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Moving electron vortices have been observed in laser interaction with non-uniform near-critical-density plasma
by multi-dimensional Particle-in-Cell simulations. In two dimensional geometry there are two vortices with
opposite magnetic polarity, moving perpendicularly to the plasma density gradient direction. The field
distribution and particle motion composing such moving structure have been clearly observed in simulations,
which explains the vortex motion. Two components of loop currents are formed around each electron vortex,
which dominate the vortex motion. The moving velocity can be as large as 0.2¢ level, forming relativistic
vortices inside the plasma. Laser plasma conditions such as intensity, polarization, density profile and external
magnetic field effects on the vortex motion and evolution are also studied. In three dimensions, the structure
appears as an expanding magnetic ring with an internal magnetic field up to 1000 Tesla. Such vortex
structures suggest an interesting way of energy (with more than 5% of the laser energy) transportation to
ambient plasmas as far as 50um away from the laser-plasma interaction region, which may have applications

in laser plasma based inertial confinement fusion and laboratory astrophysics.

I. INTRODUCTION

Nonlinear structures such as solitons, vortices and col-
lisionless shock waves are widely known in various areas.
Studies on these structures are interesting and impor-
tant both for fundamental researches and applications,
such as understanding of high energy particle accelera-
tion in universe or reducing the damage of tornadoes.
Along with the recent rapid development of intense laser
technology'2, such kind of structures can be generated
and studied in detail in intense laser plasma interactions.
Among them electron vortices formed in relativistic laser
plasmas have recently aroused broad interests®® due to
their wide presence in nature and potential applications
in the laser electron and ion acceleration® 2!, as well as
extremely strong magnetic field generation??%3. Com-
pared with normal target sheath field in laser solid inter-
action, in addition to ion acceleration, the vortex field can
also be used to collimate the accelerated ions'!, and gen-
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erate quasi-monoenergetic protons with energy of hun-
dreds of MeV?!,

In some other studies, it has already been found that
in a non-uniform plasma when the plasma density scale
length L,, is far smaller than the collisionless skin depth
of ions (i.e. L, = |ne/Vne| < ¢/wp;, where n. is the
electron density, c is the speed of light and wy; is the
ion Langmuir frequency), electron vortex expands and
its center also moves. This type of electron vortex has
been discussed in details in the case of plasma-opening
switches, Z-pinches?*?°and some laser plasma interac-
tion studies'®. The center speed that electron vortex
moves along the direction perpendicular to the plasma
density gradient direction is known as the Hall speed
which can be derived from Electron Magnetohydrody-
namics (EMHD) equations®526. If the ion motion effects
are negligible, the center speed fits well with the Hall
speed, otherwise, the center speed becomes smaller?®:27.

In this paper, by using multi dimensional Particle-in-
Cell (PIC) simulations, we study the generation and dy-
namics of vortex structures during laser interaction with
nonuniform plasmas with near critical density. We see
that in two dimensional (2D) geometry there are bipolar
magnetic field structures moving with electron vortices



with center speed up to 0.23 ¢, which is much larger than
the normal Hall speed. And we also found that the elec-
trons moving around the vortex are relativistic. It shows
that a relativistic vortex structure exists in laser near
critical density plasma interaction. In three dimensional
(3D) geometry, we find that an expanding magnetic ring
with an internal magnetic field up to 1000 Tesla can be
generated. The magnetic field reduces as the ring ex-
pands, which is much faster than the normal ion motion
induced magnetic field dissipation in the case of standard
electron vortices?®. These studies provide new findings
and observed characters on the dynamics of magnetic
vortex structure and are helpful to understand the energy
transportation during laser near critical density plasma
interaction.

Il. STRUCTURE OF RELATIVISTIC ELECTRON
VORTEX

The relativistic PIC code OSIRIS?® has been used to
perform multi dimensional simulations. A laser pulse
with polarization along y direction and wavelength of
Ao = 0.8um, peak intensity of Iy = 3.43 x 1019W/cm?
propagates along x direction, corresponding to a nor-
malized laser electric field ag = 4.0. The pulse takes
Gaussian profiles both in longitudinal and transverse
directions with FWHM pulse duration of 10 fs and
FWHM focus spot size of 6um. The simulation boxes are
34um x 100um for 2D and 34pum x 34um x 34um for 3D
simulations. The boxes are divided into 680 x 2000 and
544 x 544 x 544 cells for 2D and 3D simulations, respec-
tively. Such simulation boxes are large enough to ignore
nonphysical boundary effects during the whole simula-
tion window, which is confirmed by another simulation
where the box size has been extended to 100um x 100pum.
A plasma with plateau-downramp-plateau density pro-
file is placed at the region of 10um < x < 34um. The
plasma density is uniformly distributed both along y and
z directions. Along the x axis, the density of the first
plateau equals 0.24n. within the regions of 10um < z <
18um. The length is chosen to be smaller that the de-
pletion length of the laser pulse in near critical density
plasma'®1% which is about 9um for the given param-
eters. Then the plasma linearly decreases to 0.032n.
within 3um. In the second plateau region it is equal
to 0.032n. as shown in the inset of Fig. 1(a). Here
ne = 1.74 x 102'em ™3 represents the critical density for
the drive laser.

In the simulation, we find when the ultrashort laser
pulse propagates from the high density region to the low
density region, around the density downramp part, there
are two electron vortices formed on both sides of the
laser propagation axis. In 2D geometry, each of the vor-
tices can carry about 5% of the drive laser energy and
move transversely. The vortex dissipates its magnetic
and electric energies to ambient plasmas along the path.
In this simulation, the energies have been transported to
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FIG. 1. (a) Distribution of magnetic dipole structure (mag-
netic field B, component in the unit of Tesla) and initial
plasma density (shown in the inset figure). (b) Distribution
of the electric current density vector around the vortex A at
t = 1507p. (c) Distribution of the asymmetric longitudinal
electric field Fy. (d) Distribution of electron and ion charge
density (neq and n.q), magnetic field (B.) associated with the
vortex A at y = 24um cutting through the center of the vor-
tex at t = 1507p.

a region as far as 50um away from laser axis where the
laser pulse cannot reach. Typical electric and magnetic
fields, electric current, and plasma density distributions
after the laser passing through the downramp plasma are
shown in Fig. 1. Two magnetic field structures with op-
posite polarity moving with two electron vortices are ob-
served as shown in Fig. 1(a). The magnetic fields are
along z direction and have similar maximum intensities
|B,| ~ 103T. These fields are induced by loop currents
inside the vortex as shown in Fig. 1(b). One can see that
the currents are composed of three different parts. The
outer one jout shows a half ring structure and the inner
one ;m has a full ring structure. The last one is the cap-
ture current which is composed by electrons from the low
density region. These electrons are trapped by the elec-
tromagnetic fields of the vortex and some of them finally
compose the inner current.

Within each vortex, besides the magnetic fields there
are also radially directed electric fields. The E, com-
ponent of the electric fields is shown in Fig. 1(c). The
orange line shows the E, distribution along the line of
y = 24pum. As one can see that the F, distribution is
asymmetric around the zero point which is more close to
the left side. The charge density distribution shown in
Fig. 1(d) gives hints of such asymmetry. The ion distri-



bution does not vary so much during the vortex trans-
versely passing by. It keeps the initial density downramp
profile. However, electrons at the high density region
(around x = 18um) have been compressed, forming a
higher density layer. This asymmetric charge separation
leads to the electric field distribution showing an eccen-
tric circle shape. The center velocities of the two vortices
are measured to be 0.23¢ which is close to the relativis-
tic level. Such high speed vortex has also been reported
recently by Yi et. al. when they studied the ion accel-
eration driven by a moving electron vortex?! with much
higher laser intensity and different laser incidence direc-
tion. In our case the laser intensity is orders of magnitude
smaller and there is no efficient ion acceleration observed
in front of the vortex. We focus our studies on the vortex
motion itself. To figure out the dynamics of the vortex,
we firstly investigate the single electron motion inside
and around the vortex.

I1l. DYNAMICS OF ELECTRON VORTEX IN
TWO-DIMENSIONAL GEOMETRY

A. Microdynamics of the moving electron vortex

Two different sets of electron motion, forming the outer
and inner currents, are observed as shown in Fig. 1(b).
They appear in the density downramp region. Elec-
trons labelled with green, yellow and blue colors shown
in Fig. 2(a) make the first kind of motion and do not
move with the vortex as their start and end points in-
dicate. As a whole they make downward motion and
induce the local outer current which induces the vortex
magnetic fields. These motions are due to the transverse
charge separation force in the high density region. The
second kind of electrons have a much larger transverse
drift and make an upward motion as shown by the orange
curve in Fig. 2(a). Besides the whole drift motion, all the
electrons undergo local clockwise rotation. To show the
difference of these two kinds of motion clearly, we trans-
form the electrons trajectories to the frame moving with
the vortex drift velocity. We line out the transformed
trajectory [z(t), y(t) — Viyortext] on a vortex background
fields as shown in Fig. 2(b). Obviously one can see that
the first kind of motion is just once pass by the vor-
tex as shown by the downward trajectory Lo with start
points i and end point f;. The second kind of elec-
tron motion has multi periodic motions around the vor-
tex boundary as shown by the circular trajectory Ly with
the start point 4; and the end point f;. These electrons
mainly come from the central downramp region where
the laser propagates from the high to low density region.
These electrons are initially pushed forward by the laser
ponderomotive force and then are pulled back by the lo-
cal charge separation field. The process looks like an
electron fountain. In principle, the behavior of the laser
pulse in high density region can be used to estimate the
initial magnetic field of the vortex. As the laser pulse

propagates through that region, it creates a channel in
plasma density and generates a strong electron current
along the propagation axis'®!'%19. This current eventu-
ally becomes pinched amplifying the magnetic field in the
channel. The maximum strength of the magnetic field
according to the results of Reference!'? is proportional
to the square root of laser power and is approximately
equal to 2 x 103 T for the laser parameters used here.
This is in good agreement with the results of PIC sim-
ulations. Along the route of vortex transverse motion
some peripheral electrons are also involved in the vor-
tex formation and contribute to the inner current which
further enhances the magnetic field.
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FIG. 2. Typical trajectories of electrons contributing to the
electric currents around the vortex. Here i1,1%2,%3, and i4
represent the initial positions of four selected electrons and
f1, f2, f3, and f1 represent their final positions. (a) shows
trajectories in the laboratory frame and (b) shows trajecto-
ries in the frame moving with the vortex. The background in
(a) is the initial plasma density distribution. The red arrows
in (b) represent the electric field vector and the background
is the spatial distribution of magnetic field.

For L; trajectory, they are actually composed of two
types of distinguishable sub-motions. The first one is
small-scale clockwise Larmor motion due to the local
magnetic field. The other one is an anticlockwise mo-
tion with larger radius. For the Larmor motion, due to
the asymmetric distribution of magnetic fields, the Lar-
mor radius of electrons on the right side of the vortex is
larger than that on the left side. Besides the influence of
magnetic fields, electrons are also subjected to the radial
static electric fields as shown in Fig. 1(c). The combined
effect will induce a Larmor motion center drift with ve-
locity of Tapife = £ % B/B?. This leads to the large scale
anticlockwise motion. As one can see from the positions
labeled by the vertical dashed lines in Figs. 1(c,d) and
Fig. 2(b), the absolute value of magnetic field is larger
and of the electric field is smaller at the gray dashed line
labeled position compared with the fields at the black
dashed line labeled position, so the speed of the down-
ward drift at the left side is much smaller than the up-
ward drift at the right side, which makes the vortex have
a whole upward motion as shown in Fig. 2(a) by the or-
ange curve. Obviously the L; motion also contributes
to the inner electric current which further enhances the
vortex magnetic field. Finally an upward moving vortex



structure with magnetic field is generated.

B. Energy dissipation of electron vortex

Along with the transverse motion, the vortex interacts
with ambient plasmas. Both the static electric and mag-
netic energies inside the vortex are dissipated during the
interaction. In Fig. 3, the evolutions of such energies car-
ried by vortex A in Fig. 1 are shown and they are fitted
by linear lines. The energy dissipation rates can be ob-
tained from these lines, i.e. ¢ = —1.6 x 1074t + 0.0473
and €, = —4.9 x 107°¢ +0.0143 for electric and magnetic
energies, respectively. As one can see, the magnetic field
is more dominant than the electric field inside the vortex.
These energies are dissipated away at t ~ 3007, and the
vortex disappears at y ~ 50um.
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FIG. 3. Evolutions of the magnetic energy €, (a) and the
electric energy €. (b) of vortex A in Fig. 1(a). The electric
and magnetic energies are both normalized to the laser energy.

It is interesting to find that in 2D geometry, actually
this kind of energy dissipation does not lead to the slower
motion of the vortex. We traced the maximum magnetic
field at the vortex center and found it varies quite slowly
as shown in Fig. 4(a). It means that the magnetic energy
dissipation is mainly by the vortex size reduction, not
by weakening the magnetic field. For the vortex drift
velocity, the energy dissipation has little effects. The
other contribution term on the velocity, i.e. the inertial
term, also varies slowly. As a result, the vortex velocity
only slightly changes over the total simulation time and
it has a uniform motion as shown Fig. 4(b).

IV. LASER-PLASMA EFFECTS ON VORTEX
GENERATION AND DYNAMICS

A. Plasma density gradient and laser intensity effects

In section III, we have analyzed the vortex motion
through microdynamics. The vortex motion is also
widely studied by using EMHD model?*25:27  where the
displacement current effects are usually neglected. Such
neglection is still valid in our case since the electromag-
netic fields inside the vortex is at least one order of mag-
nitude smaller than the static fields. Although in our sim-
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FIG. 4. (a) Evolution of the amplitude of the magnetic field
at the vortex center of vortex A in Fig. 1(a). (b) The center
positions of vortex A at different times.

ulation cases, the vortex moving velocity is larger than
0.1c, the following study shows the EMHD model still
works well once the relativistic factor () is included in
the inertia term. With these approximations, the evo-
lution of the generalized vorticity of the electron vortex
0,7 =V x p+ eB, 7 satisfies the following equation?®”2.

00, /0t + (7- V) = —(V - ). (1)

where 7 represents the unit vector and ¢ is the velocity
of electron fluid. From Eq. 1, one can deduce the vortex
velocity as Vyortew = 2.7 X Vne/pone2e?. For normal
cases the inertia term V X p’can be negligible, the vortex
velocity can be expressed approximately as the normal
Hall speed, Vi = B,Z x Vne/pone2e 6.

We have compared our simulated vortex velocities with
these two estimated velocities for the cases of a serial laser
plasma parameters with different plasma density gradi-
ent (Vne) and laser intensity (ag). The vorticity (€2,)
used in the theoretical calculation is directly obtained
from the simulation results. We use such ’half-analysis
half-simulation’ calculation to see the effect of the iner-
tial term. The results are shown in Fig. 5. As one can
see that the Hall speeds underestimate the velocity for
all the cases. The other estimated velocities with the
inertial term contribution are close to the simulation re-
sults, which indicates that the vortex studied here is not
a magnetic field dominated one. In further, as one can
see from Fig. 5(b) that when the laser intensity (ag) in-
creases, the usual Hall speed saturates but the simulated
vortex speed continues to increase. The reason is that
the electric current density tends to be saturated since it
cannot be larger than n.ec, which results in the satura-
tion of the magnetic field (B,) and so on the Hall speed.
However, in this case, the inertial term does not saturate
because V x jis related to the relativistic factor () which
increases with the laser intensity (ag). From the figure
we can also infer that the vorticity is proportional to the
drive laser intensity i.e. €, o ag, suggesting that the
carried energy including the magnetic field energy and
electron kinetic energy are approximately proportional
to the laser energy. These findings are quite different
from the previous studies?”2°.
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FIG. 5. Normalized Vortex velocity Vyortes /c vs plasma den-
sity gradient —Vn, for ap = 4.0 (a) and laser amplitude ag
for —Vn. = 0.07n./um (b). The Hall speed, Vi, simulation
results and the analytical result Viorter are all shown.

B. Density profile effects

In the above studies, a linear density downramp profile
for the plasma has been used. We should point out that
the vortex generation does not rely on such “plateau-
downramp-plateau” profile. In realistic experiments,
plasmas with exponential density profiles are usually gen-
erated by pre-pulse of high-contrast laser irradiating on
a nanometer-thick foil target'®3637. Fig. 6(a) shows a
typical density distribution constructed by a pre-pulse of
high-contrast laser irradiating on a 40-nanometer-thick
foil target. Here, a laser pulse with a contrast ratio of
about 10!, energy ~ 1.2J, 6um FWHM focus diameter
and peak intensity 2.14 x 102°W/em? is used. For such
density distribution, an exponential profile is more ap-
propriate to describe the density distribution. Our addi-
tional simulations demonstrate that the vortex can also
be generated in such density distribution as shown in
Fig. 6.

The electron vortex distributions at two different in-
stants are shown in Fig. 6(b,c). As one can see that
similar vortices are generated and propagate transversely
with a speed of about 0.36¢. The energy dissipation and
center position evolution of the vortex are given in Fig. 7.
Although the vortices show similar dynamics, the ener-
gies carried by them in this case are much smaller. The
optimal scale length of the density profile for the vor-
tex generation and energy transportation still need to be
studied in detail.

C. \Laser polarization effects

The laser polarization effects on vortex generation and
dynamics in 2D geometry are also investigated. Sim-
ulation results show that both linearly and circularly
polarized laser pulses generate similar vortex structure
once the laser intensities are the same, which is under-
standable since in the current scheme, the vortex gener-
ation is mainly related to the hot electrons’ transporta-
tion around the laser exit region. The following vortex

x10%
4 60 : 4
(@) (b)
© ’ 40 3
<2
c 2
! 20 1,
. i
6 -3 0 3 6¢
X/ pm = 0 +0
60 >
(c) i . -1
40 W -
€ -2
3
>50 -40+ 3
0 - : _
-10 0 10 "%, 0 10"

X/pm X/pm

FIG. 6. (a) A Typical plasma density profile generated by
a pre-pulse irradiating on a nanometer-thick ultra-thin foil.
Distributions of magnetic dipole structures (B, in the unit of
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FIG. 7. (a) Evolution of the magnetic energy ¢, of the electron
vortex in Fig. 6(a). (b) The center positions of the vortex at
different instants.

transportation is self-sustained and does not depend on
the laser pulse. The comparison of the generation and
transportation of electron vortices in the cases by using
lasers with different polarizations but same laser inten-
sity is shown in Fig. 8(a-c). Both the vortex size, the
magnetic field and the drift velocity are similar for the
cases with p-, s- and circularly polarized drive pulses. For
circularly polarized laser with double energy, the gener-
ated vortex is larger and faster. This is quantitatively
understandable since both the charge and energy of the
longitudinally emitted electrons at the downramp region
of the plasma are higher.
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FIG. 8. (a) Distributions of magnetic fields of the electron
vortices at t = 1507 driven by lasers with different polariza-
tions (a-c). (a) p-polarization, ap = 4.0, (b) s-polarization,
ao = 4.0, (¢) circular polarization, ag = 2.83, and (d) cir-
cular polarization, ap = 4.0. Here the previous “plateau-
downramp-plateau” density profile is used for all simulation
cases.

D. External magnetic field effects

As we know in laser plasma interaction, intense static
magnetic fields can be generated through many mecha-
nisms®033. For this reason, we also studied the back-
ground or external magnetic field effects on the vortex
dynamics. The results are shown in Fig. 9. The external
magnetic field is along 42z direction and is placed at the
density down-ramp and the second plateau region as la-
beled in Fig. 9(a). One can see that with such intense ex-
ternal field Eemt, one of the vortices whose magnetic field
is along the same direction as gezt moves faster than the
other one. Simulations show that the moving velocity of
each magnetic pole still obeys the analytical value, i.e.,
Viortes = (27 + Begt) X Vne/pone2e? as long as Begt
is taken into account. The magnetic pole with oppo-
site direction dissipates its magnetic energy to the am-
bient plasma and disappears later. As one can see from
Fig. 9(a) and (b) that the upper vortex becomes smaller
during its propagation while the bottom one almost keeps
the same size. When an opposite external magnetic field
is added, the Larmor radius of electrons in the vortex
increases around the region where B + Eewt ~ 0 and
these energetic electrons can run away from the vortex
resulting in magnetic energy dissipation®*. The magnetic
energy of the upper vortex dissipates linearly with time
as shown in Fig. 9(e). For the bottom vortex, the exter-
nal magnetic field not only increases the speed of vortex
motion, but also varies the vortex shape a little bit by
elongating it along the x direction. This is because the
balance between the forces induced by static electric and
magnetic fields of the vortex is broken by adding the uni-
formly distributed external B field. These studies show
that in a real laser plasma interaction case, to get a cor-
rect understanding of vortex dynamics, the background
magnetic fields should be well considered. Meanwhile, it
means that from vortex motion one can also deduce the
information of background magnetic field.

V. STRUCTURE AND DYNAMICS OF ELECTRON
VORTEX IN THREE-DIMENSIONAL GEOMETRY

The observed vortex structure can be generated when
the target plasma has a slab profile, i.e. its transverse size
is smaller than the laser focus spot. For a normal block
plasma, such structure transforms to a 3D ring structure
as shown in Fig. 10(a). A smoke-ring-like structure was
observed inside the plasma in 3D simulation. The red
isosurface shows the magnetic field along the ring. The
projections on x — y and y — z planes show the plasma
density distribution. The flow field of the 3D vortex is
projected on x — z plane. The streamlines around the
vortex region are closed. We found that the ring ex-
pands radially along the direction of B x Vn, and the
outward expansion velocity decreases along this expan-
sion as shown in Fig. 10(b). The toroidal magnetic field
|B| = By in the ring structure can be higher than 1000
Tesla when it is fully generated, but it drops when the
ring expands. Since the typical expansion time scale is
much larger than the electron’s Larmor period, when dis-
cussing such ring expansion, the electron mass can be ne-
glected in the fluid motion equation, i.e. E+V xB=~o.
By using Faraday’s law, the total volume integration of
the toroidal magnetic field can be found to be constant,
i.e. frmq Bydr = Bg2’/TR’/T7"(2) = const, where R repre-
sents the radius of the ring and ro represents the radius
of its cross section as labelled in Fig. 10(a). In the sim-
ulations we found rg does not vary so much. It means
By x R = const, which is consistent with our simulation
result until ¢ = 857% as shown in Fig. 10(c). Unlike in 2D
vortex the magnetic field dissipation is mainly induced
by ion motion, however, in 3D case both the structure
expansion and the particle motion weaken the magnetic
field. About 6% of the laser energy is transformed into
the magnetic and eletric energies inside the vortex ring.
They have been transported away along with the expan-
sion of the vortex ring to a distance as far as 3 to 4 times
large of the laser focus size. The magnetic field reduces
quickly after ¢ = 857j. In return, the weaker magnetic
field makes the 3D ring expansion be slower at late time
as shown in Fig. 10(b). As one can see from Fig.9 and
the above observation that if there is an uniform external
magnetic field Be,:, the magnetic ring can be damaged
since the side with the same direction of éext will be
enhanced, while the opposite side will dissipate. In real
experimental situation, self-generated magnetic fields by
other mechanisms may lead to much more complicated
structures of this magnetic ring.

VI. CONCLUSION AND DISCUSSION

In conclusion, vortices and magnetic ring structures
are found during ultrashort intense laser interaction with
near critical density plasma. The current directly driven
by the laser and the return current of background elec-
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FIG. 10. (a) The smoke-ring-like structure of 3D electron
vortex. The red isosurface shows the toroidal magnetic field
with strength of By = 1.36 x 1037. Both z —y and y — 2
slices are cut through the center of the vortex. The flow field
of the vortex is shown in z — z plane. The evolution of the
ring radius and the expansion velocity are shown in (b). The
evolution of By x R are shown in (c). Here the magnetic fields
By(t) at the two vertices at z = = R(t) are traced.

trons form a closed current, which firstly generates the
local magnetic field. The density downramp introduces
an asymmetric electric field. The combined fields lead
to the transverse drift motion of the vortex. Using the
EMHD model the dependence of vortex velocity on the
plasma density gradient and the laser intensity are esti-
mated and confirmed by PIC simulations. External or
background magnetic fields with same direction as the
vortex can enhance the vortex motion, the opposite mag-
netic fields slow down and weaken the vortex. In three
dimensional geometry a smoke-ring-like magnetic struc-
ture is observed and the evolution of the toroidal mag-
netic field is investigated. These structures convert laser
energy to magnetic energy and transport it far away.
Beside laser-plasma interactions, vortices also exist in

many magnetic activities in space science, such as Kelvin-
Helmholtz instability induced vortices in Earth’s mag-
netosphere where the plasma transportation and energy
coupling are still primary unsolved questions (see Ref.?>
and its references). Our findings provide a potential plat-
form to study laboratory astrophysics by using ultrashort
laser pulse with Joule level energy.
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