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Abstract: Specialty optical fibers employed in Brillouin-based distributed sensors are briefly reviewed.
The optical and acoustic waveguide properties of silicate glass optical fiber first are examined with
the goal of constructing a designer Brillouin gain spectrum. Next, materials and their effects on
the relevant Brillouin scattering properties are discussed. Finally, optical fiber configurations are
reviewed, with attention paid to fibers for discriminative or other enhanced sensing configurations.
The goal of this brief review is to reinforce the importance of fiber design to distributed sensor
systems, generally, and to inspire new thinking in the use of fibers for this sensing application.

Keywords: Brillouin scattering; specialty optical fibers; glass materials; optical fiber; fiber sensors;
acoustic properties

1. Introduction

In comparison to the available configurations for distributed fiber sensing, those that are Brillouin
scattering-based appear to offer somewhat superior spatial resolution with a long sensor reach [1].
However, despite several such appealing advantages, they have captured (and are expected to capture)
only a marginal share of the total commercial distributed fiber sensor market [2]. While application
requirements certainly lead one’s choosing the most appropriate sensor type, relative cost, without
doubt, is a recognized disadvantage for Brillouin-based systems [3]. Hence, in response came the
development of new system architectures, including Brillouin optical correlation domain reflectometry
(BOCDR) [4,5]. Nevertheless, the mundane commonality among nearly all Brillouin-based systems,
whether for reasons of cost, convenience, or ubiquity, is the use of standard (i.e., telecommunications)
single mode fiber as the key sensing element.

There are a wide variety of very good reviews that focus on, or include a discussion of,
Brillouin-based distributed sensing systems for numerous applications [1,6–15]. Most of these focus on
the system architecture. However, as discussed here, there is an emerging body of work focusing on
fiber design as a path towards system simplification and improvement. A subset of these even focus on
novel materials, for example to realize fibers with custom thermo-mechanical response. The purpose
of this paper is to offer a brief review of some of these novel fiber configurations, with a focus on the
importance of the enabling material in these approaches. While Brillouin scattering has been studied
in micro-structured fiber [16–20], and non-silicate systems, including phosphate [21], tellurite [22],
ZBLAN [23], and chalcogenide (As2Se3 [24,25] and As2S3 [25]) glasses, this review will focuse on solid
singly- or multiply-clad, circular-geometry fibers in silicate glass systems. Such configurations offer
the best compatibility with conventional components and fiber fabrication processes.
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Ultimately, it is the hope of the authors that this brief review will serve to (at least partly) reinforce
the importance of, and need for, fiber and material design in distributed sensor systems, generally. This
paper is written from the perspective of fiber makers and designers, and therefore new system-level
analyses (such as sensitivity, sensor configurations, etc.) are not considered. Rather, without prejudice
toward any one approach, and with apologies to those not described herein, a wide variety of fiber
technologies are described with the hopes of inspiring novel thinking with regard to distributed
sensor systems based on Brillouin scattering. That said, the remainder of this paper is arranged as
follows. The next section focuses on the waveguide properties of the optical fiber, both acoustic and
optical, and, from that, other basic features, such as the Brillouin gain spectrum, are formulated. After
that, a discussion of materials, both more and less common, is provided, with some focus on the
fiber thermo-mechanical response. This, then, leads into a discussion of tailored fiber configurations
and concomitant sensing approaches, with some focus on discriminative sensing. Finally, the paper
concludes with a few closing remarks and future perspectives.

2. The Waveguide

Optical fiber has gained the status of omnipresence in the modern, technologically-connected
world. Even for those without scientific training, the operating principle behind optical fiber can
intuitively be understood. Indeed, more than 150 years ago, John Tyndall left an indelible mark with
his public lectures demonstrating the guidance of light through a laminar flow of water [26]. Most
school children in a science class have witnessed some form of this demonstration, and the notion
of total internal reflection (TIR) and guidance can conceptually be understood through observation.
Although calculations of modes, propagation constants, dispersion coefficients, etc. mathematically
are somewhat more complex [27], the simple ray propagation picture suffices to illustratively explain
how a thin strand of glass can propagate a signal with losses now as low as 0.14 dB/km [28]. As Kao
and Hockham predicted, however, this achievement largely has been enabled by materials science and
engineering [29].

An optical fiber is described by its refractive index profile (RIP). Figure 1 shows an example
of a very simple RIP for a conventional, step-index optical fiber. The central part of the structure,
the core, guides light. Its refractive index (ncore) is greater than that of the cladding (nclad), therefore
satisfying the main requirement for TIR. The cladding diameter (2b, typically 125 µm as a standard
for telecommunications fiber) is considered to be infinite in most mathematical treatments of the fiber.
It is coated with a buffer material, serving both to provide mechanical strength to the fiber, and to
provide filtering/removal of any light propagating in the cladding due to scattering, bending, or other
losses attributable to optical coupling at interfaces. Hence, the buffer usually has a refractive index
higher than that of the cladding. Such a structure has perfect guidance, whose propagation constants
are purely real-valued.
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Within this structure, the optical wave interacts with one or more acoustic waves, forming the basis
for Brillouin scattering in optical fiber. Therefore, it is the optical mode, its effective index (determined
from the propagation constant), and its spatial distribution in the fiber (or in other words, how the
mode overlaps with different regions of the waveguide) that give rise to the measurements made in
the process of distributed sensing. The modes are calculated by solving Maxwell’s Wave Equation
subject to the boundary conditions in cylindrical symmetry [30] in the usual way. The effective area,
relating to the field intensity, is given by

Ae f f =

(
2π∫
0

∞∫
0

rE(r, θ)E∗(r, θ)drdθ

)2

2π∫
0

∞∫
0

r(E(r, θ)E∗(r, θ))2drdθ

(1)

where E(r,θ) is the electric field distribution (in the radial and azimuthal directions) and E*(r,θ) is the
complex conjugate. Intensity is particularly important as it sets the absolute gain in a nonlinear process
such as Brillouin scattering.

Brillouin scattering typically manifests as an interaction between the optical wave and a
longitudinal-type sound (or pressure) wave. The interaction itself arises from axially-periodic
perturbations to the permittivity due to the pressure associated with the sound wave. It is governed
by the Bragg condition λa = λo/2ne f f where λa is the acoustic wavelength, λo is the vacuum optical
wavelength, and neff is the effective index of the optical mode. The acoustic wavelength also may be
expressed in terms of the acoustic velocity, Va, via Va = λaνa where νa is the frequency of the acoustic
wave (in the hypersonic range). It is important to recognize that the optical and acoustic wavelengths
are of comparable magnitude (indeed, only a factor of 2 between them). As such, the optical fiber
would naturally be expected to exhibit acoustic waveguide effects. This would then suggest that Va

should be considered to be the phase velocity of the acoustic mode.
Thus, similar to the optical RIP, a radial profile can be identified that describes the acoustic

waveguide. Usually, the acoustic velocity itself serves in this capacity (vertical scale in Figure 1), but an
“acoustic index” also may be utilized. Usually, this is defined as the cladding acoustic velocity divided
by the material acoustic velocity in the radial direction [31]. Therefore, similar to the optical waveguide,
the core should have an acoustic index that is greater than that of the cladding to satisfy some analogous
TIR in the acoustic realm. Logically, since the acoustic wave is key to the sensing mechanism, one may
quickly conclude that guiding them might somehow improve system performance.

With this in mind, the fiber possesses two important profiles: (1) the optical RIP; and (2) the
acoustic velocity profiles. Jen et al. [32] describes a procedure by which, depending on the dopants
used (in silica), a glass fibers’ optical and acoustic profiles may independently be designed. In other
words, one can realize, for example, a fiber that guides optical waves, but is anti-guiding to acoustic
waves. More complicated structures, such as fibers with cores whose optical index or acoustic velocity
vary in the radial direction, also become possible. As a result, charts such as that shown in Table 1
typically are used to show the effects of the dopant on the optical (no) or acoustic (na) index of the
silicate glass. They assist in the selection of materials for a specific fiber design. Interestingly, in
Table 1, all but alumina raise the acoustic index (reduce the acoustic velocity). Only recently has it been
confirmed in fiber form that both MgO [33] and Li2O [34] act in a manner similar to alumina, in raising
the acoustic velocity when added to silica. An extensive study on these and several other relevant
acoustic properties can be found in [35]. The next section provides additional details regarding the
material and enumerate of the effects of the various dopants.
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Table 1. The effect of some common dopants on the optical and acoustic index of silica. RE stands for
rare earth. The arrows represent, in the obvious way, an increase or decrease in a material value when
added to silica.

GeO2 P2O5 TiO2 B2O3 F Al2O3 Y2O3 RE2O3

no ↑ ↑ ↑ ↓ ↓ ↑ ↑ ↑
na ↑ ↑ ↑ ↑ ↑ ↓ ↓ ↑

Determination of the acoustic phase velocity (or the acoustic modes), therefore, requires solving
an acoustic wave equation subject to the relevant boundary conditions. The acoustic waves obey a
damped wave equation given by [36,37]

ρ
..
u−∇•

[
c∇u + η∇ .

u
]
= −1

2
∇•
[
γEkEl

]
(2)

where the electrostrictive coefficients are given by a fourth rank tensor in γ, the damping term, η, is a
tensor of rank four, and c is the rank-four elastic modulus tensor.

⇀
u is the displacement field (and

.
u is

its time derivative) associated with the sound wave and can take on values in any of the directions in
cylindrical coordinates. Thomas et al. [38] provided a detailed mathematical and experimental analysis
of the scattering of light waves from acoustic modes of an optical fiber whose cladding velocity is less
than that of the core (acoustically anti-guiding, pure silica core with a borosilicate cladding). Roughly
10 years later, Jen and colleagues [39–41] offered thorough mathematical analyses of fibers configured
to be acoustically guiding. It was about the same time that Shibata et al. [42,43] made some of the
first observations of multi-peaked Brillouin spectra, which they attributed to the presence of multiple
guided acoustic modes.

The scattering integral that ultimately provides the strength of the Brillouin interaction is [38]

Dp,q =
∫

Vol

E∗pδεp,qEqdV (3)

where p,q = r,φ, z are the cylindrical coordinates, E is the electric field, and δε are the dielectric
perturbations resulting from the pressure wave (or strain field). The relevant dielectric perturbations
(δεp,q) are functions of the acoustic strain fields (Sp,q) and are given by [38,43]

δεrr = −ε0n4
o
(

p11Srr + p12Sφφ + p12Szz
)

(4)

δεφφ = −ε0n4
o
(

p11Sφφ + p12Srr + p12Szz
)

(5)

δεφr = −ε0n4
o2p44Sφr (6)

where ε0 is the permittivity of free space and the pijs are the usual photoelastic coefficients of
the material. The generalized form of the acoustic strain field can be written as a function of the
displacement vector [36,37]

Spq =
1
2

(
∂uq

∂p
+

∂up

∂q

)
. (7)

The displacement vector now remains to be found. In the case of the fiber structure of Figure 1,
the cladding is taken to be infinite and so there is one boundary at r = a. To determine the acoustic
propagation constant(s), the boundary conditions are applied to assumed solutions (u(r,φ,z)) of the
wave equations (Bessel functions in this case). In the case of the acoustic waveguide, there are four
boundary conditions. First, the displacement vector must be continuous at any interface. Second,
the two shear stresses at the interface and the normal compressional stress must be continuous at
any boundary. These can be found mathematically listed in [44]. Once the propagation constants are
determined by solving the characteristic matrix equation, they can be utilized to determine the spatial



Appl. Sci. 2018, 8, 1996 5 of 24

distribution of the displacement vector for the subsequent analysis. Similar, more recent approaches to
calculating the longitudinal acoustic modes of an optical fiber can be found in several places [44–46].

The solutions to the wave equation are acoustic modes that have radial, longitudinal, and
azimuthal components [38]. The fundamental optical mode in the fiber is azimuthally-symmetric, and
therefore will have greatest overlap with azimuthally-symmetric acoustic modes. Shibata et al. [43]
identified these as axial-radial modes R0m, but which are dominated by the longitudinal component
(L0m). Nevertheless, the presence of these radial wave components causes the propagation constants,
even in acoustically guiding fibers, to be complex-valued (unlike with the optical waves). Simply
put, the wave phase velocity exceeds the shear velocity in both the core and cladding; the Bessel
functions become complex (Hankel) functions in the cladding (by assuming that it is infinite in
extent), giving rise to radiation, or leaky, modes [39]. The complex propagation constant can be
expressed as β = ka − jγwg and, therefore, a z-propagating displacement field will take the form
∼
u ∼ e−jβz = e−γwgze−jkaz, possessing an attenuation term associated with the radiation of acoustic
energy. In the case of acoustically guiding fibers, this additional attenuation term is far less in
magnitude than the intrinsic (viscoelastic) material damping loss and can be neglected. Interestingly,
should the density and shear velocity values be the same in the core and cladding, the waveguide loss
term vanishes [39]. Making this approximation can then simplify the mathematical analysis to some
extent. In the case of acoustically anti-guiding fibers, the longitudinal wave also becomes leaky (again
assuming an infinite cladding) and can contribute waveguide loss comparable to, or even much larger
than [47] that of the material [44]. As discussed below, this acts to broaden the Brillouin gain spectrum
(BGS) and reduce the peak gain coefficient; potentially undesirable characteristics for some distributed
sensor applications.

Ultimately, the determination (or design) of the BGS is the desired outcome. Therefore, once
the components of the displacement vector are known, the scattering amplitude can be determined.
Using similar modal symmetry arguments as above, the analyses in [38,40,42] show that the dominant
scattering term arises from the p12Szz contribution. Therefore, the scattering integral in Equation (3)
can be replaced by a simplified (and normalized) overlap integral taking the form [48]

Γ1/2
m =

∞∫
0

→
E
∗
(r)uz,0m(r)

→
E(r)rdr√√√√(∞∫

0
|uz,0m(r)|2rdr

)(
∞∫
0

∣∣∣∣→E(r)
∣∣∣∣4rdr

) . (8)

Owing to the simple exponential decay of the acoustic wave, a BGS possesses the natural (or
Lorentzian) lineshape [49], with the possibility of multiple overlapping peaks given the presence of
multiple acoustic modes possessing non-zero overlap with the optical field [42]. The scattered intensity
is proportional to Γm [38], and, therefore, the BGS can be calculated by the following

BGS = ∑
m

gB(νa0m)

(
∆νB0m /2

)2

(ν− νa0m)
2 +

(
∆νB0m /2

)2 Γm (9)

where ∆νB is the spectral width of the mode, which possesses contributions from both material
damping and acoustic waveguide-based losses. As previously stated, the waveguide part can be
neglected for typical acoustically-guiding fiber. gB is the Brillouin gain coefficient, which possesses a
number of material parameters, including the photoelastic constant, p12, which is dropped from the
normalized overlap integral, and given by [49]

gB(νB) =
2πn7 p2

12
cλ2

oρVa∆νB
(10)
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with all the material properties previously defined, except for the mass density, ρ. In general, this
equation should not have a wavelength dependence. ∆νB, if only resulting from material damping,
typically is proportional to νa

2, which, in turn, is proportional to λo
−2 thereby canceling the wavelength

dependence in the denominator. This is discussed in the next section. However, there may be chromatic
dispersion in the index [50] or photoelastic constant [51–53], or it is possible that each acoustic mode
possesses a unique gB (more on this later).

Now, a very simple example calculation of the BGS is presented. Figure 2 shows the RIP and
longitudinal acoustic velocity profile for a fictitious fiber wherein all acoustic modes have the same
∆νB = 35 MHz and the same gB. How these profiles came to be, with regard to the dopants in Table 1,
is not important for this example, although this is briefly revisited in the next section. Following the
procedure outlined above, neff is calculated first, establishing the acoustic wavelength and eventually
the real part of the acoustic propagation constant. Next, the boundary conditions are applied, from
which the imaginary part of the propagation and the acoustic phase velocity are found. The modes
then can be plotted to determine the overlap integral given by Equation (8) and the BGS can be
constructed using Equation (9). The result is shown in Figure 3. The relative gain coefficient in this
case is dominated by the overlap between the acoustic and optical modes. As can be seen by the inset,
visually, the L01 acoustic mode clearly has the highest overlap with the LP01 optical mode (optical
intensity is shown in red). Higher order acoustic modes (HOAMs) become more oscillatory, and
therefore the overlap steadily decreases with increasing mode number, with the LP01–L04 interaction
no longer visible above the tails of the other interactions. The acoustic waveguide is clearly multimode,
supporting a fundamental and three HOAMs in the L0m mode family.
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The optical and acoustic profiles were selected for this example since they give rise to HOAM
interactions of reasonable strength. In this case, the LP01–L01 overlap integral (Equation (8)) is about
87%. This “relatively low” value results from the acoustic mode possessing a smaller diameter than
the optical mode, providing for enhanced overlap with the HOAMs. In a way fully analogous to
the optical mode, bringing the core and cladding acoustic velocity values closer together widens
the fundamental acoustic mode and enhances this overlap. Increasing the core acoustic velocity to
5920 m/s increases the overlap integral between the fundamental modes to roughly 93%, while at the
same time L03 and L04 become cut off. When the velocity difference decreases to 35 m/s the L02 mode
becomes cut off. Focusing now on the core diameter, increasing it may result in an increase in the
number of propagating modes. For instance, setting the core diameter to 9 µm (similar to conventional
single mode fiber, with all else kept the same) adds the L05 and L06 mode interactions, though the
latter is near cutoff. This also results in an LP01–L01 overlap integral of approximately 97%. The L07

becomes guided when the core diameter is increased to 10.8 µm, but the optical V-Number then is only
just below cutoff for single mode behavior at 1534 nm.

While a dominant acoustic mode may seem most desirable from the perspective of maximizing
the Brillouin gain, there are cases where multiple peaks are instead desirable. The example presented
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above is for a simple step-index fiber where the acoustic and optical waveguide boundaries coincide.
This usually leads to a dominant L01 mode interaction, where fiber optical properties are still well
within typical requirements (single mode, low bending loss, etc.). However, given the wide range of
materials available in the fabrication of fiber, the RIP and acoustic velocity profiles can be tailored
independently, though with some restrictions. With that, it is therefore possible to design a fiber
that is multi-layered, both optically and acoustically, and with boundaries that need not coincide,
although this can render fabrication extremely, or even prohibitively, difficult. These configurations are
discussed in Section 4. However, first, tailoring the fiber profiles necessarily requires doping material
into silica, each of which brings about different changes to the parameters that contribute to Equation
(10), and results in materials with differing response to the thermo-mechanical environment. This is
another important consideration that is addressed in the next section.
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Figure 3. Simulated Brillouin gain spectrum (BGS) calculated (1534 nm) from the profiles in Figure 2.
The positions of the longitudinal mode interactions are also shown. The insets plot the LP01 optical
mode intensity (red) and the acoustic displacement uz(r) (blue). Vertical dashed lines in the insets
delineate the core region.

3. The Material

The previous section reviewed the acoustic waveguide properties of the optical fiber. In this
section, the focus shifts to the material and the influence of dopants on those physical properties of
silica glass which are relevant to Brillouin scattering. From the perspective of the waveguide, the
acoustic velocity values are most important. The longitudinal and shear velocity values are related
to the Lamé constants (λL and µL where the subscript L has been added for disambiguation) as
VL =

√
(λL + 2µL)/ρ and VS =

√
µL/ρ, respectively. The numerators within square root are the

longitudinal and shear elastic moduli. For the sake of simplicity, the acoustic velocities, rather than the
elastic moduli, are considered the key design parameter.

To form the acoustic (or optical) waveguide, some amount of dopant should be added to the
base silica glass. For the present analysis, these come in the form of oxide and F additives. To form
an acoustic waveguide, a material that reduces the acoustic velocity when added to silica is desired.
Optical guidance requires that this dopant also raise the refractive index. Jen et al. [54,55] offered a
detailed ultrasonic and optical analysis of doped fiber preforms, giving rise to the empirical design
coefficients provided in Table 2. These coefficients suggest a linear dependence of the parameters on
the dopant concentration in percentage by weight. This relationship does not necessarily hold for
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all dopants and parameters. See, for example, the index of binary phosphosilicate glass [56] where
linearity in the mole % (mol%) of P2O5 was observed up to 40 mol%. There is not a linear relationship
between P2O5 concentration expressed in weight % (wt%) and in mol%. Regardless, these linear
values can hold over small, but significant, compositional ranges. Several more such empirical design
equations have been provided over the years. For instance, Koyamada et al. [45] summarized data
from [57–59] giving the following

n = 1.458
(

1 + 1.0× 10−3[GeO2]wt% − 3.3× 10−3[F]wt%

)
(11)

VL = 5944
(

1− 7.2× 10−3[GeO2]wt% − 2.7× 10−2[F]wt%

)
(m/s) (12)

VS = 3749
(

1− 6.4× 10−3[GeO2]wt% − 2.7× 10−2[F]wt%

)
(m/s) (13)

ρ = 2202
(

1 + 6.4× 10−3[GeO2]wt% − 3.4× 10−3[F]wt%

) (
kg/m3

)
(14)

where the number in brackets is the composition in wt%. These values appear to have been at least
partly adopted by others [60–62]. What is particularly interesting is that this set of equations now
enables the design of ternary glass compositions. Presumably, any number of additional dopants could
be appended to these equations. Using them, the composition of the core necessary to achieve the
example profiles in Figure 2 is 0.5 wt% F and 4.4 wt% GeO2 in silica (but assuming that pure silica has
an acoustic velocity of 5970 m/s [35]).

Table 2. Empirical effect of some common dopants on the optical index and shear and longitudinal
acoustic velocities of silica. Data from [55].

Dopant ∆n (%/wt%) ∆VS (%/wt%) ∆VL (%/wt%)

GeO2 +0.056 −0.49 −0.47
P2O5 +0.020 −0.41 −0.31

F −0.31 −3.1 −3.6
TiO2 +0.23 −0.45 −0.59

Al2O3 +0.063 +0.21 +0.42
B2O3 −0.033 −1.18 −1.23

Rather than utilize simple linear fittings to experimental data, the authors here have been
employing a somewhat different approach; one that gives some access to glass design over wider
compositional ranges and properties. For the parameters described thus far in this section, a modern
form of the Winkelmann–Schott [63] addition model is used to calculate the refractive index (and other
properties) of a mixture of glass materials, using volume fraction as the additivity parameter [64].
More specifically, the equation governing the mixture is given by

G = ∑
i

gixi (15)

where g is the bulk parameter of constituent i, x is the additivity parameter (volume fraction in this
case), and G is the property of the aggregate glass.

For purposes of discussion, assume a binary glass mixture having constituents A and B, each
possessing a bulk material value of g (which are refractive index [65], mass density [66], and the inverse
of the acoustic velocity [67]; a simple derivation can be found in [68]). The constituents are assumed to
be well-mixed and that the glass structure does not change significantly across a desired compositional
range. In other words, the binary system acts as a simple mixture across that compositional range.
The volume fraction can be expressed in terms of the mass density, molar mass (M), and the molar
concentration [C]mole% of each constituent as
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xA =

MA
ρA

[CA]mole%
MA
ρA

[CA]mole% + MB
ρB

[CB]mole%

, (16)

with xB = 1 – xA. The resulting calculation gives the property of the binary glass, ideally across the
whole compositional range of 100% of constituent A to 100% of constituent B. In the cases where the
bulk values are not known, they can become empirical fitting parameters that, once found, can serve
as a basis for extrapolation to a more optimized composition. As previously discussed, a summary of
material properties obtained through these means can be found in [35]. Above-and-beyond what has
been identified in [55], the work in [35] includes Y2O3 [69], MgO [33], SrO [70], BaO [71], Yb2O3 [72],
La2O3 [73], Lu2O3 [74], and Li2O [34], providing a broad palette of dopant selection for glass design.

Interestingly, it is possible to deduce both the density and index of the bulk materials, so long as
both are assumed for one of the constituents (usually for pure silica as the base material). To illustrate
this, Figure 4 provides an example calculation for binary germanosilicate glass utilizing the parameters
found in [75] (blue curve). When the mass density is modified for the same bulk refractive index value
(these can be read from the endpoints on the graph), the curvatures of the graphs change, offering
a means to obtain fittings for it with some degree of confidence. To clarify, Equation (15) does not
necessarily give insight into the glass structure. Instead, it is a simple empirical model that can be
used in the design of the glass comprising an optical fiber. Most importantly, it provides sufficient
degrees-of-freedom to obtain very good fits to experimental data across wide compositional ranges.
With caution, this enables simple extrapolations to compositions more suitable for a given application.
The methodology has successfully been applied to BaO [71] and Al2O3 [76] silicates, but to the best of
the authors’ knowledge has not yet been used in germanosilicate glasses of varying mass density for a
fixed composition (or, in other words, a varying bulk GeO2 mass density).
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With regard to Figure 4, it is apparent that variations in the fiber processing/fabrication
history, those that lead to differences in glass density, will give rise to fibers with different material
characteristics. The same can be said of the properties of the individual glass constituents, including
the SiO2 component in a multicomponent glass. However, as a simplification, the latter usually is
assumed to have fixed properties in the additive model. It was shown [76] experimentally, in a binary
aluminosilicate system, that a 25% increase in the density of the Al2O3 component gave rise to a 9%
increase in VL and 5% increase in n (in both cases for the Al2O3 component). Regardless of some
randomness associated with fabrication, it is not unreasonable to expect that the glass, in fiber form,
would have properties not too dissimilar to those in bulk form. This comes with the caveat that fibers
are rapidly quenched, whereas in many instances bulk glass samples are annealed, which can lead to
some changes to the Brillouin scattering characteristics [77]. This is important to note, as the literature
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is replete with the elastic characterization of bulk glass (e.g., lithium and sodium silicates, with and
without Fe2O3 [78,79], barium alkali silicate glasses [80], strontium manganese borate glasses [81],
titanium silicate [82], alkali and alkaline earth metal aluminosilicates [83], and lead and zinc silicate
glass [84] just to name a few). Given their very different thermal histories, this argument also can be
extended to the case of preform versus drawn fiber. For example, alumina seems to act somewhat
differently in going from preform [55] to fiber [76]. It already is well-known that variations in draw
tension, temperature, etc. can also lead to frozen-in effects that may influence the refractive index [85]
and acoustic velocity [75,86]. Thus, each of the design coefficients and equations provided above
should be applied with some caution and care.

The modeling presented thus far allows one, in a straightforward way, to design a desired
frequency distribution for the Brillouin scattering interaction. Another common computational
approach is the finite element method (FEM). Several groups have used FEM for the design or
analysis of the Brillouin scattering spectra in optical fiber [87–91]. One advantage is that these methods
may offer greater computational efficiency for more complicated fiber structures, especially with the
use of commercial software [91]. A drawback, however, especially with commercial software, is that
they generally do not take into consideration those additional parameters that make up Equation (10).
This may not be important if a fiber should be lightly doped and be comprised mainly of silica; gB will
remain about the same. However, even a few mol % of some additives can have a significant impact on
gB (see, for example, the effect of B2O3 on ∆νB [75]). Early on, Niklès et al. [57] observed a significantly
broadening spectrum (and therefore decrease in gB) with increasing GeO2 content. Indeed, this is true
of all silicate additives listed in [35].

Continuing the discussion more broadly, several simulations, whether of the boundary-value [45] or
FEM type, assume that the cladding acts as the predominant waveguide in an acoustically anti-guiding
fiber [91]. More specifically, the interacting modes are those defined by the cladding-to-buffer boundary.
There is value in scrutinizing this assumption since the phonon lifetime is on the order of 10 ns [49]. Given
the speed of sound in pure silica (Equations (12) and (13)), the cladding is roughly two phonon lifetimes
wide in a standard 125 µm fiber. It is, therefore, not clear what role the cladding boundary does play in
acoustically anti-guiding fiber in the case of small or intermediate cladding diameters. This, likely,
is very little in the large fibers encountered in high-power lasers [92] (a 400 µm cladding diameter
gives about 6 phonon lifetimes). While acoustically guiding fibers may be preferable in Brillouin-based
distributed sensors, hopefully the preceding discussion is still important, as it sheds more light on the
contributions to ∆νB. To conclude, it has been shown that, for an acoustic mode occupying regions of
the fiber with differing material ∆νB, both FEM and boundary value computational methods can be
used to determine a modal value [93,94] spectral width.

Attention now is turned towards the other materials parameters in Equation (10). First, the
material acoustic velocity, refractive index, and mass density usually are set by the design of the
waveguide. All likely will be within 10% of that of silica, with the refractive index difference probably
much less than that for a single mode, weakly guiding, optical fiber. The photoelastic constant, p12,
remains and is doubly interesting since: (1) it can take on either positive or negative values [95]; and
(2) gB is proportional to the square of its value. It turns out that the common dopants, GeO2 [96],
B2O3 [96], and P2O5 [97] all have photoelastic constants that are comparable to that of SiO2, with
that of B2O3 apparently slightly higher [96]. However, other dopants that have been applied, such as
Al2O3 [52], possess a negative-valued p12. This leads to a reduction in p12 when added to silica, and
coupled with any spectral broadening, this can significantly offset gB. It should be noted that p12 does
not affect ∆νB.

Therefore, in some fiber designs, perhaps where absolute or relative Brillouin gain is important,
consideration of the material in the simulation of the BGS is essential. Complete sets of materials
models derived from Equation (15) are provided in the paper sequence in [35,98–100] (and are not
repeated here). Although the focus was on the suppression of nonlinearities, generally, they also may
be applied to the calculation of gB for sensing applications. As can be inferred from Table 1 in [35],
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however, it will be a challenge to start with pure silica and, then through a materials route, enhance gB.
Stated another way, adding just about anything to SiO2 will lower its material gB. This is not meant
to discourage investigations into these areas for Brillouin-based distributed sensors, since it is the
response of the material to the thermo-mechanical environment that is most important. Fortunately,
some interesting cases require displacing only lesser amounts of silica, such that gB is not decreased to
a value below system feasibility, should this be a design concern.

To conclude the discussion of gB, an example calculation is presented. Binary P2O5 in SiO2 is
the selected material system. This is of interest since P2O5 has a negative thermo-optic coefficient
that can give rise to fibers whose νB are immune to changes in temperature [94]. Table 3 provides
a summary of the numbers utilized in the calculation. The refractive index values are those at 1534
nm, and the remaining data are from [94,97]. The spectral width is listed at a reference frequency
of 11 GHz (arbitrarily selected). This is important since, as the P2O5 content changes, so does ∆νB.
This results from the fact that the addition of P2O5 decreases the acoustic velocity, and since the
acoustic wavelength is fixed to the optical wavelength via the Bragg condition, the frequency also
decreases. Most materials have a spectral width that typically is proportional to the square of the
acoustic frequency [101], though this is suggested not to be the case for B2O3 [102] (more on this topic
below). Referring to Figure 5, gB initially drops from that of pure SiO2 due to the large, relative acoustic
attenuation (large ∆νB) coefficient brought by P2O5. However, as the P2O5 concentration increases,
and the acoustic velocity value decreases (decreasing νB), ∆νB ultimately narrows to a point where that
effect dominates, raising gB. This results in the absolute minimum in gB([P2O5]) in Figure 5. In the case
of materials with negative p12, such as alumina, a singular binary silicate composition where gB = 0 is
encountered [103]. What is more, materials that raise the acoustic velocity result in an increasing (not
decreasing) spectral width with increasing concentration.

Table 3. Material properties used to calculate gB for the binary phosphosilicate glass.

n VL (m/s) ρ (kg/m3) p12 ∆νB (MHz @ 11 GHz)

SiO2 1.444 5970 2204 0.252 17.0
P2O5 1.488 3936 2390 0.226 176.8
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Figure 5. gB for the binary phosphosilicate glass as a function of mol % of P2O5 relative to that of pure
SiO2 in units of dB. An absolute minimum is observed in the plot. Even a few mol % of P2O5 can cause
a significant drop in gB.

Turning now to the thermo-mechanical response, the Bragg condition may be rewritten in terms
of the acoustic velocity as

νB =
2ne f f Va

λo
(17)
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where the index is the effective index of the optical mode, and Va is the acoustic mode velocity. If
the fiber undergoes strain (ε) or a change in temperature (T), the fiber response may be found by
differentiating Equation (17), giving rise to

dνB
d(T, ε)

=
2

λo

(
Va

dne f f

d(T, ε)
+ ne f f

dVa

d(T, ε)

)
. (18)

The values for pure silica (bulk material, not waveguide) are summarized in Table 4. The
expression for dn/dε depends upon the unstrained index, no. At a wavelength of 1534 nm, the
index is 1.444 [50], so this term is 0.262 ε−1. Evaluating the responses at said wavelength using the
parameters provided previously and in Table 4 gives dνB/dT = 1.13 MHz/K and dνB/dε = 57.1 GHz/ε
(the thermal and strain coefficients, respectively). In the case of pure silica, the term possessing the
derivative of Va is more than one order of magnitude larger than the other. Regardless, the advantage
of utilizing shorter optical wavelengths is obvious. As a quick note on dn/dT, Prod’homme [104]
argued that dn/dT encompasses two competing processes: (a) a decrease in density associated with
thermal expansion, resulting in a decreased refractive index; and (b) an increase in polarizability as the
electrons become more loosely bound to their nuclei, thus increasing the refractive index. If the latter
process dominates, then dn/dT is positive. A list of dn/dT for numerous silica additives can be found
in [35], but, in short, F, B2O3, P2O5, and SrO have been shown to bring negative values of dn/dT to
the mixture.

Table 4. Material response to changes in T and ε for pure glass SiO2.

Parameter Value

dn/dT (10−6 K−1) +10.42 [94]
dVa/dT (m/s/K) +0.555 [94]

dn/dε (1/ε) −(no
3/2) × 0.174 [52]

dVa/dε (m/s/ε) +29,240 [97]

These response values are typical of those found in the literature for optical fiber with conventional
coatings [105]. Deviation from them depends on the absolute fiber configuration, coating, and glass
composition. For instance, it has been shown [106,107] that one can enhance the thermal sensitivity
with a coating of high coefficient of thermal expansion (CTE). Going in the other direction, a reversal
of the sign of the thermal response was demonstrated by using a high-CTE core cladded in low-CTE
silica [34]. As discussed below, these possibilities stem from silica’s anomalous behavior of decreasing
acoustic velocity with increasing applied pressure (compression) [108–110] (this is the leading reason
why νB increases with applied strain).

The glass composition also plays a primary role in the magnitude and sign of the response
coefficients. Niklès et al. [57] showed that the addition of GeO2 to silica decreases the magnitude of
the thermal coefficient. Interestingly, the addition of Al2O3 [52], SrO [70], BaO [71], La2O3 [73], and
Lu2O3 [74] were all found to reduce the magnitudes of both the thermal and strain coefficients. This is
interesting from the perspective of designing a fiber whose response to temperature changes or strain
is zero.

Niklès et al. [57] also showed that the Brillouin spectral width decreases with increasing
temperature in germanosilicate optical fiber. This was attributed to acoustic absorption in the tails
of the thermo-absorption curve. Since the acoustic attenuation (damping, or also ∆νB) has a peak
at cryogenic temperatures (just over 100 K at 27.5 GHz hypersonic frequency using 633 nm optical
illumination, see Figure 6) [111], the Brillouin spectral width must then be decreasing in value moving
away from this peak (increasing temperature). Interestingly, being far from the peak also gives rise to
the frequency- (or inverse-wavelength-) squared dependence of ∆νB. More specifically, the Brillouin
spectral width can be expressed as [112]
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∆νB =

(
2n
λo

)2 η′(ν)

ρ
(19)

where η’(ν) is a dynamic viscosity. Through an analysis utilizing the theory in [112], Law et al. [102]
showed that when the temperature is far from the peak of the thermo-absorption curve, η’(ν) becomes
independent of frequency. However, in some materials, they suggested, where the fiber fictive
temperature is near such a peak, ∆νB acquires a sub-quadratic dependence on frequency, resulting
from the frequency dependence of η’(ν). As also is apparent, the relative shape (magnitude and peak
temperature) of these thermo-absorption curves must give rise to the relative contribution to ∆νB
by dopants [57], as would seem to be confirmed with the case of GeO2 [113]. For completeness, a
simulation of ∆νB (after [111,112]) as a function of temperature is shown in Figure 6.
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acoustic attenuation coefficient.

Each of the parameters presented above has some dependence upon the temperature of the optical
fiber. From the perspective of the waveguide, as the refractive index or acoustic velocity changes with
T, so can guiding characteristics that influence Γm (though likely in an insignificant way). From a
material perspective, as the fiber heats, the acoustic velocity changes, thereby resulting in a change in
νB. This, in turn, results in a change in ∆νB and therefore gB. The spectral width is also a function of
T as discussed in the preceding paragraph. Parker et al. [114] provided an expression for scattered
Brillouin power as

PB =
AT
ν2

B
(20)

where A is an empirical calibration constant associated with the fiber being used in a system.
As discussed below, the power dependence on T has been used as an additional tool in discriminating
T from ε in a distributed system [115,116].

4. Fiber Configurations

The previous two sections, with references (and the theoretical and empirical findings found
therein), provided summaries of the waveguide and material properties that are used in discussing
several novel Brillouin-tailored fibers that can be found in the literature. As a sensing tool, one logically
can conclude that both the thermo-mechanical response and scattering efficiency of the Brillouin
process are of primary interest. For instance, a fiber with enhanced gB may be desirable for short- to
moderate-reach sensors with high SNR. However, as discussed above, this may prove to be challenging
since fused silica, among oxide compounds, has a relatively high gB due to a narrow ∆νB coupled with
a relatively large p12.
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In terms of the thermo-mechanical response, a deployed optical fiber will be subject to changes in
both T and ε. Obviously, then, if one could somehow devise a configuration whereby a system of two
equations with two unknowns (T and ε) can be formulated, then simultaneous strain and temperature
sensing could be achieved. For instance, consider the simultaneous use of two independent fibers [117].
Further, consider that each has a unique thermal and strain coefficient. In this case, the system can be
characterized by the matrix equation[

∆νB1

∆νB2

]
=

[
CT1 Cε1

CT2 Cε2

][
∆T
∆ε

]
(21)

where the Cs represent the two thermal and strain coefficients in the obvious way. Equation (21)
describes the change in the νB’s with changes in T or ε. Therefore, knowing the Cs a priori, distributed
measurements of frequency on the two fibers gives T and ε from some starting, relaxed state (by solving
the inverse-matrix problem). As an aside, Equation (21) need not be limited to a 2 × 2 matrix and can
include other (even non-Brillouin) parameters, such as Brillouin power (as discussed at the end of
the previous section). Other examples include simultaneous use of Brillouin scattering and changes
in birefringence in a polarization-maintaining fiber [118–120], and the use of Brillouin scattering
coupled with thermally-induced changes to the emission spectrum of Er doped into the fiber [121].
The Cs should differ significantly enough to achieve any required system sensitivity. For example,
Bao et al. [117] utilized a second fiber that could be kept loose such that no strain was experienced by
that fiber. In this case, Cε2 = 0 GHz/ε and Cε1 could remain similar in magnitude to that of silica.

The two fibers (or rather their cores) need not be part of independent structures. For example, Li
et al. proposed a dual-core fiber for discriminative sensing [122] and detailed experimental validation
was recently provided [123]. In this case, the two cores have non-overlapping values of νB and have
differing thermal and strain coefficients. Mizuno et al. [124] described the use of multi- (7-) core
fiber for the distributed Brillouin sensing application, but only characterized two of the cores for said
application. They found that the thermal and strain coefficients differed by <10% in the first and
second cores, but with one parameter being larger and the other being smaller in the first core. They
suggested that the change in coefficients largely can be attributed to practical differences in the core
materials. Zhao et al. [125,126] showed that the Brillouin scattering response of multi-core fibers is
highly sensitive to bending, thus paving the way for three-dimensional shape sensors.

Equation (21) need not be limited to the use of two or more optical fibers/cores. Coefficients 1 and
2 instead may refer to two distinct optical modes in a fiber (if the fiber is multimode) [127]. Should the
thermal and strain responses of Brillouin scattering involving two orthogonal optical modes differ, they
also may be utilized for discriminative sensing. To remind the reader, the result, or consequence, of the
thermo-mechanical response is carried by the scattered optical mode via an interaction with the guided
(or possibly anti-guided) acoustic wave. Both the optical and acoustic properties of the fiber may be
functions of the environment, though, as discussed above, the latter dominates in fibers comprised
mainly of silica. Weng et al. [128] showed that the acousto-optic interactions in such fibers involve
optical and acoustic modes that have the most similar shape, and therefore, as would be expected,
largest spatial overlap (see Equation (8)). Very nice theoretical analyses of such interactions can be
found in [129,130]. Xu et al. [62,131] provided an analysis involving modes possessing orbital angular
momentum, while Wu et al. [132] described a hybrid Raman-Brillouin system in a few-mode fiber.

Another possibility for discriminative sensing is the use of multiple acoustic mode interactions
(or “peaks” in the BGS) in an optically single mode fiber, as first suggested by Lee et al. [133]. In this
case, both the fiber’s acoustic velocity and refractive index profiles are tailored to enhance the gain
on one or more HOAMs. Differences in the sensitivity coefficients between the various modes arise
from variations in their spatial overlaps with the compositional profile. Figure 7 provides such a BGS
(though fictitious) modified utilizing these procedures. The fundamental (L01) and one HOAM (such
as L03) now have similar strength, and their responses to a change in T or ε differ. In this case, the



Appl. Sci. 2018, 8, 1996 15 of 24

HOAM may have greater overlap with a region containing a dopant that lowers CT or Cε, since, as
described above, these coefficients can be strong functions of the material. A potential drawback to
this approach is that it lowers the gain on the LP01-L01 acousto-optic interaction. However, it has been
suggested [134,135] that this could be advantageous in long systems due to the elevated threshold for
the onset of the stimulated form of Brillouin scattering (SBS). In Refs. [133,134], Corning LEAF fiber
was utilized for discriminative sensing due to the presence of multiple acoustic mode interactions of
reasonably similar magnitude.Appl. Sci. 2018, 8, 1996 15 of 24 
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Along the aforementioned design approach, Zou et al. [136,137] described a fiber with a
GeO2-doped core and F-doped inner cladding whereby such differences in material properties led
to different thermal and strain coefficients for each guided acoustic mode. They also demonstrated
enhancement of the strength of the interaction with the highly oscillatory L03 mode. In a theoretical
study, Dragic [138] suggested decoupling the optical and acoustic boundaries to achieve gain
equalization between the fundamental mode (L01) and a HOAM. A diagram of such a scheme is
provided in Figure 8. Law et al. [94,97] demonstrated a simple means of calculating the thermal
and strain coefficients for the interactions with the HOAMs in a radially non-uniform P2O5-doped
fiber with matched inner cladding, with excellent agreement between theory and experiment. Note
that a revised dn/dT for P2O5 in silica was recently suggested [139]. Additional papers on tailoring
the acoustic mode distribution can be found in Refs. [44,61,87,140–142]. Finally, Lu et al. [143] used
three acoustic modes in LEAF and the relative intensity of two resulting beat signals in the several
hundred MHz range for discriminative sensing. To conclude, these fiber configurations are enabled
by the relatively wide range of materials and their respective influences on the Brillouin scattering
characteristic (see Table 2 or [35]).

As an interesting side note, the aforementioned methods to tailor the BGS require transverse
(radial and possibly azimuthal) engineering of the optical and acoustic waveguide properties. However,
an optical fiber also may be tailored in the axial direction. Indeed, this has been a known method to
suppress SBS in optical fibers: by varying the composition or waveguide properties along the fiber
length, the BGS becomes distributed across a wider range of frequencies [144–146], thereby decreasing
the peak value of gB. Such a fiber enables the possibility of having a unique one-to-one mapping of
some position along the length of fiber to a frequency on the BGS. It was suggested [147] that such a
fiber can be used for simple distributed sensing in that a modest continuous-wave (CW) measurement
of the BGS of the entire fiber can give thermal or strain distributions along the axial direction of
that fiber.

Rather than obtaining full discriminative details about the fiber’s environment, perhaps in some
cases only a single parameter is wanted, such as a local ε or T alone. It may then be impactful to
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devise a fiber that is immune to changes in T or ε, respectively. These are referred to as “athermal” and
“atensic” (after [71]), respectively. As discussed in the previous section, it appears that the community
has yet to observe an increase in CT or Cε simply by adding dopants to silica. In other words, adding
just about any oxide to the silica core will reduce the thermal or strain sensitivity. However, on the
bright side, this represents a possible path to athermal or atensic fibers.Appl. Sci. 2018, 8, 1996 16 of 24 
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One drawback to this approach, however, in many of the silicate systems studied (e.g., SrO [70],
BaO [71], La2O3 [73], and Lu2O3 [74]), is that an athermal (or atensic) fiber composition usually
is accompanied by a significant reduction in its sensitivity to strain (or temperature) and in gB.
An exception was observed in [34] with the addition of Li2O to silica, wherein an athermal fiber
composition (that also is optically single mode) could be achieved with a strain sensitivity similar to
that of pure silica. As discussed in the previous section, this was attributed to a significant increase in
the CTE of the core relative to the cladding with the addition of lithia. A possible drawback to this
structure was that it was acoustically anti-guiding with a wide ∆νB. It was suggested that this could
be avoided with the use of Na2O or K2O. Interestingly, the results in [34] were extrapolated to higher
Li2O concentrations [148] and modeling results suggest a maximum (magnitude) thermal response
in the range of −6.5 MHz/K, roughly six times higher than silica (but negative), exists in the lithium
silicate system; a value comparable to that in polymer fibers [149].

The effect of CTE mismatch between core and cladding also was studied in the aluminosilicate
system in [150,151] and the conclusion seems to be that in a fiber where the core CTE (once again, by
adding just about anything to silica, etc.) is greater than that of the cladding (assumed to be pure
silica), ε also is a function of T. Note that a new model for the CTE using Equation (15) can be found
in [152]. However, this dependence may be weak, depending on the absolute composition (which
and in what quantity dopants are used). This results from a positive pressure forming on the SiO2

component of the core glass as the temperature is increased. Similarly, and as discussed previously,
the fiber could be coated in a material that strains the silica as the temperature is increased and thereby
enhancing the thermal sensitivity [106,107].

5. Conclusions

Specialty optical fibers for the Brillouin-scattering-based distributed sensor application were
briefly reviewed. While most may not consider Corning’s LEAF non-zero dispersion shifted fiber to be
a “specialty fiber”, its use in certain distributed sensor configurations lies well outside the reasons for
its development. Therefore, it has been included in this discussion, but with the consideration that
acoustic waveguide design could further be optimized and developed for distributed sensors. The
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optical and acoustic waveguide properties of silicate glass optical fibers first were discussed. Next,
material properties were described in the context of how they modify the relevant Brillouin scattering
attributes of the fiber. Finally, the literature was surveyed for fiber configurations that give rise to
novel methods and arrangements for this distributed sensing application. It has been suggested that
these fibers enable systems capable of discriminative sensing (for example, distinguishing changes in ε

and T), 3-D shape sensing, simple frequency-domain sensing, systems that are immune to changes
in one or more environmental conditions (such as with athermal or atensic fibers), and fibers with
enhanced thermo-mechanical response.

Acoustic waveguide design, while leading to novel fiber configurations, such as a multi-peaked
BGS with potential for discriminative sensing, has been limited to a few common dopants developed
for conventional fabrication methods (such as modified chemical vapor deposition (MCVD)), namely
GeO2, Al2O3, and F. This has limited the range of fiber properties that are feasible or even possible.
As such, the design of the BGS, the relative strength of gB, and thermal and strain coefficients are
limited to a narrow range with the use of these dopants. The use of less conventional materials, even
in the silicates, can enrichen the set of tools that can be used in the design of such optical fibers. For
instance, the use of less conventional materials such as alkali metal oxide dopants can lead to fibers
immune, or even several times more sensitive, to changes in temperature. Such materials also can find
value in multi-core fibers and multi-material fibers [153], especially for high-sensitivity discriminative,
multivariable sensing.

However, due to technological limitations related to the material in an entrenched fabrication
process, such new glass systems have not widely been studied utilizing the more conventional
fabrication methods found in the commercial sector [154]. For instance, many of the novel silicate
systems studied by these authors were fabricated using the molten core process (more details can
be found in [155]) which differs significantly from the MCVD process in terms of both thermal
and processing history, and ranges of compositions that can be produced. Although not currently
commercially pervasive, it is the contention of these authors that the maturation of this and other fiber
and glass fabrication methods [156–158] can give access to a wider range of the Periodic Table and fiber
embodiments, and more widely-varied thermo-mechanical responses. This can lead to simpler and
less expensive sensing systems (such as through beat signal measurements found in [44,143], bringing
the measurement frequency to a potentially more cost-effective region in the RF [159]). While fiber
development cost may initially be high, the long-term payoff could be economies of scale.
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