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An all-optically reconfigurable generation of optical vortices would be highly beneficial to the implementation of
next-generation optical communication and advanced information processing. The previously demonstrated ap-
proaches based on the parametric nonlinear optical processes, however, have exhibited limited conversion effi-
ciency due to the group velocity mismatch and nonlinear phase shifts, and require the cumbersome preparation of
either the optical element or initial seed beam having a non-zero topological charge. Here, we propose and analyze
a novel scheme for highly efficient all-optical generation and control of optical vortices based on the dynamic
acoustic vortex grating created by forward stimulated intermodal Brillouin scattering in a subwavelength-hole
photonic waveguide. The dual-frequency pump beams in two different hybrid optical modes drive an acoustic
vortex mode, which transforms a signal in the fundamental optical mode into an optical vortex mode. This scheme
not only eliminates the need for the initial preparation of an angular-momentum-carrying medium or an optical
vortex seed but also guarantees high modal purity and nearly 100% conversion efficiency assisted by the energy-
momentum conservation. We also investigate the feasibility and practicability of the subwavelength-hole wave-
guides by examining the intermodal conversion efficiency and robustness of guidance of the optical vortices,
taking into account the impact of the Kerr-type nonlinear effects on the intermodal Brillouin interactions based
on our rigorous full-vectorial analytical theory. © 2019 Chinese Laser Press

https://doi.org/10.1364/PRJ.7.000754

1. INTRODUCTION

Spatially structured light—an optical wave with a customized
transverse profile of intensity, polarization, and phase—has
been in the limelight as a versatile tool for exploring fundamen-
tal science and applications such as micro/nano-fabrication [1],
topological statistics [2], astronomy [3], imaging [4], optical
tweezers [5], quantum optics [6], and optical communications
[7]. In particular, optical vortex beams (OVBs) possessing phase
singularity at the beam center and a donut-shaped intensity pat-
tern exhibit extraordinary properties that lead to new types
of light–matter interactions, which in some cases enhance the
performance of photonic devices and make a technological
breakthrough. A notable example is a radical improvement in
super-resolution fluorescence microscopy [4], where the con-
ventional resolution limit can be circumvented by adopting
the donut-shaped laser beam to cause the fluorescent molecules
to be depleted only around the dark hollow beam center and
leave a tiny beam spot from the fluorophore. Furthermore,
helically phased light beams carry orbital angular momentum

(OAM), which has been utilized mainly for exerting a torque
precisely on the micro/nano-particles trapped in optical tweez-
ers [5]. The optical OAM also provides intrinsically infinite di-
mensionality, bringing ongoing attention to high-dimensional
quantum cryptography [6]. Mode-division multiplexing based
on the OAM modes has also emerged as a scintillating solution
to the exponentially growing demand for data capacity in
optical communications [7].

Until very recently, OAM-carrying OVBs have been gener-
ated in most cases using specially designed optical media having
topological charges, e.g., spiral phase plates [8], liquid crystal
Q-plates [9], fiber gratings [10], and helically twisted fibers
[11]. In addition, the development of holographic techniques
using digital spatial light modulators (SLMs) has allowed for
OVB generation based on real-time computer-controlled wave-
front shaping [12]. On the other hand, parametric nonlinear
optical processes have also attracted ongoing attention as an
alternative means to generate and amplify the OVBs, as they
enable dynamic all-optical manipulation and offer high damage
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threshold compared to the SLMs. All-optical creation of the
OAM states has been relentlessly investigated using second-
harmonic generation [13], intermodal four-wave mixing (FWM)
[14], and parametric down-conversion [15], which would be
beneficial especially to next-generation ultrahigh-capacity opti-
cal communications. However, these schemes have suffered
from several disadvantages that hinder efficient OVB genera-
tion. The group velocity mismatch between the pump and sig-
nal gives rise to their temporal walk-off, which reduces the
interaction length. In addition, the undesired nonlinear phase
shift induced by the self-phase modulation (SPM) and cross-
phase modulation (XPM) also limits the overall efficiency of
the OVB generation. A multi-level atomic ensemble with a
photonic bandgap structure has also been studied for transfer-
ring and controlling the OVBs via FWM and six-wave mixing,
which could be modulated by superimposing the nonlinear
phase shift in the atomic ensemble [16–19]. In this case,
the interactions between the atomic ensemble and the electro-
magnetic fields could enhance the nonlinear optical susceptibil-
ity through the induced atomic coherence and the decrease of
optical group velocity. However, they are not all-optical in the
true sense because an optical seed carrying a topological charge
is still required for their operation and therefore should be
initially prepared using a delicately structured medium.

Meanwhile, the interaction between light and acoustic pho-
nons has offered fundamentally different concepts of all-optical
signal processing, as it has no all-optical analog among the para-
metric nonlinear optical processes. For instance, new optical
frequencies or spatial modes can be excited efficiently through
strong photon–phonon interactions even in the absence of
optical resonances, which has been demonstrated in various
forms, e.g., cascaded stimulated Raman-like scattering [20],
phonon-mediated optical signal transmission [21], and unidi-
rectional interband modulation [22]. The amplification and
generation of OAM-carrying light via stimulated Raman scat-
tering and stimulated Brillouin scattering (SBS) has been
recently studied in liquid [23], gas [24], and plasmas [25].
On the other hand, in solid-state photonic waveguides such
as optical fibers, it has only been demonstrated to date that
the angular momentum in the externally applied acoustic wave
can be transferred to the guided optical mode via acousto-optic
interactions [26]. If the acoustic phonons could be optically
generated and controlled in photonic waveguides, they would
furnish promising techniques in photonic integrated circuits
for all-optical manipulation of OAM light.

In this paper, we show that nonlinear optoacoustic inter-
actions via forward stimulated intermodal Brillouin scattering
(FSIBS) in suitably designed photonic waveguides can be em-
ployed for all-optical generation and control of OAM-carrying
optical vortex modes (OVMs), which excludes the need for the
initial preparation of any vortex seed. As shown in the sche-
matic diagram of Fig. 1(a), when dual-frequency optical pump
waves are launched into the waveguide, one frequency (ω1)
being in the circularly polarized fundamental mode (i.e.,
HEx

11 � iHE
y
11) and the other (ω2) in the higher-order hybrid

mode (e.g.,HEeven
21 ), their beat produces oscillating optical forces

(i.e., electrostrictive force and radiation pressure), which in turn
coherently drive two orthogonal acoustic resonance (AR) modes

of the frequency Ω � ω1 − ω2. The phases of the two AR
modes differ from each other by 90°, creating an acoustic vortex
mode (AVM) [26]. The optical signal of the frequency ω3 in the
circularly polarized fundamental mode is then converted into
the frequency-downshifted (ω4 � ω3 −Ω) targeted OVM via
interaction with the AVM. We note that the intermodal cou-
pling through the optically generated acoustic vortex grating
might be related to the conventional backward-SBS-based
dynamic grating in polarization-maintaining fibers, where a trav-
eling acoustic wave created by two counterpropagating optical
pump waves of one polarization reflects the orthogonally polar-
ized signal [27]. It should be emphasized that in sharp contrast
to the previously studied SBS-based mode conversion [28], in
our case an optical signal in the circularly polarized fundamental
mode is scattered into the associated OVM rather than the
higher-order hybrid mode, the same as the higher-order pump
mode, due to the total energy-momentum conservation. Hence,
our scheme in principle guarantees high-purity OVM generation
and can be exploited to switch the OVM state simply by varying
the polarization state of the pump wave.

While such a photon–phonon interaction is generally con-
strued as a nonlinear wave-mixing process, it can also be de-
scribed as an angular momentum transfer process between
photons and phonons [Fig. 1(b)]. For paraxial beams propagat-
ing in free space or weakly guiding optical fibers, the spin an-
gular momentum (SAM) and OAM are individually conserved
in the photon–phonon interactions [23,25]. The AVM, having
no SAM, can then convey to photons with its OAM only, their
polarization state being unchanged. On the other hand, in
strongly confining optical waveguides (e.g., microfibers, small-
solid-core photonic crystal fibers, and on-chip integrated
waveguides), the significant electric fields at the waveguide
boundaries yield spin-orbit coupling [29]. In this case, the op-
tical modes can no longer be treated as the eigenstates of either
the SAM (S) or the OAM (L) operator, and the total angular
momentum (AM) J � S� L should be a conserved quantity.
In sharp contrast to the OAM transfer processes in the paraxial
regime [23,25], it turns out that both the SAM andOAMof the
photons can be converted simultaneously in the FSIBS-based
OVM generation process. This result would lead to a number
of fundamentally intriguing and intricate phenomena in
combination with the distinct features of optical AM, e.g., quan-
tum spin Hall effect of light and optical spin-momentum
locking [30].

Fig. 1. (a) Schematic diagram of optical vortex (OV) generation
based on forward stimulated intermodal Brillouin scattering. A circu-
larly polarized fundamental mode (a1) and a higher-order hybrid mode
(a2) drive a coherent acoustic vortex (AV) (b), which in turn trans-
forms the incident signal (a3) in the circularly polarized fundamental
mode into the OV beam (a4). (b) Vector diagram describing the
angular momentum conservation in this process.
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2. PRINCIPLES

Here, we consider a silica-glass subwavelength-hole waveguide
(SWHW) suspended in the air, as shown in Fig. 2(a), which has
been proposed for robust OVM guidance against perturbations
(e.g., bends and twists) [31] and can be implemented in the
form of photonic crystal fiber having a circular air hole at
the core center [32]. We numerically solve the eigenequations
for both the optical and acoustic modes of the three-layered
circularly symmetric SWHW [33,34]. We obtain the optical
intensity profiles and phase distributions for the three low-
est-order OVMs and express each of them in terms of the con-
ventional hybrid modes, as summarized in Fig. 2(b). In general,
the OVM,OVσ

lm, can be represented as a linear combination of
the corresponding even and odd hybrid modes with the phase
difference of 90°, i.e.,

OV�
��l−1�,m � HEeven

l ,m � iHEodd
l ,m , (1a)

OV�
��l�1�,m � EHeven

l ,m � iEHodd
l ,m , (1b)

where σ (=+, −) and l (� 1, 2, 3,…) denote the SAM and
OAM quantum numbers, respectively, in the paraxial approxi-
mation [26], and m is the radial mode number. For consistency,
we designate the circularly polarized fundamental HE11 mode
as the OV�

01 mode, although it is not an OVM but carries only
an SAM.

We determine the AVMs that are phase-matched with the
optical modes by taking into account the dispersion of several
acoustic modes [Fig. 3(a)]. For a given pair of the core radius
Rout and hole radius Rin, we find an AVM satisfying the phase-
matching condition q � β1 − β2 for the two pump beams,
where q and β1,2 are the axial wavevectors of the AVM and
the two pump optical modes, respectively. The AVM, AVjm,
carrying a topological charge of j, can be expressed as a linear
combination of the two degenerate conventional acoustic
modes having an azimuthal mode number of l � j with a

90° phase difference [26]. For example, the AV�1,1 mode con-
sists of the two orthogonal flexural modes Fx11 and F

y
11 (“C” in

Fig. 3) as AV�1,1 � Fx11 � iFy11, while the AV�2,1 mode is
comprised of the two axially anti-symmetric torsional-radial
modes as AV�2,1 � TR

�0°∕90°�
21 � iTR�−45°∕45°�

21 (“D” in Fig. 3).
(See Visualization 1 and Visualization 2 that display the vibra-
tional motions of the AV1,1 and the AV2,1 modes, respectively.)
We also consider the axially symmetric radial R01 mode with
no azimuthal dependence (l � 0), which we designate simply
as the AV01 mode (“B” in Fig. 3). We note that we exclude the
longitudinal L01 mode (“A” in Fig. 3) in our analysis, as it is not
efficiently driven by quasi-transverse optical forces that can
yield the forward intermodal coupling.

We model the propagation of the optical and acoustic
modes as well as their interactions using the coupled-mode
theory, under the viewpoint that each of the two pairs of optical
modes—the two pump waves (a1 and a2) and the incident/
coupled signals (a3 and a4) is coupled via the FSIBS-
induced acoustic vortex grating (b) (Fig. 1). We also take into
account the possibility that these interactions can be signifi-
cantly influenced by the optical Kerr effect, as in the previously
reported phase-locked Brillouin frequency comb generation in
a nonlinear waveguide cavity that was affected by the Kerr-
induced FWM [35]. Even in the absence of an optical cavity,
the SPM and XPM can also make a discernible impact on the
dynamics of the SBS-based wave-mixing process [36,37].

Fig. 2. (a) Silica-glass subwavelength-hole waveguide (SWHW) sus-
pended in the air, together with the Cartesian coordinates. (b) Intensity
profiles of the circularly polarized fundamental mode and the three
lowest-order optical vortex modes (OVMs), together with the corre-
sponding compositions of the conventional even/odd hybrid modes
for λ � 1550 nm, Rin � 1.2 μm, and Rout � 3.0 μm. The light blue
arrows represent the electric field distributions for the hybrid modes
and the polarization states of the transverse electric fields for the
OVMs. The rightmost column corresponds to the phase pattern of
the x component of the electric field, arg�Ex�.

Fig. 3. (a) Dispersion curves for the acoustic modes with the lowest
radial mode number (m � 1) in silica-glass SWHWs. The red, purple,
and blue curves represent the acoustic modes with the three lowest azi-
muthal mode numbers, l � 0, 1, and 2, respectively. The frequencies
and wavevectors of the acoustic modes are in units of V L∕Rout and
π∕Rout, respectively, where V L � 5.972 km∕s is the longitudinal
sound velocity in fused silica. Some examples of the phase-matched
acoustic modes are marked with green filled circles. (b) Displacement
distributions of the longitudinal L01 (A), radial R01 (B), flexural F11
(C), and torsional-radial TR21 (D) acoustic modes, together with the
resulting acoustic vortex modes (AVMs). The solid and dashed curves
represent the deformed and undeformed boundaries, respectively, and
the color map is used to describe the profile of the magnitude of total
displacement. All the calculations in (a) and (b) are carried out at the
wavelength of λ � 1550 nm and for the SWHW parameters of Rin �
1.2 μm and Rout � 3.0 μm. See Visualization 1 and Visualization 2,
which display the vibrational motions of the AV1,1 and AV2,1 modes,
respectively.
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Furthermore, the nondegenerate intermodal FWM of the two
pump waves and the incident signal may not only affect the
targeted OVM signal (a4) but also create an unwanted idler
wave (a5) in another OVM that is degenerate with the con-
verted signal (ω5 � ω4 � ω3 −Ω) but has the opposite total
AM quantum number, j5 � −j4. In our case, this idler wave
gives rise to the detriment of the modal purity of the OVM
signal, and therefore it is necessary to examine how significantly
the idler wave affects the entire process. Taking all these into
consideration, we derive the following steady-state (∂∕∂t � 0)
coupled-mode equations for the slowly varying amplitudes
of the ν-th (ν � 1, 2, 3, 4, 5) optical mode, aν�z�, and the
AVM, b�z�:

∂a1
∂z

� iω1Q�a2b� iγSPM1 ja1j2a1 � i
X

ν≠1
γXPM1ν jaνj2a1

� i�γFWM
4 a�4 � γFWM

5 a�5�a2a3e−iκz , (2a)

∂a2
∂z

� iω2Qa1b� � iγSPM2 ja2j2a2 � i
X

ν≠2
γXPM2ν jaνj2a2

� i�γFWM
4 a4 � γFWM

5 a5�a1a�3 eiκz , (2b)

∂a3
∂z

� iω3R�a4beiκz � iγSPM3 ja3j2a3 � i
X

ν≠3
γXPM3ν jaνj2a3

� i�γFWM
4 a4 � γFWM

5 a5�a1a�2eiκz , (2c)

∂a4
∂z

� iω4Ra3b�e−iκz � iγSPM4 ja4j2a4 � i
X

ν≠4
γXPM4ν jaνj2a4

� iγFWM
4 a�1a2a3e

−iκz , (2d)

∂a5
∂z

� iγSPM5 ja5j2a5 � i
X

ν≠5
γXPM5ν jaνj2a5 � iγFWM

5 a�1a2a3e
−iκz ,

(2e)

∂b
∂z

� αbb � iΩQa1a�2 � iΩRa3a�4 e
−iκz , (2f)

where ων and Ω represent the frequencies of the ν-th optical
mode and the AVM, respectively, αb is the acoustic decay rate,
Q andR are the optoacoustic overlap integrals [38,39], and γSPMν ,
γXPMμν , and γFWM

ν are the nonlinear coefficients associatedwith the
SPM, XPM, and Kerr-induced FWM, respectively [40].We also
introduce the wavevector mismatch κ � q − �β3 − β4�, where
β3,4 are the axial wavevectors of the incident and coupled signal
modes, while keeping the frequency condition ω3 − ω4 � Ω.

3. RESULTS AND DISCUSSION

In our scheme, while the pump wave a1 is kept in the OV�
01

(� HEx
11 � iHE

y
11) mode, the other a2 can be in any higher-

order hybrid mode, which determines the generated OVM ac-
cording to the total AM conservation. For example, the FSIBS
process with the OV�

01 and the HEeven
21 modes creates the AVM

having the total AM jb � j1 − j2 � −1, i.e., the AV−1,1 mode,
where j1 � 1 and j2 � 2 are the total AM of the pump beam
a1 and one of the two constituent OVMs of the pump beam a2,
the OV�

11 mode, respectively. The other constituent OVM of
a2, the OV−

−1,1 mode, does not participate in the optoacoustic
interaction due to the energy-momentum conservation. The
AV−1,1 mode converts the signal beam in the OV�

01 mode with
j3 � 1 into the OV�

11 mode with j4 � j3 − jb � 2.
Here, we focus on the AM transfer processes for the three

lowest higher-order hybrid pump modes, theHE21, EH11, and
HE31 modes, which we denote as PROC1, PROC2, and
PROC3, respectively. To figure out which type of AVM can
mediate each AM transfer process efficiently, we obtain and an-
alyze the optical force distribution generated by the two pump
beams, as illustrated in Fig. 4. In all the three cases, the total
optical force is a linear combination of the two orthogonal force
components with the phase difference of 90° and thus can drive
the two orthogonal acoustic modes, which composes an AVM.
In PROC1, since the HEx

11 and HEeven
21 modes have the same

(opposite) symmetry with respect to the y � 0 (x � 0) plane,
the resulting optical force is symmetric (anti-symmetric) with
respect to the y � 0 (x � 0) plane [Figs. 4(a) and 4(b)]. Then,
the Fx11 mode having the same symmetry with the azimuthal
mode number l � 1 can be excited. Similarly, the optical force
induced by theHE

y
11 andHEeven

21 modes can drive the orthogo-
nal −Fy11 mode, where the minus sign indicates that the optical
force is anti-aligned with the displacement of the F

y
11 mode

[Figs. 4(c) and 4(d)]. This reversal of the optical force direction

Fig. 4. Real and imaginary parts of the typical optical force distri-
butions for the three types of angular momentum (AM) transfer
processes, PROC1, PROC2, and PROC3, which involve different
higher-order hybrid optical modes: HE21, EH11, and HE31 modes,
respectively. All the calculations are performed at the wavelength of
λ � 1550 nm and for the SWHW parameters of Rin � 1.2 μm
and Rout � 3.0 μm. In addition, the photoelastic coefficients are
set as p11 � 0.121 and p12 � 0.270. For the electrostriction body
force, the blue color intensities and black arrows depict the magnitude
and direction, respectively, of the optical force. The optical boundary
force is composed of the electrostriction force f �es� (blue) and radiation
pressure f �rp� (red), where their magnitude and direction are plotted by
the arrows in the same scale for all the three processes for comparison.
We choose a particular global phase in such a way that the longitudinal
component of the total electric field in the waveguide is purely real.
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can be seen from the fact that by rotating the x–y coordinates by
90°, one can find the phase difference of 180° between the op-
tical force created by the HE

y
11 and HEeven

21 modes and that by
the HEx

11 and HEeven
21 modes. Since the two orthogonal flexural

modes have a phase difference of 90°, the AV−1,1 mode can be
excited. A similar explanation holds for PROC3. In PROC2,
on the other hand, the HEx

11 (HE
y
11) and EHeven

11 modes have
the same (opposite) symmetries with respect to both the x � 0
and y � 0 planes. We note that in Fig. 4, we choose a particular
global phase in such a way that the longitudinal component of
the total electric field in the waveguide is purely real. Then,
only the real part of the optical force spatially matches the
profile of the AV01 mode, whereas the imaginary part that
is anti-symmetric with respect to both planes does not have
any effect on the generation of the AV01 mode.

We investigate the feasibility of our scheme of the optoacous-
tic OVM generation at the telecom wavelength (∼1550 nm)
and assess the stability of guidance of the OVMs in silica-glass
SWHWs. For typical mode conversion via FSIBS, jR∕Qj ≃ 1
in Eq. (2), because the two pairs of optical modes are set equal
to each other (e1 ≃ e3 and e2 ≃ e4) [41]. In this case, the input
powers of the two pump beams should be strongly unbalanced
to obtain the 100% mode conversion from a3 to a4. However,
this requires a very long waveguide for building up the acoustic
amplitude b�z� significantly. In strong contrast, in our case
of the OVM generation, the optoacoustic overlap integral
between the two pump beams jQj � jhe1jΔε̄je2ij is exactly
half of that involving the OVM jRj � jhe3jΔε̄je4ij because
the OVM, OVσ

lm, is a linear combination of the two hybrid
optical modes as Eq. (1). As a result, 100% conversion from
a3 to a4 can be achieved without the need for the unbalanced
pump powers and impractically long interaction lengths. To
quantitatively evaluate the feasibility, we define 3 dB coupling
length, ζ, as the propagation length over which half the input
signal power is converted into the targeted OVM or the idler
wave (i.e., the other constituent OVM) at balanced input
powers of the two pump beams, i.e., P10 � P20, where Pν0 ≡
Pν�z � 0� is the input power of the ν-th optical wave. To ex-
amine the robustness of the OVM transmission in the wave-
guide, we check the two following requirements. First, it is
essential to have a sufficiently large effective index separation
between the adjacent optical modes of the same OAM order.
In our case, this requirement is ensured by the large index
step between the silica ring and air [42]. It is widely accepted
that the effective index separation of Δneff > 10−4 is enough
for stable OVM propagation, where Δneff is defined as the
effective index difference between the adjacent vector modes,
e.g., among the TE01, TM01, and HE21 modes for PROC1,
and between the EH11 and HE31 modes for PROC2 and
PROC3. In addition, the generated OVMs should possess high
modal purity and low propagation loss simultaneously. Here,
we define the modal purity as the power portion of the desired
OVM in the converted signal wave, i.e., P4∕�P4 � P5�. We
estimate the modal power fraction confined in the core (p),
which is in practice related to the energy leakage into the clad-
ding of the photonic crystal fibers [43]. The larger modal power
fraction leads to a lower propagation loss.

We calculate Δneff , p, and ζ for the three AM transfer proc-
esses over a range of the core radius Rout and the radius ratio
M ≡ Rin∕Rout. In all the following analyses, for simplicity, we
fix the acoustic quality factor as 1000 for fused silica glass [44]
and the total pump power as P0 � P1 � P2 � 1 W. The
larger Rout and smaller M yield a larger power fraction p in
the core. It turns out that in the silica-glass SWHWs with
Rout ≤ 3 μm, the Kerr nonlinear coefficients, γSPMν , γXPMμν ,
and γFWM

ν , are estimated below 0.05 W−1 ·m−1, whereas the
FSIBS peak gain coefficient g0 is much larger than them,
e.g., g0 ≥ 10 W−1 ·m−1 for PROC1 and g0 ≥ 1 W−1 ·m−1

for PROC2 and PROC3, so the optical Kerr effect is negligible
in Eq. (2). The modal purity of the generated OVM is then
almost 100%, as the FWM-induced generation of the idler
wave is suppressed. On the other hand, in the SWHWs made
of a higher-index material like silicon, the Kerr nonlinear
coefficients become comparable to the FSIBS peak gain coef-
ficient, and thus the optical Kerr effect cannot be ignored,
which we will not discuss here in more detail. In PROC1
[Fig. 5(a)], a large effective index separation Δneff > 10−4

can be achieved over a wide range of (Rout,M ). As the radius
ratioM rises, the radiation pressure on the silica–air boundaries
gets enhanced and more dominant in the FSIBS process, and
thus ζ gets shorter at the expense of the transmission loss. The
3 dB mode conversion occurs typically at ∼1 m propagation
over a broad range of (Rout,M ), which is short enough to im-
plement with the current fabrication technologies. In PROC2
and PROC3, we can also find the range of (Rout,M ) suitable
for our scheme. However, the range of useful waveguide

Fig. 5. Color maps displaying the 3 dB coupling length ζ in silica-
glass SWHWs over a range of Rout andM ≡ Rin∕Rout for (a) PROC1,
(b) PROC2, and (c) PROC3, where the pink curves indicate the cutoff
of the HE21, EH11, and HE31 mode, respectively. The contour plots
on top of the color maps show the minimum Δneff between the ad-
jacent vector modes, i.e., among the TE01, TM01, andHE21 modes for
(a), and between the EH11 andHE31 modes for (b) and (c). The black
curves correspond to the power fraction p � 85% in the waveguide
core. The OVMs have lower confinement losses over the regions below
the black curves.
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parameters is not so wide compared to the PROC1 case,
because the typical value of ζ is on the order of hundreds of
meters. ζ decreases as Rout falls, and Rout should be small
enough (< ∼2 μm) in order to obtain sufficiently small values
of ζ. Moreover,Δneff between the EH11 and theHE31 modes is
relatively small and can be even zero. We note that at certain
waveguide parameters, the FSIBS can be completely suppressed
due to the counterbalance between the electrostriction and ra-
diation pressure [38,39], as displayed by red striped regions,
i.e., Rout > 3 μm and M ∼ 0.8 for PROC2 in Fig. 5(b) and
Rout > 3 μm andM ∼ 0.05 for PROC3 in Fig. 5(c). We high-
light that we here report for the first time, to our knowledge,
the case of FSIBS elimination, while the cancellation of the
conventional backward surface acoustic wave Brillouin scatter-
ing and forward intramodal (Raman-like) Brillouin scattering
has been recently reported in Refs. [45,46] and Ref. [47],
respectively.

We then investigate the spatial evolution of each optical
wave. For simplicity, we set the waveguide parameters as
�Rout,M� � �3 μm, 0.4�, at which for PROC1 the effective
index separation, power fraction in the core, FSIBS peak gain
coefficient, and 3 dB coupling length are calculated as Δneff �
4×10−3, p � 0.98, g0 � 15 W−1 ·m−1, and ζ � 46 cm, re-
spectively, and the Kerr nonlinear coefficients (γSPMν , γXPMμν ,
and γFWM

ν ) are in the range of 4–8 W−1 · km−1. Here, we use
the long-waveguide approximation, assuming that the acoustic
modes are damped more rapidly than the optical pump power
changes [38]. This assumption is valid because the acoustic de-
cay length (α−1b � 16 cm) is smaller than ζ. We calculate the
spectral dependence of the mode conversion efficiency, P4∕P30,
over the entire range of the input pump power P10, while fixing
the total pump power at P0 � 1 W and the propagation length
at 3 m. Here, we set the frequency difference Δωij ≡ ωi − ωj
between the two pump beams (a1 and a2) as well as between
the incident and coupled signals (a3 and a4) to exactly match
the acoustic frequency Δω12 � Δω34 � Ω � 2π × 858 kHz.
We determine the wavevector mismatch κ considering the op-
tical dispersion of the silica-glass SWHWs. As previously men-
tioned, unity conversion efficiency can be obtained at
P10 � P20 [Fig. 6(a)]. At this balanced pump-power condition,
the full width at half maximum (FWHM) operating bandwidth
for the signal is determined as 26 GHz (0.21 nm) from
Fig. 6(b). We can further optimize the waveguide length by
setting the two input pump powers unbalanced (P10 ≠ P20).
We can in general think of two regimes of the input pump
power ratio P10:P20, as shown in Fig. 6(c). When P10 < P20,
the acoustic power is concentrated at the beginning of the
waveguide section, which leads to insufficient coupling strength
for full mode conversion. On the other hand, when P10 > P20,
sufficient acoustic power can be sustained over a longer section
of the waveguide to even over-couple the signal mode. In this
case, it is possible to control the waveguide length to achieve
unity conversion. We optimize the waveguide length and
recalculate P4∕P30 in Fig. 6(d), where we find the maximum
FWHM operating bandwidth of 50 GHz (0.40 nm) at
P10:P20 � 3:1.

The theory we have developed so far can be applied to
any types of nonlinear intermodal optoacoustic coupling and

arbitrary waveguide cross-sectional geometries. In particular, re-
cent studies suggest that such nonlinear intermodal coupling
could also be implemented in on-chip integrated waveguides,
which can be fabricated using the standard CMOS-compatible
technology [22,28]. While our approach of OVM generation
has a unique advantage over other kinds of nonlinear optical
methods, i.e., no initial OVM seed is required, there are still
some important aspects that should be further addressed to put
our scheme into practical use. First, it is essential to ensure that
the hybrid modes are well controlled and generated. Mode con-
verters would be needed at the input of the waveguide to couple
light into the higher-order hybrid modes. Also, the mode filter-
ing is required to separate the generated OVM (a4) from the
residual fundamental mode (a3). We note that various types of
multimode waveguide-based photonic devices [48,49] would
provide possible solutions for this purpose, which have been
experimentally demonstrated in the fiber [50] and inte-
grated waveguide platform [51]. For example, the multimode
Y-junctions based on the adiabatic evolution of effective modal
indices can be used as mode combiners/splitters and mode
converters [49]. Another issue is the narrow operating spectral
bandwidth, as shown in Fig. 6. The limited bandwidth is due to
the group velocity difference between the two hybrid modes,
e.g., the HE11 and the HE21 modes, which increases the wave-
vector mismatch κ with the detuning of signal wavelength from
the pump wavelength. While it is not straightforward to match
the dispersions of the two optical modes in simple step-index
SWHWs, in photonic crystal fibers, the group velocities of the
two different optical modes can be made equal to each other by

Fig. 6. Spatial evolution of the optical and acoustic powers in PROC1
in silica-glass SWHW with �Rout,M� � �3 μm, 0.4�. (a) Optical and
acoustic powers as functions of the propagation distance, z, at zero signal
frequency detuningΔω13 ≡ ω1 − ω3 � 0. P1 and P2 are normalized to
P0 � 1 W, P3 and P4 to P30 � 1 mW, and Pb to jb�z � 0�j2.
(b) Mode conversion efficiency P4�zmax�∕P30 after propagation along
zmax � 3 m, where the optical dispersions of the silica-glass SWHWs
are taken into account. (c) Same plots as (a) but at the different signal
frequency detuningΔω13 � 10 GHz with different input pump power
ratios of P10:P20 � 1:3 (dashed curves) and P10:P20 � 3:1 (solid
curves). (d) Mode conversion efficiency at the optimum waveguide
length P4�zopt�∕P30, where zopt is the propagation length at which
P4�z� is maximized.
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adequately adjusting the pitch and hole size in the cladding
[52]. The operating spectral bandwidth would be then signifi-
cantly improved, potentially beyond ∼10 nm [52]. One might
think that the strong pump beams may give rise to the temper-
ature increase of the waveguide, which alters the effective
indices of the optical modes. However, we determine from the
heat diffusion analysis [53] that the influence of such a thermo-
optic effect is not significant in practical waveguides such as
silica-glass photonic crystal fibers [32], as the temperature
increase is far below 1°C at the 1 W pump power. Finally,
the robust guidance of the hybrid modes in optical waveguides
is impeded by the random linear mode coupling due to the
residual defects and random birefringence fluctuations.

4. CONCLUSION

In conclusion, nonlinear optoacoustic interactions via FSIBS
can be employed for the generation of OAM-carrying optical
vortices, which has a unique advantage of excluding the need
for any initial optical vortex seed. We have presented numerical
results of the intermodal coupling involving the OVM and the
AVM, and it turns out that a waveguide with a subwavelength-
hole of proper diameter at the core center is suitable for not
only the robust guidance but also the efficient optoacoustic
generation of the OVMs. We point out that the FSIBS process
is the right nonlinear effect for all-optical OVM generation,
where nearly unity conversion efficiency and high modal purity
are guaranteed with the aid of the energy-momentum conser-
vation. Our scheme can be realized in various optical systems,
such as microstructured fibers, microcavities, and integrated
optical circuits.

Our findings open an avenue for providing a key technology
for next-generation ultrahigh-bandwidth optical communica-
tion systems. For instance, OAM-selective photon–phonon
interactions could be employed to fabricate the spatial mode
multiplexers [7]. We have shown that coupling with the opto-
acoustically generated AVM enables the selective excitation
of one of the constituent OVMs of the pump beams. Such
all-optical control of the AVMs in the waveguides might also
be exploited for the application of axial torque to axisym-
metric objects and the transport of modulated helicity [54].
Furthermore, introducing AM transfer to the intermodal cou-
pling allows us to generate and manipulate non-classical corre-
lations between OAM-carrying photons and phonons, and to
explore new types of quantum phenomena [55].

Funding. National Research Foundation of Korea (NRF)
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