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Abstract. We report a new dynamic polarization-dependent mode conversion in a circular 
optical fiber endowed with the acousto-optic interaction, in which the sign of the topological 
charge of the generated fiber optical vortex are governed by the linear polarization direction of 
the incident beam. The described effect can be useful in developing new acousto-optic devices 
such, for example, as polarization-controlled optical vortex intensity modulators. Yet, this type 
of all-fiber wavelength-tunable optical vortex generation and controlling should be especially 
useful in such vortex-based applications as micromechanics, classical and quantum information 
encryption, and simulation of quantum computing.

1. Introduction
The possibility of interaction between light and acoustic waves - the so-called acousto-optic
interaction (AOI) - was first reported in a seminal paper by Brillouin [1] in 1922. From the
classical point of view, the AOI comes from the light diffraction on a moving refractive index
grating formed by an acoustic perturbation in a medium. Quantum mechanically, the photon-

phonon scattering is shown to be the underlying physics. From the laws of energy ω′ = ω + Ω
and momentum k′ = k+K conservation, where (ω, k), (ω′, k′) and (Ω, K) are the frequency and
wave-vector of the incident photon, the diffracted photon and the phonon, respectively, it follows
that the AOI can be efficiently used for controlling of the light propagation. Indeed, frequency
shifters, wavelength tunable filters, deflectors and intensity modulators have been implemented
both in the bulk [2] and fiber configurations[3, 4, 5, 6, 7, 8, 9]. The last case is special because
fibers guide both acoustic [10, 11] and optical beams [12] that provides unique conditions for a
highly efficient AOI. In addition, a fiber scheme offers valuable advantages of the all-fiber fast
dynamic light manipulation and low insertion loss.
It should be noted that the flexural acoustic wave (FAW) is primarily used in fiber acousto-optics
because it produces an axially-asymetric perturbation, which enables the well-known coupling of
the input fundamental mode LP0 to the higher-order LP1 modes [3, 8]. As a recent important
development, the researches unveiled the possibility of generating and controlling topologically-
charged fiber optical vortices (OVs) [13], which carry orbital angular momentum (OAM) [14], via
the AOI induced by the FAW of both the lowest-order [15, 16, 17] and the higher-order [18]
in the form of acoustic vortices [19].
Here we aim at demonstrating that a conventional circular fiber endowed with the lowest-order
FAW can be used for dynamically-controlled wavelength-tunable highly efficient flipping
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of OAM of an incident OV with a unity topological charge.

2. Resonance fiber modes
The permittivity of a fiber under consideration is given by:

ε̂(r, ϕ, z, t) = ε0(r) + 2∆εcou0fr cosϕ cos(Kz−Ωt) + ε2
copKu0

 0 0 1
0 0 0
1 0 0

 sin(Kz−Ωt) . (1)

Here the unperturbed fiber permittivity ε0(r) = εco[1 − 2∆f(r)], where ∆ = (εco − εcl)/2εco is the 
normalized index difference, εco and εcl are the core and cladding values of the permittivity, 
respectively, and f(r) is the fiber’s profile function. In the second term fr = df/dr and u0, K, and 
Ω are the amplitude, wavevector and frequency of the FAW, respectively. In the last term for silica
at the wavelength λ = 0, 63 µm the constant of photoelasticity is p = −0.075. The cylindrical
coordinates (r, ϕ, z) are implied.The following expressions of the modes of a fiber model in the
problem are known to be:

|Ψ(σ)
1 〉 =

[
sin θ|LPσ0 〉+ cos θ|LPev, σ1 〉ei(Ωt−Kz)

]
ei(β

σ
1 z−ωt) ,

|Ψ(σ)
2 〉 =

[
cos θ|LPσ0 〉 − sin θ|LPev, σ1 〉ei(Ωt−Kz)

]
ei(β

σ
2 z−ωt) ,

|Ψ(σ)
3 〉 =

[
sin θ|LPev, σ1 〉 − cos θ|LPσ0 〉ei(Kz−Ωt)

]
ei(β

σ
3 z−ωt) ,

|Ψ(σ)
4 〉 =

[
cos θ|LPev, σ1 〉+ sin θ|LPσ0 〉ei(Kz−Ωt)

]
ei(β

σ
4 z−ωt) ,

|Ψ(σ)
5 〉 = |LPod, σ1 〉ei(β̃1z−ωt) . (2)

Here in the basis of linear polarizations |Ψ(σ)
k 〉 = (Ex, Ey)

T the standard even and odd LP

modes read as |LPev, x` 〉 =
√

2F`(r)(cos `ϕ, 0)T, |LPev, y` 〉 =
√

2F`(r)(0, cos `ϕ)T, |LPod, x` 〉 =√
2F`(r)(sin `ϕ, 0)T, |LPod, y` 〉 =

√
2F`(r)(0, cos `ϕ)T, where σ = x, y specifies the direction of

linear polarization, F`(r) is the well-known radial function [12], the radial number is omitted
and T stands for the transposition. The energy distribution within the hybrid modes is governed
by the parameter 0 < θ ≤ π/4 defined as cos 2θ = (ε/

√
ε2 +Q2). Here ε = K − K̄ and the

resonance value of the acoustic wave vector K̄ = β̃0 − β̃1 is defined through the well-known
scalar propagation constants β̃` [12] of the LPσ0,1 modes, respectively. The parameter Q, which
characterizes the coupling strength between the unperturbed modes is:

Q = Qg +Qp , Qg =

√
εco

2r2
0N0N1

k∆u0 , Qp = −

√
ε2

co

8r2
0N0N1

pKu0

∫ ∞
0

R
dF0

dR
F1dR , (3)

where k = 2π/λ and the mode normalization N` =
∫∞

0 RF 2
` dR. Here we imply the conventional

step-index fibers with profile function f(r) = Θ(r/r0 − 1), where Θ is the unit step function.
The propagation constants of modes (2) are found to be:

βx,y1 = β̃0 + (1/2)(ε+
√
ε2 +Q2)± (Qp/2) sin 2θ ,

βx,y2 = β̃0 + (1/2)(ε−
√
ε2 +Q2)∓ (Qp/2) sin 2θ ,

βx,y3 = β̃1 + (1/2)(−ε−
√
ε2 +Q2)∓ (Qp/2) sin 2θ ,

βx,y4 = β̃1 + (1/2)(−ε+
√
ε2 +Q2)± (Qp/2) sin 2θ . (4)

Here the upper sign at the last terms corresponds to the x-polarized modes in Eq. (2).
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Now, let the OV linearly polarized along x or y-axis |LV σ
` 〉 = |LPev, σ1 〉+i|LPod, σ1 〉 at frequency

ω be propagating in the fiber with the above described AOI:

|Ψin〉 = |LVσ
` 〉e−iωt . (5)

It will excite in the fiber the superposition of eigenstates (2) with the same polarization σ:

|Ψ(z)〉 =
∑

k ak|Ψ
(σ)
k (z)〉. Invoking the simplified boundary conditions: |Ψin〉 =

∑
k ak|Ψ

(σ)
k (z =

0)〉, one can determine the decomposition coefficients ak and the field in the AOI region, which
within a phase factor, can be brought to the following form:

|Ψ(z)〉 =
[
cσ0 (z)|LPσ0 〉ei(Kz−Ωt) + cσ1 (z)|LVσ

` 〉+ cσ2 (z)|LVσ
−`〉
]
e−iωt, (6)

where the coefficients c`(z) are given by:

cσ0 (z) = (i/2) sin 2θ sin(ησz) ,

cσ` (z) = (1/2){[cos(ησz) + i cos 2θ sin(ησz)]e
−0.5iεz + 1} ,

cσ−`(z) = (1/2){[cos(ησz) + i cos 2θ sin(ησz)]e
−0.5iεz − 1} , (7)

with ηx,y = 0.5(
√
ε2 +Q2 ± Qp sin 2θ). Note that |cσ0 |2 + |cσ1 |2 + |cσ2 |2 = 1. Eq. (6) shows that

the field in the fiber is composed of the incident OV mode |LVσ
` 〉 and a generated OV |LVσ

−`〉
with opposite sign of topological charge as well as the frequency upshifted fundamental mode
|LPσ0 〉. The energy of the partial beams is determined as:

W σ
` = |cσ` |2 . (8)

When (i) the resonance regime ε = 0 is implemented and (ii) the fiber has the optimal length
z = Lσm (see figure 1)s, where

Lxm =
2(2m+ 1)π

Qg + 2Qp
, Lym =

2(2m+ 1)π

Qg
, (9)

W σ
2 (0, Lσm) = 1, all the incident energy becomes stored in the generated OV mode with the

topological charge opposite to the incident one (see figure 1).

|LVσ
` 〉 e−iωt −→ |LVσ

−`〉 e−iωt . (10)

as is seen from Eq. (9). Since Qg/Qp ∼ 2k∆/ncopK and K ∼
It is important to note that the corresponding conversion length is p√olarization-dependent,

2∆/r0 [12], one get

Qg/Qp ∼ 100
√

∆(r0/λ) � 1 for all reasonable parameters of weakly-guiding fibers, so that
the relative difference in conversion lengths is small. For example, at the waveguide parameter
V = 4.16, the normalized index difference ∆ = 0.001, the core radius r0 = 6.3 µm and the
acoustic power P = 50 mW, one has: Lx0 = 4.26 cm, Ly0 = 3.56 cm, hence Lx0 − L

y
0 = 7 mm.

Nevertheless, such a subtle difference between conversion lengths may be relevant at the
corresponding fiber lengths. Indeed, as can be easily shown, at the fiber’s length z = Lk given
by:

Lk =
4π

Qg

⌈
(k + 1/2)

Qg
2|Qp|

⌉
, (11)

where dxe is the ceil function and k = 0, 1, . . ., one gets W x
−`(0, Lk) ≈W

y
` (0, Lk) ≈ 1 (see figure

1), which entails:

|LVx
` 〉 e−iωt −→ |LVx

−`〉 e−iωt ,
|LVy

` 〉 e
−iωt −→ |LPy` 〉 e

−iωt . (12)
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Figure 1. The dependence of the energy W σ
` stored in the state |LVσ

` 〉 on the fiber’s length.
The fiber’s parameters: V = 4.16, ∆ = 0.001, r0 = 6.3 µm, the acoustic power P = 50 mW and 

L0 = 21 cm.

This transformation describes a novel type of the optical polarization-dependent mode conversion

in fiber acousto-optics based on the particular structure of the modes (2) and non-degenerate

propagation constants (4). The key feature of such a conversion is that the topological chargeσ

` or −` (and orbital angular momentum per photon ~` or −~`) of the generated field |LV` 〉 is 
determined by the direction of linear polarization σ of the incident vortex beam.

The described effect can be useful in developing new acousto-optic devices such, for example, as

polarization-controlled optical vortex intensity modulators. Yet, this type of all-fiber wavelength-

tunable optical vortex generation and controlling should be especially useful in such vortex-based

applications as micromechanics, classical and quantum information encryption, and simulation of

quantum computing.

3. References

Компьютерная оптика и нанофотоника M.A. Yavorsky, D.V. Vikulin, C.N. Alexeyev

V Международная конференция и молодёжная школа «Информационные технологии и нанотехнологии» (ИТНТ-2019) 669

[1] Brillouin, L. Diffusion de la lumière et des rayons X par un corps transparent homogène / L. 
Brillouin // Ann. Phys. – 1922. – Vol. 9. – P.  88-122. DOI: 10.1051/anphys/ 192209170088.
[2] Yariv, A. Optical waves in crystals / A. Yariv, P. Yeh // New York: John Wiley & Sons, Inc., 
1984.
[3] Kim, B.Y. All-fiber acousto-optic frequency shifter / B.Y. Kim, J.N. Blake, H.E. Engan, H.J. 
Shaw // Opt. Lett. – 1986. – Vol. 11. – P. 389-391. DOI: 10.1364/OL.11.000389.
[4] Birks, T.A. The acousto-optic effect in single–mode fiber tapers and couplers / T.A. Birks, P.S.J 
Russell, D.O. Culverhouse // J. Lightwave Technol. – 1996. – Vol. 14. – P. 2519-2529. DOI: 
10.1109/50.548150.
[5] Engan, H.E. Analysis of polarization-mode coupling by acoustic torsional waves in optical 
fibers / H.E. Engan // J. Opt. Soc. Am. A. – 1996. – Vol. 13(1). – P. 112-118. DOI: 10.1364/ 
JOSAA.13.000112.
[6] Kim, H.S. All-fiber acousto-optic tunable notch filter with electronically controllable spectral 
profile / H.S. Kim, S.H. Yun, I.K. Kwang, B.Y. Kim // Opt. Lett. – 1997. – Vol. 22(19). – P. 1476-1478. 
DOI: 10.1364/OL.22.001476.



Acknowledgments
This work was supported by V.I. Vernadsky Crimean Federal University, grant no. VG 01/2017.

Компьютерная оптика и нанофотоника M.A. Yavorsky, D.V. Vikulin, C.N. Alexeyev

V Международная конференция и молодёжная школа «Информационные технологии и нанотехнологии» (ИТНТ-2019) 670

[7] Dashti, P.Z. Coherent acousto-optic mode coupling in dispersion-compensating by two 
acoustic gratings with orthogonal vibration directions / P.Z. Dashti, Q. Li, C.H. Lin, H.P. Lee // Opt. 
Lett. – 2003. – Vol. 28(16). – P. 1403-1405. DOI: 10.1364/OL.28.001403.
[8] Zhao, J. Fiber acousto-optic mode coupling between the higher-order modes with adjacent 
azimuthal numbers / J. Zhao, X. Liu. – Opt. Lett. – 2006. – Vol. 31. – P. 1609-1611. DOI: 10.1364/
OL.31.001609.
[9] Pohl, A.A.P. Advances and new applications using the acousto-optic effect in optical fibers / 
A.A.P. Pohl, R.A. Oliveira, R.E. Da Silva, C.A.F. Marques, P.T. Neves, K. Cook, J. Canning, R.N. 
Nogueira // Photonic Sensors. – 2013. – Vol. 3(1). – P. 1-25. DOI: 10.1007/s13320-013-0100-0.
[10] Thurston, R.N. Elastic waves in rods and clad rods / R.N. Thurston // The Journal of the 
Acoustical Society of America. – 1978. – Vol. 64(1). – P. 1-37. DOI: 10.1121/1.381962.
[11] Engan, H.E. Propagation and optical interaction of guided acoustic waves in two-mode 
optical fibers / H.E. Engan, B.Y. Kim, J.N. Blake, H.J. Shaw // Journal of Lightwave Technology. – 
1988. – Vol. 6. – P. 428-436. DOI: 10.1109/50.4020.
[12] Snyder, A.W. Optical waveguide theory / A.W. Snyder, J.D. Love. – London: Chapman and 
Hall, 1985.
[13] Soskin, M. Singular Optics / M. Soskin, M. Vasnetsov // Progress in Optics. – 2001. – Vol. 42. 
– P 219-276.
[14] Yao, A. Orbital angular momentum: origins, behavior and applications / A. Yao, M. Padgett // 
Adv. Opt. Photon. – 2011. – Vol.  3(2). – P. 161-204. DOI: 10.1364/AOP.3.000161.
[15] Yavorsky, M.A. All-fiber polarization-dependent optical vortex beams generation via flexural 
acoustic wave / M.A. Yavorsky // Opt. Lett. – 2013. – Vol. 38(6). – P. 3151-3153. DOI: 10.1364/
OL.38.003151.
[16] Zhang, W. High-order optical vortex generation in a few-mode fiber via cascaded acoustically 
driven vector mode conversion / W. Zhang, L. Huang, K. Wei, P. Li, B. Jiang, D. Mao, F. Gao, T. Mei, 
G. Zhang, J. Zhao // Opt. Lett. – 2016. – Vol.  41(21). – P. 5082-5085. DOI: 10.1364/OL.41.005082.
[17] Wei, K. Generation of cylindrical vector beams and optical vortex by two acoustically induced 
fiber gratings with orthogonal vibration directions / K. Wei, W. Zhang, L. Huang, D. Mao, F. Gao, T. 
Mei, J. Zhao // Opt. Express. – 2017. – Vol. 25(3). – P. 2733-2741. DOI: 10.1364/OE.25.002733.
[18] Dashti, P.Z. Observation of Orbital Angular Momentum Transfer between Acoustic and 
Optical Vortices in Optical Fiber / P.Z. Dashti, F. Alhassen, H.P. Lee // Phys. Rev. Lett. – 2006. – Vol. 
96. – P. 043604. DOI: 10.1103/PhysRevLett.96.043604.
[19] Marchiano, R. Synthesis and analysis of linear and nonlinear acoustical vortices / R. 
Marchiano, J.L. Thomas // Phys. Rev. E. – 2005. – Vol. 71(6). – P. 066616. DOI: 10.1103/
PhysRevE.71.066616




