PRL 112, 235001 (2014)

week ending
13 JUNE 2014

PHYSICAL REVIEW LETTERS

Light Fan Driven by a Relativistic Laser Pulse
Yin Shi, Baifei Shen,* Lingang Zhang, Xiaomei Zhang, Wenpeng Wang, and Zhizhan Xu
State Key Laboratory of High Field Laser Physics, Shanghai Institute of Optics and Fine Mechanics,
Chinese Academy of Sciences, Shanghai 201800, China
(Received 8 April 2014; published 10 June 2014)
When a relativistic laser pulse with a high photon density interacts with a specially tailored thin foil
target, a strong torque is exerted on the resulting spiral-shaped foil plasma, or “light fan.” Because of its
structure, the latter can gain significant orbital angular momentum (OAM), and the opposite OAM is
imparted to the reflected light, creating a twisted relativistic light pulse. Such an interaction scenario is
demonstrated by particle-in-cell simulation as well as analytical modeling, and should be easily verifiable
in the laboratory. As an important characteristic, the twisted relativistic light pulse has a strong torque and
ultrahigh OAM density.
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Prompted by the fast development of laser techniques
[1], light-matter interaction has entered the regime of a
relativistic laser-plasma interaction. Over the past few
decades, a number of novel mechanisms and schemes have
been proposed. Among these mechanisms and schemes, the
most promising application is for use in laser-driven plasma
accelerator science, such as laser wakefield acceleration of
electrons [2] and a laser driving foil to accelerate protons
[3]. Laser-plasma interaction can also be an efficient source
of high-order harmonic generation (HHG) [4], x rays [5],
and even gamma rays [6,7]. One of the key issues in the
above mechanisms is how to make use of the laser
ponderomotive force efficiently to pump a strong charge
separation field in plasma, which is the origin of particle
acceleration. Hence, it is the force (the accelerating force,
the confining force, etc.) that people care about most in
relativistic laser plasma physics. The effect of another
important dynamical quantity, the torque, although as
important as force, has not been revealed for a relativistic
laser pulse. How to observe the orbital angular momentum
(OAM) in laser-plasma interaction and how the appearance
of OAM would essentially affect the process are of special
interest. Circularly polarized light carries a spin angular
momentum of ℏ per photon; however, the total OAM of a
normal Gaussian pulse, commonly found in the current
chirped pulse amplification technology, is zero. Therefore,
observation of the torque and OAM in relativistic laserplasma interaction is rare.
OAM has been discussed extensively for weak light
[8–13] and extreme ultraviolet light [14–16]. Since Allen
et al. first showed that a Laguerre-Gaussian (LG) laser
pulse has finite OAM [8], many applications using twisted
light have been found [9–11]. The OAM of a twisted light
can be transferred to matter. More interestingly, several
phenomena observed in astrophysics, like pulsars, are
related to the OAM of light and plasma [17,18]. Thus,
simulating and investigating such an immense process in a
0031-9007=14=112(23)=235001(4)

laboratory on the Earth would be of great convenience.
Recently, Mendonca et al. have derived the solutions of
plasma wave with OAM [19,20]. They also created a donut
plasma wakefield using an intense laser with OAM for
positron and electron acceleration [21,22]. Also an electron
beam with OAM has drawn much interest [23,24], which
may be derived from twist light interaction with plasma.
However, as we know, an effective way to produce such an
intense laser with OAM is still not provided.
Although several methods are available for obtaining
twisted laser pulses, a relativistic twisted light pulse has
not been generated yet. Since intense LG pulses are also
useful elsewhere, there have been several attempts to produce
them with the direct approach. However, because the amplified spontaneous emission in the middle of the laser pulse is
inevitably very large during amplification, the amplified
laser is no longer a LG pulse. The OAM effect of relativistic
laser-plasma interaction remains unknown. In this Letter, we
propose a simple and effective method for generating a
relativistic twisted laser pulse and showing the OAM effect.
It is called “light fan”: a relativistic laser pulse (with a very
high photon density) impinges on a spiral foil (the fan);
hence, both the fan and the reflected pulse achieve a net
large OAM. This study demonstrates that a reflect fan
structure can be applicable in the relativistic regime. More
importantly, the dynamic process of such a structure presents
new and unique features in the relativistic intensity regime.
The proposed scheme is verified by the following threedimensional (3D) particle-in-cell simulations. The setup is
sketched in Fig. 1. The planar wave front of normal incident
laser pulse in Fig. 1(a) is transformed to a helical wave front
in Fig. 1(b) after the laser reflecting from the fan. In
Fig. 1(c), the foil consists of eight parts with the same step
height Δh ¼ λ=16 to mimic a λ=2 spiral phase plate. If the
foil acts as a perfect reflection mirror, the colors represent
different phase changes when a plane wave is of normal
incident. The maximum thickness of the foil is set as
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0.8 μm to ensure that the laser pulse is not transmitted.
A relativistic laser pulse is of normal incident on the foil
from the left, interacts with the matter, and is then reflected.
The 0.8 μm laser pulse with the Gaussian time envelope
aðtÞ ¼ a0 expð−t2 =Δt2 Þ is linearly polarized along the y
axis, and has a peak amplitude of a0 ¼ 5, pulse duration of
Δt ¼ 13.3 fs, and spot size of w ¼ 3 μm, where a0 ¼
eEy =me ω0 c is the normalized dimensionless laser electric
field. The spiral foil has a density of 100nc , where nc ¼
me ω20 =4πe2 is the critical density. The simulation box is
15 μm × 20 μm × 20 μm in the x × y × z directions,
respectively. The foil is initially located between x ¼
7.0 μm and x ¼ 7.8 μm. The simulation mesh size is dx ¼
0.025 μm in the x direction and dy ¼ dz ¼ 0.05 μm in the
y and z directions. The number of macroparticles per cell
is PPC ¼ 2.
First, the distributions of Ey in the y-z plane of
x ¼ 3.0 μm [Fig. 2(a)] and the x-z plane of z ¼ 0.0 μm
[Fig. 2(b)] at time t ¼ 51.3 fs when the beam is totally
reflected are provided. This shows clearly the characters of
twisted light. When the plasma surface is seen as a
structured mirror, which is an approximate assumption
in many cases, the reflected light mode can be expanded
with a series of LG modes [25]. The amplitude LGnm is
defined by
LGnm ðρ; ϕ; xÞ ¼ ðCnm =wÞ expð−ikρ2 =2RÞ expð−ρ2 =w2 Þ
× exp½−iðn þ m þ 1Þψ
× exp½−iðn − mÞϕð−1Þminðn;mÞ
pﬃﬃﬃ
jn−mj
× ðρ 2=wÞjn−mj Lminðn;mÞ ð2ρ2 =w2 Þ;

ð1Þ

with RðxÞ ¼ ðx2R þ x2 Þ=x, 12 kw2 ðxÞ ¼ ðx2R þ x2 Þ=xR , ψðxÞ ¼
arctanðx=xR Þ, where Cnm is a normalization constant,
k ¼ 2π=λ is the wave number, xR is the Rayleigh range,
and Llp ðxÞis the generalized Laguerre polynomial. The
Gaussian mode of the incident laser beam in the simulation
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FIG. 1 (color online). (a) The normal incident laser pulse has a
planar wave front. (b) The reflected laser pulse gets a helical wave
front. (c) The foil used in the simulation has eight parts, with the
same step height Δh ¼ λ=16 to mimic a h ¼ λ=2 spiral phase
plate. The colors represent different phase changes when a plane
wave incidents normally and the foil acts as a perfect reflection
mirror. The maximum thickness of the foil is set as 0.8 μm to
ensure that the laser pulse is not transmitted.
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FIG. 2 (color online). Electric field Ey distribution in (a) the y-z
plane of x ¼ 3.0 μm and (b) the x-y plane of z ¼ 0.0 μm at
t ¼ 51.3 fs when the beam is totally reflected. The black dashed
line shows the x position of the plane in (a). An animation in the
Supplemental Material [26] is provided by changing the x
(x ¼ idx) position of the plane in (a).

is the LG00 mode. The mode decomposition of a LG00
mode whose wave front has been modified by the fan
structure is then defined by the expansion coefficients [25]
ast ¼ hLGst jexpð−iΔϕÞjLG00 i
ZZ
¼
ρdρdϕðCst =wst Þ expðikρ2 =2Rst − ρ2 =w2st Þ
pﬃﬃﬃ
js−tj
× exp½−iðs − tÞϕð−1Þminðs;tÞ ðρ 2=wst Þjs−tj Lminðs;tÞ
× ð2ρ2 =w2st Þ expð−iΔϕÞ
× ðC00 =wÞ expð−ikρ2 =2R − ρ2 =w2 Þ;

ð2Þ

where
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ð3Þ

HðxÞ is the Heaviside function. Because of the fact that
Δϕ ≈ ϕ, only the modes with l ¼ s − t ¼ 1 will contribute
most in the ϕ integral. According to the animation [see
Supplemental Material [26], distributions of Ey in the y-z
plane changing with different x (x ¼ idx) and laser wavelength corresponding to Δi ¼ λ=dx ¼ 32], the number of
intertwined helices can be found to be l ¼ 1. In the
numerical calculation of Eq. (2), the Rayleigh range and
the waist of the reflected light are assumed to be equal to
those of the incident beam, respectively (i.e., Rst ¼ R,
wst ¼ w). The relative weight of the modes is given by
I st ¼ jast j2 . Our calculations show that I 10 ≈ 64.8% and
I 21 ≈ 13.6%. We obtain a good approximation on the
distributions
of p
theﬃﬃﬃﬃﬃﬃﬃﬃ
reflected
light electric field using
pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ
0.65LG10 þ eiθ 0.14LG21 , where θ is the relative phase
chosen to make the approximation closer to the simulation
results (in our case, θ ¼ π=2).
In the theory of LG beam, the ratio of the
angular momentum flux J to the energy flux PL is J=PL ¼
l=ω [8]. According to the laser parameters in the
simulations, the total OAM is about L ¼ lPL Δt=ω ¼
3.0 × 10−17 kg m2 s−1 , which agrees well with the OAM
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laser peak on the foil surface. The peak torque corresponds
to the peak intensity of the laser, and the fastest variation of
OAM. The head and tail of torque distribution corresponds
to the head and tail of the laser pulse envelope, and the flat
part of OAM. A torque of 10−3 N m can be given to a disk
with a radius of about 3 μm by such a relativistic laser. It
indicates that a huge OAM can be transported to a small
volume in a very short time. The twisted light with the
strongest torque by far can be found in twisted laser-driven
HHG experiments. In the experiments of Zurch et al. [16], a
800 nm laser is reflected from the spatial light modulator to
obtain a twisted light with peaking intensities of approximately 2 × 1015 W cm−2 focusing on a spot size of 40 μm.
Assuming the best transformation (Gaussian mode totally
converted to a series of LG modes with l ¼ 1), the torque
that such an intensity can provide to a 3 μm disk is about
8 × 10−8 N m. So the torque of relativistic twisted light in
our plan can be 4 orders higher. In our case, the OAM
density of relativistic twisted light, defined with OAM over
volume, can be as high as u ¼ Lx =V ¼ 0.56 kg m−1 s−1 .
Considering that high energy density is an important
concept, this high OAM density may bring some new
effects. Similar to the ponderomotive force originating from
the inhomogeneity of laser intensity, the torque comes from
both the laser intensity distribution and helical phase fronts.
The torque is an intrinsic characteristic like the ponderomotive force. Thus, we should expect that the torque
characteristic will be as important as the ponderomotive
force in relativistic light-matter interaction, and brings out
some potential applications.
Figure 4 shows the changes of the total OAM when
keeping the power unchanged for different spot sizes. The
results of the two different powers, P0 ¼ 4.8 × 1012 W
(blue squares) and P1 ¼ 4.3 × 1013 W (red circles), are
shown. The total OAM almost also keeps unchanged for a
constant power. It can be easily understood from the view
of OAM conservation between light and plasma. For the
light, the ratio of the angular momentum flux to the energy
flux is decided only by the number of intertwined helices
[8], then the total step height. So the same power brings the
same OAM, and the higher power brings the higher OAM.
The small decrease of OAM when spot size reduces can be

FIG. 3 (color online). (a) OAM (in the x direction) of electrons
(red stars) and protons (blue circles) changing with time. (b) Sum
of the OAMs of electrons and protons (red plusses) changing with
time; the blue solid line is fitted based on the assumption that
the torque changes with the longitudinal laser pulse envelope
τL ¼ 10−3 expf−½ðt − 37 fsÞ=13.3 fs2 gN m. Integration of the
torque gives the fitting OAM curve (red dashed).
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sum of electrons and protons in scale and direction (Fig. 3).
In addition, the total OAM of the reflected light is
calculated based on the electromagnetic field data from
!
the particle-in-cell simulations. The result is Lx ¼
−17
2
−1
~ × BÞdtd~
~
ε0 ∬ ~r × ðE
r ¼ 1.1 × 10
kg m s , which is
close to the result of LG beam theory.
The statistical OAM
P in the x direction of the electrons
~ Þx at different times is given in
and protons Lx ¼ ð~r × p
Fig. 3(a). It shows that the OAM of both electrons and
protons are oscillating with time, and that the frequency is
the same as driven laser frequency. However, the proton
OAM falls behind a phase π relative to electron OAM. The
former obtains a net OAM Lpx ¼ −2.0 × 10−17 kg m2 s−1
[blue circles in Fig. 3(a)] and the latter only oscillates
around zero [red stars in Fig. 3(a)]. On the surface of the
foil, any two opposite parts that are symmetric about the
center will feel the laser field with a π phase difference,
resulting in a significant OAM. As the laser field wave
interacts with the foil, both electrons and protons rotate
clockwise and anticlockwise under the action of the laser
field and charge separation field. As we know, the angular
momentum of a rotating disk is L ¼ 0.5πr4 ρhω, where r is
the radius of the disk, ρ the density, h the thickness, and ω
the angular velocity. If we see the rotator as a proton disk
with r ¼ 3 μm, h ¼ 0.8 μm, and ρ ¼ 100mp nc , the angular velocity corresponding to L ¼ 2.0 × 10−17 kg m2 s−1 is
about ω ¼ 7 × 108 rad s−1 . It can be one order higher than
man-made rotational speed record 6 × 107 rad s−1 , which is
also laser induced [16]. The rotation of the plasma after the
laser pulse leaves may be used to simulate the pulsars [18].
Figure 3(b) (red pluses) shows the sum of the OAMs of
electrons and protons Lx ¼ −2.0 × 10−17 kg m2 s−1 , which
is the same with the calculated OAM of the reflected
beam in scale and is the opposite in direction. The fitting
curve of the total OAM [red dashed line in Fig. 3(b)] is
based on the assumption that the torque τL ¼ ∂Lx =∂t
changes with the longitudinal laser pulse envelope
τL ¼ 10−3 expf−½ðt − 37 fsÞ=13.3 fs2 gN m [blue solid
line in Fig. 3(b)], where 37 fs is the arrival time of the
2
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FIG. 4 (color online). The effect of laser spot size. The results of
the two different powers, P0 ¼ 4.8 × 1012 W (blue squares) and
P1 ¼ 4.3 × 1013 W (red circles), corresponding to a0 ¼ 5 and
a1 ¼ 15, respectively, when the spot size is 3 μm.
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understood as follows. With a smaller spot size and a higher
intensity, the structure of foil may deform more heavily in
the later process of laser-plasma interaction. Given the
deviation from the spiral step structure, the total OAM of
matter or light decreases slightly. Based on theory of LG,
the peak OAM density of the LG beam is u ¼ lI 0 =ðcωÞ,
where I 0 is the peak laser intensity. Then the OAM density
of the relativistic twisted beam can be very huge due to the
high intensity of the relativistic beam. It also shows that the
OAM density can be higher when the laser beam focuses
smaller. In experiments, the precision of the focal region on
the target is a common problem. We did some simulations
for the case of deviations. It was found that the characteristics of twist light and the related OAM effects were still
clear when deviations did not exceed a tolerance (not
shown). A theoretical calculation of the relative weight of
LG10 shows that a larger laser spot size results in a larger
tolerance.
Up to now, OAM is emphasized only in conventional
optics. Apart from the phase change carried out in optics,
this work reveals the dynamic process of relativistic laser
interaction with plasma, which has not been completely
elucidated. Combined with other schemes of relativistic
mirrors in plasma (ion acceleration, coherent radiation with
high energy, hot electron transport) [27], OAM in the
relativistic light-matter interaction may bring new effects.
For example, the relativistic attosecond x-ray vortices from
HHG should also be expected. Consequential explorations
about the effects of OAM on various aspects, such as
transport of hot electrons, proton acceleration, and plasma
wave, may become available. Using relativistic tabletop
lasers, this scheme creates a new laboratory plasma regime
with extreme plasma parameters, such as huge OAM. It
may be used to mimic some astrophysical environments
such as the pulsars [18].
As an important characteristic, the relativistic laser has a
strong torque. This strong torque can lead to a strong OAM
when the laser interacts with structured matter (such as the
light fan in our case) or when twisted light (such as the
reflected light in our case) interacts with uniform matter.
Just as the strong ponderomotive force of a relativistic laser
can produce a finite linear momentum in many applications
(for example, laser wakefield acceleration), such a strong
torque should also be expected to produce a finite OAM in
many potential applications. Also, a relativistic twisted
laser has an ultrahigh OAM density accompanying ultrahigh energy density. We expect experiments based on the
light-fan scheme can be realized soon, which should lead to
some novel results on strong laser field physics [28].
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