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Abstract: We numerically investigate the surface Brillouin scattering (surface-BS) in a
transverse Anderson localization (TAL) guiding silica glass-air disordered optical fiber (DOF)
with random air-holes. The normalized light intensity profiles of light beams propagating
along DOF at different launch positions are obtained, which confirms the TAL mechanism.
Then, the surface-BS in DOF is numerically investigated by the equation of elastodynamics
with the electrostriction. It is found that there are two main peaks in the surface-BS spectrum
and the Brillouin frequency shift (BFS) is sensitive to the air-fill fraction of DOF. Furthermore,
the feasibility of longitudinal structural fluctuations evaluating of DOF by the Brillouin optical
time-domain analysis technique is analyzed and discussed. The average sensitivity of BFS
to the air-fill fraction is simulated to obtain an optimal performance in practical application.
This paper is an interesting theoretical enlightenment for combining the novel concepts of
surface-BS and DOF, also a useful exploration of longitudinal structural evaluating method
for special optical fibers with microstructures.

Index Terms: Disordered optical fiber (DOF), transverse Anderson localization (TAL), sur-
face Brillouin scattering (surface-BS), longitudinal structural fluctuations evaluation.

1. Introduction
As a novel optical fiber, the disordered optical fiber (DOF) has attracted significant research interests
[1]–[3] due to the peculiar wave-guiding mechanism, i.e., transverse Anderson localization (TAL)
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[4]–[10]. The conventional optical fibers are based on the index-guiding mechanism, however, DOF
are based on the strong multiple scattering across due to the TAL, which can guide a light beam
launched at any positions across the transverse profile of a DOF. This interesting property can
be used for potential applications in multiple-beam propagation for spatially multiplexed fiber-optic
communications, and imaging transmission with improved resolution [4]–[10].

Two important parameters for DOF are the localization beam radius (also called localization
length, or effective beam radius) and its sample-to-sample variation. A polymer DOF is proposed
and fabricated by polystyrene (PS) with refractive index n = 1.59 and poly (methyl methacrylate)
(PMMA) with n = 1.49 [4]. The average localization beam radius ξave = 31 μm, with a standard
deviation σξ = 14 μm are observed. However, this variation of localization beam radius can be
reduced by increasing the index difference between the random sites of the DOF or operating at
a shorter incident wavelength [5]. Compared with the polymer DOF, the silica glass-air DOF can
bring in smaller localization beam radius, and the lower sample-to-sample variation, due to the
increased refractive index contrast in fused silica to air structure. Therefore, more research work
will be focused in silica glass-air DOFs in future.

Currently, the transverse localization of light beam in DOF is observed experimentally to be less
than 100 cm, i.e., ≈60 cm for polymer DOF [4], [5] and <10 cm for glass DOF [6], and the longer
propagation is affected by large longitudinal variations of the DOF structure during the draw process
[4]–[6]. This short propagation limits the potential applications. Therefore, it is necessary to monitor
the longitudinal structural fluctuations of DOF during the draw process.

To date, the structural properties of micro-structured optical fibers have typically been evaluated
by high resolution microscopy, such as SEM. However, these destructive measurements cannot
provide any information about the structural fluctuations along the fiber length. The Brillouin scat-
tering characteristics of fibers are sensitive functions of the structural and optical parameters. A
photonic crystal fiber (PCF) mapping method using backward Brillouin scattering was proposed
[11]. It is found that the Brillouin frequency shift (BFS) is sensitive to the PCF microstructure. By
Brillouin echoes distributed sensing with a high spatial resolution of 30 cm, the BFS along the fiber
can be mapped to evaluate the longitudinal fluctuations of PCF [11].

For some optical fibers with sub-wavelength micro-structures, a novel Brillouin scattering, namely
surface Brillouin scattering (surface-BS) is generated by the coupling between light wave and
surface acoustic-wave (SAW) [12]–[14], and it seems to be a possible method to quantitatively
estimate the longitudinal structural fluctuations of DOFs during the draw process.

The intention of this paper is to illuminate surface-BS in silica glass-air DOF with random air-
holes and sub-wavelength scale structures. The relationships between surface-BS and structure
parameters of DOF are numerically obtained. Then, the feasibility of longitudinal structural fluctu-
ations evaluating by surface-BS based Brillouin optical time-domain analysis (BOTDA) technique
are analyzed and discussed.

2. The Silica Glass-Air DOF
The structure of the silica glass-air DOF investigated in this paper is shown in Fig. 1, where
there are a certain number of air-holes in the across of a fused silica host, randomly. This DOF
can be fabricated by drawing a preform obtained by stretching the glass rod with random bubbles.
Furthermore, the preform can be fabricated by mechanical drilling [15], stacking-fusing-etching [16],
and die-cast process [17]. Interestingly, the preform by soft glasses, silica, and other materials can
be fabricated more conveniently by the 3D printing technology, in the not-so-distant future [18]. The
diameters of DOF and hole are dDOF = 125 μm, and dhole = 0.6 μm, respectively. The minimum air-
hole pitch � = 1.23 μm. Then, the minimum thickness of fused silica is � − 2dhole = 0.03 μm, and
the minimum distance from air-hole center to the edge of DOF is dhole/2 = 0.3 μm. The geometry
size of DOF is a probable scale for surface-BS [12], [13]. The index contrast is the fused silica
(n1 ≈1.5) to air (n2 = 1.0). The equivalent air-fill fraction p is the area ratio of the total air-holes to
the whole DOF, and can be defined as:

p = Sholes/SDOF (1)
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Fig. 1. The across structure of the silica glass-air DOF with random air-holes. The black background is
fused silica host, and the white dots are the random air-holes.

where Sholes, and SDOF are the total across area of air-holes and the whole DOF, respectively. For
DOF shown in Fig. 1, p = 18%, and the number of air-holes is 7812.

The propagation of light beams in DOF can be numerically simulated by the finite difference beam
propagation method (FD-BPM) [5], [19]. The paraxial approximation to the Helmholtz equation is
given by:

i
∂A
∂z

+ 1
2n0k0

[∇2
T A + k2

0

(
n2 − n2

0

)
A

] = 0 (2)

where A(r) is the slowly varying envelope of the primarily transverse electric field:

E (r , t) = Re [A (r ) exp (i n0k0z − iωt)] (3)

which is centered around frequency ω, and k0 = 2π/λ. n(x, y) is the refractive index, as a function
of the x–y coordinates. n0 is the average refractive index of DOF. In the simulation, a monochromatic
Gaussian beam with radius w is launched into a position of DOF at z = 0. The forward propagation
can be implemented by the 4th-order Runge–Kutta method [20]. The localization beam radius can
be calculated by the variance method [21], [22]:

ξ (z) =
√〈

A (r )
∣∣∣
(
R − R̄

)2
∣∣∣ A (r )

〉
(4)

where the angle brackets denote integration over x–y coordinates. R = (x, y) is the transverse
position vector, and R̄ is the vector pointing to the center of the beam, defined as the mean intensity
position. The optical field is assumed to be normalized, and the total power of Anderson localized
beams remains unchanged during the propagation in the simulation.

Two incident 632.8 nm Gaussian beams with an initial full-width at half-maximum of 5 μm are
launched into 2 positions across DOF. The normalized intensity profiles after 2 mm propagation are
shown in Fig. 2. The strong transverse scattering results in transversely confined beams that can
freely propagate in the longitudinal direction, with the advantage that any point in the cross section
can be used for beam transport. In Fig. 2(a) and (b), ξa = 8.80 μm, and ξb = 8.62 μm, respectively.
The TAL mechanism is a statistical phenomenon based on multiple random scattering, and the light
propagation at different positions may be different. It is clearly that TAL is sensitive to the air-fill
fraction p [4], [5], The localized beam radius in Fig. 2 are different, due to the different equivalent
local air-fill fractions, which are p a = 25.7%, and p b = 28.2%, respectively. The higher equivalent
local air-fill fraction 28.2%, results in a smaller localized beam radius 8.62 μm as shown in Fig. 2(b).
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Fig. 2. The normalized intensity profiles after 2 mm of propagation along DOF at 2 different launch
positions (a) and (b), ξa = 8.80 μm, ξb = 8.62 μm, p a = 25.7%, and p b = 28.2%.

3. Surface Brillouin Scattering in DOF
Unlike Brillouin scattering owing to the bulk acoustic waves, surface-BS is the scattering of light by
SAWs [12]–[14]. Particularly in sub-wavelength scale structures, the phonons at the surface can
bring in corrugation of the surface, which enables a strong opto-acoustic coupling between light
and SAWs. The surface-BS in DOF can be described by the equation of elasto-dynamics with the
electrostriction:

ρ
∂2u i

∂t2
− ∂

∂x j

(
cijkl

∂uk

∂x l

)
= ∂

∂x j
ε0χklij

[
E kE ∗

l

]
(5)

where u i are the displacements, and C ijkl is the rank-4 tensor of elastic constants. The right side
of (5) is the electrostrictive stress, including the rank-4 susceptibility tensor χklij = εkmεln p mnij with
p mnij the elasto-optic tensor, and ε0 is the permittivity in vacuum. E k and E l are the pump and
Brillouin Stokes fields with angular frequencies ω1,2 and axial wave vectors k1,2. By solving (5) for
the backward case numerically, the elastic energy density inside DOF can be obtained.

The distribution of electrostrictive stress follows the optical field distribution, without extending
out of the silica. Then, as shown in Fig. 3, the elastic energy density is mainly localized in the thin
solid silica, which can be considered as the surface of a solid silica cylinder. Thin solid silica and
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Fig. 3. The kinetic energy densities at 2 different launch positions in DOF.

Fig. 4. Normalized surface-BS spectrums at 2 different launch positions in DOF. νB a1 = 15.28 GHz,
νB a2 = 15.58 GHz, p a = 28.8%, νB b1 = 15.31 GHz, νB b2 = 15.68 GHz, and p b = 26.3%.

high air-fill fraction structure of DOF can realize a strong opto-acoustic coupling near the air-holes
while mitigating the acoustic leakages.

By calculating the spatial overlap between the optical fundamental modes and the surface acous-
tic modes, we can obtain the normalized surface-BS spectrums at 2 different launch positions in
DOF, as shown in Fig. 4. The interesting fact is that there is a dual-peak spectrum: the first peak,
and a second peak on the high-frequency side, corresponding to the fundamental and the relevant
higher-order surface acoustic modes. For simplicity, we ignore other high-order acoustic modes
because only a small number of acoustic modes are responsible for the main peaks. The BFS
for the first and second peaks at (a) and (b) launch positions are as follows: νB a1 = 15.28 GHz,
νB a2 = 15.58 GHz, νB b1 = 15.31 GHz, and νB b2 = 15.68 GHz, respectively. The two peaks have
both approximate Lorentzian shapes with the same bandwidth of ∼23 MHz, in agreement with the
phonon lifetime in fused silica ∼10 ns, which is assumed to be equal for all the acoustic modes in
simulation. Analytically, BFS is proportional to the effective refractive index neff and acoustic phase
velocity Va, as follows:

vB = 2neffVa

λ
= 2neff

λ

√
E
ρ

(6)

where E is the Young’s modulus, and ρ is the equivalent density. It can obtained that Va≈ 3380 m/s
and neff = 1.43, numerically. Because the effective acoustic phase velocity of the first peak
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Fig. 5. Relationship between the Brillouin frequency shift of the first peak νB 1 and the air-fill fraction p
at a certain launch position.

corresponding to the fundamental surface acoustic mode is lower than the one of the higher-
order mode, νB a1 and νB b1 are smaller than νB a2 and νB b2. The difference between Fig. 4(a) and
(b) spectrums are due to the difference of equivalent air-fill fractions at the two launch positions in
DOF: p a = 28.8%, and p b = 26.3%. In the cases of different local air-fill fractions, the equivalent
density, acoustic phase velocity, and the effective refractive index may be different, then, due to (6),
the BFS are different. When air-fill fraction increases, the effective velocity Va decreases and thus
the BFSs are downwards. Furthermore, the relationship between BFS of the first peak and air-fill
fraction are shown in Fig. 5. In the case of an increasing air-fill fraction, the BFS νB 1 is reduced.
This conclusion is also supported by the results of reported in [12].

4. Longitudinal Structural Fluctuations Evaluating
The BFS is sensitive to the air-fill fraction p. Then, the longitudinal uniformity along DOF can be
monitored by a surface-BS based BOTDA. This proposed surface-BS based BOTDA is similar to
current conventional BS based BOTDA, except that the BFS for surface-BS is smaller, due to the
smaller acoustic phase velocity of SAW (∼3380 m/s) than that of bulk acoustic wave (∼5960 m/s
[11]). The spatial resolution of surface-BS based BOTDA is also determined by the pulse duration.
However, the SAWs are inherently sensitive to sub-wavelength surface defects or features [12],
[13], therefore, the surface-BS is highly sensitive to the fiber air-hole micro-structures, compared
with the traditional BOTDA technique, the surface-BS based BOTDA is more effective for evaluation
longitudinal structural fluctuation of micro-structured optical fibers.

νB 1 and p versus distance along DOF at a certain launch position are shown in Fig. 6, with a spatial
resolution of 1 m. There can be a higher spatial resolution in the practical applications, adapted to
the longitudinal uniformity of DOF. In order to optimize the evaluating, the average sensitivity of νB 1

to p is defined as:

Save = νB 1/p (7)

where νB 1 and p are the variation of νB 1 and p, respectively. For different launch positions, the
average sensitivity Save may be different. The optimal Save can be obtained by demonstration the
correlation between Save and p at different launch positions, as shown in Fig. 7. It is found that
Save is reduced from 0.1 GHz/1% to 5 × 10−4 GHz/1%, when p is increased from 18% to 34%. It
is suggested to choose a launch position with a smaller local air-fill fraction to obtain the higher
average sensitivity of the BFS to the structural fluctuation. It is worth noting that we ignore the
influences of the temperature and strain on BFS because of the short monitoring duration. What is
more, due to the longitudinal non-uniformity, the surface-BS spectrum will be broadened. However,
the broadening is accumulated by the non-uniformity at different longitudinal positions, randomly,
therefore, it is hard to calculate this broadened linewidth precisely, in the numerically simulation. It

Vol. 10, No. 1, February 2018 7101108



IEEE Photonics Journal Surface Brillouin Scattering in Disordered Optical Fibers

Fig. 6. Brillouin frequency shift of the first peak νB 1 and the air-fill fraction p versus distance along DOF
at a certain launch position, with a spatial resolution of 1 m.

Fig. 7. The correlations between the average sensitivity Save and the local air-fill fraction p.

is suggested that, compared with the BFS, this linewidth broadening is not an effective function for
longitudinal structural fluctuation evaluation, and in our simulation it is ignored.

5. Conclusion
The silica glass-air DOF is a novel optical fiber with random air-holes in the silica rod. A novel guide
mechanism, i.e., TAL in DOF is numerically simulated and confirmed by FD-BPM. Then, the surface-
BS characteristic in DOF is investigated by the equation of elasto-dynamics with electrostriction. It
is found that there are two main peaks in the surface-BS spectrum and the BFS is sensitive to the
air-fill fraction of DOF. Therefore, measurement of BFS by BOTDA can be considered as a potential
solution of longitudinal structural fluctuations evaluating of DOF. The higher average sensitivity of
BFS to the air-fill fraction can be obtained by employing the launch position with less air-fill fraction
in practical application. This work extends both the concepts of DOF and TAL. Some experimental
research including the fabrication of our simulated silica glass-air DOF, further confirmation of
the surface-BS characteristics of DOF, update of the numerical model, and the optimization of
longitudinal structural fluctuations evaluating, will be the subject of a future work.
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