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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 w’ = w + Q
and momentum k’ = k+ K conservation, where (w, k), (w’, k) and (2, 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 LP to the higher-order LP; 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 [1§]
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:

E(r, p, 2,t) = £0(1) + 2Ae oo fr cos p cos(Kz —Qt) +e2 pKug sin(Kz—Qt). (1)
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Here the unperturbed fiber permittivity eo(r) = eqo[l — 2Af(r)], where A = (£¢0 — €c1)/2€¢0 is the
normalized index difference, €., and e, are the core and cladding values of the permittivity,
respectively, and f(r) is the fiber’s profile function. In the second term f, = df /dr and wug, K, and
Q are the amplitude, wavevector and frequency of the FAW, respectively. In the last term for silica
at the wavelength A = 0, 63 pum the constant of photoelasticity is p = —0.075. The cylindrical
coordinates (r, ¢, z) are implied.The following expressions of the modes of a fiber model in the
problem are known to be:
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Here in the basis of linear polarizations \\Il,(f)) = (E;, Ey)T the standard even and odd LP
modes read as |[LP;"") = V2F,(r)(coslp,0)T, |LP;"Y) = V2F,(r)(0,coslp)T, ]LPZd’x> =
V2F,(r)(sin £p,0)T, |LPZd’y> = V2F,(r)(0,cos £p)T, where 0 = x,y specifies the direction of
linear polarization, Fy(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 < § < 7/4 defined as cos20 = (¢/+/€2 + Q2). Here ¢ = K — K and the
resonance value of the acoustic wave vector K = Bg — 51 is defined through the well-known
scalar propagation constants 3y [12] of the LP{,; modes, respectively. The parameter ), which
characterizes the coupling strength between the unperturbed modes is:
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where k = 27 /X and the mode normalization Ny = fooo RF, EdR. Here we imply the conventional
step-index fibers with profile function f(r) = ©(r/ro — 1), where © is the unit step function.
The propagation constants of modes (2) are found to be:

BY = Bo +(1/2)(e + m + (Qp/2)sin 26,
By = Bo+ (1/2)(e — Ve +Q2) T (Qp/2)sin26,
5;’21:314-(1/2)( €— \/—i-iQ2 (Qp/2)sin 26,
TV =B+ (1/2)(—e+ Ve + Q2) £ (Qp/2)sin 20 (4)

Here the upper sign at the last terms corresponds to the z-polarized modes in Eq. (2).
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Now, let the OV linearly polarized along x or y-axis [LV,) £ |LP”7  )+4|LP*“) at frequency
w be propagating in the fiber with the above described AOI:

|Pin) = [LVE)e ™" ()

It will excite in the fiber the superposition of eigenstates (2) with the same polarization o:
W(2)) =>4 ak]\I!,(:)(z)>. Invoking the simplified boundary conditions: [W;,) =, ak|\I/,(:)(z =
0)), one can determine the decomposition coefficients aj and the field in the AOI region, which
within a phase factor, can be brought to the following form:

W(2)) = |f(2)[LPG)e ™= + ¢ (2)|LVF) + Cg(Z)ILV‘id} e (6)

where the coefficients ¢y(z) are given by:

cg(z) = (i/2) sin 20 sin(n, z) , |
c7(z) = (1/2){[cos(nyz) + i cos 26 Sin(ngz)]e_o-&e'z +1},
& )(2) = (1/2){[cos(ny2) + i cos 20 sin(ny2)]e 02 — 1}, (7)

with 7, = 0.5(y/€2 + Q% £ @, sin26). Note that |cf|> + |c]|> + |§|* = 1. Eq. (6) shows that
the field in the fiber is composed of the incident OV mode |[LV{) and a generated OV |LV?,)
with opposite sign of topological charge as well as the frequency upshifted fundamental mode
ILPg). The energy of the partial beams is determined as:

Wi =1e7]?. (8)
When (i) the resonance regime ¢ = 0 is implemented and (ii) the fiber has the optimal length
z = L7 (see figure 1)s, where
I = 22m+ 1)m = 22m+ 1)m ’
Qg +2Qp Qg

Wg(0,L%) = 1, all the incident energy becomes stored in the generated OV mode with the
topological charge opposite to the incident one (see figure 1).

9)

ILVS) e™ ™t — |LV7,) e7™", (10)

It is important to note that the corresponding conversion length is polarization-dependent,
as is seen from Eq. (9). Since Qy/Qp ~ 2kA/nepK and K ~  2A/rg [12], one get
Q4/Qp ~ 100v/A(rg/)\) > 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 A = 0.001, the core radius ro = 6.3 wm and the
acoustic power P = 50 mW, one has: L§ = 4.26 cm, L{ = 3.56 cm, hence Lf — L = 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 = L; given
by:

47 Q
Lo= g |12 (1)
Qg 2|Qpl
where [2] is the ceil function and k = 0,1,..., one gets W7*,(0, Ly) = W/(0,Ly) = 1 (see figure
1), which entails:

ILVE) €7 — [LVE) e,
ILVY) e ™! — |LPY) e~ ™", (12)
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Figure 1. The dependence of the energy W stored in the state |[LV{) on the fiber’s length.
The fiber’s parameters: V = 4.16, A = 0.001, rg = 6.3 um, the acoustic power P = 50 mW and
Lo = 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 charge,,

¢ or —¢ (and orbital angular momentum per photon i¢ or —hf) of the generated field |[LV,) is
determined by the direction of linear polarization o 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.
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