constant for 22λ < x < 62λ, and then linearly
decreases to 0 for 62λ < x < 122λ. Here nc = me ω2 /4π e2
is the critical density, me and e are the electron mass and
charge. The transverse size of the target is 40λ. The mesh size
is δx = δy = λ/20, the quasiparticle number is 107 and the
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FIG. 1. The electron density (trapezoidal curve) at t = 0 and the
longitudinal electric field at 33T0 , 69T0 , 144T0 along y = 0; T0 is
the laser period. Zones I, II, and III for the regions of magnetic-field
generation, expansion, and annihilation, respectively.

particles are initially at rest. Open boundary conditions are
employed for both particles and fields.
The propagation of the laser pulses in plasma results in
the formation of two electron bubbles due to the wakefield
generation ([21] and references cited therein). The strong
wakefields accelerate electrons in the longitudinal direction.
According to Ampère’s law, the electric currents produce
magnetic fields [Bz component in the two-dimensional (2D)
case]. The resulting magnetic quadrupole configuration is
shown in Fig. 2(a). At this moment, the two magnetic dipoles
do not touch each other in the vicinity of the central axis
(y = 0). The maximum magnetic field can be calculated
by using Ampère-Maxwell law, ∇ × B = μ0 Je + μ0 ε0 ∂t E.
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FIG. 2. (a) The magnetic field Bz component at t = 63T0 . (b) The
expansion of the magnetic dipole: the Bz along x = 27λ, 40λ, and
68λ at 33T0 , 51T0 , and 75T0 , respectively.

Assuming a quasistatic condition, ∂t E = 0, we obtain B/R =
μ0 n0 eve ≈ μ0 n0 ec, where the electron speed is close to c. The
transverse size of√the magnetic dipole, R, is estimated to be
of the order of c a0 /ωp , which is a self-focusing filament
radius of a laser pulse with the dimensionless amplitude a0 =
eE/me ωc; ωp = (n0 e2 /ε0 me )1/2 is the Langmuir frequency.
√
The magnetic field is then estimated as Bz = μ0 n0 ec2 γ /ωp
with the Lorentz factor γ ≈ a0 [14]. It gives Bz ≈ 1.8 × 104 T,
which is consistent with the simulation result.
When the bubbles reach the density downramp region,
where n(x) = −n0 (x − 122λ)/60λ, both the bubble size and
the magnetic dipoles expand transversely since the corresponding vortex is affected by a force proportional to ∇n × [22],
where is the potential vorticity of electron fluid. Figure 2(b)
shows the Bz along x = 27λ, 40λ, and 68λ at 33T0 , 51T0 ,
and 75T0 , where T0 = 2π/ω0 is the laser period. From 33T0
to 51T0 , the quadrupole is propagating in the uniform density
region; the displacement between the blue solid peak (for 33T0 )
and the green dashed peak (for 51T0 ) is about 0.3λ. During
this stage the magnetic-field strength grows significantly (up
to 2 × 104 T), since more electrons are trapped and accelerated
by the wakefield. The situation changes when the quadrupole
enters the downramp region. The displacement between the
green dashed peak and the red dotted peak (for 75T0 ) becomes
about 1.6λ. At the same time, the magnetic-field strength
slightly decreases, in accordance with Ertel’s theorem [23].
The two magnetic dipoles “collide” near the central axis
at y = 0.
At the central axis the opposite magnetic fields annihilate
and the magnetic-field configuration is rearranged, which may
be caused by kinklike or/and interchangelike instabilities.
Along this axis, a current sheet is formed, where a longitudinal electric field is induced via magnetic-field annihilation.
Figure 3(a) shows the longitudinal electric field along x = 65λ,
80λ, and 90λ at the instants of t = 81T0 , 99T0 , and 123T0 . At
81T0 and 99T0 , a strong electric field is seen near the laser
axes (y = ±7λ). Here the electric field is about 10 GV/cm;
the same strength is seen in the case of a single laser pulse.
At t = 123T0 , the longitudinal electric field becomes much
stronger in the current sheet (near y = 0) than along the
laser axes. The growth of the longitudinal electric field is
after the formation and colliding of the magnetic dipoles.
This extra contribution comes from the magnetic annihilation
which converts the energy of magnetic field to the electric field
energy. The magnetic-field distribution at 138T0 is shown in
Fig. 3(b). In the current sheet region of 100λ < x < 110λ, the
magnetic quadrupole breaks acquiring a complex structure, in
contrast to a smooth distribution behind the breaking region
(x < 100λ). The breaking region indicates that the magnetic
fields with opposite directions are annihilating. As a result, a
strong longitudinal electric field, Ex , is induced in this region.
This is well seen in Fig. 3(c): the green line drawn at the
same moment as (b) has the peak (Ex > 40 GV/cm) around
110λ < x < 115λ. Figure 3(c) also presents the evolution of
the longitudinal electric field in the current sheet. The strong
inductive electric field moves forward almost with the speed
of light.
In order to characterize further the inductive electric field
generation, we compare the contributions of different terms
in Ampère-Maxwell law. The profiles of (1/μ0 )∇ × Bx , the
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FIG. 4. (a) Contributions of different terms in Ampère-Maxwell
law at 138T0 along y = 0, transversely averaged inside the current
sheet (−λ < y < λ). Inset: the same quantities, longitudinally averaged, in the region of the inductive electric field growth. (b) The
product Je  · Ex at 138T0 along y = 0.
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FIG. 3. (a) The inductive longitudinal electric field growth: the
Ex along x = 65λ, 80λ, and 90λ at t = 81T0 , 99T0 , and 123T0 ,
respectively. (b) The Bz at 138T0 . (c) The Ex along y = 0 inside
the current sheet at 132T0 , 138T0 , and 144T0 , respectively.

electric current density Je x = −envx , and the displacement
current density JD x = ε0 ∂t Ex are shown in Fig. 4(a).  
denote transverse averaging inside the current sheet (−λ <
y < λ). In the region 80λ < x < 110λ, return electrons induce
a strong electric current. Here ∇ × Bx is sustained by Je x .
In the region of x > 110λ, the electron density becomes
low due to the downramp density profile. The variation of
magnetic fields can no longer be compensated by the electric
current. Therefore, a longitudinal electric field is induced,
corresponding to the displacement current which balances
the quantity of ∇ × Bx . The high frequency oscillations
of JD x agree well with the filaments in magnetic-field
distribution. Longitudinally averaged quantities in the inset
in Fig. 4(a), where oscillations are smoothed out, show that
∇ × Bx is precisely balanced by the displacement current
within the region of the strong inductive electric field. The

product Je  · Ex at 138T0 along y = 0, which is required
for the energy conversion between electromagnetic field to
particles, is provided in Fig. 4(b). Two peaks can be clearly
distinguished, locating at 85λ < x < 95λ and 105λ < x <
115λ, respectively. Though both of them are related to
magnetic annihilation, the mechanisms are different. For the
first peak (85λ < x < 95λ), the current density is rather strong
and the electric field is small as seen in Figs. 3(c) and 4(a).
This corresponds to the mechanism discussed by Ping et al.
in Ref. [19] in which the main contribution comes from electrostatic turbulence and electron pressure according to Ohm’s
law. However, in the second peak (105λ < x < 115λ) where
the current density is very low, the magnetic-field annihilation
and energy dissipation are based on the mechanism proposed
in the above, namely the relativistic collisionless magnetic
annihilation. The displacement current grows to compensate
the variation of magnetic field and a strong inductive electric
field is generated. Therefore, the product Je  · Ex is still large
here though the current density is negligible.
The electrons within the current sheet acquire extra energy
compared to the electrons at the periphery due to a contribution
of the inductive electric field. Figures 5(a) and 5(b) show
the distributions of electron longitudinal momentum px at
69T0 and 138T0 , which represent the situations without
and with the magnetic annihilation effect, respectively. At
t = 69T0 the momenta of the electrons within the current
sheet (−2λ < y < 2λ) are comparable in magnitude to the
momenta of the electrons near the outer wings of laser axis

013203-3

Y. J. GU et al.

PHYSICAL REVIEW E 93, 013203 (2016)

150

(a)

20

0

−10

4

0

2

−50

−20

−20

−100

40

50

x(λ)

60

p (m c)
x

e

150

(b)

50
0

−10

−50

−20

(b) 12
10

e

0

0
150 160 170n (n )
x(λ)
p p0

400

100

10

y(λ)

y(λ)

50

0

px(m c)

y(λ)

10

20

20 (a)

100

200

8

−100
60

80

100

x(λ)

120

px (mec)

0
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dN/dE

(8λ < y < 25λ and −25λ < y < −8λ). At this moment px
distribution is formed by electron oscillations in plasma waves
and by the return electrons along the bubble shell. However,
at t = 138T0 , after the magnetic annihilation came into play,
a strong backward accelerated electron bunch appears in the
current sheet. The maximum momentum reaches −120me c,
while the momentum growth of the electrons in the wings is not
significant. The origin of the backward accelerated electrons
corresponds to the emergence of the strong displacement
current, i.e., to the inductive electric field as is shown in Fig. 3.
Such a strong electron acceleration in the current sheet region
is a clear evidence of the magnetic annihilation.
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FIG. 7. The positron density (a) and phase distribution in the
(x,px ) plane (b) at 171T0 ; np0 = 0.01nc . (c) The energy spectrum
of the positron “bullet” seen in (a) at 150 < x/λ < 155, for 120T0 ,
150T0 , 180T0 .
III. ENERGY CONVERSION AND POSITRON
ACCELERATION
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FIG. 6. The evolution of total magnetic-field energy in the
simulation box (red line), the total backward electron kinetic energy
in the current sheet (green dotted line) and the maximum backward
electron energy in the current sheet (blue dashed line) are plotted.

In order to prove the energy transfer from magnetic field
to the backward accelerated electrons, we plot the total
magnetic-field energy (Bz2 ) in the simulation box, the total
electron kinetic energy in the current sheet, and the maximum
backward electron energy in Fig. 6. The increase of the total
electron kinetic energy (green dotted line) shows that more and
more electrons in the current sheet are accelerated. However,
the violent rising of the maximum backward electron energy
(blue dashed line) indicates that a strong longitudinal inductive
electric field is created after 120T0 , which is consistent with the
time when magnetic annihilation occurs based on the previous
discussions in Fig. 3(a). The slope of magnetic-field energy in
the simulation box (red line) decreases due to the annihilation
and energy transfer. The decrease of the total electron energy
in the current sheet is because the electrons have transverse
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momentum which makes them leave this annihilation region.
Furthermore, with the decrease of the electron density as
shown in Fig. 1, the electrons which can be accelerated by
the inductive electric field become much less. In this case, the
acceleration of the electrons in the current is proved to be the
effect of magnetic annihilation.
The inductive electric field is sufficiently energetic to be
utilized for an efficient charged particles acceleration. Here we
consider the case of the positron acceleration, which serves
as a diagnostics of a longitudinal electric field created by
magnetic annihilation. Positron generation in laser-plasma
interactions has been demonstrated in Ref. [24] and the
positron acceleration has been discussed by Vieira et al.
in Ref. [25]. We performed a simulation with the same
parameters as above, except that the target now contains
positrons, replacing 10% of the protons, and the separation
between the laser pulses is enlarged from 14λ to 20λ. With a
narrower separation, the current sheet lacks positrons by the
time of the magnetic annihilation, because all positrons are
swept forward by the laser pulses. When the pulse separation
is optimal, a fraction of positrons are squeezed transversely,
forming a high density “bullet” within the current sheet
between the two bubbles. When the inductive electric field
emerges, the positron bullet is accelerated forward up to a high
energy. Figure 7(a) shows the positron density distribution at
171T0 . The high density peak around x = 170λ corresponds
to positrons directly accelerated by the laser ponderomotive
force. Behind, around x = 150λ, is the high energy positron
“bullet” accelerated by the inductive electric field. The bullet
maximum momentum is px ≈ 350me c, substantially higher
than the momenta of positrons around x = 170λ, Fig. 7(b).
The energy spectrum evolution of the positron bullet is shown
in Fig. 7(c). The peak energy increases from 20 to 160 MeV in
60T0 . At t = 180T0 , the positron bullet is quasimonoenergetic
with the energy spread of about δE/E ≈ 13%. Its total charge
∼44 pC/μm and its angular divergence is ∼14◦ . We note
that the inductive field more efficiently accelerates positrons
forward than electrons backward. This is because the inductive
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