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Abstract. The effect of a gradual reduction of the fiber diameter on the acousto-optic (AO) interaction is reported.
The experimental and theoretical study of the intermodal coupling induced by a flexural acoustic wave in a bicon-
ical tapered fiber shows that it is possible to shape the transmission spectrum, for example, substantially broad-
ening the bandwidth of the resonant couplings. The geometry of the taper transitions can be regarded as an extra
degree of freedom to design the AO devices. Optical bandwidths above 45 nm are reported in a tapered fiber with
a gradual reduction of the fiber down to 70 um diameter. The effect of including long taper transition is also
reported in a double-tapered structure. A flat attenuation response is reported with 3-dB stopband bandwidth
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1 Introduction

In-fiber acousto-optic (AO) devices based on flexural acous-
tic waves have been investigated for years because of their
applications as frequency shifters,! tunable filters,” and
modulators.’ Recently, the AO has been investigated as a
powerful tool for measuring axial inhomogeneities along
optical fibers.* When the fundamental flexural acoustic
mode propagates along an uncoated single-mode optical
fiber (SMF), the acoustic fields produce a periodical pertur-
bation of the fiber, both refractive index changes and geomet-
rical effects, which leads to an intermodal resonant coupling
between the fundamental core mode and some specific clad-
ding modes of the SMF.'® This AO interaction can be seen
as the dynamic counterpart of a conventional asymmetric
long period fiber grating (LPG), whose transmission charac-
teristics can be controlled dynamically by the amplitude and
frequency of the acoustic wave. At the output fiber, only the
light that remains guided by the core is transmitted, showing
a transmittance spectrum with one or several attenuation
notches at the wavelengths of the resonant couplings.

The effect of including tapered fibers to improve the AO
response has been reported in previous works.>® However,
these works paid attention first to the enhancement of the
acoustic intensity by reducing the cross section of the fiber
and second to the shift of the resonant wavelength in uniform
tapered fibers. Thus, the use of a thin optical fiber produces
a more efficient intermodal coupling that enables shorter and
faster devices, as well as a reduction of the required acoustic
power. This fiber tapering can be carried out either by chemi-
cal etching or by a fusion and pulling technique.

It is possible to adjust the wavelength of the resonant cou-
pling between two specific modes by changing the frequency
of the acoustic wave. However, the spectral bandwidth of a

*Address all correspondence to: Miguel Angel Bello-Jiménez, E-mail: m.bello@
cactus.iico.uaslp.mx

Optical Engineering

036105-1

given resonance is determined by the dispersion curves of the
involved modes and it is not straightforward how to develop
techniques to control such a bandwidth. Kim et al.” explored
the simultaneous excitation of the acoustic wave generator
with two frequencies, while Jung et al.'” concatenated differ-
ent fibers. Feced et al.® concatenated three fibers with differ-
ent sections to demonstrate a gain flattening filter and
pointed out the interest of exploiting the taper radius as a new
degree of freedom in the design of AO filters. Jin et al.'' dem-
onstrated an enhancement of the bandwidth of the AO
notches by using uniform fibers with a reduced diameter pre-
pared with chemical etching. Complimentarily, Li et al.'?
investigated fibers with different dispersion curves in order
to narrow the optical notches.

Here, we investigate how tapering can be exploited to
control the spectral bandwidth of the transmission notches.
It is known that the dispersion curves of both the acoustic
and optical modes change with the radius of the fiber.’ Thus,
smooth and long tapered fibers can effectively control the
bandwidth of a given coupling by slightly shifting the
resonance wavelength, enabling a geometrical design tech-
nique, since the shape of fiber tapers can be controlled accu-
rately using a fusion and pulling technique.'® In Sec. 2, we
start with the numerical modeling of acoustically induced
LPG formed in a tapered structure. Then, in Sec. 3, we
describe the experimental results and the comparison with
the theory, in order to demonstrate the effects of the taper
transitions on the spectral response of the AO device.
Finally, our conclusions are summarized in Sec. 4.

2 Numerical Modeling of the Acousto-Optic
Interaction in a Tapered Fiber

In this section, we present the numerical technique that we
have implemented to simulate the spectral response of the
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acoustically induced LPG formed along the device. The
intermodal coupling between the core and cladding for-
ward-propagating modes is modeled following the theory
developed by Birks et al.® The refractive index perturbation,
An(x,y), generated by the acoustic wave is given by the
expressions

An(x,y) = Any sin(Qt — Kz), (1)

Any = n(1 — y)K?uyy, 2)

where x, y, and z are the Cartesian coordinates, the z axis is
the direction of propagation along the fiber for both the light
and the acoustic wave, Any is the perturbation amplitude, n
is the refractive index of the fiber glass, y is the photoelastic
coefficient (y = 0.22 for silica), K is the acoustic wave num-
ber, u is the amplitude of vibration of the flexural acoustic
wave, which is assumed to vibrate in the direction of the y
axis, and Q is the acoustic wave angular frequency.

The coupling coefficient (x) between the fundamental
mode and a cladding mode is evaluated with the expression

K= 2// AngEy E ,dxdy, (3)
2¢ A

where o is the optical angular frequency, c is the speed of
light, and E,,,, is the normalized amplitude of the electric field
of a fiber mode, being [ = 0, m = 1 the fundamental mode.

The total optical field is expressed as a superposition of
two modes, with amplitudes A(z) and B(z) corresponding to
the core and cladding forward-propagating modes, respec-
tively, which satisfy the following pair of coupled-mode
equations:

dA . .

d(ZZ) _ _jK.B(Z)ejQZeZJ(SZ’ 4)
dB . .

diZ) = —jKkA(z)e /He=20%, 5)

where j = (=1)'/2, 6 = (1/2)(Bo1 — Pim) — (x/A) s the
phase mismatch parameter, f,; and S, being the propaga-
tion constants for the fundamental core mode and a
high-order cladding mode, respectively, and A being the
wavelength of the acoustic wave (K = 2z /A).

The mode amplitudes, and hence the electric fields, can be
readily solved from Eqs. (4) and (5) in terms of a matrix F.'*

[agem]_pfao], o

F =

o (P+5)z 0

0 R E ]
y cos(yz) — j%sin(yz), —£e/Ksin(yz) o
*e/Kesin(yz) cos(yz) + j2sin(yz) 7

where y = (6> +«2)'/2, and = (1/2)(Boi — Bim). The
wavelength that satisfies the phase matching condition, i.e.,
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6 = 0, gives the maximum transfer of power and is called
the resonant wavelength Ap.

Then, the taper structure can be modeled by considering
an acoustic induced LPG consisting of N cascaded uniform
sections with different fiber diameters and lengths L;. In each
section, the local propagation factors of the optical modes
will have to be computed. In addition, the acoustic wave-
length and amplitude will have to be recalculated for each
section since both the velocity, », and the amplitude of
the flexural mode depend on the fiber radius R.

V= ”Rcextf’ (®)

R
up(R) = R_OMO(RO)’ ©

where c. is the speed of extensional waves (Co =
5760 m/s in silica), f is the frequency of the acoustic wave,
and R, is the original radius of the fiber previous to tapering,
and here we have assumed that the acoustic power remains
constant along the fiber.

The output from the i’th section becomes the input to the
(i + 1)’th section of the fiber. The output from the N’th
section is therefore given by

[A(L)} _Fy e FyF {A@)}, (10)

where F; is the F-matrix for the i’th section, as defined by
Eq. (7) with z = L;, and L = ZL, is the total length of the
tapered fiber. The lengths L; were chosen small enough to
ensure convergence of the numerical simulations.

Finally, the transmission spectrum of a tapered AO device
is modeled by considering that only the fundamental mode
is launched into the fiber, i.e., Ey;(0) # 0 and E,,,(0) = 0.
Thus, the spectral dependence of the transmittance is
obtained by computing |Eq; (L)|?/|E},(0)|? for each optical
wavelength. Previously, the specific cladding mode involved
in the experiment will be identified after the theoretical
analysis of the phase matching conditions of different clad-
ding modes at the frequency of the acoustic wave.

3 Configuration Under Discussion and Results

A schematic view of the experimental setup is depicted in
Fig. 1. The tapered AO device consists of an radio frequency
source, a piezoelectric disk (PD), an aluminum horn, and a
tapered optical fiber. The fiber is mounted over a metal base
and fixed from both ends to avoid being tensioned or relaxed.
The PD is excited by the RF source to produce an acoustic
wave that is transmitted to the fiber by the aluminum horn.

Damper
Tapered fiber

Damper

¥

RF
source ‘ Hom

(&1_ Piezoelectric disk

Fig. 1 Experimental setup of the AO device based on a biconical
tapered fiber.
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Fig. 2 Theoretical simulation (solid line) and experimental results (scatter points) of the intermodal cou-
pling in a uniform SMF: (a) resonant optical wavelengths and (b) transmittance spectrum at the acoustic

frequency of 2.005 MHz.

The horn is attached to the PD, and it focuses the vibration
into the fiber through its tip, which is glued to an uncoated
optical fiber. The optical fiber was stripped off the outer pol-
ymer jacket to prevent the attenuation of the acoustic wave,
and the tapered fiber was prepared using a standard fusion
and pulling technique to produce a biconical symmetric
tapered fiber. In order to prevent acoustic reflections, the
acoustic wave is damped in both extremes of the uncoated
optical fiber. For the experiments, several fibers were tapered
down to diameters of 80, 70, and 65 um, respectively. In all
cases, the total length of the uncoated optical fiber was 24 cm
and the tapers had exponential profiles.'®

At resonance, with a mismatch parameter equal to zero
(6 = 0), 1z has an explicit dependence on the root square
of the fiber radius R, expressed by the following relation:

7 Cexe R

. 11
G atn

A = (”01 — Ny,

where ng; and n;,, are the modal refractive indexes of the fun-
damental core mode and a cladding mode (ng; = o, /ko and
Ny = P/ ko, kg = 27/ A), respectively. As it can be seen
from Eq. (11), a small variation in R will produce a shift
of the resonant optical wavelength. Consequently, the reduc-
tion of the fiber diameter along the taper will produce a
gradual shift of the resonant optical wavelength, which will
contribute to broadening the spectral response of the acousti-
cally induced LPG, in addition to the broadening produced
by the reduced diameter of the uniform taper waist. Because
of the gradual confinement of the acoustic wave along the
tapered fiber, a stronger AO effect is also expected, which
leads to a more efficient intermodal coupling.

In the experiments commercially available Corning LEAF
fiber was used to prepare the tapered fibers and to implement
the AO devices.

3.1 Acousto-Optic Interaction in a Single-Mode
Optical Fiber and Simulation Parameters

The first set of experiments was intended to obtain the
flexural wave frequencies, which satisfy the phase-matching
condition between the fundamental core mode LP,; and
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some specific higher-order cladding mode LP;,,. This exper-
imental information will permit the identification of the
cladding mode excited in the experiments and a fine adjust-
ment of the fiber parameters in order to ensure that the theo-
retical model correctly simulates the fiber. The experimental
scheme is the same as that shown in Fig. 1, but using a 24 cm
long nontapered single-mode fiber. The AO resonances
and the spectral response were measured using an erbium
broadband amplified spontaneous emission light source
and an optical spectrum analyzer with 30 pm resolution.
Experimental results of the AO resonances are shown in
Fig. 2(a) for a range of optical wavelengths between 1500
and 1600 nm. Working in the frequency range from 1.7
to 3 MHz, LPy, toLP,;, LPy, to LP,, and LP; to LP;; inter-
modal couplings were observed. For the specific fiber of our
experiments, the strongest mode-coupling was found at the
acoustic frequency of 2.005 MHz, corresponding to the
modes LP; to LP;,. The spectral dependence of its transmit-
tance is shown in Fig. 2(b). It exhibits a maximum rejection
efficiency of 12.8 dB at the optical resonant wavelength of
1596 nm, and a 3-dB stopband bandwidth of 2 nm. The
width of the stopband is determined at the point where
the transmission response drops by 3 dB.

After computing the modal indexes of the fundamental and
high-order cladding modes using a standard boundary-value

Table 1 Simulation parameters used in the numerical computation.

Corning LEAF fiber Simulation

(datasheet) parameters
Cladding diameter 125+ 0.7 ym 125 ym
Mode field diameter 9.6+ 0.4 um 11.66 ym
Numerical aperture at 1550 nm  0.14 (typical value) 0.1074
Effective area at 1550 nm 72 pm? 106.8 ym?
Effective group index at 1550 nm 1.468 1.466
Core diameter — 9.3 um
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Table 2 Parameters of the tapered optical fibers.

3-dB
Transition Waist Acoustic stopband
length  length frequency bandwidth
Waist diameter (um) (cm) (cm) (MHz) (nm)
Nontapered single- — 24.0 2.005 2
mode fiber (125 um)
80 5.06 11.0 0.540 9.2
70 5.90 10.0 1.194 45
65 5.98 9.0 1.207 34

method, applied to a step index fiber, the resonant optical
wavelengths for a given acoustic frequency f were calculated
from Eq. (11). Material dispersion of the optical fiber was
estimated considering Sellmeier coefficients of a binary
silica glass doped with GeO, in the core, and pure silica
glass in the cladding.'>'® The experimental results were
best fitted with a GeO, concentration of ~3.1%, maintaining
the core radius at a constant 9.3 ym. Table 1 gives
the actual values of the simulation parameters, together
with the nominal values provided by the fiber manufacturer.
Simulation parameters were calculated to be closest to the
LEAF fiber datasheet.

3.2 Acousto-Optic Interaction in a Biconical Tapered
Fiber

We focus our attention on the effects of large taper transitions
as a mechanism to shape the transmission spectrum, for
example, to increase the optical bandwidth of the AO stop-
bands. The tapered fibers were prepared using a standard
fusion and pulling technique, and were tapered down to a
fiber diameter of 80, 70, and 65 um, respectively. In this
process, both the core and cladding diameters are reduced
simultaneously, providing an increase of the intensity of
the acoustic wave and the coupling coefficient (due to the
mode field diameter increases). The fiber tapers are com-
posed of relatively long decaying exponential profiles
with a uniform taper waist. For these particular cases, the
taper structures were prepared to produce a spectral response
that is dependent on the taper transition. The parameters of
the fiber tapers are depicted in Table 2.

The transmission spectra of the acoustically induced LPG
are shown in Fig. 3 for the 80, 70, and 65 um fiber tapers.
The acoustic frequency was selected to produce the maxi-
mum transfer of energy, around 1550 nm, and that corre-
sponded to 0.540, 1.194, and 1.207 MHz for the three tapers
of 80, 70, and 65 um, respectively. The maximum rejection
efficiencies produced by these tapers were 18, 6.2, and 4 dB,
respectively. Numerical simulations of the spectral response
are also shown in Figs. 3(a)-3(c).
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Fig. 3 Transmission spectra for three different tapered fibers at different acoustic frequencies: (a) 80 um,
(b) 70 um, and (c) 65 um waist diameters. In all cases, simulations are shown as solid curves and exper-
imental values as scatter points. Arrows indicate the 3-dB stopband bandwidth.
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From these results, an increment of the notch bandwidth
that is dependent on the reduction of fiber diameter can be
observed. In our experiments, the bandwidth increases from
9 to 45 nm when the waist diameter is reduced from 80 to
70 pm, respectively, and then, the bandwidth is reduced to
34 nm for the device with 65 ym waist diameter. This reduc-
tion in bandwidth can be attributed to the spectral contribu-
tions of the taper waist and the taper transitions. For the
70 um taper, both the waist and transitions have a similar
resonant optical wavelength, contributing to produce a broad
spectral response. If we compare these values with the spec-
tral response of a nontapered single-mode fiber [2 nm of
3-dB stopband bandwidth for a fiber diameter of 125 um, see
Fig. 2(b)], we can appreciate a 4.5X to a 22.5X improvement
in the optical bandwidth achieved with the present approach.

From Fig. 3, we can conclude that our numerical simu-
lations are realistic, so we can use the simulation tool to
gain insight into the AO interaction along the device.
Thus, we have separately computed the contributions of iso-
lated transitions and waist. Figure 4 shows numerical simu-
lations of the spectral response for the taper waist and the two
taper transitions for the three tapered fibers of the experi-
ments. First, we can see that for the relatively large waist
diameter, the device with 80 ym diameter in Fig. 4(a), the
largest contribution comes from the waist region of the
device. Then, for the device with 70 ym waist diameter in

Fig. 4(b), we can observe that the broadening of the notch
is enhanced simultaneously by the contribution of both the
taper waist and the taper transitions. Finally, for the device
with 65 ym waist diameter [Fig. 4(c)], the role of the taper
transitions is the dominant one to produce the spectral
broadening.

Computed results demonstrate that taper transitions can
play an important role to improve the optical bandwidth
of the AO stopbands. The main contribution of taper transi-
tions can be obtained when both the taper waist and the taper
transitions have a similar resonant optical wavelength, con-
tributing simultaneously to shape the transmittance spectrum
of the device. We should also comment that the final trans-
mittance of the device is not the simple addition of the trans-
mittance of isolated sections, since a proper concatenation of
the sections takes into account the amount of power already
coupled in the previous sections and the phase accumulated
in each mode.

3.3 Acousto-Optic Interaction in a Complex Tapered
Structure

In Sec. 3.2, it was shown that the gradual variation of the
taper transition gives rise to a local and broad AO resonance
that can be used to improve the optical bandwidth of the AO
stopbands. One important application of this AO interaction
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can be found in the development of broad-bandwidth AO
modulators, with applications in actively mode-locked fiber
lasers.'”!® In this section, we will discuss a design consisting
of two cascaded tapered fiber, which enables a broad and flat
spectral response and also shows other interesting features
that can be achieved. Our purpose is to demonstrate that the
geometry of the taper transitions can be regarded as an extra
degree of freedom for the design of AO devices.

For this purpose, a set of theoretical simulations are
depicted in Figs. 5(a)-5(d) to obtain an insight into the AO
interaction in a tapered structure. Figure 5(a) shows the rela-
tion between the acoustic wave frequency (f,) and the fiber
waist diameter for the LPO] to LP[ 1 LPO| to LP]z, and LPQI
to LP;; intermodal couplings to obtain a resonance optical
wavelength (1) at 1550 nm. Figure 5(b) shows the relation
between f, and the resonant optical wavelength in a range
from 1450 to 1650 nm for the 125 to 65 ym and 65 to
125 pm taper transitions; the inset shows the transmittance
spectrum of the taper transition. For estimating purposes,
Fig. 5(c) depicts the relation between the 3-dB stopband
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bandwidth and the waist length for the LPy; to LP;;, LPy,,
and LP,; resonances. From these results, it can be observed
that an acoustic frequency of 0.446 MHz produces the same
AO resonance (Az = 1550 nm) for a 75 ym waist diameter
and a 65 to 125 um taper transition. In order to shape the
spectral response, we simulated the AO interaction in a
waist and a taper transition whose transmittance spectra
were near each other in resonant wavelengths. Figure 5(d)
shows the spectral response for a 5-cm-long uniform taper
waist of 80 ym diameter and a 4-cm-long taper transition,
from 65 to 125 um in diameter, both of them simulated at
the acoustic frequency of 0.446 MHz. The resonant optical
wavelengths for each component were 1576 and 1550 nm,
respectively.

The device that combines here two responses comprises
two cascaded tapered fibers. The first taper is prepared to
produce an 80 ym uniform taper waist of a length of
5 cm. Then, a second taper is realized at one end of the uni-
form waist to produce a second tapered structure with a uni-
form section of 65 ym. Due to the fabrication procedure, the
taper profile includes a relatively long transition region of a
length of 4 cm, with a diameter variation from 65 to 125 ym.
In order to shape the spectral response by the uniform 80 ym
waist region and the long taper transition, the AO attenuator
is driven with a frequency close to 0.446 MHz. The geomet-
rical shape of the tapered structure is depicted in Fig. 6. The
characteristics of taper waist and transitions are estimated
with a well-established model for fiber tapers.'?

Experimentally, the best result was found at the acoustic
wave frequency of 0.47 MHz. This frequency was selected to
shape the spectral response by the contribution of both the
uniform 80 pm waist region and the long taper transition
(65 to 125 um). Figure 7 shows the simulated and experi-
mental transmittance spectra of the AO device. As it can
be observed, the device exhibits an almost flat attenuation
response, with a maximum rejection efficiency of 8.5 dB,
from 1562 to 1570 nm, centered at the optical resonant wave-
length of 1566 nm, and a 3-dB stopband bandwidth of
34 nm. In addition, the “red” side of the attenuation dip
exhibits a high slope, since the slopes of both the responses
of the 80 um section and the 65 to 125 ym tapered section
match each other (see Fig. 5). On the other hand, at the
“blue” side of the attenuation dip, the slope is smooth, since
the two contributions depicted in Fig. 5 are shifted. As a
result, with this specific device, we show the possibility of

Optical Engineering

036105-7

broadening the attenuation dip and shaping it in order to pro-
duce sharper or smoother quasilinear spectral response at
specific wavelength ranges.

4 Conclusions

Our experiments and simulations demonstrate that biconical
tapered fibers can be designed to increase the bandwidth
of the AO stopbands and to shape the spectral response.
The good agreement between experiments and theory ena-
bles the use of our simulation tool for the design of devices
with a specific response. From experimental results, we can
conclude that geometry of the taper transitions can be
regarded as an extra degree of freedom to the design of AO
devices. Optical bandwidths above 45 nm are reported in a
tapered fiber with a gradual reduction of the fiber down to
70 pm diameter. As a special case, a double-tapered structure
was designed in order to obtain a flat bottom spectral
response and asymmetric sides.
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