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ABSTRACT

The new manufacturing method for fabrication of Surface Nanoscale Axial Photonics (SNAP) structures has been
developed. We showed experimentally that the bent fiber can achieve the nanometer-scale variation in the effective fiber
radius sufficient for fabrication of SNAP microresonators. The advantage of the demonstrated method is in its simplicity,
robustness, and mechanical tunability of the fabricated devices.
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1. INTRODUCTION

Surface Nanoscale Axial Photonics (SNAP) is the ultraprecise platform for fabrication of miniature optical structures at
the surface of optical fibers [1]. In SNAP structures, whispering gallery modes (WGMs) circulate around the optical
fiber surface and undergo slow axial propagation. The WGM propagation is controlled by nanoscale effective radius
variation (ERV) of the optical fiber, which includes the contribution from the variations of refractive index and physical
dimensions of the fiber (see Eq. (5) below). The propagation is described by the one-dimensional Schrédinger equation.
SNAP devices can be manufactured with unprecedented sub-angstrom precision [2] by local annealing with focused
CO2 laser radiation [1] and by the femtosecond laser inscription [3]. The subangstrom fabrication precision of SNAP
devices and their ultralow loss allows one to create complex miniature photonic circuits having promising applications in
communication technologies, quantum computing, optomechanics, microfluidics, and sensing.

In the present work we suggest the new manufacturing method for fabrication of SNAP structures. Our approach is much
simpler than those developed previously and consists in controllable fiber bending. We showed numerically and
experimentally that the bent fiber can achieve the required nanometer-scale variation in the effective fiber radius. This
ERV appears due to elasto-optic effect.

Remarkably, due to the positive sign of the ERV, this local bending introduces a SNAP optical bottle resonator [1] which
parameters can be tuned by variation of the bending radius. Generally, more complex ERV can be introduced by
advanced manipulation of the fiber ends. In addition, the suggested approach can be applied for tuning of SNAP
structures which are fabricated by the methods developed previously.

2. SIMULATIONS IN COMSOL

To create a SNAP structure, a slow nanoscale variation of the effective radius variation is needed. We used COMSOL
simulations to determine required bending radius for standard SMF-28 optical fiber with refractive index n, = 1.45 and
dependence of ERV on curvature. Since WGMs circulate around the fiber surface, we calculated the stress tensor
integrals along its path represented by the circumference, as shown in Fig. 1 (b). At each point of the WGM path, the
three principal stresses o, o, and g, were found, which are related to the principal indices of refraction n,, n, and n,
through known elasto-optical coefficients C; and C, (see, e.g., [4]):
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Figure 1. COMSOL simulation of bent optical fiber. Blocks (a) and (b) represents stress distribution in different projections.
Arrows show the way of integration of the refractive index.

Our numerical results show that bending of the silica fiber with realistic bending radius R can cause the increase of the
effective fiber radius by several nanometers, which is sufficient to introduce SNAP resonators. For example, the bending
of SMF-28 125 um diameter silica fiber with curvature radius 1 cm introduces the positive ERV equal to 4 nm. Simple
estimates support our numerical results. The contribution of strain and stress into ERV calculated using the beam
bending theory in the linear in curvature R approximation [5] vanish. However, in the quadratic approximation, the
relative change of the fiber radius due to bending can be estimated by an order of magnitude as

W R 3)

where r, is the fiber radius and R is the characteristic radius of curvature of the fiber. The corresponding change of the
refractive index due to the stress optic effect

Ar
An~C2E_, (4’)
To

where E is the Young modulus. For the silica fiber E = 70 GPa so that C,E ~ (4-1072) - (7 - 10'%) ~ 0.3 and the
contribution of the physical change of the fiber radius Ar and the change of its refractive index An due to the stress optic
effect to the ERV
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have the same order of magnitude. For example, the SMF-28 fiber with radius r, = 62.5 um bent with the characteristic
curvature radius R= 3mm, has Ar, s, ~ 30 nm while the corresponding resonance wavelength variation [6]

n

Ar
AL = 2 —r‘;f ! (6)

is 0.7 nm at wavelength 1, = 1.5 um.

Generally, the dependence of the ERV on the shape of the bent fiber is nonlocal and can be determined by the solution of
equations from nonlinear elastic theory accounting for all terms quadratic in fiber curvature. Accurate solution of this
problem will be considered elsewhere.

3. EXPERIMENTAL RESULTS

To measure the WGMs spectra of the bent optical fiber, it was fixed in a narrow tube, thereby acquiring the shape of a
loop as it demonstrated in Fig. 2. In such configuration, the fiber curvature has a smooth distribution with a maximum at
the center of the loop.

Figure 2. Photo of optical fiber loop fixed on a 3D stepper motor.

WGMs can be excited in an optical fiber using a microfiber (MF) [7], specifically, a micrometer diameter waist of a
biconical fiber taper (Fig. 3.), which is attached normal to the loop and connected to the light source and detector. The
spectrum was measured almost along the length of the loop in steps of 250 um. The surface plot of transmission spectra
of resonator introduced by bending of the fiber is shown in Fig. 4.

The introduced ERV Ar is related to the resonant wavelength variation 44 by the rescaling relation defined by Eq. (6),
where the fiber radius 1, = 62.5 pm and wavelength A4, = 1552.1 nm. From this relation, the maximum wavelength
variation A4 = 0.3 nm in Fig. 4 corresponds to the ERV Ar = 12.1 nm.
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Figure 3. Photo of biconical fiber taper with 4 um diameter waist for exciting WGM:s in the fiber loop.
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Figure 4. Surface plot of resonant transmission spectra measured with 250 pum step along the fiber loop.

The coordinates of the contact between the microfiber and the loop are shown in Fig. 5(a) as red points. The shape of the
loop is well approximated by a parametric curve of the following form, which is represented by blue line:
{x(t) = [(sin(3t)-a—b) -cos(t)]-c—d
y() =[(sin@Bt)-a—Db)-sin(®)]-f—g’
where constants a = 0.48 mm,b =0.7 mm, ¢ =9.15 mm, d =171 mm,f =7.8 mm and g = 0.73 mm are
determined by fitting the experimental data.
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We used the Eq. 7 to determine the ERV dependence on the bending curvature. The dependence of the curvature on the
optical fiber length is shown in Fig. 5(b).
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Figure 5. (a) Measured shape of curved fiber (red points) fitted with the curve determined by Eq. (4) — (blue curve). (b) The fiber
curvature as a function of distance L along the fiber.

In Fig. 6 we rescaled the height of fiber curvature variation shown in Fig. 5(b) to fit the experimentally measured ERV.
The comparison shown in Fig. 6 demonstrates that with a good accuracy the ERV of bent optical fiber linearly depends
on the curvature of the loop.
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Fig. 6 Experimental characterization of the nanoscale effective radius variation and spectra of the fabricated SNAP structure
introduced by bending of optical fiber. Black function represents the curvature of the fiber loop.
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4. CONCLUSION

We have demonstrated the possibility to fabricate SNAP microresonators by bending the optical fiber. In our first proof
of concept experiment, a simplest optical bottle resonator with ERV of ~ 10 nm was fabricated by bending a commercial
125 um diameter optical fiber. SNAP structures with more complex shapes can be fabricated by advanced bending
techniques using specially prepared fiber bending setups. Our simulation results are in reasonable agreement with
experimental observations. The simplicity of the developed method and the ability to tune the introduced resonant
structures mechanically is of great importance for the creation of robust and tunable SNAP devices for applications in
optical signal processing and ultraprecise sensing.
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