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It is shown theoretically and by simulation that a Gaussian laser beam of relativistic intensity interacting with
a uniform-thickness plasma slab of azimuthally varying density can acquire orbital angular momentum (OAM).
During the interaction, the laser ponderomotive force and the charge-separation force impose a torque on the
plasma particles. The affected laser light and plasma ions gain oppositely directed axial OAM, but the plasma
electrons remain almost OAM free. High OAM conversion efficiency is achieved due to the strong azimuthal
electromagnetic energy flow during the laser phase modulation. The present scheme should provide useful
reference for applications requiring relativistic-intense vortex light.
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I. INTRODUCTION

Light can carry both spin and orbital angular momentum
(OAM) [1–4], corresponding to the light polarization and
azimuthal phase structure, respectively. Light with OAM, or
vortex light, has applications as optical tweezers [5–7], in
quantum entanglement research [8], microscopy [9], nonlin-
ear wave mixing [10], etc. High-power lasers at relativistic
intensities with a0 � 1 are common nowadays, where a0 =
eE0/mecω is the normalized peak laser intensity with me and
e the electron rest mass and charge, E0 and ω are the laser
electric field amplitude and frequency, and c is the speed of
light in vacuum. Applications of vortex light at relativistic
intensities have been proposed, such as for positron and elec-
tron acceleration [11–13], OAM transfer between light and
matter [14], high-order vortex harmonics realization [15,16],
generating γ -ray beams with OAM [17,18], etc.

A typical vortex laser beam profile is the Laguerre-
Gaussian (LG) envelope structure, which in cylindrical
coordinates (r, φ, x) is given by

LGpl = Cpl
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where Cpl is the mode amplitude, w0 is the beam waist,
w = w0

√
1 + (x/xR)2, xR = πw2

0/λ is the Rayleigh length,
Ll

p(x) is the generalized Laguerre polynomial, k is the wave
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number, ψ = (2p + |l| + 1) arctan(x/xR) is the Gouy phase,
and R = (x2 + x2

R)/x. Thus, p corresponds to the number of
radial nodes in the laser intensity, and l is the topological
charge, corresponding to OAM of l h̄ per photon on average.
Thus LG00 is just the Gaussian structure. For nondestructive
conversion of relatively weak Gaussian light into vortex light,
methods including the use of holograms [19], spiral phase
plates [20], transformation media [21], q plates [22], and
nanoscale array [23] are available. However, these methods
are not suitable for high-intensity lasers, since the materials
used for phase control will be damaged before the conversion
completes. Novel methods invoking laser-plasma interaction
have been proposed recently for realizing intense vortex light,
including the use of light fan [24], plasma hologram [25],
and stimulated Raman scattering [26]. However, these new
methods might present some restrictions for further OAM-
related applications, either for the possible interference by
the incident laser(s), or for the complexity resulted from
multi-incident beams. Recently we proposed a scheme uti-
lizing an underdense plasma of spiral thickness in generating
both single- and multimode relativistic vortex laser light in
the transmission direction [27]. Nonetheless, the OAM con-
version efficiency in this scheme is, like the other methods,
limited to peak around just one third.

In this paper we propose an efficient conceptual scheme for
generating vortex light of relativistic intensity by irradiating
a uniform-thickness plasma slab having azimuthally varying
density with an intense Gaussian laser beam. During the in-
teraction, the plasma modifies the phase of the incident laser
beam such that its structure becomes helical. Nearly equal
but oppositely directed OAM is generated in the laser light
and the plasma ions, but the plasma electrons and the total
laser-plasma system remain nearly OAM free. The physics of
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FIG. 1. (a) Transverse electron density profile of the plasma
phase plate. (b) Helical phase profile of the l = 1 vortex mode.
The color code corresponds to the phase velocity. (c) Normalized
instantaneous electric field component Ey of the generated vortex
laser at 68T0 in the x, z plane. The dash-dotted line marks the plasma
left boundary. (d) Ey in the transverse plane at x = 34.1 μm, marked
by the dashed line in (c).

OAM transfer between the laser light and plasma is analyzed
in terms of the laser ponderomotive force. Due to the strong
azimuthal electromagnetic energy flow, the OAM conversion
efficiency in producing the LG01 mode can reach as high as
73%. The nonlinear modulation of laser phase velocity result-
ing from laser energy flow is also discussed and the modulated
plasma slab length is given.

II. THEORY AND NUMERICAL SIMULATION

When an intense Gaussian laser pulse irradiates a plasma
with azimuthally varying density, as shown in Fig. 1(a), the
local laser phase velocity vp will be modulated azimuthally
according to [28] vp = c/

√
1 − ne/γLnc, where ne is the

plasma density, nc = ε0meω
2/e2 = 1.7 × 1021 cm−3 the criti-

cal density corresponding to laser with wavelength of 0.8 μm,
and γL =

√
1 + a2

0/2 is the relativistic factor for linearly
polarized (LP) light. With a proper azimuthal plasma den-
sity profile, vp can depend linearly on φ like vp = (v1 −
v2)(2π − φ)/(2π ) + v2, with v1,2 the maximum and min-
imum phase velocity, corresponding to the maximum and
minimum plasma density n1,2, respectively. When the Gaus-
sian laser pulse propagates through such a plasma slab, say
of length L, the originally separate plane equiphase surfaces
will evolve into a continuous helical surface with azimuthal
dependence exp(−ilφ), together with azimuthally varying vp.
The helical phase structure of the l = 1 mode is shown in

Fig. 1(b). Thus, for obtaining a vortex mode with topological
charge l , we require ck(L/v2 − L/v1) = 2π l , resulting in

L = v1v2

v1 − v2

lλ

c
. (2)

During the phase modulation, the laser intensity also redis-
tributes due to electromagnetic energy flow [2,27], leading to
formation of a singular dark region at the center of the output
vortex beam.

The laser plasma interaction is simulated using the fully
relativistic particle-in-cell code EPOCH [29]. At t = 0,
an LP laser with polarization along y direction, 5 μm
focal radius, 0.8 μm wavelength, and Gaussian profile
exp [−(t − t0)2/	t2] is incident along the x axis from the
left boundary. Here t0 = 10T0 and 	t = 5T0, T0 is the laser
period. The peak laser intensity is I0 = 2.14 × 1018 W/cm2,
or a0 = 1 for the normalized laser amplitude. Simulations
show that with a uniform-density plasma of width of tens of
micrometers, laser energy dissipation in the plasma remains
below several percent for ne � 0.1nc, but abruptly jumps up
to tens percent for ne > 0.2nc. Furthermore, for ne � nc, the
relativistic laser ponderomotive force [30] �fp = −mec2∇(1 +
a2/2)1/2, with a = eE/mecω and E the laser electric field, can
expel almost all the affected electrons, causing local electron
cavitation [28], which is also detrimental for controlled laser-
phase modulation, where stability is required [31]. For the
laser parameters considered here, electron cavitation can be
avoided if ne > 0.002nc. The lightest known solid material
is aerographene with density as low as 0.16 kg/m3 [32],
corresponding to a plasma density of several nc down to
0.028nc with full ionization. Plasma slab with the azimuthally
varying density shown in Fig. 1(a) may be fabricated from
aerographene using 3D printing [33]. In our simulation, the
underdense hydrogen plasma has a counterclockwise decreas-
ing density given by ne = (n1 − n2)(2π − φ)/(2π ) + n2, i.e.,
from n1 = 0.1nc to n2 = 0.03nc, as shown in Fig. 1(a). This
corresponds to a linear dependance of vp on φ, with v1 =
1.0435c and v2 = 1.0125c. The plasma length from Eq. (2)
should be L = 27 μm for generation of the LG01 mode.
The simulation box is −10 < x < 45 μm and −13 < (y, z) <

13 μm. The cell size is 1/15 μm in all directions. The disk
plasma is located in 0 < x < L and its radius is 12 μm. There
are ten macro particles per cell.

As the Gaussian laser passes through the slab, laser phases
are modulated leading to a π shift between the symmetric
regions about beam axis, and laser energy redistributes into
a hollow structure with nearly null intensity around beam
axis, as shown in Figs. 1(c) and 1(d). Mode decomposi-
tion of the output laser near plane x = 34.1 μm presents
a vortex mode superposition of 0.08LG00 + 0.74eiφ1 LG01 +
0.19eiφ2 LG02, where φ1 ≈ 1.8 and φ2 ≈ 3.8, with the desired
LG01 mode dominating indeed.

The process of OAM transfer between laser and plasma is
described in Fig. 2. The much lighter electrons gain nearly
3% of the injected laser energy, and the protons gain less
than 0.02%. In fact, the protons remain nearly stationary
in the process, with maximum velocity about 0.001c. Fig-
ures 2(a) and 2(b) show the electron and proton azimuthal
momentum densities Pφe and Pφp , respectively, in the (φ, x)
plane, at r = 2 μm and t = 44T0, when the pulse center is at
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FIG. 2. Azimuthal momentum density distribution in the (φ, x)
plane at r = 2 μm and t = 44T0 for (a) electrons and (b) protons,
for simplicity denoted by Pφe and Pφp, respectively. The dot-dashed
lines outline the plasma boundaries. The black curve in (b) shows
the normalized laser field intensity a/a0 at x = 16.7 μm (marked by
a dashed line), or the laser-pulse center at t = 44T0. (c) Evolution
of the total azimuthal momentum of the electrons (upper curve) and
protons (lower curve) in a 0.8 μm thick slice centered at r = 2 μm.
Points A and B correspond to (a) and (b). (d) and (e) Instantaneous y
component proton momentum density in the y, z plane at x = 1.1 μm
and t = 22T0 and at x = 25.5 μm and t = 57T0, respectively. The
color scale in (b), (d), and (e) is the same as that in (a). (f) Evolution
of the total normalized axial angular momentum of electrons (up-
per curve), protons (lower curve with oscillations), and all particles
(lower curve without the oscillations). Points D and E correspond to
(d) and (e).

x ∼ 16.7 μm. Around 13 < x < 20 μm, both Pφe and Pφp

oscillate with the laser electric field Ey, with their maxima
centered around φ = π/2 and 3π/2, but with opposite signs.
However, the protons also have a nonoscillating Pφp compo-
nent in a region behind the pulse center. This phenomenon
can be understood as follows. During the phase modulation
process, laser energy flows [27] from φ ∼ 0+ to ∼2π−, ac-
companied by radial energy flow, resulting in a nonuniform
averaged azimuthal electric field intensity distribution, as
shown by the black curve in Fig. 2(b). The field gradient pro-
duces an intense azimuthal ponderomotive force that displaces
the local electrons. The resulting azimuthal charge-separation
force acting on the protons leads to azimuthal proton momen-
tum gain. Due to the plasma density variation along φ, protons
in the higher density region φ < π/2 will have larger negative
azimuthal momentum than that with positive azimuthal mo-
mentum in the low density region φ > 3π/2. The evolution
of the total electron and proton azimuthal momentum in a

0.8 μm thick slice centered at r = 2 μm is shown in Fig. 2(c).
We see that the fast oscillating Pφe results in almost no net
azimuthal momentum gain by the electrons, as indicated by
point A. On the other hand, the protons (and thus the plasma)
can gain considerable (negative) azimuthal momentum, as
indicated by point B, which contributes positively to net
plasma OAM.

The evolution of the axial OAM of all electrons, protons,
and all particles are shown in Fig. 2(f). The particle OAM
is calculated from summing �r × �pe,p over all particles and
normalized by that (namely, Jx = EL0/ω [1]) of a pure LP
LG01 mode with the same energy EL0 as the incident Gaussian
laser. In our simulation, EL0 = 0.0141 J and Jx = 6.0 × 10−18

kg m2 s−1. The electrons are almost OAM free and the pro-
tons can eventually gain considerable negative OAM with
magnitude larger than 70%. The LG mode coefficient from
mode decomposition and the overall OAM are two parame-
ters describing the detail and the macro characteristics of the
output vortex laser. Here we define the laser OAM conversion
efficiency as JL/Jx, where JL denotes longitudinal OAM of
output laser and is calculated by integrating ε0�r × ( �E × �B)
over all space. JL can reach a large value of about 4.4 × 10−18

kg m2 s−1 after the modulation and the corresponding OAM
conversion efficiency can reach ∼73%. As expected, com-
pared with plasma particles, a nearly equal amount of OAM,
but in the positive direction, is gained by the laser. Note the
OAM gained by the laser here is nearly more than twice
that of the existing schemes, where the OAM conversion
efficiency is about 37% (JL = 1.1 × 10−17 kg m2 s−1 and
Jx = 3.0 × 10−17 kg m2 s−1) [24] and 34% (JL = 1.3 × 10−18

kg m2 s−1 and Jx = 3.8 × 10−18 kg m2 s−1) [27].
The oscillations of the total OAM of the electrons and

protons during the laser incidence and exit stages in Fig. 2(f)
can be roughly explained as follows. In the incidence stage
(t ∼ 20T0), the laser equiphase surfaces are still nearly planes
separated by the laser wavelength. However, due to the
nonuniform azimuthal density distribution, the total proton
momentum Py,p in the laser polarization direction y in a slice
of thickness less than λ/2 is nonzero, as can be inferred from
Fig. 2(d) and is marked by the point D in Fig. 2(f). But
after the laser pulse has entered and propagates in the slab,
the OAM oscillations tend to cancel since the plane phase
surfaces become warped and mixed. As discussed, the protons
also gain negative net axial OAM since they are driven by
the charge-separation field. However, with completion of the
modulation of the laser phase surfaces into a continuous heli-
cal structure and the vortex laser pulse, the proton momentum
again become coherent and nonzero, as can be inferred from
Fig. 2(e). As a result, the oscillations of the total electron and
proton OAM also become coherent in the laser exit stage, as
can be seen in the region marked by E in Fig. 2(f).

III. DISCUSSION

For a specific desired LG laser with mode index l , the
plasma length L increases with the minimum plasma density
n2 for a fixed maximum density n1 ≡ 0.1nc. However, mode
decomposition indicates that the high order mode compo-
nent increases with L, while the desired lth mode component
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FIG. 3. (a) The dashed curves are for the laser field intensity
(orange) and phase velocity (blue) along the circular loop (r, x) =
(2, 0) μm at 20T0. The solid curves are for the laser field intensity
(orange) and phase velocity (blue) along the circular loop (r, x) =
(2, 26) μm at 57T0. (b) The mode coefficient amplitude versus the
minimum plasma density n2, with the maximum density n1 fixed at
0.1nc. C01,L and C02,L correspond to LG01 and LG02 modes in cases
with plasma slab length given by L, same for C01,L′ and C02,L′ while
with plasma slab length given by L′.

decreases, as shown by the dashed curves in Fig. 3(b) for
l = 1 mode generation. This is due to additional vp mod-
ulation from laser energy flow shown in Fig. 3(a). At the
very beginning of the laser incidence, the laser intensity a2

is azimuthally uniform, corresponding azimuthally linear vp,
as represented by the dashed lines. As the laser enters the
plasma and be modulated, a2 redistributes, as given by the
solid orange curve [also by the black curve in Fig. 2(b)].
The corresponding vp is modulated as well, with obvious
increase in the φ ∼ 0+ and little decrease in φ ∼ 2π− re-
gions, as shown by the solid blue curve. The synergistical
modulation of laser energy flow and vp is highly nonlinear
and theoretical description is difficult. However, we can make
a rough analysis by assuming vp in φ ∼ 0+ region increases
linearly with time to vp(a0 = 0) = 1.054c = v1 + 	v dur-
ing the modulation, and vp = v2 remains unchanged in the
φ ∼ 2π− region. In this case the laser phase difference in the
φ ∼ 2π−(0+) regions after modulation by plasma of length
L becomes 	φ(L) = ck[L/v2 − L/(v1 + 	v/2)] ≈ 2π l +
ckL	v/(2v2

1 ) = 2π l ′, where l ′ = l + ckL	v/(4π2v2
1 ) > l .

Fourier decomposition shows that higher order modes emerge
with laser phase of exp(−il ′φ) with fractional topological
charge l ′ [34]. The higher order modes increase with L, or
n2, since the φ ∼ 0+ region can catch up with and pass the
φ ∼ 2π− region during the modulation, which is also veri-
fied in the simulation results shown in Fig. 3(b). Considering
the vp modulation, the modulated plasma length for mode l
generation can be approximated by 	φ(L′) = 2π l , with L′ =
L(v1 − v2)/(v1 − v2 + 	v/2) and L given by Eq. (2). For the
modulated plasma length, the mode coefficients are given by
the solid curves in Fig. 3(b), where we see that the higher
modes are indeed suppressed and the desired l = 1 mode
dominates. However, the OAM gain of the output vortex laser
decreases from 70%–80% for the unmodulated slab length L
to 50%–60% for the modulated length L′.

We also found that the azimuthal phase plasma slab is suit-
able for generating intense circularly polarized vortex laser
pulse. Moreover, other vortex modes can be obtained by using
suitably phased-density plasma slabs. In addition, with more
intense lasers, the overall OAM conversion efficiency remains

FIG. 4. Evolution of the laser equiphase surfaces during their
modulation for (a) the azimuthal plasma phase slab scheme proposed
in this paper, (b) the light fan or spiral shaped plasma schemes.
The color bar corresponds to the normalized periodic longitudinal
displacement of the phase surfaces.

high (60%–70%), but the resulting vortex-beam quality is
somewhat degraded: |c01| = 0.65, 0.59, 0.45 for a0 = 3, 5,
10 and n1 = 0.15nc, 0.2nc, 0.35nc, and L = 31, 34, 35 μm,
respectively, for n2 = 0.03nc, 	t = 10T0 and laser focal ra-
dius 10 μm. The laser energy loss is 15%, 22%, and 26%,
respectively.

Compared with the light fan, plasma hologram, or spiral
shaped plasma, in the present scheme the originally plane
laser equiphase surfaces undergo stronger azimuthal modu-
lation, as indicated by Fig. 4(a), which is physically quite dif-
ferent from the other schemes that are indicated by Fig. 4(b).
As the input laser enters the plasma slab, its entire (φ = 0 to
2π ) equiphase surface is modulated simultaneously to result
in different phase velocities, leading to gradual increase of the
azimuthal phase gradient, thereby generating azimuthal elec-
tromagnetic flux in the entire phase surfaces. In the light fan or
spiral shaped plasma schemes, the laser equiphase modulation
is indicated by Fig. 4(b), where only the reflected or transmit-
ted parts of the phase surfaces undergo azimuthal modulation,
resulting in much less azimuthal electromagnetic flux, since
the dark black regions have only longitudinal phase gradient
and hence only longitudinal energy flux. The azimuthal en-
ergy flux contributes to the longitudinal OAM of the output
light, therefore the present scheme with stronger azimuthal
electromagnetic energy flow is clearly more efficient with a
higher OAM conversion efficiency.

IV. CONCLUSION

In conclusion, a conceptual scheme for vortex beam gener-
ation at relativistic intensities involving laser interaction with
a uniform-thickness plasma slab of azimuthally varying den-
sity is proposed and investigated. The laser-plasma interaction
modifies the incident Gaussian laser’s plane phase fronts into
a continuous helical structure, and laser ponderomotive force
and plasma charge separation force impose a torque on the
plasma particles, such that the laser light and plasma ions gain
oppositely directed axial OAM, with the plasma electrons re-
maining almost OAM free. Total OAM conversion efficiency
for LG01 mode realization can reach as high as 73%. Intense
vortex lasers are useful for many applications that require light
angular momentum at relativistic intensities.
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