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When a high power laser beam irradiates a small aperture on a solid foil target, the strong laser field
drives surface plasma oscillation at the periphery of this aperture, which acts as a “relativistic oscillating
window.” The diffracted light that travels though such an aperture contains high-harmonics of the
fundamental laser frequency. When the driving laser beam is circularly polarized, the high-harmonic
generation (HHG) process facilitates a conversion of the spin angular momentum of the fundamental light
into the intrinsic orbital angular momentum of the harmonics. By means of theoretical modeling and fully
3D particle-in-cell simulations, it is shown the harmonic beams of order n are optical vortices with
topological charge jlj ¼ n − 1, and a power-law spectrum In ∝ n−3.5 is produced for sufficiently intense
laser beams, where In is the intensity of the nth harmonic. This work opens up a new realm of possibilities
for producing intense extreme ultraviolet vortices, and diffraction-based HHG studies at relativistic
intensities.

DOI: 10.1103/PhysRevLett.126.134801

Light carries angular momentum as spin and orbital
components. The spin angular momentum (SAM) is asso-
ciated with right or left circular polarization (�ℏ per photon),
and the orbital angular momentum (OAM) is carried by light
beams with helical phase fronts expðilϕÞ (lℏ per photon),
also known as optical vortices, where l is the topological
charge and ϕ is the azimuthal angle [1]. The spin-orbit
interaction of light refers to phenomena in which the spin
affects the orbital degrees of freedom [2], such as spin-Hall
effects [3,4]. Recently, interest in spin-orbit interaction has
surged, as it not only gives physical insights into the
behavior of polarized light at subwavelength scales, but
also provides an important approach for producing optical
vortices in the extreme ultraviolet (XUV) regime [5–9], that
have a rich variety of applications in optical communication
[10,11], biophotonics [12], and optical trapping [13].
Owing to the remarkable progresses in high-power lasers

[14], such advanced light sources open up new possibilities
in the relativistic regime (> 1018 W=cm2) of light-matter
interactions [15–20], and can yield fundamental insights
into the spin-orbit and orbit-orbit angular momentum
interactions of relativistic light [21–24]. In particular,
intense, ultrafast XUV vortices are of great interest for
probing and manipulating the SAM and OAM of light-
matter interactions on the atomic scale. Most of the

proposed methods to produce such beams are based on
high-harmonic generation (HHG) driven by relativistic
vortex laser beams [17,21,23], that are not widely available.
Other techniques employ linearly polarized laser beams
interacting with plasma holograms [18], or circularly
polarized (CP) laser pules irradiating a dented target
[25,26]. However, these approaches rely on the relativistic
oscillating mirror (ROM) mechanism [27–29] for produc-
ing harmonics, which is suppressed for CP drivers at
normal incidence [29,30]. Therefore it is challenging to
generate intense circularly polarized vortex beams that are
of particular interest for controlling chiral structures [31,32]
and optical manipulation at relativistic intensities [33], due
to the unique feature of constant ponderomotive force and
donut-shaped intensity.
In this Letter, we introduce a new HHG mechanism

based on light diffraction at relativistic intensities [34–36],
which we call relativistic oscillating window (ROW). It
allows for producing ultraintense circularly polarized XUV
vortices with a high-power CP laser beam. We show that
when the laser pulse propagates through a small aperture on
a thin foil, it drives chiral electron oscillation at the
periphery, which results in spin-orbit interaction and
HHG in the diffracted light.
We first demonstrate our scheme using 3D particle-in-cell

(PIC) simulations with the code EPOCH [37]. The simulation
setup and the main results are summarized in Fig. 1: a CP
laser beam propagates through a small aperture on a thin
foil located at x0 ¼ 4 μm. The laser field used in the simula-
tion is El ¼ ðey þ iσezÞE0sin2ðπt=τ0Þ expðik0x − iω0tÞ,
0 < t < τ0 ¼ 54 fs, where ey (ez) are the unit vectors
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in y (z) direction, E0 is the laser amplitude, k0 ¼ 2π=λ0 the
wave number, and λ0 ¼ 1 μm the wavelength. The laser
polarization is controlled by σ ¼ þ1 and −1 for right- and
left-handed circular polarization, respectively. The intensity of
the laser beam is I0 ≈ 6.9 × 1019 W=cm2, corresponding to a
normalized laser amplitude of a0 ≡ eE0=mecω0 ¼ 5, where
e, me, c and ω0 denote the elementary charge, electron mass,
vacuum light speed, and the laser frequency, respectively. The
thin foil target [assumed plastic (CH)] is modeled by a
preionized plasma with thickness Lf ¼ 0.25 μm, and
electron density n0 ¼ 30nc, where nc ¼ meω

2
0=4πe

2 ≈ 1.1 ×
1021 cm−3 is the critical density. The radius of the aperture is
rA ¼ 4.0 μm, with a density gradient at the inner boundary
nðrÞ ¼ n0 exp½ðr − rAÞ=h� for r < rA, where h ¼ 0.2 μm is
the scale length. This yields an effective radius r0 ¼ 3.3 μm,
for which nðr0Þ ¼ 1nc. The dimensions of the simulation box
are Lx × Ly × Lz ¼ 15 μm × 16 μm × 16 μm, sampled by
2400 × 320 × 320 cells with fourteen macroparticles for
electrons, two for C6þ and two for Hþ per cell. Mobile ions
with real charge-to-mass ratio are used in the PIC simulations.
A high-order particle shape function is applied to suppress
numerical self-heating [37]. An open boundary condition is
used in the�x direction, while in the�y and�z directions, a
periodic boundary condition is applied to launch a plane-wave
laser pulse. This is justified as the size of the focal spot is
assumed to be much larger than the aperture.

The intense laser field drives surface electron oscillations
at the periphery, which modify the local plasma density as
shown in Fig. 1(b). Since the region with electron density
above nc is reflective to the laser pulse, the transparent area
acts as a “relativistic oscillating window”.
Figure 1(c) presents a typical spectrum of the diffracted

light, which contains both even and odd orders of har-
monics. It has a power-law shape that can be fitted by
In ∝ n−3.5. The spectrum is obtained as the Fourier trans-
form of the fields observed at a vertical plane 11 μm away
from the screen, within an opening angle of θ ¼ 30°.
Each harmonic with order n is then selected by spectral

filtering in the frequency range ½n − 0.5; nþ 0.5�ω0, shown
in Figs. 1(d)–1(i). The spin-orbit interaction of light takes
place, all harmonics are optical vortices with jlj ¼ n − 1.
Note that the underlying physics of the ROW, i.e., the

chiral surface electron oscillation on the rim of the window,
is a robust process for CP light diffraction at relativistic
intensities. The proposed scheme can work at both normal
and oblique incidence, and a self-generated aperture
can be relied on to overcome the alignment issue (see
Supplemental Material [38]).
In this work, we restrict ourselves to the case

of an intense CP light diffracting through a predrilled
aperture at close-to-normal incidence. In the following we
consider the diffraction of a monochromatic plane wave

FIG. 1. (a) An intense CP laser beam is focused on a foil with a small aperture, the laser field drives surface electron oscillation at the
periphery, resulting in a dynamical electron density distribution (b). The three snapshots are separated temporally by a third of laser
period (T0), from left to right, and the white dashed lines represent the boundary of a rigid oscillating window. (c) The spectrum of the
diffracted light, the red dashed line represents a fitted power-law spectrum In ∝ n−3.5. (d)–(f) show the harmonic fields with frequency
2ω0, 3ω0, and 4ω0, respectively. The field distributions in the 2D planes marked by dark green color in (d)–(f) are shown in (g)–(i),
respectively.
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Eðx; y; z; tÞ ¼ Uðx; y; zÞ exp ð−iω0tÞ through an oscillating
aperture, where Uðx; y; zÞ satisfies Helmholtz equation
ð∇2 þ k20ÞU ¼ 0. As the target is overdense, it is reasonable
to assume the tangential components of the electric field
vanish everywhere except in the aperture [29], where they
can be approximated by that of the incoming laser fields.
The diffracted field is given by the generalized Kirchhoff
integral [39]:

Ediffðx; y; z; tÞ ¼ Uðx; y; zÞ expð−iω0tÞ

¼ 1

2π
∇ ×

Z
A
ðen × UÞ exp ½ik0R

0 − iω0t�
R0 ds0; ð1Þ

where the integration is only over the aperture, en is the unit
vector normal to the screen. The distance between an
observer at ðx; y; zÞ and elementary source [ds0ðy0; z0Þ] is
R0 ¼ jR − dR0j, measured at retarded time t0 ¼ t − R0=c.
HereR is the initial distance, and dR0ðy0; z0; t0Þ denotes the
shift of ds0 due to the strong laser field.
We now introduce the ROW model, it assumes that the

shape of the aperture does not change (rigid window), such
that each ds0 is shifted by the same amount of displacement,
dR0ðy0; z0; t0Þ ¼ dR0ðt0Þ. This is valid for weakly relativ-
istic drivers, where the surface electrons are simply shifted
antiparallel to the driving laser field, resulting in a harmonic
oscillation dR0ðt0Þ ¼ −ðey þ iσezÞδr0 expð−iω0t0Þ, where
δr0 is the amplitude of the oscillation, for which values will
be given below. To calculate the diffracted fields, one must
solve for the retarded time (t0) numerically according to the
motion of the source:

R0ðt0Þ ¼ jRþ ðey þ iσezÞδr0 exp½ik0R0ðt0Þ − iω0t�j: ð2Þ

However, to explain the spin-orbit interaction, it is
sufficient to derive analytically the lowest order of dif-
fracted fields, valid for a0 ≪ 1, seen by a distant, paraxial
observer, that satisfies (R ≫ r ≫ r0; δr0). In this case
we have R0ðt0Þ ≈ Rþ δr0 sinðθÞ expðik0R − iω0tþ iσϕÞ,
where θ ¼ arctan½r=ðx − x0Þ� and ϕ are defined
Fig. 1(a). Substituting it into Eq. (1) and using the
Jacobi-Anger identity [40] yields

Ediff ≈ E0ðey þ iσezÞ
X∞
n¼1

−ir0
2π

J1½nk0r0 sinðθÞ�
sinðθÞ

× Jn−1ðϵÞ
exp ½ink0R0 − inω0tþ iðn − 1Þσϕ�

R0

; ð3Þ

where ϵ ¼ k0δr0 sinðθÞ ≪ 1, R0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx − x0Þ2 þ y2 þ z2

p
is the distance measured from the initial center of the
aperture, and Jn are the Bessel functions of the first kind.
The terms which are proportional to ϵ2 and smaller are
neglected.
Equation (3) shows that HHG beams have helical phase

fronts, with l ¼ ðn − 1Þσ for the nth harmonic. It agrees

well with the findings from PIC simulations. This relation
guarantees the conservation of total angular momentum and
energy: when n photons at the fundamental frequency are
transformed into one photon of nth-order harmonic, their
SAMs (nσℏ) are converted into ðn − 1Þσℏ OAM plus
σℏ SAM.
In order to examine the ROWmodel at higher intensities,

Eqs. (1) and (2) must be solved iteratively. Figure 2(a)
presents a typical solution of Eq. (2) for the distance
between the center of the window and an observer at
θ ¼ 30°. It shows that due to the time it takes for the light to
propagate, a harmonic oscillation of the source results in an
anharmonic oscillation seen by the observer. This distortion
due to retardation is the dominant mechanism to generate
the high harmonics [28].
The HHG spectrum is then obtained by Fourier trans-

forming the diffracted field calculated from Eq. (1).
Figure 2(b) shows the spectra for weakly relativistic
drivers. The harmonic intensities increase dramatically
with laser a0. In particular, the spectrum for small a0
decays faster than exponentially with n, which agrees with
Eq. (3) since Jn−1ðϵÞ ∼ ðϵ=2Þn−1=ðn − 1Þ!. As a0 grows,
the spectrum asymptotically converges to a power-law
shape In ∝ nα. This trend can be reproduced by our model
as indicated by the open circles in Fig. 2(b).
Equation (2) suggests the amplitude of the oscillating

velocity is δr0ω0. Thus, substituting δr0 < c=ω0 into

FIG. 2. (a) The distance between the ROW center and an
observer. The harmonic oscillation of the window is presented by
the black curve, and the motion seen by the observer, obtained by
solving Eq. (2), are shown with the red and blue dashed lines,
representing the results after one and two iterations, respectively.
(b) HHG spectra (solid curves) for drivers with a0 ¼ 0.1 (green),
0.2 (blue), 0.3 (black), and 0.4 (red). The black open circles show
the prediction of the ROW model with δr0 ¼ c=ω0. (c) The total
charge of the escaped electrons is plotted against the laser
amplitude a0, the inset shows a typical electron density distri-
bution in x-y plane, when SWB occurs.
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Eq. (1), one obtains the power-law exponent α < −8.7,
limited by causality. However, this is only true for a0 < 0.3
according to Fig. 2(b), because at higher intensities, the
electrons oscillating on the boundary of the aperture may
gain enough energy to escape [41–43], as shown by the
inset of Fig. 2(c). Therefore, the rim of the window can no
longer be considered to be attached to these electrons,
which significantly modifies the dynamics of the ROW.
This is due to surface wave breaking (SWB) [44]. To

quantify when it should be taken into account, in Fig. 2(c)
we plot the total charge of the escaping electrons as a
function of the driving laser amplitude a0. A surge of
electron emission is observed for a0 > 0.3, when the
power-law exponents obtained from PIC simulations
exceed −8.7.
We now extend the ROW model to relativistic intensities

(a0 > 1). Figure 3(a) shows a snapshot of typical plasma
density distribution near the aperture when SWB occurs.
The electrons can now travel far into the aperture when they
oscillate inwards, the rim of the window on this side (red
solid curve) follows the motion of the electrons for about
half of one laser cycle, then it falls back to the original
boundary as the electrons are emitted away and trans-
parency is restored. On the other side (green solid curve),
when the electrons travel towards the plasma bulk, the
displacement remains small.
The diffracted field can then be calculated by separating

the aperture into two parts, A1 and A2. As shown by
Fig. 3(a), they are fractions of two rigid ROWs, which
oscillate with different amplitudes δrA1 > δrA2 ≈ c=ω0.
The contributions from each part can then be obtained
by integrating Eq. (1) over the area that satisfies r · dR0 ≤ 0
and r · dR0 > 0 for A1 and A2, respectively. In this way, the
HHG spectra for a0 > 0.3 can be reproduced from the
model by adjusting the value of δrA1, as shown by Fig. 3(b).
Setting δrA1 ¼ 0.25λ0 and 0.4λ0 recovers the HHG spectra
from PIC simulations with a0 ¼ 0.5 and 1 (adjusted to the
fifth harmonic), respectively. Notably, the power-law
exponent depends very sensitively on the amplitude, there-
fore most of the harmonic signal comes from A1 when
SWB occurs.
The harmonic generation is enhanced dramatically by the

SWB effect. In particular, the PIC simulations [Fig. 3(b)]
suggest the power-law scaling is the same (In ∝ n−3.5) for a
sufficiently strong (a0 > 2) CP laser beam diffracting at
close-to-normal incidence, which agrees well with the
prediction from our model for δrA1 ¼ 0.5λ0. This suggests
the detailed electron dynamics at the periphery is not crucial
for the HHG scaling; it is sufficient to consider a sinusoidal
oscillation with an amplitude limited by causality. Because
the electron layer can only travel inwards for less than half a
laser cycle, the maximum displacement of the rim is
∼c × 0.5T0 ¼ 0.5λ0. In addition, both the model and
simulations suggest this limit changes little with varying
the aperture radius, two examples are given in Fig. 3(c).

Note that the drop-off observed at eighth and ninth
harmonics on the spectra is due to limited numerical
resolution. We show with higher-resolution 2D simulations
that the In ∝ n−3.5 scaling is retained to much higher
harmonic numbers without significant drop-off (see
Supplemental Material [38]).
Finally, the HHG fields can be obtained by filtering the

diffracted fields calculated from Eq. (1) within a certain
frequency range. Using the same parameters as in Fig. 1,
and setting δrA1 ¼ 0.5λ0, the corresponding second, third,
and fourth harmonics are presented in Figs. 3(d)–3(f),

FIG. 3. (a) The electron density near the aperture when SWB
occurs. The window (transparent area) is bounded by the solid
curves (red and green). It can be separated into A1 and A2, which
are fractions of two other rigid ROWs (red and green circles,
consisting of both solid and dashed lines), with different
amplitudes δrA1 > δrA2 ≈ c=ω0. (b) HHG spectra from PIC
simulations (r0 ¼ 3.3λ0 is fixed) are shown by the solid curves
for a0 ¼ 0.5 (green), 1 (blue), 2 (black), and 10 (red). The black
open circles are the prediction of ROWmodel taking into account
the SWB effect, with δrA1 ¼ 0.25λ0 (green), 0.4λ0 (blue), and
0.5λ0 (black), respectively. (c) The HHG spectra with different
radii r0 ¼ 2.3 μm and 4.3 μm, the PIC simulation data (a0 ¼ 5 is
fixed) are shown by the blue and red lines, while the results from
the ROW model (δrA1 ¼ 0.5λ0) are presented by the blue open
circles and red crosses, respectively. The Ey field of the
(d) second, (e) third, and (f) fourth harmonics obtained from
the ROW model.
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respectively. Apparently the results confirm the relation
l ¼ ðn − 1Þσ, and the harmonic fields agree very well with
the PIC simulations shown in Figs. 1(g)–1(i).
In conclusion, we have demonstrated that high harmonics

are generated when a high-power CP laser pulse diffracts
through a small aperture on a thin foil. In this process, the
SAM of the driving laser beam is converted into OAM of the
harmonics, giving rise to intense circularly polarized XUV
vortices, with topological charge l ¼ ðn − 1Þσ for the nth
harmonic. By means of PIC simulation and semianalytical
modeling, we show that the harmonic spectrum is
In ∝ n−3.5, which does not depend very much on the driving
laser intensity, provided that a0 > 2. It would be interesting
to examine this scaling at very large a0, as for the ROM
mechanism [45], this is left for future work.
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