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Intense high-harmonic optical vortices generated from a microplasma waveguide
irradiated by a circularly polarized laser pulse
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A scheme for generating intense high-harmonic optical vortices is proposed. It relies on spin-orbit interaction
of light when a relativistically strong circularly polarized laser pulse irradiates a microplasma waveguide. The
intense laser field drives a strong surface wave at the inner boundary of the waveguide, which leads to high-order-
harmonic generation as the laser is traveling inside. For a circularly polarized drive laser, the optical chirality is
imprinted to the surface wave, which facilitates conversion of the spin angular momentum of the fundamental
light into orbital angular momenta of the harmonics. A “shaken waveguide” model is developed showing that
the aforementioned phenomenon arises due to a nonlinear plasma response that modifies the electromagnetic
mode at high intensities. We further show that the phase velocities of all the harmonic beams are automatically
matched to the driving laser, so that the harmonic intensities increase with propagation distance. The efficiency
of harmonic production is related to the surface wave breaking effect, which can be significantly enhanced using
a tightly focused laser. Our simulation suggests that an overall conversion efficiency of ∼5% can be achieved.

DOI: 10.1103/PhysRevResearch.4.033095

I. INTRODUCTION

Light can carry spin and orbital angular momenta (SAM
and OAM) [1–3]. The SAM is related to the handedness of cir-
cular polarization, and a photon can carry SAM of σ h̄, where
σ = −1 or +1 for the left- or right-handed polarization, re-
spectively. The OAM is possessed by light beams that exhibit
helical wave fronts, which is typically expressed by a heli-
cal spatial phase exp(ilφ), where l is the topological charge
and φ is the azimuthal angle. Recently, high-order-harmonic
vortex sources have attracted considerable attention due to
their applications in many fields of science, such as optical
communication [4,5], optical trapping [6], and biophotonics
[7]. Their special intensity profile makes them a useful tool to
control laser-matter interactions [8–11].

Many studies have attempted to obtain intense, high-order
vortex laser beams. It has been experimentally proven that a
relativistic electron beam in a helical undulator can emit high-
order strong vortex radiation [12,13]. In addition, Compton
backscattering of a twisted laser from a gas target produces
high-energy photons with OAM [14]. Another type of method
that has promise is high-order-harmonic generation (HHG)
from high-power lasers interacting with solid targets. Such
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approaches typically rely on HHG via the relativistic oscil-
lating mirror (ROM) mechanism [15–17]; the driver can be
a relativistic Laguerre-Gaussian (LG) beam [18,19], a tightly
focused circularly polarized (CP) pulse [20,21], or a linearly
polarized laser if plasma holograms are employed [22]. How-
ever, since the ROM mechanism is suppressed for CP drivers
at normal incidence, it is challenging to generate intense circu-
larly polarized vortex beams, which are of particular interest
for controlling chiral structures [23,24] and optical manipula-
tion at relativistic intensities [25].

Recently, we demonstrated [26] that high-harmonic optical
vortices can also be generated when a high-power CP laser
diffracts through a relativistic oscillating window (ROW). The
laser drives chiral relativistic electron oscillations at the pe-
riphery of an aperture, which produces high-order harmonics
via the Doppler effect and facilitates spin-orbital interaction
of light. This could potentially boost the intensity of harmonic
vortex beams since it no longer relies on the ROM mechanism.
However, for typical plasma apertures (that can be produced
by relativistic induced transparency [27–29], for example),
which are a few times the laser wavelength in diameter, only
the edge of the laser pulse near the periphery is responsible
for HHG. This hinders achieving the goal of high laser-to-
harmonics conversion efficiency.

In this paper, we show that the above obstacle can be
tackled by irradiating a microplasma waveguide (MPW) with
a relativistic CP laser. The interactions of lasers with such
targets have already shown great potential in electron accel-
eration [30,31], radiation generation [32–35], production of
ion beams [36,37] and manipulation of relativistic laser pulses
[38]. Despite the progress that has been made in both theory
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and experiment [30], previous studies are mainly based on
the linear theory of plasma waveguides [39], which fails to
capture the modification of the electromagnetic mode due to
the nonlinear plasma response on the boundary. Here, us-
ing first-order perturbation, we introduce a simple “shaken
waveguide” model, which suggests that high-order harmonics
are generated due to plasma oscillation on the inner wall, and
the harmonic beams carry OAM if the drive laser is circularly
polarized. Moreover, due to a phenomenon of self-phase-
matching, this process continuously extracts energy from the
drive laser, resulting in an overall conversion efficiency as
high as 5%.

II. GENERATION OF HARMONIC VORTICES

We first demonstrate our scheme using a three-dimensional
(3D) particle-in-cell (PIC) simulation with the EPOCH code
[40]. The setup of laser-waveguide interaction is illustrated
in Fig. 1(a). A CP driving laser pulse enters a cylindrical
waveguide along the x axis from the left and travels to
the right. The simulation box has dimensions of x×y×z =
16×14×14 μm3 and is sampled by 2400 × 560 × 560 cells,
with four macroparticles for electrons and two for C6+
per cell. A moving window is used to improve compu-
tational efficiency, which follows the propagation of the
drive laser pulse in the MPW. The laser field is E = (ey +
iσez)E0exp(−r2/w2

0 )exp(−t2/τ 2
0 )exp(ik0x − iω0t ), where ey

(ez) is the unit vector in the y (z) direction; E0 is the laser
amplitude; ω0 is the angular frequency; k0 = 2π/λ0 is the
wave number, with λ0 = 1 μm being the laser wavelength;
w0 = 2.5 μm is the laser spot size; and τ0 = 10.19 fs, corre-
sponding to a temporal full width at half maximum (FWHM)
duration of 12.0 fs. The laser has a normalized amplitude
a0 = eE0/mcω0 = 16, where c is the speed of light, m is the
electron mass, and e is the unit charge. In this simulation,
the laser is right-handed circularly polarized (σ = +1). The
MPW target has a length of L = 100 μm, an inner radius
of r0 = 5.0 μm, and a density of n0 = 30nc, where nc =
ε0mω2

0/e2 is the critical density.
The laser energy is converted into waveguide modes

when it enters the channel. Simultaneously, the relativistically
strong CP laser field drives collective electron oscillations,
forming a chiral surface wave that copropagates with the laser,
as shown in Fig. 1(b). As the light bounces between such
oscillating surfaces, it experiences a relativistic Doppler shift,
which can lead to the generation of high-order harmonics
[15,17].

The three-dimensional harmonic Ey fields (ω > 2.5ω0) are
shown in Fig. 1(a), which presents a helical structure known
as a light spring [41]. This indicates that each harmonic fre-
quency is associated with a spatial LG-like mode, and the
topological number l (ω) varies linearly with ω. Such a struc-
ture is of particular interest for controlling the topology of
laser-plasma accelerators [11].

In Figs. 1(c)–1(e), we show the field distribution of
the second, third, and fourth harmonics in the cross sec-
tion perpendicular to the propagation axis. One can see
that the relation l = (n − 1)σ is satisfied in all cases,
which is further confirmed by Fig. 1(f). The ratios of
the longitudinal component of the total angular momentum
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FIG. 1. (a) and (b) The 3D schematic setup of the proposed
scheme. A circularly polarized laser pulse enters a MPW (gray tube)
from the left, and high-order harmonics are generated as the light
bounces between the channel walls (a), where a copropagating chiral
surface wave driven by the laser is observed (b). The color-coded
electric field Ey in (a) shows a light spring structure of the harmonic
beams (ω > 2.5ω0). (c)–(e) The Ey field distributions on the y-z cross
section, for the second-, third-, and fourth-order harmonics, observed
at propagation distance Lx = 80 μm, respectively. (f) The ratio of
total angular momentum to spin angular momentum plotted as a
function of propagation distance for harmonics of order n = 1–4. (g)
The spectra of the electromagnetic wave in the waveguide, observed
at propagation distances of 15, 30, and 60 μm.

Mn = ε0[
∫

r×(En×Bn)dr]x and the SAM Sn = Wn/nω0 of
the nth harmonic are plotted against propagation distance Lx

for n = 1–4, where En, Bn, and Wn denote the electric field,
magnetic field, and energy of the nth harmonic, respectively.
Physically, this relation ensures the conservation of energy
and angular momentum during the HHG process: The sum
of the SAM of n fundamental-harmonic photons (n × σ h̄)
is transformed into the SAM (σ h̄) and OAM [(n − 1)σ h̄]
of one nth-harmonic photon. We note that the left- or right-
handedness of the drive CP laser only changes the sign of l
for the generated harmonic vortices and has little effect on
other results of this work; we therefore consider only the
right-handed case σ = +1 hereinafter.

The harmonic spectra of the electromagnetic field observed
at different propagation distances inside the MPW are illus-
trated in Fig. 1(g); the harmonic beams continuously extract
energy from the driver for a few tens of micrometers. The
HHG efficiency, defined as the energy of the harmonic beams
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(n � 2) over the total energy of the drive laser, is 3.64%. As
for the harmonics in the VUV region (wavelength <200 nm),
the efficiency is 0.32%. The spectra can be fitted with a
power-law shape In ∝ n−3.5, where In is the intensity of the nth
harmonics. This indicates that the HHG mechanism is very
similar to that of the ROW [26]. This is expected because a
waveguide can be considered as a train of coaxial diffraction
apertures with the same radii. However, in our scheme, the
chiral surface electron oscillation forms a copropagating sur-
face wave, which is crucial for achieving a high conversion
efficiency, as it allows for a long-time interaction between the
drive laser and the oscillating surface electron layer.

III. SELF-PHASE-MATCHING EFFECT

The fact that harmonic intensities grow with propagation
distance implies that they have the same phase velocity as the
driver, such that harmonics generated at different longitudinal
positions can add constructively. Previous work has shown
that the harmonics are generated at the same angle with re-
spect to the channel axis [42], but it is still unclear how they
propagate afterwards. According to the plasma waveguide
theory [32,39], the phase velocity is vph,n = nω0/kx,n, where

kx,n =
√

n2k2
0 − k2

T,n, with kT,n = x1,n/r0 being the transverse

wave number and x1,n being the first root of the eigenvalue
equation (here, we consider only fundamental waveguide
modes). The subscript n denotes the nth harmonic. Since
x1,n does not increase proportionally to n (in fact, it changes
little with varying frequency [39]), one would expect that
different orders of the harmonic beams would propagate at
different velocities. As a result, the difference in phase veloc-
ities between the fundamental light and a high-order (n > 10)
harmonic would potentially cause catastrophic negative inter-
ference within a few micrometers, which conflicts with the
numerical results.

To explain the observed phenomena, we introduce a
“shaken waveguide” model, taking into account the copropa-
gating surface wave as a periodical deformation of the MPW.
The center of the cross section is shifted by � = −(ey +
iσez)
0exp(ikxx − iω0t ) due to collective electron oscilla-
tion, where the phase of the electron motion is opposite to
the phase of the drive laser field. We take the linear plasma
waveguide theory as the zeroth-order approximation [32,39],
assuming that the cross section of the MPW remains circu-
lar and that the amplitude of this displacement 
0 is small,
such that a perturbative method can be applied. The trans-
verse electric field can be written as a sum of harmonics (see
Appendix A),

E⊥ = (ey + iσez)
∞∑

n=1

E0
J (n−1)

0 (kT r)

(n − 1)!
(kT 
0)n−1

× exp[inkxx − inω0t + i(n − 1)σφ]. (1)

We note that the intensities of harmonic beams cannot be
obtained by the first-order perturbation unless the nonlinear
term is small, i.e., kT 
0 � 1, which is not always true for the
laser-plasma parameters under consideration. However, here
we are mainly interested in the phase term of electromagnetic
waves in the MPW. This term can be used to interpret the spin-

FIG. 2. 3D Fourier diagram of the Ey field in the waveg-
uide, showing the intensity distribution of the generated harmonic
beams in the kT -ω space. The black dashed line is obtained by
kT,n/k0 = nx1λ0/2πrc.

orbital interaction of light that occurs during HHG, as well as
the phase velocity modification of the harmonic beams. This is
because the underlying physics, namely, the conservation law
of angular momentum and the change of boundary condition,
must always apply regardless of the strength of the nonlinear-
ity.

One can see from Eq. (1) that the generated harmonic
beams are circularly polarized with the same handedness as
the driver and have helical phase fronts exp[iσ (n − 1)φ], from
which the relation l = (n − 1)σ is recovered.

The deformation of MPW also modifies the boundary con-
ditions, and consequently the propagation of the harmonic
beams. In a “shaken waveguide,” a longitudinal density mod-
ulation exists on the inner surface, with a period that is equal
to the surface wave 2πk−1

x . Notably, Eq. (1) suggests that
the longitudinal wave number for the nth-harmonic beam is
kx,n = nkx; thus an integer number n of harmonic cycles exist
between one surface wave crest [the dark parts in Fig. 1(b)].
In this way, the dynamical boundary condition is satisfied in
all space and time, and therefore the phase velocities of all
harmonic beams are locked with the driver.

This phenomenon of self-phase-matching is one of the key
findings of this work and allows for a highly efficient produc-
tion of the high-harmonic optical vortices. The result is further
examined with 3D Fourier analysis of the Ey field observed at
Lx = 80 μm in the y-t space (Fig. 2). The resulting intensity
distribution in kT -ω phase space shows a linear relation, which
proves that all harmonics are propagating with the same phase
velocity as the driving laser. The small deviation of the numer-
ical results from the analytical relation kT,n/k0 = nx1λ0/2πr0

is mainly because the phase velocity of the drive laser slightly
differs from the theoretical value, as the laser has just entered
the channel and it does not have time to fully transform into
the fundamental waveguide mode.

IV. HHG EFFICIENCY ENHANCEMENT

In the following, we investigate the parameter dependence
of the proposed HHG scheme and seek to improve the overall
conversion efficiency for a given laser energy and a fixed
MPW. The study is performed with 3D PIC simulations, and
the parameters are the same as in Fig. 1 unless otherwise
stated.

The general results are summarized in Fig. 3(a), where the
ratio of laser waist to channel radius is set to be w0/r0 = 0.5

033095-3



KE HU AND LONGQING YI PHYSICAL REVIEW RESEARCH 4, 033095 (2022)

0 4 8 12 16 20 24 28 32
0

2

4

6

8

10

0 20 40 60 80
0

2

4

6

8

1 2 3 4 5 6 7 8
10-4

10-3

10-2

10-1

100

101

102

0 20 40 60
0

1

2

39

40

41

42

 r
0
=4.0 µm 

 r
0
=5.0 µm

 r
0
=6.0 µm

 

 

E
ffi

ci
en

cy
 (

%
)

a
0

(a)

(d)
(c)

(b)

 w
0
=2.5 µm, r

off-axis
=1.0 µm

 w
0
=2.5 µm

 w
0
=8.0 µm 

 w
0
=5.0 µm 

 w
0
=2.0 µm  

 

E
ffi

ci
en

cy
 (

%
)

L
x
 (µm)

 w
0
=8.0 µm  w

0
=5.0 µm

 w
0
=2.5 µm  w

0
=2.0 µm

 

 

I n (
ar

b.
 u

ni
ts

)

n

n-3.5 fitting

 w
0
=8.0 µm  w

0
=5.0 µm  

 w
0
=2.5 µm  w

0
=2.0 µm  

 

 

dN
e/d

x 
(a

rb
.u

ni
ts

)

x (µm)

FIG. 3. (a) The HHG efficiency plotted as a function of a0 for
different r0, where the laser waist w0 is fixed at r0/2. (b) The HHG
efficiency plotted against propagation distance for a laser beam fo-
cused to different waists w0 at the entrance of a MPW. The black
dashed line shows the case of drive laser misalignment by 1 μm
off axis. (c) The harmonic spectra observed at Lx = 60 μm, and
(d) a histogram of the initial positions for the escaped high-energy
electrons; the longitudinal position with high electron number count
indicates where the SWB effect takes place. The total charges of
injected electrons are 4.75, 5.12, 1.32, and 1.48 nC for w0 = 8.0,
5.0, 2.5, and 2.0 μm, respectively. In (b)–(d) the laser energy is fixed
to be 0.88 J, and the channel radius is r0 = 5.0 μm for all cases.

(discussed below). One can see that when the laser is weak,
the HHG efficiency increases rapidly with a0, and then the
slope becomes almost linear until it saturates at 5–10%. This
trend is true for all the cases with different MPWs; however,
the simulations suggest that for the waveguides with smaller
radii, the efficiency slopes are steeper and saturate at lower
driving intensities and typically slightly higher HHG efficien-
cies are obtained.

For practical reasons, it is of particular interest to optimize
the drive laser for a given energy so that the harmonic vortices
can be efficiently produced. Interestingly, we found that the
HHG efficiency changes dramatically with varying waist-to-
radius ratio w0/r0 in this situation.

The results are presented in Fig. 3(b), where four simula-
tions are performed with laser waist w0 = 2.0, 2.5, 5.0, and
8.0 μm, the drive energy is the same (the laser a0 are adjusted
accordingly), and the MPW radius is fixed at r0 = 5 μm. One
can see that when w0 � r0, almost all harmonics are generated
near the entrance and the HHG intensities increase rapidly
within the first few micrometers as the laser enters the MPW,
but the HHG process terminates very soon (Lx < 10 μm), the
energy of harmonic beams remains the same afterwards, and
the efficiency is ∼1%. On the other hand, when w0 < r0, the
harmonics are mainly generated inside the channel and the in-
tensities rise slowly in the beginning, but the process lasts for
a much longer distance (Lx ∼ 60 μm) and the HHG efficiency
reaches ∼5% in the end. We therefore conclude that a tightly
focused laser can significantly enhance the HHG efficiency
for the proposed scheme. Such a setup can be challenging for
state-of-the-art laser systems due to the misalignment issue.

Fortunately, our numerical results illustrate that the final HHG
efficiency drops little due to a misalignment of magnitude
of the order of 1 μm, as shown by the black dashed line in
Fig. 3(b). Such a requirement of the pointing stability has
been achieved in recent laser-waveguide experiments [30]. A
preplasma also quantitatively reduces the overall efficiency
(to ∼1%); therefore a high-contrast laser is favorable for the
scheme (see Appendix B).

The HHG spectra for the cases presented in Fig. 3(b) are
shown in Fig. 3(c). Apparently, they all have a power-law
shape that can be fitted with In ∝ n−3.5, while the harmonics
produced by tightly focused drive lasers are several times
stronger.

Since the high-order-harmonic vortices are generated
through a similar mechanism with the ROW [26], namely, the
chiral electron oscillation on the periphery of a high-power
laser beam, the HHG efficiency depends crucially on the
amplitude of the oscillation. A large amplitude is associated
with the surface wave breaking (SWB) effect; that is, when the
drive laser is sufficiently strong, some of the oscillating elec-
trons acquire enough energy to escape, and they are ejected
into the vacuum as energetic microbunches [43]. When SWB
occurs, the surface wave is highly nonlinear, and its amplitude
is at maximum; thus highly efficient HHG is expected. How-
ever, unlike the ROW, in our scheme the harmonic vortices
are generated gradually as the laser pulse is propagating in
the MPW; therefore achieving a high HHG efficiency requires
the SWB effect to take place over a significant portion of the
propagation distance.

How long the SWB effect can last is determined by the
number of electrons that escaped. As more and more high-
energy electrons are ejected into the vacuum, this in turn
builds up a Coulomb barrier that prevents further electrons
from escaping [34,35]. This ultimately suppresses SWB,
leading to a reduction of the surface wave amplitude and,
consequently, the HHG efficiency. In order to examine this
effect, for each of the cases presented in Fig. 3(b), we track
the trajectories of high-energy electrons (γ > 10) obtained at
the end of the MPW and plot the histogram of their injection
positions in Fig. 3(d). One can see that in all cases, the time at
which high-harmonic intensities are rising rapidly coincides
with the phase with SWB-induced electron injection, after
which both the electron emission and the HHG process stop.

In the cases of w0 = 5.0 and 8.0 μm, almost all energetic
electrons are injected in the vicinity of the waveguide en-
trance. The strong impact of the laser pulse with the MPW
front surface produces a large number of electrons. This effect
is dominant for electron injection as long as the normalized
laser intensity at the rim of the MPW is a(r = r0) � 1. In
this case, the Coulomb barrier is established within several
micrometers, leading to a premature quenching of the HHG
process.

In contrast, for w0 = 2.0 and 2.5 μm, both cases satisfy
that a(r = r0) � 1, and the number of high-energy electrons
originating from the entrance is negligibly small. The elec-
tron injection starts at around Lx = 10.0 μm and lasts up to
Lx = 60 μm, during which the high-harmonic vortices are
generated efficiently due to the lasting SWB effect. It should
be noted that the number of high-energy electrons contributes
little to the harmonic production; the electron emission is
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merely a signature of the SWB effect. It is the distance over
which electrons continue to emit that plays a vital role.

V. SUMMARY

In conclusion, we demonstrate that high-harmonic vortices
can be generated with high overall efficiency up to ∼5% via
an ultraintense CP laser irradiating a microplasma waveguide.
A “shaken waveguide” model is introduced, which suggests
that spin-orbital interaction of light takes place in the high-
order-harmonic generation process when the drive laser pulse
bounces between the channel walls, where a copropagating
chiral surface wave is presented. The surface wave also modi-
fies the boundary condition so that all the generated harmonic
beams propagate with the same velocity as the drive laser
pulse in the waveguide. This allows for constructive interfer-
ence of the harmonic light generated along the propagation
path. We show that a tightly focused laser beam is preferred
for achieving a high overall efficiency, as it avoids massive
electron injection near the entrance of the waveguide and
therefore the amplitude of the surface wave can remain high
for a long distance. Our study paves the way to realizing
a powerful laser-plasma-based high-harmonic vortex source
and provides theoretical insights into laser-waveguide inter-
action at ultrahigh intensities.
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APPENDIX A: DERIVATION OF THE TRANSVERSE
ELECTRIC FIELD IN A SHAKEN WAVEGUIDE

Based on the analytical model developed in
Refs. [32,33,35,39], the radial and azimuthal components
of the electric field in a waveguide are

Er (x, r, φ) ≈ E0J0(krr)exp(iσφ)exp(ikxx − iω0t ), (A1)

Eφ (x, r, φ) ≈ iσE0J0(krr)exp(iσφ)exp(ikxx − iω0t ). (A2)
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FIG. 4. Spectrum of the electromagnetic wave in a waveguide
when the drive laser has amplitude a0 = 0.05, obtained from a 2D
PIC simulation. All parameters are the same as in Fig. 1.

The radial profile of the electric fields [J0(kT r)] is an ap-
proximation, but this does not matter for the argument below
(as long as it is some well-behaved function). Since we no
longer have cylindrical symmetry in a shaken waveguide, we
employ Cartesian coordinates:

E⊥ = (ey + iσez)E0J0(kT r′)exp(ikxx − iω0t ), (A3)

where r =
√

y2 + z2 is measured from the original axis and
r′ =

√
y′2 + z′2 is measured from the axis of the deformed

waveguide. Because the phase of electron motion is opposite
to the local electric field, the shift of the axis in the y and
z directions is given by δy = −
0exp(ikxx − iω0t ) and δz =
−iσ
0exp(ikxx − iω0t ), respectively. The amplitudes are the
same because of the symmetry of the setup. So we have

FIG. 5. (a) and (b) Yellow-blue color maps showing the distri-
butions of density at the inner surface of the waveguide, with a
sharp boundary (without preplasma) (a) and with preplasma (b). The
snapshots are taken when the laser peak is at x = 20 μm. The black
dashed line shows the initial inner boundary of the waveguide [where
n(r) = 1nc for (b)]. (c) The efficiency of high-order-harmonic gen-
eration plotted against propagation distance for different preplasma
scale lengths σ0 and laser spot sizes w0. The other parameters are the
same as in Fig. 1.
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y′ = y + 
0exp(ikxx − iω0t ) and z′ = z + iσ
0exp(ikxx −
iω0t ); thus r′ ≈ r + 
0exp(ikxx − iω0t + iσφ). Substituting
this into Eq. (A3) and performing Taylor expansion, one ob-
tains

E⊥ = (ey + iσez)
∞∑

n=1

E0
J (n−1)

0 (kT r)

(n − 1)!
(kT 
0)n−1

× exp[inkxx − inω0t + i(n − 1)σφ], (A4)

where J (n−1)
0 represents the (n − 1)th-order derivative of the

Bessel function of the first kind. The helical phase term
exp[i(n − 1)σφ] illustrates that the spin-orbital interaction of
light occurs during high-order-harmonic generation.

One may notice that the coefficient (kT 
0)n−1/(n − 1)! in
Eq. (A4) suggests that the harmonic intensities decrease very
rapidly with harmonic order n. This is because the amplitude
in Eq. (A4) is only accurate when kT 
0 � 1, namely, a0 � 1.
Figure 4 shows the spectrum for the case of a0 = 0.05 from
a 2D PIC simulation; the harmonics of n > 3 can hardly be
observed. Therefore, in this paper, we only take into consid-
eration the phase term of Eq. (A4). The underlying physics
of the spin-orbit interaction of light and self-phase-matching,
i.e., the conservation of total angular momenta and the modifi-
cation of the phase velocities of the harmonic beams due to the
surface wave, works the same way regardless of the intensity
of the drive laser.

APPENDIX B: PREPLASMA EFFECTS

A preplasma at the inner surface of the waveguide quantita-
tively reduces the overall efficiency because in the low-density
region, the boundary deformation due to the transverse laser
ponderomotive force is significant. This effect may modify the

phase velocity of the driver. Moreover, the boundary deforma-
tion depends on the intensity of the driver, which decreases
with time, so the phase velocity of the driver is therefore time
dependent. This leads to a small discrepancy in the phase-
matching condition for harmonic beams produced at different
times.

We ran a series of 3D simulations to investigate the
effect of preplasma on our scheme. The density profile
of the preplasma is n(r) = n0exp[(r − r0)/σ0], where σ0

is the scale length. We can clearly observe the boundary
deformation when a preplasma exists (σ0 = 0.05 μm), shown
in Fig. 5(b), by comparing it with the case of no preplasma
shown in Fig. 5(a). The conversion efficiencies for different
scale lengths are plotted in Fig. 5(c). We can see that the
increase in the preplasma scale length reduces the overall
efficiency of harmonic generation. When the scale length
is σ0 = 0.05 μm, the efficiency is about half of that in the
case of no preplasma. Therefore a high-contrast drive laser is
necessary to achieve >1% overall efficiency in the presented
scheme.

We would like to emphasize that the key findings of our
work persist when preplasma exists. (i) For all the cases pre-
sented in Fig. 5(c), the intensities of harmonic beams grow
with propagation distance, indicating that the automatic phase
matching between harmonic beams and the fundamental laser
still plays a vital role. The aforementioned effects of pre-
plasma only reduce the overall efficiency quantitatively. (ii) In
general, high overall efficiency above 1% can be obtained. In
particular, using a tightly focused drive laser remains an effec-
tive way to enhance HHG efficiency: From the red dashed line
in Fig. 5(c) we see that when σ0 = 0.05 μm, the efficiency
is almost doubled (3.5%) with a laser waist w0 = 2.0 μm
compared with the efficiency obtained with w0 = 2.5 μm.
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