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When a circularly polarized (CP) Gaussian beam normally irradiates a solid plasma target, the spin
angular momentum of the CP beam transforms into the orbital angular momentum (OAM) of the high-
order harmonics through the spin-orbital interaction; this provides a promising way to obtain intense
attosecond pulses carrying OAM. However, normal irradiation faces realistic challenges in experiments,
as one cannot extract the harmonic without interfering with the driving laser. Here, we propose a feasible
scheme to generate vortex high-order harmonics by using a CP Gaussian beam obliquely incident to the
target. Theoretical analyses and simulation results show that the nth-order harmonic is composed of vor-
tex modes with topological charges from l = 0 to |l| = n − 1. The composition ratio depends on the laser
focal size and the incident angle. The obtained number of vortex photons is comparable to the normal
incidence case at up to an incident angle of 10◦, which greatly facilitates the experimental arrangement.
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I. INTRODUCTION

Studying the transition states of chemical reactions by
using femtosecond spectroscopy [1] has led to the era of
ultrafast dynamics, which forms the cornerstone of mod-
ern science. High-order harmonic generation (HHG) is a
typical method to obtain such ultrafast probing pulses. The
laser either interacts with noble gases to generate har-
monics at moderate laser intensity (∼ 1014−16 W cm−2)
[2–6] or with an overdense plasma target to get much
stronger pulses in the relativistic regime (1018 W cm−2

and above) [7–13]. By frequency selecting, attosecond
pulses are obtained and find applications in various sce-
narios, including ultrafast atomic and molecular dynam-
ics [14,15], characterizing plasmas by x-ray spectroscopy
[16], and extreme ultraviolet (XUV) or x-ray pump-probe
techniques [17–19].

Angular momentum (AM) was recognized as an impor-
tant characteristics of light after work by Poynting [20],
who considered the spin AM (SAM, ±� per photon, where
� is the reduced Plank constant) produced by the cir-
cularly polarized (CP) beam. This was demonstrated in
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experiments by Beth [21]. Then the seminal paper by Allen
et al. [22] started research into orbital AM (OAM), car-
ried by vortex beams with a helical wavefront exp(−ilϕ),
where l is the topological charge and ϕ is the azimuthal
angle. Vortex beams can be produced by introducing a
vortex phase into a Gaussian pulse through a q plate
[23] or other optical elements [22,24]. In the relativis-
tic regime, this can be accomplished by using plasma-
based methods [25–28]. The amplification of seed vortex
beams to high energy [29,30] is also in progress. Since
a vortex beam carries OAM of l� per photon, which can
be much larger than the SAM, it has been exploited in
various applications, ranging from optical manipulation
[31,32], imaging [33], and quantum optics [34] to optical
communication [35].

Governed by the conservation laws of AM, energy, and
momentum, it is theoretically indicated and experimen-
tally verified that the HHG driven by a linearly polarized
(LP) vortex beam produces an nth-order harmonic with nl�
OAM per photon [36–39]. For the CP beam, according to
the relativistic oscillating mirror (ROM) model [8–10], it
was initially believed difficult to drive solid HHG in nor-
mal incidence because the ponderomotive force of a plane
wave does not contain the oscillating term. The HHG is
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shown to be possible for a few-cycle relativistic CP laser
interacting with near-critical-density plasmas [40]. At solid
densities, the HHG process is suppressed at normal inci-
dence. However, it was reported recently [41] that, by
irradiating a solid target with a tightly focused intense CP
Gaussian laser, the SAM of the driver can be converted
into the OAM of the harmonics. The driving source is
the vortex longitudinal component of the tightly focused
CP Gaussian beam [42,43] induced by the spin-orbital
interaction [44], which was also found in other phenom-
ena, such as spin-Hall effects [45], spin-dependent effects
in nonparaxial fields [46], and evanescent waves [47].
Other studies utilizing a predenting target [48], waveg-
uide [49], and aperture target [50] to facilitate spin-orbital
interactions have also been explored.

Using the CP laser pulse instead of the vortex laser
provides a practical method to obtain vortex harmonics.
However, the normal-incidence configuration faces real-
istic limitations in experiments. It is quite challenging to
extract the vortex harmonic without interfering with the
incident laser beam. The intense beam backtrack from the
target may also harm the laser system.

Here, we study vortex harmonic generation using a
CP Gaussian laser obliquely incident onto a plasma sur-
face and illustrate vortex CP harmonics generation. With
theoretical analyses and full three-dimensional (3D) sim-
ulations, we demonstrate that the vortex harmonics and
regular Gaussian harmonics coexist in the same harmonic
order. The nth-order harmonic is composed of vortex
modes with topological charge from l = 0 (Gaussian) to
|l| = n − 1. By using the azimuthal Fourier (inverse) trans-
form, the mode constitution is obtained and the pure vortex
mode can be well extracted. Compared with the normal
incidence [41,48], we find quite different phenomena in the
oblique configuration in our work, which greatly facilitates

the experimental arrangement, and therefore, provides a
more feasible way to obtain an intense attosecond OAM
XUV source.

II. THEORETICAL ANALYSES

We start by considering a CP laser propagating
obliquely with incident angle θ with respect to the +x axis,
the electric field of which can be expressed as follows:

Ei = ik−1
0 ∂ru(r)E0 exp[i(kxx + kyy − ω0t − σϕ)]e‖

+ E0u(r) exp[i(kxx + kyy − ω0t)](ep − iσes), (1)

where kx = k0 cos θ ; ky = k0 sin θ ; k0 = ω0/c, where ω0 is
the angular frequency and c is the speed of light in vacuum;
u(r) = exp(−r2/w2

0) is the spatial envelope; and w0 is the
beam waist. es = ez and ep = −ex sin θ + ey cos θ are unit
vectors representing the two orthogonal transversal com-
ponents, and e‖ = ex cos θ + ey sin θ denotes the longitudi-
nal vortex component induced due to the finite transverse
size and profile of the CP beam [41]. σ = ±1 represent
the right- and left-handed circularly polarization (defined
from the point of view of the receiver), respectively; ϕ is
the azimuthal angle for the vortex component.

This CP laser beam impinges on the plasma surface
located at x = 0; the latter is driven by the incident and
reflected beam, i.e., Ed = Ei + Er. According to the ROM
model [8–10], the harmonics are emitted from the oscillat-
ing transverse current from the plasma surface generated
via the collective transverse quiver of electrons driven
by the transverse laser field, J⊥ ∼ Ed⊥. The longitudinal
component of the laser field drives the current to oscil-
late longitudinally, and then, the harmonics are emitted.
Therefore, we separate Ed into transversal and longitudinal
components as follows:

Ex = −2E0u(r) sin θ cos(kxx) cos(kyy − ω0t) − 2k−1
0 ∂ru(r)E0 cos θ cos(kxx) sin(kyy − ω0t − σϕ),

Ey = −2E0u(r) cos θ sin(kxx) sin(kyy − ω0t) − 2k−1
0 ∂ru(r)E0 sin θ sin(kxx) cos(kyy − ω0t − σϕ),

Ez = 2σE0u(r) sin(kxx) cos(kyy − ω0t).

(2)

The fact that Ex contains both vortex and nonvortex
terms suggests that the plasma target will oscillate in
mixed mode and emit mixed-mode harmonics. Addition-
ally, through the deficiency of the oscillating term, the
slow-varying ponderomotive force (light pressure) of the
CP beam dents the plasma to give a curved surface. In such
a case, the transversal components, Ey,z, will also exert
a vortex driving force on the local deformed target [48],
which serves as another vortex driving source for harmonic
generation.

The reflected laser field observed at t, x < 0 is emitted
at a retarded time tret = t − [X (tret) − x] /c from the oscil-
lating source, where X (tret) is the position of the source at
time tret. We approximate the surface motion as a super-
position of harmonic oscillation driven by the Ex field in
Eq. (2):

X (tret) = −X1 sin(ω0tret + σϕ) − X2 cos(ω0tret). (3)

X1 and X2 are oscillating amplitudes related to the
strength of the vortex and nonvortex term in the Ex field,
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respectively. This oscillating surface modifies the phase of
the reflected beam due to the relativistic Doppler effect;
thus, the electric field, Ez(t), can be written as [9]:

Ez(t) ∼ σ cos[ω0t − k0X (tret)]. (4)

For relativistic intensities of a0 > 1, the amplitude of
the plasma-surface motion is very small compared with
the wavelength of the laser, X1,2 < λ0/(4π), so we have
k0X1,2 � 1. Equation (4) can be approximately derived as

Ez(t) ∼ σ cos[ω0t + ε1 sin(ω0t + σϕ) + ε2 cos(ω0t)]

= σ

2
[
eiω0teiε1 sin(ω0t+σϕ)eiε2 cos(ω0t) + c.c.

]
, (5)

where ε1,2 = k0X1,2 and c.c. is the complex conjugate.
Employing the Jacobi-Anger identity [51], we can get the
Fourier expansion of the first term in Eq. (5):

σeiω0teiε1 sin(ω0t+σϕ)eiε2 cos(ω0t) = σeiω0t

×
∞∑

p=−∞
Jp(ε1)eip(ω0t+σϕ) ×

∞∑

q=−∞
iqJq(ε2)eiqω0t, (6)

where Jν(s) denotes the Bessel function of the first kind.
To get the nth-order harmonic, p and q should meet the
condition p + q = n − 1 and p , q ≥ 0, then, the spectrum
of the nth-order harmonic can be derived as

f (ω) =
n−1∑

m=0

in−1−mJm(ε1)Jn−1−m(ε2)σei(nω0t+σmϕ). (7)

From Eq. (7), we can see that the nth-order harmonic
obtained by the CP beam obliquely impinges on the plasma
target carrying vortex modes from m = 0 (Gaussian mode)
to m = n − 1. The upper threshold results from the conser-
vation of energy and angular momentum law, in such a way
that n CP photons deliver a maximum of (n − 1)� of their
SAM to the OAM of the harmonic. The complex-conjugate
term in Eq. (5) gives the nth harmonic with a field strength
(expansion coefficients) much lower than that in Eq. (7)
and can be neglected [41]. At close-to-normal incidence,
the vortex term of Ey in Eq. (2) is small compared with the
nonvortex term; therefore, one expects that the reflected
Ey(t) will have the same mode composition as that of Ez(t)
and there is little difference in their amplitudes. In this
case, the reflected beam is generally elliptically polarized,
as discussed in Ref. [52].

III. SIMULATION RESULTS

We confirm our proposed scheme by 3D particle-in-
cell simulations using the EPOCH code [53]. The vortex
harmonics can be generated in various laser-plasma param-
eters at different incident angles. We take the case of

5◦ as an example. As shown in Fig. 1(a), a relativis-
tic right-handed (σ = 1) CP Gaussian laser pulse with a
peak intensity of 8.6 × 1018 W cm−2 is obliquely inci-
dent (incident angle θ = 5◦) on the front surface of the
solid target. This corresponds to a normalized ampli-
tude of a0 = eE0/mecω0 = 2, where E0 and ω0 are the
electric field amplitude and angular frequency of the
laser, respectively; e, me, and c are the electron charge,
mass, and the speed of light in vacuum, respectively.
The laser beam has a temporal Gaussian profile with
a full width at half maximum duration of τ0 = 8.3 fs
and a focal spot of w0 = 2.5 μm; λ0 = 0.8 μm is the
laser wavelength. The solid target is a preionized flat
plasma foil, with an initial cold electron density of n0 =
5nc (nc = 1.74 × 1021 cm−3 is the critical density for
laser wavelength λ0). Its thickness is 1 μm. The inci-
dent angle of the CP laser into the simulation box is 10◦
with respect to the +x direction, while the plasma tar-
get is placed at an incline of 5◦ around the z axis. In
this configuration, the specular reflected beam propagates
along the −x direction, which facilitates AM characteri-
zation. The dimensions of the simulation box is x × y ×
z = 14.81 × 16.94 × 14.77 μm3 and sampled by 926 ×
1059 × 924 cells. Each cell is cubic with a side length of
λ0/50, containing one macroparticle for both electrons and
protons.

The front edge of the incident CP laser reaches the
plasma target at t ∼ 43 fs and starts being reflected. The
target surface driven by the incident and reflected waves
oscillates rapidly and triggers the frequency upshifting of
the field until the beam is completely reflected at t ∼ 70 fs.
After that, the beam, including harmonics, propagates in
free space along the −x direction and its properties are
well preserved (see Appendix A for the Ez component of
the incident or reflected beam and the energy centroid,
momentum, and AM of the electromagnetic field during
the interaction process). We choose and analyze the results
at a later time, t ∼ 80 fs, when the beam propagates fur-
ther to avoid interference from the electrostatic field in the
plasma target.

Figure 2(a) shows the Fourier spectra of the reflected
field components Ey and Ez. We see that both odd and
even harmonics exist in the spectra because of the oblique
incidence [52]. Harmonics up to 10th order are clearly
seen. In the following, we mainly discuss the second-
order harmonic by selecting the spectrum between 1.5k0
and 2.5k0, where k0 = 2π/λ0 is the laser wave number.
We plot the isosurface electric field of the harmonic in
Fig. 1(a), together with the integrated intensity along the
−x direction. We see there is a saddle point in the intensity
at y = −0.40 μm, z = 0.55 μm. Furthermore, the peak
intensity does not appear on the propagating axis. These
characteristics indicate that the second-order harmonic is
neither in pure vortex mode nor in pure Gaussian mode,
but in mixed states [54].
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FIG. 1. (a) Schematics of proposed setup. Right, left-handed
CP Gaussian laser pulse is focused onto the front surface of the
plane target with incident angle θ = 5◦, which drives the target
to emit high-order harmonics. Middle, green isosurface shows
electric field structure of the filtered second-order harmonic by
frequency selection. Left, rainbow colors display the intensity
of the second-order harmonic integrated along the propagating
(−x) direction. Off-axis intensity saddle point and the electric
field structure indicate the mixture of Gaussian and vortex mode
in the harmonic. (b) Transverse slices of the second-order har-
monic electric field, Ez , during one period (0.4 μm) x0 to x1 as
denoted in (a); crosses correspond to the off-axis intensity saddle
point and circles to the x axis.

Figure 1(b) presents the Ez harmonic electric field at four
cross sections between x0 and x1, as denoted in Fig. 1(a).
The slicing points x0 and x0 + 0.25λ0 are selected at the
node of the wave, while the other two are at the peak
and valley, respectively. At the nodes, the harmonic fields
exhibit a typical vortex feature, showing two symmetric

(b)(a)

FIG. 2. (a) Spectrum of reflected electric field Ey and Ez at y =
0, z = 0. Spatial frequency is normalized by laser wave number
k0 = 7.85 × 106 m−1. (b) OAM spectrum (integrated along −x
direction) of the second-order harmonic obtained by azimuthal
Fourier transform. Weights are all normalized to the weight of
Ey to make data comparable.

but opposite-direction lobe distributions. At the peak (val-
ley), the fields become asymmetric. This suggests that the
second-order harmonic field is composed of both Gaussian
and vortex modes. At the nodes where the amplitude of the
Gaussian mode is nearly zero, the vortex mode appears.
However, in the peak (valley) where the Gaussian and the
vortex modes both exist, their superposition results in the
asymmetric field distribution.

To find out the mode contribution in the second-order
harmonic, we transform the field E(x, y, z) to cylindri-
cal coordinates E(x, r, ϕ) and then perform the azimuthal
Fourier transform along the azimuthal coordinate ϕ, as in
Ref. [55]:

cl(x, r) = 1
2π

∫ 2π

0
E(x, r, ϕ)eilϕdϕ; (8)

the normalized weight of each azimuthal mode l is given
by the radial integration:

Pl(x) =
∫ ∞

0 |cl|2rdr
∑

l

∫ ∞
0 |cl|2rdr

. (9)

Figure 2(b) represents the x-integrated OAM spectrum of
the harmonic field, which is normalized by Ey . We see
that, for Ey and Ez, there are two main contributions of
l = 0 (Gaussian mode) and l = 1 (vortex mode), which
agree well with our theoretical analyses. Additionally, the
weight of the vortex mode is slightly higher than that of
the Gaussian mode (P1/P0 = 1.249 for Ey and 1.247 for
Ez). Meanwhile, the relative intensity of Ez is lower than
that of Ey . This is because the s-component reflection is
less efficient than that of p , and the reflected beam is gen-
erally elliptically polarized [52]. Due to the finite spot size
and profile, the topological charge of the Ex component is
l + σ [41]. Therefore, the main contribution to Ex is the
vortex mode with topological charges of l = 1 and l = 2.
It is seen that OAM components up to l = 2 for Ey,z and
l = 3 for Ex are involved in building up the third-order har-
monics, as shown in Appendix B. The many OAM modes
of the same harmonic order indicates that they can be syn-
thesized as structured attosecond helical beams [56], which
can be applied in fields such as extreme-ultraviolet lithog-
raphy [57,58], particle trapping [59], and superresolution
imaging [60].

To characterize each OAM mode in the second-order
harmonic, we extract the pure vortex component of the
second-order harmonic (VSH) by selecting the OAM spec-
trum of l ∈ [0.5, 1.5] for Ey,z and l ∈ [1.5, 2.5] for Ex,
followed by the inverse azimuthal Fourier transform:

E(x, r, ϕ) = 1
2π

∫ 2π

0
cl(x, r)e−ilϕdl. (10)

The pure magnetic field B can be obtained in a similar way,
and then the phases are retrieved from the electromagnetic
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

FIG. 3. Cross-section snapshot sliced at x = −6.72 μm for (a)
Ex, (b) Ey , and (c) Ez components of the vortex l = 1 mode
extracted from the second-order harmonic by inverse azimuthal
Fourier transform, (d)–(f) demonstrate their phases, and (g)–(i)
are the phase lines out at the radius of maximum intensity (r =
0.89 μm, white dashed circles).

field [61], as shown in Fig. 3. In experiments, extraction
of the pure OAM component from the mixed mode can be
achieved by sending the latter to a Mach-Zehnder interfer-
ometer with a Dove prism placed in each arm, as illustrated
in [62].

The second and third columns in Fig. 3 demonstrate the
field and phase distributions for the transverse components
of the VSH. We see that they are consistent with the char-
acteristics of the CP vortex mode of l = 1, with two-lobed
field distributions. The Ey and Ez phases vary linearly from
−π to π within one cycle along the azimuthal direction,
with π/2 phase difference between them [Figs. 3(h) and
3(i)]. The phase of Ex undergoes two cycles, as shown in
Figs. 3(d) and 3(g), originating from circular polarization
of the VSH [41,42].

Calculated by dividing the total energy, U = ∫
D

1
2

[ε0E2 + (B2/μ0)]dv, by the single photon energy, n�ω0
(n = 2 for the VSH; the integrating space D is the whole
simulation box), we get the photon numbers of the VSH
and Gaussian composition of the second-order harmonic
(GSH, see Appendix C), which are about NVSH = 1.66 ×
1013 and NGSH = 1.45 × 1013, respectively. The total pho-
ton number for the second-order harmonic is about 3.15 ×
1013. We see that NVSH/NGSH = 1.14 and accounts for
98.7% of the total photons. The total angular momentum
per photon of the CP VSH and GSH are 1.97� and 0.99�,
respectively. These features are in accordance with those
of the OAM spectrum in Fig. 2(b).

The results presented above can be understood from the
two types of electrons that exist in the oblique incident
case, similar to the short and long trajectories in the HHG

(a) (b)

FIG. 4. (a) Photon number (solid lines) and proportion (dashed
lines) of the pure vortex mode in the second-order harmonic
under different incident angles and plasma densities, (b) propor-
tion under various laser focal sizes.

process in a gas target [63]. The first one has been dis-
cussed in the normal incidence case [41,48], where two
ω0 photons are absorbed and converted into one harmonic
photon, delivering the SAM to the latter and forming the
CP vortex beam with l = 1. However, one difference is
that, in oblique incidence, the plasma obtains AM paral-
lel to the target surface, which causes deflection of the
reflected vortex beam [64,65]. In the second type, the
second-order harmonic photon does not obtain additional
OAM, thus forming the CP Gaussian harmonic. This addi-
tional OAM is very likely to be transferred to the plasma
to conserve the AM.

IV. DISCUSSION

The relative intensity of the VSH and GSH is closely
related to the vortex and nonvortex driving sources in
the Ex component [Eq. (2)], respectively. The vortex
source, approximately cos θ∂ru(r)ei(ω0t+σϕ), is remarkable
in close-to-normal incidence (θ 
 0), while the nonvortex
source, approximately sin θeiω0t, on the contrary, prefers
a large incident angle. In Fig. 4(a), we present the pure
vortex photon number extracted from the second-order
harmonic beam with incident angles from 0 to 10◦. The
laser energy is fixed here. The pure vortex photon accounts
for about one half of the total second-order harmonic pho-
tons (denominator) in oblique incidence θ = 5◦, ne = 5nc,
and becomes about 24% when θ = 10◦. Although this
declines, the denominator increases rapidly, since the CP
beams impose a fast oscillating component on the plasma
surface in oblique incidence [52], so the absolute num-
ber of pure vortex photons is still very high. We see that
the aforementioned pure vortex photon number, NVSH =
1.66 × 1013, at θ = 5◦ can reach 95.4% of that in nor-
mal incidence (1.74 × 1013). This ratio is well preserved,
reaching 77% for a larger angle of θ = 10◦.

A smaller laser focal spot, with a steeper slope of the
envelope ∂ru(r), and thus, stronger vortex driving source,
is still favored in oblique incidence, as in the normal case
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[41]. As shown in Fig. 4(b), the proportion of vortex pho-
tons declines almost linearly at first and then becomes flat
at large laser focal sizes. Increasing the laser focal size to
5 μm (electron density 5nc, incident angle 5◦) reduces the
proportion of vortex photons to 24% (50% for a laser spot
of 2.5 μm).

At a higher plasma density of 100nc, where the tar-
get interface is less deformed [48], the proportion of pure
vortex photons is similar to that at 5nc [dashed lines in
Fig. 4(a)], indicating that the generation efficiency of the
vortex photons is insensitive to the plasma density at this
moderate relativistic driving field of a0 = 2. The total pho-
ton yield, however, declines in this case. At higher laser
intensities, the relativistic self-induced transparency effect
increases the density at which the laser field is reflected by
ne = 〈γ 〉 nc, where the time-averaged 〈γ 〉 =

√
1 + 〈a0〉2

is the relativistic factor for the laser beam [66]. The tar-
get will be more curved away from a flat surface, leading
to a stronger vortex driving force [48] and more vor-
tex harmonic photons. Simulation results show that the
weight ratio of vortex and Gaussian second-order harmon-
ics ascend to 1.82 (1.63) for Ey (Ez) at an incident laser
amplitude of a0 = 10 (θ = 5◦, ne = 100nc). Simulations
are also performed to show that the pulse duration has little
effect on the proportion.

V. CONCLUSION

We investigate CP vortex harmonic generation when
using a CP Gaussian laser beam obliquely impinging on a
plasma target. The nth-order harmonic is composed of vor-
tex modes with topological charges from l = 0 (Gaussian)
to |l| = n − 1, the composition ratio of which is closely
related to the laser focal size and the incident angle. For
the case of a laser with a spot size of 2.5 μm, irradiating
on the plasma target (ne = 5nc) at an incident angle of 5◦,
the mode contributions in the second-order harmonic are
the vortex l = 1 and the Gaussian mode. The vortex com-
ponent accounts for about one half of the total harmonic
photon. Although the proportion declines with increasing
incident angle, the absolute number of pure vortex photons
is still comparable with that in normal incidence. Consider-
ing the difficulties faced by normal incidence, the fact that
oblique incidence provides enough vortex photons with a
relatively large angle tolerance make it viable for exper-
iments and provides a feasible method to obtain intense
vortex harmonics in real situations.
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APPENDIX A: SIMULATION SETUP AND
PHYSICAL QUANTITIES

In this section, we present the simulation setup in the
x-o-y plane, as a supplement to Fig. 1(a), and the phys-
ical quantities, including the energy centroid, momen-
tum, and total AM during the laser-plasma interaction
process.

Figure 5(a) shows the Ez component of the incident CP
Gaussian beam and the untouched-plane plasma target; the
parameters are described in the main text. In Fig. 5(b),
the field is completely reflected by the plasma target and
leaves a dent in the latter. This reflection is accompanied
by the HHG process. The green dots show the energy cen-
troid of the electromagnetic (EM) field obtained from the
energy density, u = 1

2 [ε0E2 + (B2/μ0)]; the blue arrows
are the vector demonstration of the integrated momen-
tum, P = ∫

D ε0(E × B)dv; and the red arrows represent the
total AM. From the momentum, we see clearly the inci-
dent and reflection directions of the laser. As for the AM,
its direction is the same as that of momentum on inci-
dence but opposite after being reflected because the AM
is pseudovector.

The main results in our paper (Figs. 1 to 3) are based
on the EM field at the moment of Fig. 5(b), i.e., t =
80.1 fs. The propagating direction of the laser at this time
is 179.86◦, obtained by Py/Px, and the energy centroid is

(a) (b)

t = 32.0 fs t = 80.1 fs

FIG. 5. Snapshot of Ez component and plasma target at (a)
t = 32.0 fs (incident stage) and (b) t = 80.1 fs when the beam
is completely reflected. Evolution of energy centroid (G, green
dots), momentum (P, blue arrows), and total angular momentum
(J , red arrows) of the electromagnetic field between t = 32.0 fs
and 80.1 fs is also superposed.
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FIG. 6. OAM spectrum integrated along x direction of third-
order harmonic.

x = −6.95 μm, y = 0.05 μm. These data indicate that the
reflected light beam propagates along the −x direction, as
expected.

APPENDIX B: ANGULAR-MOMENTUM
SPECTRUM OF THE THIRD-ORDER HARMONIC

This section presents the OAM spectrum of the third-
order harmonic, as shown in Fig. 6. More OAM compo-
nents, including CP Gaussian and CP vortex l = 1 and
l = 2 modes are involved in building up the third-order
harmonic. Figure 6, together with Fig. 2(b), verifies
Eq. (7), such that, in the HHG scenario driven by an
obliquely incident CP Gaussian beam, the maximum topo-
logical charge of the OAM in the nth-order harmonic is
|l| = n − 1.

(a) (b) (c)

(d) (e) (f)

FIG. 7. Transverse slices of Gaussian mode in second-order
harmonic: (a) Ex, (b) Ey , and (c) Ez; (d)–(f) corresponding
phases. Slicing position is the same as that in the main text.

APPENDIX C: PROPERTIES OF THE GAUSSIAN
PART IN THE SECOND-ORDER HARMONIC

This section presents the field and phase distributions of
the Gaussian part in the second-order harmonic extracted
by frequency selection from the field at t = 80.1 fs, as
illustrated in Fig. 7. The transverse fields in Figs. 7(b)
and 7(c) have typical Gaussian profiles and their phases
are azimuthally uniform. The Ex component has a vortex
wavefront, which results from circular polarization. The
non-exact-zero phase in Figs. 7(e) and 7(f) is due to the
propagating phase of the Gaussian beam.
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