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Twisted plasma waves driven by twisted ponderomotive force. (a) A 3D view of the electron density deviation in the plasma wave driven
by twisted ponderomotive force, simulated using the EPOCH PIC code. (b) The distribution of longitudinal magnetic field at z = 0.

Public summary
m The plasma waves can be in a twisted mode when it is driven by twisted ponderomotive force.

m With beating of co-propagating Laguerre-Gaussian (LG) orbital angular momentum (OAM) laser beams with different
frequencies and also different twist indices, twisted ponderomotive force can be got.

m A new magnetic field generation mechanism in underdense plasmas due to plasma waves is clarified in this study.
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Read Online

Abstract: We present the results of twisted plasma waves driven by twisted ponderomotive force. With the beating of two,
co-propagating, Laguerre-Gaussian (LG) orbital angular momentum (OAM) laser pulses with different frequencies and
also different twist indices, we can obtain the twisted ponderomotive force. Three-dimensional particle-in-cell simulations
are used to demonstrate the twisted plasma waves driven by lasers. The twisted plasma waves have an electron density per-
turbation with a helical rotating structure. Different from the predictions of the linear fluid theory, the simulation results
show a nonlinear rotating current and a static axial magnetic field. Along with the rotating current is the axial OAM car-
ried by particles in the twisted plasma waves. A detailed theoretical analysis of twisted plasma waves is also given.

Keywords: ponderomotive force; Laguerre-Gaussian; orbital angular momentum; plasma wave; self-generated magnetic

field
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1 Introduction

High-power laser interactions with plasma have been widely
studied since the 1970s. Most of these studies and applica-
tions are related to energy and momentum coupling from
laser to plasma. Applications include particle accelerators!, X-
ray sources, inertial confinement fusion, etc. Plasma waves
are an important collective effect driven by high-power laser
pulses. Energy and momentum are proven to be exchanged
with high efficiency between charged particles and the field
(laser or plasma field) in this process, which are the founda-
tions of many applications. For example, the self-generated
magnetic field plays an important role in laser-plasma interac-
tions. The inverse Faraday (IF) effect for circularly polarized
(CP) light™" is one of the well-known methods of laser-driven
direct current magnetic field generation. This can be ex-
plained as the result of spin angular momentum (SAM) trans-
fer from light to plasma. For a CP light beam, every photon
has a SAM of #. Here, o = £1 are for the right and left circu-
lar polarizations. On the other hand, light can also possess or-
bital angular momentum (OAM)"! and thereby have the po-
tential to create plasmas with OAM. The OAM of a photon is
due to the helical wavefront instead of the circular polariza-
tion. Mathematically, we can use a basis set of orthogonal
Laguerre-Gaussian (LG) modes to express any helical wave-
fronts. For one pure LG mode with a twist index of /, every
photon has /i of OAM. While such twisted light in conven-
tional optics at low intensities has been widely studied (e.g.,
light tweezers!), high-intensity (I > 10" W/cm?) twisted light
has received moderate attention very recently. Unavoidably,
the interaction medium will be plasma. Various new simula-
tion phenomena and theories on interactions between intense

LG mode laser beams and plasma have been proposed*~”. In
experiments, several works have been reported!®* 9,
However, high-efficiency OAM exchange between the
plasma and field still needs more attention.

In previous work™), electron plasma waves with a helical
rotating structure and static, axial magnetic field generation
were confirmed using three-dimensional particle-in-cell (PIC)
simulations. Now, we will give a general theory and more de-
tails under the condition of paraxial approximation where the
spot size of the laser beam is large enough. The ponderomot-
ive force of beating OAM lasers will be analyzed first. Then,
the electrons will be driven to oscillate in a way to generate a
twisted electron density. The associated axial magnetic field
will be calculated using general theory and compared with the
simulation results. Studies on the damping of twisted plasma
waves and the axial magnetic field have been published in
Refs. [21, 30, 31]. This paper is organized as follows: in Sec-
tion 2, we demonstrate the ponderomotive potential for two
beating LG laser pulses and one LG laser pulse. Both of them
are different from the ponderomotive potential of a Gaussian
pulse. In Section 3, we show the electric field, the helical
electron density, and the magnetic field generation of twisted
plasma waves in simulations. In Section 4, we give a general
theory of twisted plasma waves driven by the beating of two
LG beams. The helical electron density and the magnetic field
are accurately described in theory. In Section 5, we explore
the scheme of using the beating of an LG beam and a Gaussi-
an beam.

2 The twisted ponderomotive potential
using two beating LG-CP laser pulses

It is convenient to write down a Laguerre-Gaussian (LG)
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transverse electromagnetic field with polarisation vector €, in
cylindrical coordinates (r,6,x) as

E=6.5 E.F (X)exp| ikx—iwr+ilo—ig, - LOOX)

=¢é, 2 (X)) exp|ikx—iwt+1l0—-1¢,, 4f() R
(1)

with the eigenfunction F,(X) given as

F,(X)=C, X"e**LI(X) where the normalized radial co-
ordinate X = 2r*/w*(x) is specified, L) (X) is a Laguerre poly-
nomial with C,, = 2p!/[n(p+|I)!] (Co = V2/m ~0.8) be-
ing a normalisation to ensure an orthonormal set, the gouy
phase ¢, =(@2p+I[+1)arctan(x/xz) and front surface
curvature f)=x+x2/x, the beam width
wy(X) = wyo A/ 1+ x2/x3 and wy,, = w, (0), the Rayleigh range is
xg = kwy,. For the following analysis, we simplify it by only
considering the region within the Rayleigh range so that terms
with f(x) and ¢,, can be ignored and we consider w;,(x) = wy,.
Now we have an electric field from the laser as
E=¢}, E,F,(X)exp(ikx —iwt +ilf).

In the context of the discussions about the OAM of light,
the multiplier term of exp (—ilf) in Eq. (1) is the most signific-
ant one. It sets the twist of the wavefronts and determines the
OAM of a mode. The OAM per photon for this mode is /7,
where [ is the twist index. The laser pulse can efficiently ex-
change OAM with a structured target upon reflection', but
the same cannot be said about a helical pulse propagating
through a uniform plasma. This can be illustrated by examin-
ing the direction of the ponderomotive force induced by a hel-
ical beam with electric field amplitude E and frequency w on
plasma electrons,

2

e
¢pond = |E(r’ t)|2 s (2)

Fpond = _V¢p0nd’ 4mcw2

where @, is the ponderomotive potential and e and m, are
the electron charge and mass, respectively. The intensity of
|EI is independent of 6 and it follows from Eq. (2) that @,
has no dependence on 6 (see Fig. 1a). Therefore, the pon-
deromotive force F,,, of a single LG beam has only a radial
component in the cross section of the beam and it induces no
azimuthal rotation of the plasma. The ponderomotive force is
nonlinear, so the discussed difficulty can be overcome by
using two co-propagating LG modes with different frequen-
cies and twist indices to generate a ponderomotive force with
a substantial azimuthal component.

We illustrate this for a pair of LG waves that have p =0

one LG b beating of two LG
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Fig. 1. Structure of the ponderomotive potential ®,.q (in a. u.) of one LG
laser pulse (a) and two beating LG laser pulses (b) in transverse plane (y-
z). The ponderomotive force Fyong = ~V®pena has an azimuthal component
only for two beating waves.

and opposite twist indices, [, = —/, = [, so that they have the
same radial dependence. The waves are beating with slightly
different frequencies: w, =w, and w,=w,—Aw, where
Aw < w,. We keep the radial normalization equivalent for all
modes such that the real part of the final electric field looks
like:
E =é.E\F,,(X)[cos(k,x—w,t—10) +cos (k,x — w,t +16)].
(3)
Considering an average over the timescale f;,, = 27/(w, + w,)
and length scale x;,, = 27/(k, +k,), we have a slowly varying
electric field of the form:

: )

where Ak =k, —k,. This slowly varying envelope of the total
electric field retains all of the angular momentum of the two
combined waves. It is worth mentioning that the wave travels
in the same direction as the sum of its parts, despite the sign
change in k. To find the ponderomotive force we use the
relation:

Ax  Awt
Ey = 6.2E,F, (X) cos(—Tx L2 la),

2
&
4dm w?

e

Frg=———V(E*) =

2

E2
~ L[ F X1+ cos (~Akx+ Awr +206))]. - (5)
2m.wy )

e

Putting a, = eE,/(m.w,c), the ponderomotive potential can be
described as

D0 = 0.5m . ayF2 (X)(1 + cos (—Akx + Awt +210)).  (6)

il

The ponderomotive potential is then no longer cylindric-
ally symmetric (see Fig. 1b). The resulting ponderomotive
force, Fpq=—-V®, has an azimuthal component and
slowly rotates in the cross section of the propagating beams,
i.e,, in the y-z plane. In contrast, F,,, produced by a super-
position of conventional beams without OAM (I = 0) has no
azimuthal component. The remainder of this work will elucid-
ate twisted plasma waves driven by the twisted ponderomot-
ive force and axial magnetic field generation related to the
axial OAM carried by electrons.

3 Simulation results driven by twisted
ponderomotive force

Using EPOCH", we performed three-dimensional PIC simu-
lations on the interactions between two beating LG-CP beams
and plasma. For two LG-CP beams (p =0), we choose the
[+ 0 =0 to get zero angular momentum. Therefore, magnetic
field generation due to the IF effect is excluded. Some key
simulation parameters are summarized in Table 1. The two
LG-CP beams have frequencies and twist indices of w, = w,,
w, =0.9w, and [, = -1, [, = +1, respectively. The frequency
difference is set as the same as the plasma frequency
w, =0.1w,. w, = V4nn,e*/m, is the plasma frequency, where
n, is the electron density and w, is the frequency of beam 1
with a wavelength of 0.8 um. The target is initially set as a
fully ionized hydrogen plasma with uniform density
ny=4.5x10" cm” and zero temperature. Both the incident
pulses have a Gaussian shape with a total duration of 7, =200
fs and a beam width of w, =10 pum, and the electric field
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Table 1. 3D PIC simulation parameters. n,=1.8%10*" cm™ is the critical density corresponding to the laser wavelength 0.8 pm.

Laser parameters

LG-CP beaml

LG-CP beam 2

Electric field amplitude (E ;)
A1 =0.8 um
Lh=-1

Wavelength
Twist index

Pulse duration (Gaussian shape)

El(y,z)z 1.0 TV/m

74 =200 f5 (75 cycles)

Esy=1.0TV/m

A2 =0.89 pm

hL=1

7 =200 5 (67.4 cycles)

Focal spot size (1/e electric field) wp = 10 pm wp =10 pm
Laser propagation direction +x +x

Other parameters

Electron density ne = 0.01 ne

Simulation box (xXyXz)
Cell number (xXyXxz)

Macroparticles per cell for each species 2

30 um x 50 ym x 50 ym
600 x 800 x 800

amplitude of £, . = 1.0 TV/m. For the beam 1, the corres-
ponding peak dimensionless vector potential of ¢, = 0.25.

In the following, we will give the main simulation results.
The twisted electric field (E,, E,, E,) distributions are shown
in Fig. 2. We should note that the non-zero distribution of E,
(see Fig. 2b) clearly shows twist characteristics, which do not
exist in normal longitudinal plasma waves. Furthermore, we
find that the phase distributions of E, (see Fig. 2a) and E, (see
Fig. 2c) are twisted with azimuth 6. These are different com-
pared to longitudinal plasma waves driven by the beating of
two Gaussian beams where there would be no dependence on
6", Of particular note are the twisted electron density per-
turbations dn, presented in Fig. 3a and a static axial magnetic
field B, in the y-z plane, shown in Fig. 3c. The magnetic field
can be as high as 8 T and persists for hundreds of femto-
seconds after the laser beams pass by. We also observe an azi-
muthal magnetic field distribution which is presented in
Fig. 3e. The dashed lines on the right of Fig. 3 are line-outs
from the slices plotted against the position along the line-outs
d plotted in the left of Fig. 3. As time passes, the twisted elec-
tron density rotates around the x-axis with angular frequency
w,.. The scheme works for other choices of different twist in-
dices (see 3D PIC simulation results in Section 5). There,
twist effects using an LG and a Gaussian beam are confirmed
and likely to be easier to realize experimentally. However, to
simplify the theoretical analysis, we choose opposite twist in-
dices in the following analysis. We also choose circularly po-
larized lasers instead of linearly polarized lasers to exclude
the effects of polarization deflection due to the twisted elec-
tron density. The dependence of the polarization deflection on
the laser frequency can lead to a symmetry break in the trans-
verse plane. Frequency detuning effects should be discussed
for a real experiment. Additional simulations have been ac-
complished with different beating frequencies. We found that
the axial magnetic fields are in similar distributions although
a weaker peak amplitude (= 90%) when the beating fre-
quency is Aw = (1.00 = 0.05)w,.

4 The general theory of twisted plasma
waves driven by twisted ponderomot-
ive force

First, we solve the non-relativistic cold electron-fluid equa-

3-3

tions driven by the twisted ponderomotive force in Section 2.

2.0 2
y/wp
Fig. 2. 3D PIC simulation results of electric field and fluid velocity distri-
bution at transverse plane (y-z plane) at the centre of simulation box (x =
15 um) and the time 320 fs after the laser has passed by. (a), (b), and (c)
show transverse slices of E,, Ey, and E,.

y/wy d/wy

Fig. 3. PIC results of transverse profile of (a) electron density perturba-
tion dne, (c) axial magnetic field B, and (e) azimuthal magnetic field B, at
the centre of simulation box (x = 15 pum) and the time 320 fs after the
laser has passed by. The dashed lines shown in the transverse slices are
the line outs used to plot the graphics on the right. The plots on the right,
(b), (d), and (f), are line outs from the slices plotted against the position
along the line outs d plotted in (a), (c), and (e). d is the coordinate along
the dashed lines. Solid lines in (b), (d) and (f) are theory predictions, for
the same situation considered in Table 1.
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Using linear fluid theory (LFT)“”, we can describe laser-
driven electron plasma waves as

mou=eVb+F,,
0,0n,+n,V-u=0
V2O = 4redn,

(7

Here, ions are assumed to be immobile, and dn, is the dif-
ference between the electron density n, and ion density n,. u
is the velocity of the electron fluid and @ is the static electric

potential. The resulting equation for the perturbations of elec-
tron density dn, in a plasma with an initially uniform electron
density n, has the form

2 2 —
8;on, +w: on, =

n
;ZVFW. (8)

This equation is analogous to the equation that describes a
driven harmonic oscillator. The driving item can be calcu-
lated as

F20,®,0 = —4a;lP [(XwW)F (X) cos (=Akx + Awt +216)

10,(r8,) D pons = 4(a2/w2) [(Fz (X)) +X(F? ,(X))"] [1+cos (—Akx + Awt +216)] .

D, = —0.5AKa;
With a definition of G, (X),

(F, (X)) +X(F, (X))

G,(X)= , 9
g 7,00 ®)
we can write V@, as
8P 8
Vz(l)pond % FZI(X) —AK* - Xu? + W_,ZGP"(X) .
42
cos (—Akx + Awt +210) + —OFZ,(X)G,,,(X) (10)

We will only consider the part with the cosine which will
drive our forced plasma oscillation. When the ponderomotive
force drives the perturbations with a frequency equal to
Aw = w,,,we have a solution of ¢n, as

6 ZAkZ 2
e _ TC4—_pz(X) sin(—Akx + wy.t + 216),
n ),
0 " 1 8- 8 an
EX)=F,X)|1 G,(X)|.

Akzwﬁ Aew? X AkPw?

It suggests a linearly growing amplitude with the laser
pulse duration 7. Our simulation use two LG-CP beams hav-
ing same parameters except different wavelengths and twist
indexes (p =0,l, = —I, =1).The function of E,,(X) electron
density perturbation can be presented in the following expli-
cit form,

B X)) =F;(X)|1+

Akzwﬁ(_x+1+2|ll) . (12)

It is the same result as the Eq. (2) in Ref. [28]. If 1/A&°w}
is small then Z,,(X) = F;J(X) for simple cases, and for cases
where p =0 then E,,(X) = Cy,X"e™/|l|!, this can calculate a
situation for a Gaussian wave where /=0 so that
Zo(X) =e*. In this paper, we will focus on the case of
paraxial approximation with small 1/A&*w;.

In a similar way, the electric field E and the velocity field
u can be solved in the following equations:

{

According to the Eq. (5), the force is

2 2 — 2
RE+w E=-w Fi./e

2 2 —_ )
Ou+w = 0,F,/m,

(13)

3-4

F? (X)cos (—Akx + Awt +216)

= (ICagm. [wy) V2/XF? (X) sin(=Akx + Awt +216)

p(md 0

Foonsr = —(Saym, [wy,) V2X(F? (X)) cos (=Akx + Awt +216) -
Foons = —0.5(CCa;m AK)F, (X) sin (-Akx + Awt +210)

(14)
We can ignore the last part of the constant force in the radial

direction. For the velocity we can again neglect the constant
radial term giving 0,F as,
0, F yonag = (IS agmw,. [wy) V2[ X F (X) cos (=Akx + Awt + 216)
O, F yonar = (Caymew,e [ Wy) V2X(F (X)) sin(=Akx + Awt +216) -
0, F yona = =0.5(c’agm.w, AK)F? (X) cos (=Akx + Awt + 210)
5)
Mirroring the approach used above, the electric field and flu-
id velocity are found to be
E, = -0.5tw,lcay(m.[e/w,) V2/XF (X)-
cos (—Akx+ Awt + 210)
E.=—tw,(Caym.[e/wy) VX/2(F’ (X)) sin(=Akx + Awt+216) °
E, =0.25tw,.c’ai(m, /e)Asz (X)) cos (=Akx + Awt + 216)
(16)
and

u, = —-0.5(c*ait/wy) \/Z/_XF,Z)V,(X) sin (—Akx + Awt + 216)
= (Cait/wy,) VX2 (FPI(X))' cos (—=Akx + Awt +216)
u, = 0.25(cC’aq;TAR)F?, (X) sin (=Akx + Awt + 216)
17)

Using the explicit form of (F;, (X)) =(ll/X-DF;,
we can get the same result as Eq. (s7) and Eq. (s8) in the sup-
plemental material of Ref. [29].

In the theory above, the electric current density is
Jj¢=—enu, and the displacement current density is
J% = 0E/(4n0r). According to high-order fluid theory”**, the
second-order current can generate a magnetic field even
though j* + j* = 0 in the first order. In the PIC simulation res-
ults, the time-averaged net current in both the azimuthal dir-
ections (j) (i.e., net rotating current) and the axial direction
G2y are confirmed. With a definition of
Z, = —en,T°c*Ak’a}/ w,, the second-order current is

—(l/8)]0/(wak) VZ/XF:I(X)sm (—Akx + Awt +210)
2) = (1/8) o/ (wyAK) VXT2( (X)) F (X)-
sin2(— Akx+Awt+210
Jo= (1/16)]O F? (X)sin P (—Akx + Awt +210)

(7)

(18)

The equation for the second-order vector potential A® can be
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written as

@ -

V2 + w)A® = drcj®. (19)

AP = —(Inc/4)j,/ (wy M) VZTXF! (X)]

1
Aw? A —3Aw?

AP = (nc/2)jo /(W AK) VXT2(F? (X)) F? (X)

A® = (nc/S)ﬁF;,(X)[L 1

The axial and azimuthal components contain a constant
term and a second harmonic oscillating term. However, the
radial component has only a second harmonic oscillating
term. The quasi-stationary magnetic field can be calculated by
B=VxA®?,

1042 9A?
B=-—t -2t 20

"oor 6?2) ox  _
0A cjo
B=-—==-——"—VX(F) . (21
oo 2w @l
_ l@rAzz) __ l]TCjo (F4 ,
Cor or w2 AW Ak P!

The relationship between the azimuthal and axial compon-
ents is B,/B, = 0.25(w,Ak/l) VX. With the parameters of
Kk, = Akw, and k, = Tc*Ak’a}/(4w,), we can get the amplitude
of B,

lﬂcﬁ

T 22
wiAw*Ak @2)

B,=- = 8l (=)'

If we have «, =10, «,=0.1 and n, =n,/n., we can get
B(T) ~ 5l \/r?o . It means that if we assume that the electron
density perturbation is small and the paraxial approximation
works well, the amplitude of B, will increase with a larger
plasma density. Since the plasma density cannot be over-
dense in our scheme here, we expect that there is an upper
limit on the amplitude of B,.

In the PIC simulation shown in Table 1, Fig. 2 and Fig. 3
give the results. Here, 1/w;Ak*=0.016 when we use
Ak = w,./c. For simplicity, Eq. (11) has been obtained assum-
ing a flat-top pulse with duration 7. For the truncated Gaussi-
an pulse used in the PIC simulation (i.e., I(r) = 0 for
[t—1t,|>7,/2 where t,=1,/2 is the time of peak intensity),
T =0.757, is appropriate. The Eq. (16) shows that the radial
field E, is phase different compared to the azimuthal field E,
and axial fields E,. These are the same as the results in Fig. 2.
The radial field u, is also phase different compared to the azi-
muthal field u, and axial fields u, according to Eq. (17). Both
u,ocl and E,ocl show the importance of the OAM of the
driving lasers. The calculation results of electron density per-
turbation in the transverse plane are shown as a solid line in
Fig. 3b, which is close to the simulation result (dashed line).
The difference is thought to be caused by ignoring the last
part of the constant force in the radial direction in Eq. (10).
Theoretical predictions of the magnetic field from Eq. (21)
are shown as solid lines in Fig. 3d and f. They are also close
to the dashed lines. The result of the LFT is twisted plasma
waves with a helical rotating structure. It is different from the

AW dAkC? —3Aw?

3-5

1
4Ak*c? - 3Aw?
cos2 (—Akx+ Awt +210)]

In the paraxial approximation where only the dominant axial
derivative in the Laplacian term is accounted for, we can ob-
tain the explicit expressions for the vector potential A® as

1
cos2 (=Akx+ Awt +216)]

sin2 (—Akx + Awt + 216) (20)

longitudinal plasma waves driven by the beating of two Gaus-
sian lasers, where transverse profiles depend only on radius®".
The magnetic field generation due to the second-order cur-
rent is explained well in the paraxial approximation. While
thisstudyislimitedtoplasmawaveswithsmallamplitudes,thehigh-
order terms are ignored in Eq. (7). In other simulations, we
observed spiral phenomena that may be related to the high-
order nonlinear terms.

To understand more details on the twisted plasma waves
with electrons carrying axial OAM, we analyze the oscillat-
ing phase of a single electron under a transverse electric field
of E, = E, sin®, and E, = E, cos®,, where @, = w,t + 216, at
x=0 and 6, is the azimuth. Here, E.(r,,8,) and E,(r,,0,) are
rewritten for our purpose according to Eq. (16). The solu-
tions of the motion equation m.d’r,/dr* = —eE(t,r,) to the
first order in coordinates of (y,z) are

{

Within such an oscillating electric field, electrons will os-
cillate locally with an azimuthally dependent phase to the first
order. The central shift velocity is assumed to be small and
should have no contribution to the rotating phase ¢. If the
amplitude dependence on the radius is kept only for positive
and negative values, the dependence of the rotating phase ¢
on azimuth 6, is

¢ = arctan(%) = {

yl

where r, = w, V(I[/2) and [/ = —1. Furthermore, we can show
that the rotating electron density in the transverse plane
comes from particles oscillating elliptically in the transverse
plane with an azimuthally dependent phase. We reconstruct
the 2D electron density perturbation in the transverse plane to
a higher-order approximation from particle oscillation. This
oscillation can be viewed as a mapping of the r, space onto
the r, + r, space. Here, we have r, = [(v,;,v,,)d¢. The mapping
is assumed to be single-valued and regular here. Then, the
number density due to the motion can be given by
ndV = nydV,, where the two volume elements (dV, and dV)
are related by the Jacobian of the transformation™ . From the
electron oscillation, we can get

v, = (E, cosb,cos D, + E, sinf, sin®,)(e/m.w,)
v, = (E, sinf,cos ®, — E, cos b, sin®d,)(e/m.w,)
(23)

w,t+ Q21+ 1)b,,
—w,t— (21— 1)b,

ro <,
ry>r,

. (24

ny O +y1,20+21)

n a(y()yzo)

The electron density can be approximated to second order

(25)
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n = ny[1+7,(n, 1) Sin @y + o7, 1) + (1%, 1) €08 2D, |,

1 L dv, 26
i = — @ity Iy Sy (26)
w, r 1, dr
Here, we get v, =eE, /(m.w,) and v, = —eE, /(m.w,) from

Eq. (23). The explicit form of Eq. (26) shows that the first
order electron density is the same as the LFT result of Eq.
(11) in the transverse plane if we ignore k,x. We can obtain
the electric field in the azimuth component to a second order,
E,=E, cos®,+o(n*,r))sin2®,. To the first order, it is just
the same as the electric field from LFT. We can write a demo
with some randomly distributed particles rotating with a
phase dependence of azimuth in the plane. The collected mo-
tion of rotation with a phase dependence of azimuth will cre-
ate a rotating electron density and carry axial OAM. Such a
rotating electron density in plasma will produce a twisted
electrostatic field, which in reality can push every electron ro-
tating with a phase dependence of azimuth. It is a self-consist-
ency process in twisted plasma waves.

Finally, using the equation of (L) = —(j")rm./e, we can
get the theoretical result of the transverse profile of the time-
averaged axial OAM density. The integration of (L®) over ra-
dius r is not zero when [ # 0. For electromagnetic fields, the
energy and momentum of electromagnetic waves are trans-
ported essentially by electric and magnetic fields. But for the
plasma wave fields, electrostatic waves in plasma carry en-
ergy but no momentum if we do not consider the magnetic
field due to the high order effect. Only particles will carry
axial momentum and OAM. The same results can also be
found in Ref. [31]. In Refs. [30,31], Langmuir plasma waves
carrying a finite OAM are studied using kinetic theory in the
paraxial approximation. The dispersion relation and energy
and momentum exchange between particles and the field in
the damping process are studied for twisted plasma waves.

5 Simulation results driven by beating
between an LG pulse and a Gaussian
pulse

Considering the difficulties of producing high intensity LG
beams in experiments, we accomplished a simulation using
the beating of one LG beam (/ = —1) and one Gaussian beam
(I = 0). Now, the ponderomotive force is F.q(7,0,x,t)
Vcos(w,t — k,x—6) and then the electron density perturbation
is on, o« sin(w,t —k,x—6). We set the beam 2 in Table | as a
Gaussian beam and the other parameters are kept the same.
Their frequency shift was also set to match the plasma fre-
quency. Similar twisted electron density and magnetic field
generation are observed in Fig. 4. Of particular note are the

b
@ e ® . @ g
1 w04 1 o ! 0
- 0.2 s
[
% 0 1 0 ‘ a0 0 ° -20
02 -15
-1 -1 -1 40
-1 0 1 -1 0 1 -1 0 1
y/wo y/wo y/wo

Fig. 4. PIC results of transverse profile of (a) electron density perturba-
tion 6n,, (b) axial magnetic field B, and (c) azimuthal magnetic field B, at
the centre of simulation box (x = 15 um) and the time 320 fs after the
laser has passed by.

single helical electron density distribution 6n, presented in
Fig. 4a. In Fig. 4b, the magnetic field can be as high as 20 T.
In future experiments, we may consider using temporally-
chirped pulses for twisted plasma wave excitation””

6 Conclusions

In conclusion, twisted plasma waves carrying OAM are pro-
duced in PIC simulations by using beating of two LG beams
orone LG and one Gaussian beam. We compare the pon-
deromotive force of two beating LG beams with the pon-
deromotive force of two beating Gaussian beams. The sub-
stantial azimuthal component of the ponderomotive force
provides a unique tool for an effective exchange of OAM
between the light and the plasma. Twisted electron plasma
waves with a rotating helical structure are confirmed using
three-dimensional PIC simulations. Once being excited, the
twisted plasma wave can persist in the plasma long after the
laser beams that create the ponderomotive force are gone. Es-
sentially, the electrons are left oscillating along elliptical
orbits in the transverse plane with an azimuthally dependent
phase offset. This collectively yields a persistent, rotating
wave structure, and an associated with it nonlinear electron
current. The current configuration that is similar to that in a
solenoid creates a longitudinal quasi-static magnetic field.
Under the condition of paraxial approximation, we develop a
general theory to explain the twist of the plasma waves and
calculate the distributions of the magnetic fields in axial and
azimuthal directions. Finally, to relax the experimental condi-
tions of getting relativistic twisted laser intensities, we run
simulations using beating between an LG and a Gaussian
beam. The twisted ponderomotive force and twisted plasma
waves would be easier to realize experimentally when only
one beam with OAM is needed.
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