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Generation of nonlinear structures, such as stimulated Raman side scattering waves, post-solitons and electron vor-
tices, during ultra-short intense laser pulse transportation in near-critical-density (NCD) plasmas is studied by using multi-
dimensional particle-in-cell (PIC) simulations. In two-dimensional geometries, both P- and S-polarized laser pulses are
used to drive these nonlinear structures and to check the polarization effects on them. In the S-polarized case, the scattered
waves can be captured by surrounding plasmas leading to the generation of post-solitons, while the main pulse excites con-
vective electric currents leading to the formation of electron vortices through Kelvin—Helmholtz instability (KHI). In the
P-polarized case, the scattered waves dissipate their energy by heating surrounding plasmas. Electron vortices are excited
due to the hosing instability of the drive laser. These polarization dependent physical processes are reproduced in two dif-
ferent planes perpendicular to the laser propagation direction in three-dimensional simulation with linearly polarized laser
driver. The current work provides inspiration for future experiments of laser—-NCD plasma interactions.

Keywords: stimulated Raman side scattering, near-critical-density plasmas, electron vortices, post-solitons
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1. Introduction

The femtosecond intense laser plasma interaction has
brought a number of applications such as laser-driven particle
acceleration,'#! high-order harmonic generation,>®! post-

[7-101 and so on.

solitons and electron vortices generation,
These applications depend on laser—plasma parameters such as
plasma density, laser polarization, and so on. For underdense
plasmas, laser-driven wakefields!!! are widely used to electron
acceleration and the following compact radiation source.?!
For solid density plasmas, laser-driven ion acceleration is sug-
gested as a potential way for future cancer therapyucite.!!12]
And high-order harmonic generation (i.e., laser-driven at-
tosecond sources) can be applied in materials science and
molecular biology.!®! For near-critical-density (NCD) plas-
mas, nonlinear physical processes or structures like stimulated

7,14

Raman scattering (SRS),!"3! post-solitons!”-'#! and electron

[9,10,15,16

vortices ! have also been studied. However, the symbi-

otic relationships of these structures have not been explored in
detail. Since the NCD targets are unique to many applications,

such as fast ignition,[!”! strong magnetic field generation!!8]

and magnetic vortex ion acceleration,!!%2"]

it is necessary to
explore the generation and evolution of such nonlinear struc-
tures, and their symbiotic relationships. On the other side, the

recent processes on the supersonic gas jet!>!?*l and foam tar-
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get manufacture!?>>41 make the NCD targets available in ex-
periments.

In this paper, by using multi-dimensional particle-in-cell
(PIC) simulations, we study the transportation of ultra-short
It is found that the
laser pulse undergoes strong stimulated Raman side scattering

intense laser pulse in NCD plasmas.

(SRSS) and transverse hosing instability. At the same time,
nonlinear structures such as post-solitons and electron vortices
are excited. The generation of these structures depends on the
drive pulse polarization. To study these effects, we first use
S- and P-polarized laser pulses in two-dimensional (2D) simu-
lations. For the S-polarized drive case, the SRSS processes
develop due to the relativistic effect and then the scattered
waves evolve into post-solitons. Both the main laser pulse and
scattered waves can drive electron convection currents form-
ing electron vortices due to the Kelvin—Helmholtz instability
(KHI). While for the P-polarized drive case, the SRSS waves
deposit their energy into plasmas by heating surrounding elec-
trons. Strong transverse currents resulting from the laser ac-
celeration along the polarization direction are observed and
electron vortices are formed. In the three-dimensional (3D)
simulation, we have observed different structures in the planes
along and perpendicular to the polarized direction of the laser

pulse, which are consistent with the simulation observation in

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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the two-dimensional simulations.

2. Strong SRSS process during ultra-short in-
tense laser propagation in NCD plasmas

The relativistic PIC code OSIRIS!®! has been used to
perform multi-dimensional simulations. A linearly polarized
laser pulse with wavelength of Ay = 1.0 um propagates along
the x direction. The peak intensity of the laser is Iy = 5.0 x
10" W/em? corresponding to a normalized laser electric field
of ap = 6.0. The pulse takes Gaussian profiles both in lon-
gitudinal and transverse directions with a duration of 20.0 fs
and FWHM focus size of 6.0 um. The simulation boxes are
110 pm x 30 um for 2D and 40 um x 30 um x 30 wm for
3D simulations which are divided into 2200 x 600 and 640 x
480 x 480 cells, respectively. A plasma with uniform density
0.2n, is placed at x > 0.0 um, where n, = 1.1 X 102! cm=3 for
Ao = 1.0 um. The ion mass is set to be m; = 3672.0m,, where
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m, represents the rest mass of electron.

2.1. The S-polarization case

Strong SRSS process has been observed when the ultra-
short intense laser pulse propagates in NCD plasmas. In
Fig. 1(a) one can see that a strong SRSS wave is generated
from the tail of the drive pulse. For the SRSS process, the
three-wave matching conditions for the wave vector and fre-

quency need to be satisfied, i.e.,
(D

where k, ks and k;, are the wave vectors of the drive laser, the
SRSS wave and the plasma wave, while @y, @; and ®, repre-
sent the frequencies of the laser pulse, the SRSS wave and the

kO:ks+kpa 0)()2(1)5—‘:-(1)[,7

plasma wave, respectively. In our parameter region, since the
laser intensity is quite high, one should consider the relativistic
modification in the plasma frequency, i.e., Wy = &5+ @/ /Ye.-
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Fig. 1. Distributions of laser electric field E; in (a) spatial space (x, y) and (b) wave vector space (k,ky) at r = 20.07y for S-polarized laser case.

(c) The temporal evolution of the normalized electric field E; at point A in (a), where Ey = 1.9 x 1013 V/m corresponding to ap =
SRSS frequency spectrum of E; at point A in units of laser frequency wy.

To analyze the SRSS process, we study the matching con-
ditions and SRSS growth rate by considering the relativistic
effects introduced by the drive laser. Distributions of the elec-
tric field E; in real space and in the wave vector space (ky, ky)
are shown in Figs. 1(a) and 1(b). In Fig. 1(b), one can see
that besides the main pulse, a strong SRSS wave with wave

vector of ks = (0.62k,0.21k) appears at t = 20.07p. The tem-

6.0. (d) The

poral evolution of this SRSS wave propagating through point
A is shown in Fig. 1(a). Its strength and spectrum are shown
in Figs. 1(c) and 1(d). This SRSS wave is scattered by one
of the plasma waves shown in Fig. 2(a). In Fig. 2(b), we
show the corresponding wave vector of the plasma wave, i.e.,
kp = (0.38k,—0.21k). The wavevector matching condition in

Eq. (1) is satisfied for the three waves. A schematic view de-
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scribing the physical process of SRSS for an ultra-short in-
tense pulse is shown in Figs. 2(c) and 2(d). As one can see
from Fig. 2(c), if the intensity is uniform within the laser fo-
cus, the plasma wave vector k;, is parallel to laser wave vector
k and there will be no SRSS. However, the intensity is ac-
tually nonuniform within the laser focus. It causes k, being
non-parallel to kg due to the non-uniform phase velocity vy
of the plasma wave, i.e., vph = @ /kp, o< 1/, /7. The frequency
of SRSS scattering light is @s = 0.67wy which indicates that
Ye ~ 1.8 due to a)p/\/ﬁ =0.33@y. As we show in Fig. 2(e),
the electron density perturbations are driven by the pondero-
motive force of the main pulse and SRSS waves. The cor-
responding electron energy 7, is shown in Fig. 2(f) and it is
consistent with the above relativistic modification.

We can also use SRSS theory with the consideration of
relativistic effect to analyze the developing time of SRSS pro-
cess. For the linearly polarized laser pulse, the dispersion re-

lationship of SRSS instability can be described by!!3!

w2ak [ K2 1 1

p7m (€ 1 f—)=1 )
22 \ D. D, D_

The detail expressions of the parameters are shown as
[13,26,27]

follows:
D, = —(1)2—|-(0§/J/e,
D+ = -0+ *k> F2(ko - kc® — o),

where ap, ~ 1.5 is the amplitude of the incident light corre-
sponding to ¥, ~ 1.8 based on Figs. 2(f) and 2(g). By tak-
ing ® = @,/,/¥ + ilsrss and c|k| = c|k,| = 0.43c|k| into
Eq. (2), one can get the characteristic time for the SRSS de-
velopment 1/I3rss = 3.0Ty, where I3rss is the growth rate
of SRSS. In the simulation, we traced the SRSS wave whose

wave vector is ks as shown in Fig. 1(b) and found that the
scattering light has been fully developed at t = 17.07, which
is 3.07p from the seed development at t = 14.07j.

We also studied the long term evolution of the drive pulse
and the SRSS waves. Several nonlinear structures, for exam-
ple, electron vortices and post-solitons, are found inside and
outside of the plasma channel formed by the propagating laser
as shown in Fig. 3. In Figs. 3(a) and 3(c), one can see that the
electron vortices are generated near the convective electric cur-
rents driven by the main pulse. The KHI is the most possible
mechanism for electron vortices generation and its growth rate
is Iy = [kn- (Vi = Vo))
wave vector. V; and V; are the fluid velocity vectors of the

, where ky, is the Kelvin—Helmholtz

drive current and return current. In our simulation, we found
that I;pf; &~ 1.0Ty which means the KHI can strongly develop
within a few laser periods. In Fig. 4(a), the evolution of the
transverse current density Jy at point B in Fig. 3(a) has been
shown and several critical moments are marked. As one can
see that J, increases quickly within 1.07y which is consistent
with the KHI growth rate. The static magnetic fields associ-
ated with the electron vortices are shown in Fig. 3(b).

For the SRSS waves, they are red-shifted and their fre-
quencies go down when they propagate and dissipate energy.
Eventually, they are captured by the surrounding plasmas and
this results in the generation of post-solitons.!'*l Such capture
can happen outside of the plasma channel. We take the post-
soliton in the dashed rectangle of Fig. 3(d) for an example.
The post-soliton expands as a whole structure after the SRSS
wave being captured which finally leaves an ion-bubble struc-
ture. With the post-soliton expanding, the frequency of E; in
it will be shifted to lower one?®! as shown in Fig. 4(c).
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Fig. 2. Distributions of the longitudinal electric field E; (i.e., plasma waves) in (a) spatial space (x,y) and (b) wave vector space (ky,ky) at t = 15.07p.
The schematics of SRSS physical process for an ultra-short intense laser pulse with (c) uniform intensity and (d) nonuniform intensity. Distributions of
(e) electron density n,, (f) electron energy ¥, and (g) laser electric field E; in spatial space (x,y) at 7 = 15.07p.
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Fig. 3. Spatial distributions of (a) electric current vector and electron density 7i,, (b) magnetic field B;, (c) longitudinal electric current density J, at
t =70.07p and (d) ion density n; att = 140.07p. The solid and dashed black arrows in (c) represent the drive current and the return current, respectively.

The red dashed rectangle in (d) represents one example of post-solitons which is formed by the captured SRSS wave.
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Fig. 4. (a) The temporal evolution of the transverse current density Jy at point B in Fig. 3(a). (b) The temporal evolution of the laser electric field E; in

post-soliton marked by the red dashed rectangle in Fig. 3(d). (c) The corresponding frequency spectrum of E in the post-soliton.

2.2. The P-polarization case

For the P-polarized laser case, we observe similar SRSS
process shown in Figs. 5(a) and 5(b). However, unlike the
formation of post-solitons in the S-polarized case, the SRSS
waves dissipate their energy quickly by heating electrons. As
we show in Figs. 5(c), 6(b), and 6(d), the electrons around the
main pulse are severely disturbed by the SRSS waves. Elec-
trons can be repelled by the ponderomotive force of the main
pulse to form an electron bubble as one can see in Figs. 6(b)
and 6(d). The front of the electron bubble severely interacts
with the main pulse and oscillates along the opposite of the
polarized direction as one can see in Fig. 6. Such oscilla-
tion frequency @y is proportional to the plasma density,!!]
ie., o ~ a)g/a)o ~ 0.2ay. As shown in Figs. 6(a) and 6(b),
the laser pulse hoses downward which causes the charge sep-

aration field to deflect downward as marked by the blue arrow
at t = 25.07y. While at r = 28.07p, the laser pulse hoses up-
ward and causes the charge separation field to deflect upward
as given in Figs. 6(c) and 6(d). Such hosing oscillation fi-
nally results in the production of a wave-like plasma channel
as shown in Fig. 7(d). The oscillation amplitude is so large
that the bubble deviates from the laser axis.

The hosing oscillation process also generates strong
transverse currents on the two sides of the plasma channel.
The couple between these adjacent transverse currents results
in the two rows of electron vortices and associated magnetic
islands as shown in Figs. 7(a) and 7(b). The strong convective
currents driven by the P-polarized pulse are also observed in
Fig. 7(c). As one can see. the KH-type structures are found
outside of the plasma channel which indicates that KHI may
also play a role for the generation of such electron vortices.
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Fig. 5. Distributions of laser electric field E, in (a) spatial space (x,y) and (b) wave vector space (ky,ky) at t = 20.0Ty for P-polarized case. (c) The
distribution of electron density 7, in spatial space (x,y) at t = 20.07.
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Fig. 6. The distributions of (a), (c) laser electric field Ey and (b), (d) electron density n. in spatial space (x,y) at (a), (b) t = 25.07y and (b),
(d) t = 28.0Tp. The blue arrows in (b) and (d) represent the transverse oscillating direction.
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Fig. 7. Spatial distributions of (a) electron density 7., (b) magnetic field B;, (c) longitudinal electric current density J; and (d) ion density n; at
t =70.07p.
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3. Wave-like plasma channel, SRSS wave and
electron vortices in 3D geometry

To further confirm the SRSS process and the generation of
KH-type electron vortices in an ultra-short laser near-critical-
density plasma interaction, we have performed a 3DPIC sim-
ulation. The laser pulse is linearly polarized along the y di-
rection. The simulation results are given in Fig. 8. As one
can see from Figs. 8(a) and 8(c), after the laser pulse leaves,
a plasma channel with central current filament is left. Such
current filament has been investigated for magnetic dipole vor-
tex ion acceleration.?] Associated with the current filament,
magnetic dipole vortex vectors are plotted by the red cones in
Fig. 8(a). In the xy plane (P-polarized plane), we observe a
wave-like plasma channel caused by hosing oscillation, which
is related to the polarization of the drive pulse. We also ob-

serve side channels driven by SRSS waves in the xz plane (S-
polarized plane) as shown in Fig. 8(b). Besides, compared to
2D geometry, the return current strength is generally weak due
to dimensional effects as shown in Fig. 8(c). However, the un-
stable condition of KHI can also be satisfied as long as the
single shear flow is strong enough when the return current is
negligible, i.e., FKZHI = (ky- V1)2 > 0. We can also observe
the KH-type electron vortices induced by the KHI. Magnetic
field associated with electron vortices, i.e., magnetic-islands
structure, and one example of vortical current vector are plot-
ted in Figs. 8(d) and 8(e), respectively. However, since the
central axial current in the filament is so strong that it is hard
to observe electron vortices induced by the hosing oscillation
of the laser pulse. These characteristics are corresponding to

the polarized planes as we found in 2D geometry.

10
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Fig. 8. (a) Spatial distribution of 3D plasma channel. Both xy and xz planes are cut right through the channel central axis, while the yz plane is
corresponding to the slice at x = 15.0 pm. Magnetic dipole vortex vectors are plotted by the red cones. Spatial distributions of (b) laser electric
field Ey at t = 30.07y, (c) longitudinal current density Jy, (d) magnetic field By in xz plane at ¢ = 90.07. (e) Current vector of dashed red rectangle
in (c) with electron density distribution as background at t = 90.07y. The linearly polarized drive pulse is polarized along the y direction.

4. Conclusion and perspectives

In conclusion, we have studied the transportation of an
ultra-short intense laser pulse and the nonlinear structures gen-
eration in near-critical-density plasmas. Nonlinear processes
including SRSS process with relativistic effect and nonlinear
structures generation, like electron vortices and post-solitons,
are numerically studied. In 2D simulations, we analyze the
evolution relationships of SRSS process, electron vortices and
post-solitons with S-polarized and P-polarized laser pulses
respectively. The laser pulses undergo similar SRSS pro-
cesses generating scattering waves both for S-polarized and
P-polarized cases. However, for the S-polarized case, the fre-
quencies of SRSS waves drop down when the scattering waves
further propagate in the plasma. These waves are eventu-
ally captured by the surrounding cold plasmas and result in

the generation of post-solitons with ion bubbles. While for
the P-polarized case, the SRSS waves quickly dissipate en-
ergy by heating electrons around the main pulse. The main
pulse can drive convective electric currents forming electron
vortices in the plasma channel for both cases. However, the
mechanisms for the generation of electron vortices are differ-
ent in the two cases. The KHI is the main mechanism for the
S-polarized case, while for the P-polarized case, the hosing
oscillation of the laser pulse plays an important role for elec-
tron vortices generation. We have also performed a 3DPIC
simulation to further verify the existence of KH-type electron
vortices. Wave-like structure in the polarized plane and side
channel driven by SRSS waves are also observed. Our find-

ings are helpful for future relative experimental studies.
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