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Abstract. Structure and transportation of electron vortices in near-critical density
plasmas driven by ultrashort intense laser pulses have been studied by multi-
dimensional particle-in-cell simulations. Dimensional features of electron vortices
are revealed. In two-dimensional geometry, two electron vortices and a quasi-static
magnetic dipole are closely coupled. In three-dimensional geometry, a moving electron
vortex ring associated with a closed magnetic ring moves in near-critical density
plasmas. Such structure can transport some energy to the region where the laser pulse
cannot reach. It is found that the motion of plasma ions makes the vortex magnetic
energy dissipate quickly. These studies provide possible connection of electron vortices
in nature with laser plasma experiments.
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1. Introduction

Linear and nonlinear structures generated dur-
ing laser plasma interaction, such as laser
wakefield [1, 2, 3], collisionless shockwaves [4,
5], postsolitons [6, 7] and magnetic vortices [8,
9], have drawn broad interests in experimen-
tal and theoretical studies. As one of the key
parameters, plasma density largely determines
the structure form. For underdense plasma,
when ultrashort intense laser pulse propagates
in it, a wakefield can be excited behind the
pulse [1]. Such wakefield structure usually has
high acceleration gradient and is widely used to
accelerate electrons for the purpose of making
compact accelerator and radiation source [3].
For near critical density (NCD) plasma, more
kinds of nonlinear structures, like collisionless
shockwaves, postsolitons, magnetic and elec-
tron vortices, can be generated when an in-
tense laser pulse interacts with it. These coher-
ent structures usually containing strong elec-
tromagnetic fields can survive for a long time
and are normally considered disorganized and
chaotic. However, they draw a lot of attention
to research since they may induce significant
energy transport and coupling. In some special
region, these structures can be utilized to do
laser ion acceleration and fundamental nonlin-
ear physics studies. For example, particle-in-
cell (PIC) simulations show that electron vor-
tices can be generated at the boundary of a
NCD plasma where the laser pulse propagates
out of the plasma into the vacuum [10, 11] or
the laser is obliquely incident on the plasma-
vacuum boundary [12]. The vortices move per-
pendicular to the gradient of the plasma den-
sity and magnetic fields inside the vortices with
intensity up to 104T are observed [11]. In re-
cent years, with the development of foam tar-
get manufacture [13, 14] and application of su-
personic gas jet [7, 15], NCD plasma can be

generated in experiments, which creates real-
istic conditions to study these structures and
may lead to wide applications. However, since
the formation of such structures is a highly
nonlinear process and they are sensitive to
laser plasma parameters, it is quite difficult
to predict their generation and dynamics, es-
pecially inside the plasma. Both theoretical
and experimental studies are still needed for
the clear understanding of these structures and
their potential applications.

In this paper, by using multi-dimensional
PIC simulations we study the generation
and dynamics of electron vortex during the
interaction of an ultrashort intense laser
pulse with a NCD plasma. Unlike the
previous studies focusing on the plasma-
vacuum boundary region, we study the
structures inside the plasma. Both two
dimensional and three dimensional geometries
are considered. We found that the generation
mechanism of the vortex inside the plasma
can be divided into two stages. Stage I:
During the laser-plasma interaction, electrons
are accelerated and form a strong axial electric
current which is called as the drive current
in the following. At the same time, strong
charge separation fields and magnetic fields
are also generated, which causes the curling
of the drive current. Stage II: After the laser-
plasma interaction, an electron void region is
left and the ambient electrons move to this
region to keep the electric neutrality. This
process results in the formation of strong
return currents. These currents are eventually
coupled with the drive current and finally
forms the vortex current forming electron
vortices. Compared with the quasi-static
vortex in 2D geometry, in 3D we found that
the electron vortex can move forward along the
laser propagation axis with a speed of ∼ 0.1c,
where c is the speed of light in vacuum. Such
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structure gives a new form of laser energy
transport to deep plasmas.

2. Generation of Electron Vortex in 2D
Geometry

We use the relativistic PIC code OSIRIS [16]
to perform multi-dimensional simulations. A
circularly polarized laser pulse with wave-
length of λ0 = 1.0µm and intensity of I =

I0exp(−r2/R2
L)exp[−(x− xcent)

2/c2T 2] propa-
gates along x direction. The amplitude of
the laser intensity is I0 = 2.47 × 1019W/cm2,
which corresponds to a normalized laser elec-
tric field of a0 = eE/mωc = 3.0, where m,
e, E, ω are electron mass and charge, laser
electric field and frequency, respectively. The
laser focus radius is RL = 3.6µm and the
pulse duration is T = 15.0fs. The size of the
simulation box is 32µm × 16µm for 2D and
32µm × 16µm × 16µm for 3D simulations. It
has been divided into 960×480 cells for 2D sim-
ulations and 640×320×320 cells for 3D simula-
tions. Such simulation boxes are large enough
to ignore the nonphysical boundary effects dur-
ing the whole simulation time. The initial
laser pulse center and focus position are set at
xcent = −10.0µm and x = 5.0µm, respectively.
A plasma with upramp-plateau density profile
is placed in the region of 0µm < x < 12.0µm.
The plasma density is uniformly distributed
both along y and z directions. The initial
density profile along the longitudinal direction
can be seen from the inset of Fig. 1. The
density around the upramp region linearly in-
creases from 0 to 2.0nc within 1.0µm. The
density in the plateau region is 2.0nc. Here
nc = 1.1×1021cm−3 represents the critical den-
sity for the drive laser.

We firstly study the vortex generation
with immobile ions. In stage I during the laser
plasma interaction, electrons are accelerated

Figure 1. High-density electron layers formed during
laser-NCD plasma interaction at t = 11.0T0, t = 13.0T0

and t = 16.0T0. The inset shows the initial plasma
density distribution along the x direction.

by the incident laser pulse. These electrons
pile up in front of the laser pulse and form
an electron layer with high density as shown
in Fig. 1. The electron layer moves forward
with a speed about 0.16c. The electron layer
density gets higher from 11.0T0 to 13.0T0,
where T0 represents the laser period. When the
peak of the laser pulse arrives, more electrons
are accelerated. After that, the electron
layer gradually collapses and its density drops
down. The laser drives such electrons to form
longitudinal currents. As we will see later
that such drive currents compose a part of the
vortex current.

Since the laser initially has a Gaussian
profile along the transverse direction, the elec-
tron layer is not uniform along the transverse
direction as shown in Fig. 2(a). It shows
that the electron layer density is higher on
axis and gets smaller outwards. As we know,
besides the longitudinal ponderomotive force,
electrons also feel the radial ponderomotive
force which has the form of fr ∝ −∂I/∂r.
So the radial force gets maximum at r =

RL/
√
2 = 2.55µm. When some electrons are
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Figure 2. Spatial distributions of electron density ne (a), laser electric field Ey (b), longitudinal electric field Ex

(c), transverse electric field Ey (d), magnetic field Bz (e) and drive currents with the electron density background
(f) at t = 12.0T0. The region of the drive current distribution is labelled by the black rectangle in (a) and the
dashed black arrows represent the drive currents. The overline “ ” represents the mean value averaged within
one laser period. The dashed black line in (b) represents the front of the laser pulse and the purple arrows
represent the directions of the radial ponderomotive forces of the laser pulse whose front is bent due to the front
electron layer.

repelled outward by this radial ponderomotive
force, the remaining electrons are still acceler-
ated forward by the longitudinal ponderomo-
tive force, which bends the electron layer. The
bent electron layer also reshapes the front of
the laser pulse as shown in Fig. 2(b). Then it
feeds back to fr, which enforces the pondero-
motive force and the curvature of the electron
layer as marked by the dashed black line and
purple arrows in Fig. 2(b). Finally a high den-
sity electron layer with a double raised struc-
ture is formed. The outward electrons move
along this kind of curved layer forming a curled
electron current as shown in Fig. 2(f).

On the other hand, the transverse and

longitudinal charge separation fields (Ex and
Ey) form as shown respectively in Figs. 2(c)
and 2(d). At the front region of the plasma
target (i.e., the density upramp region), Ex

can reach ∼ 1012V/m, while in the electron
layer, it is close to 1013V/m. At the same
time, a quasistatic magnetic field is generated
in the laser plasma interaction region as shown
in Fig. 2(e). The field is generated by the
drive current along the electron layer. These
quasistatic electric and magnetic (EM) fields
can further bend the drive current through the
E⃗ × B⃗ drift.

Besides the electrons moving in the layer,
energetic electrons are also generated by direct



5

Figure 3. Spatial distribution of energetic electrons at
t = 12.0T0. The color represents the electron’s energy
in the unit of mec

2.

acceleration of the incident and reflected laser
pulses. A typical energy distribution of
electrons in real space is given in Fig. 3.
As one can see, the relativistic factor γe of
the energetic electrons can be larger than
10. These high-energy electrons can not be
confined within the laser-plasma interaction
region. They leave the interaction region
and build the charge separation force. With
immobile ions in the simulation, the ambient
electrons have to compensate this electron-
void area and result in return currents. The
return currents can last for tens of laser
periods and the current vector is plotted in
Fig. 4(b). When the return currents combine
with the drive currents as shown in Fig. 4(b),
an electron vortex forms inside the plasma. A
magnetic field associated with these currents is
found in the front part of the target as shown
in Fig. 4(a). The intensity of the quasi-static
magnetic field can reach ∼ 103T .
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Figure 4. (a) Distribution of static magnetic fields
inside the plasma at t = 24.0T0. The return current
is marked by the dashed black arrow. (b) The
distribution of the return and drive currents vector
within the region labelled by the black rectangle in (a).
The background shows the distribution of the electron
density.

3. Structure of Electron Vortex and
Fields in 2D Geometry

As described in above, the electron vortex
can be generated by the combined drive and
return currents around the penetration depth
of the laser pulse. The structure evolves
and a circle vortex shape finally forms. At
t = 120T0, the magnetic dipole structure and
the associated electron vortices are formed as
shown in Fig. 5. In our 2D simulation with
immobile ions the magnetic dipole structure
is almost stationary. Each magnetic pole is
sustained by an associated electron vortex as
shown in Fig. 5(d). Electrons trapped by the
vortex undergo big cycle motions around the
vortex center. Along with the big cycle motion,
there are small cycles of Larmor motion as
shown in Fig. 5(b). This kind of electron
motion is due to the donut-like distribution
of the radial charge separation field Er and
the magnetic field Bz of the vortex as shown
in Fig. 5(c) and (d). With both Er and
Bz, the vortex electrons undergo E⃗ × B⃗ drift
and the Larmor motion at the same time.



6

The generation of Er is because electrons are
expelled from the vortex center due to the
magnetic pressure [10]. Figure 5(d) shows
that the electron density in the vortex center is
much lower than the density around the vortex
edge. The static electric forces felt by the
electrons are balanced by the centrifugal forces
due to the big cycle motion.

(a) (b)

A

B

(d)(c)

Figure 5. (a) Distribution of magnetic dipole
structure with immobile ions background (magnetic
field Bz component in Tesla) at t = 120T0. (b) A
typical trapped electron track in vortex A. Black point
is the initial position and red point represents the final
position. (c) Radial electric vector (red arrows) and
field Er of vortex A. (d) Electron density distribution
and electric current vector (blue arrows) of vortex A.

The electron dynamics inside the vortex
can be well described by the electron magneto-
hydrodynamic (EMHD) model [17]. The basic
EMHD equation can be written as
∂

∂t
(B⃗ −∇2B⃗) = ∇× [v⃗e × (B⃗ −∇2B⃗)] (1)

where v⃗e is electron fluid velocity. A
typical stationary solution by neglecting the
displacement current (i.e. ∇× B⃗ = −µ0neev⃗e)

in 2D geometry (i.e. B⃗ = Bz e⃗z, where e⃗z is the
unit vector along z direction) is [18]

Bz = B0 exp(−r2/R2) (2)

where the cylindrical coordinates (r, θ, z) are
used to describe the vortex structure and R

represents the characteristic scale length of Bz.
From the balance condition of electrons one
can get the radial electric field Er as [18]

Er = E0r exp(−2r2/R2), (3)

which shows a donut-like distribution.

Figure 6. Distributions of the radial electric field Er

and the magnetic field Bz at yc = 0.75µm which is
cut right through the vortex center. The solid lines
represent the simulation results and the dashed lines
represent the fitted curves.

In Fig. 6 we show the fields distribution of
the vortex from the simulation results. We fit
the distribution lines according to Eq.(2) and
Eq.(3) to get the vortex size R. As one can
see that the theoretical curves fit both fields
quite well and they give B0 = −2×104T,E0 =

1.13 × 1013V/m,R = 0.55µm. The Larmor
radius rL < mec/Bz(R)e = 0.23µm at r = R

which is smaller than R. The electrons can
be well trapped inside the vortex by the fields
and make the structure last for a long period
until the ions’ motion cannot be neglected any
more.
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(a) (b)

Figure 7. Variation of the magnetic energy (∝ B2
0R)

inside the vortex along with the laser intensity (a0) for
pulse duration of T = 15.0fs (a) and with the pulse
duration (T ) for a0 = 4.2 (b).

To see the universality of such kind of
vortex structure in laser plasmas, simulations
with different laser intensities and pulse
durations have been performed. The results
are shown in Fig. 7. With the laser intensity
(a0) and duration (T ) increasing, more laser
energies can be transmitted to the vortex.
In 2D geometry, the magnetic energy ϵB of
the electron vortex with characteristic size R

satisfies ϵB ∝ 2πB2
0

∫+∞
0 exp(−2r2/R2)dr ∝

π3/2B2
0R/

√
2. As one can see from Fig. 7,

ϵB is proportional to the pulse energy, i.e.
a20 and T . However, when a0 increases
further, the electron layer forming the drive
current can be damaged and a stable vortex
cannot be formed. On the contrary, when
the laser intensity is too small, there is no
vortex structure. For the laser pulse duration,
when it increases further, the return current
around the laser plasma interaction region
will be weaken due to the current suppression
resulting from the laser ponderomotive force.
In this case, the vortex magnetic energy ϵB gets
smaller as indicated by the last point (T=25fs)
in Fig. 7(b).

4. Structure and Dynamics of Electron
Vortex and Fields in 3D Geometry

We also investigated the electron vortex
generation and dynamics in 3D geometry.
Both the drive currents and return currents
including the associated magnetic field have
been observed in 3D simulations. Unlike the
magnetic dipole structure in 2D geometry, a
smoke − ring − like magnetic structure is
formed in 3D case as shown in Fig. 8(a). It
is natural to see that in the x − y projection
plane there is a magnetic dipole structure.
The magnetic fields and electron vortices are
shown in Figs. 8(b) and 7(c), respectively.
These structures are very similar as those in
2D simulations. However, unlike the central
stationary electron vortex in 2D geometry, the
ring structure in 3D moves forward along the
x axis with a speed close to VX ∼ 0.1c as
labeled by the black arrows in Figs. 8(a) and
7(b). As one can see in Fig. 8(b), there are
magnetic remnants behind the electron vortex
when it moves forward. Such forward moving
speed cannot be simply explained by the usual
Hall speed deduced from the EMHD model,
since the Hall speed is proportional to the
gradient of electron density [17, 19] which is
zero here. From the simulation, we found that
actually the initial speed of the electron vortex
is driven by the axial current generated during
the laser-electron acceleration. However, the
laser pulse can only accelerate the electrons
inside the plasma before it is totally reflected.
Once the electron vortex moves forward, some
electrons in front of the vortex will be trapped
in it and this gradually depletes the vortex’s
magnetic energy. As one can see from
Fig. 8(d), the magnetic energy of the vortex
dissipates linearly along with the time, which
induces the electric field through the Faraday
effect: ∇ × E⃗X = −∂B⃗φ/∂t. These electric
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Figure 8. (a) The smoke-ring-like structure of 3D electron vortex with immobile ions background at t = 60.0T0.
The red isosurface shows the toroidal magnetic field with strength of | B⃗φ |= 1.7× 104T . Both x− y and y − z

slices are cut through the center of the vortex. The longitudinal electric current density of the vortex is shown
in x− z plane. (b) Distribution of magnetic field in Tesla and (c) its associated electron vortex in x− y plane.
(d) Dissipation of magnetic energy (normalized to the laser energy) of electron vortex with simulation time. (e)
Distribution of axial current jx (averaged within 1.0T0) on axis at t = 60.0T0 and t = 70.0T0.

fields then accelerate electrons along the axis.
Finally an axial current jX is accompanied
with the vortex as labeled by the red arrow in
Fig. 8(c). It drives the vortex to continuously
move forward. The moving speed depends on
the spatial distribution and energy dissipation
of the magnetic fields in the ring. The
longitudinal currents at two different instants
are shown in Fig. 8(e). Such current in 2D
geometry is not strong enough to drive the
magnetic dipole structure to move forward due
to the dimensional effects. As a result, in 2D
simulations, no obvious magnetic dissipation
and vortex motion can be observed.

5. Ion motion effects on vortex
dynamics

In the above studies, the background ions are
immobile. This assumption is only reasonable
when we discuss the vortex generation and
motion in a relatively short period compared

with the ion motion time. For a long
period description of vortex dynamics, we
studied a fully ionized carbon plasma case with
completely ionized carbons, i.e. C6+, in 3D
geometry. The simulation results are shown
in Fig. 9. As labeled in Fig. 9(a) and (b),
a forward moving ring-like magnetic structure
and the associated electron vortex are observed
in the simulations. However, the intensity of
the magnetic field is much weaker compared
to the field observed in the case with immobile
ions. On the contrary, the magnetic remnants
behind the moving vortex is much stronger.
Finally, a big vortex structure is found behind
the small one. It seems like that the small
moving vortex elongates the remnants. Since
the ions’ motion is taken into account in this
simulation, the electric and magnetic fields
of the electron vortex shown in Figs. 5(c)
and 5(d) can accelerate both of the ions and
electrons. As one can see from Fig. 9(c), a
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(b) (c)(a)
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Figure 9. Spatial distributions of the magnetic field (a) and its associated electron vortex (b) with mobile ions
C6+ in x− y plane. (c) Spatial distribution of the ion density ni at t = 60.0T0.

plasma channel with central ion filament forms
when the electron vortex propagates inside
the plasma. Although the ions cannot get
much energy from the fields compared to the
electrons due to the heavier mass, it does
cause the faster dissipation of the magnetic
energy than the case with immobile ions. The
dynamic process becomes more complicated
in this situation. To better understand the
dynamics, more further works are needed.

6. Conclusion and Discussion

In conclusion, the generation and dynamics
of electron vortices inside the plasma during
an ultrashort intense laser interacting with
a NCD plasma target have been numerically
studied. With immobile ions, in 2D geometry,
the incident laser directly accelerate electrons
and an electron layer is formed and moves
forward forming the drive current. The charge
separation field induces the return currents.
The two currents excite the electron vortex
and the associated magnetic dipole structure
inside the plasma. In 3D geometry, the vortex
shows a smoke − ring − like structure and
moves forward inside the plasma, which is
driven by an axial electric current. With

mobile ions, a forward-moving vortex inside
the plasma still exists but the magnetic energy
dissipates faster than the case with immobile
ions. At the same time, a big electron vortex
with stationary center is found behind the
forward-moving vortex. The vortex motion
makes it a potential carrier to transport
magnetic energy to deep plasmas where the
laser pulse cannot reach. Although such kind
of magnetic energy transportation has been
observed before in 2D geometry, however,
it depends on the density gradient of the
plasma [20]. While our results show that the
such energy transportation is self-sustained in
3D geometry even in homogeneous plasmas.

In further, as it is known, besides in
laser plasmas, vortex structures are also very
common in nature and interstellar space.
For example, Kelvin-Helmholtz instability al-
ways introduces rolled-up vortices in Earth’s
magnetosphere. Such vortex is significant
for plasma transportation on the magne-
topause [21]. With the development of laser
plasma physics, in recent years laboratory as-
trophysics have been developed very quickly,
such as studies on magnetic reconnection [22],
outflows in solar flares [23] and Weibel in-
stability [24, 25, 26, 27]. However, the lab-
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oratory study of astrophysics related vortex
structure in laser plasma interaction, espe-
cially with femto-second laser system, is still
lacking. The current study may help to gen-
erate similar structures in laboratory and pro-
vide a potential way for fundamental labora-
tory astrophysics studies.

7. Data availability statements

The data that support the findings of this
study are available upon reasonable request
from the authors.
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