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In-fiber opto-mechanics based on forward Brillouin scattering enables sensing the surrounding of the optical fiber.
Optical fiber transverse acoustic resonances are sensitive to both the inner properties of the optical fiber and the
external medium. A particularly efficient pump and probe technique—assisted by a fiber grating—can be exploited
for the development of point sensors of only a few centimeters in length. When measuring the acoustic
resonances, this technique provides the narrowest reported linewidths and a signal-to-noise ratio better than 40
dB. The longitudinal and transverse acoustic velocities—normalized with the fiber radius—can be determined with
a relative error lower than 1074, exploiting the derivation of accurate asymptotic expressions for the resonant

frequencies.
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| 1. Introduction

The study of forward Brillouin scattering (FBS) in optical fibers, i.e., forward scattering of a guided optical wave by
transverse acoustic resonances of the fiber itself, started in the 1980s [l and is attracting increasing interest in
recent years 2. Early studies employed optical heterodyne detection to resolve the fine structure of thermally
excited acoustic modes. Since then, continuous improvements in the excitation and detection approaches have
impelled both fundamental studies and sensor applications. Preferable excitation schemes use either a simple
optical pulse to excite a broadband of acoustic frequencies simultaneously &, or a dual-frequency laser source for
the selective excitation of acoustic resonances matching the frequency difference 4. In both cases, electrostriction
is the dominant physical effect responsible for the optical excitation of transverse acoustic resonances. Although
heterodyne detection is always an option B, detection has been carried out frequently using a Sagnac

interferometer driven by an auxiliary probe signal.

The idea of emulating the success of distributed fiber sensing based on backward Brillouin scattering has driven
some recent developments, bearing in mind that FBS would enable measuring properties of the fiber surrounding.
The need for removing the coating of a standard optical fiber is certainly a severe drawback for practical
applications of distributed sensors I, Typically, only some sections of the fiber are uncoated, and the reported
spatial resolutions are higher than 2 m. One approach to overcome this limitation is the use of optical fibers coated

with a thin layer of polyimide, since the mechanical properties of this material significantly reduce the attenuation of
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acoustic waves in silica fibers [BI2, Thus, it is possible to distinguish between air, water, and ethanol outside a fiber
coated with polyimide 9, with a reported resolution of 50 m. It is worth mentioning that FBS has been

demonstrated to be a useful tool for the characterization of elastic properties of fiber coatings 11,

| 2. A Point Pump and Probe Technique

Sensor applications based on FBS would appear to be doomed to large spatial resolutions of the order of meters.
Thus, sensing liquids with a simple drop would be beyond the achievable. The development of point sensors in
which the physical mechanism for sensing the external medium is the acoustic field, but not the optical field, can
give rise to a range of applications parallel and complementary to the more conventional fiber sensors based on

optical mechanisms.

Figure 1a depicts the pump and probe technique. The fiber under test (FUT) has about 20 cm length and the
coating was removed for two reasons, first for writing the LPG and second to have acoustic resonances with the
highest possible quality factor. The FUT length could be as short as the length of the long-period grating (LPG)
(typically 10 cm). The LPG is critical for the right implementation of the technique. Since the refractive index
modulation produced by the acoustic resonances can be extremely small, the LPG needs to have sharp edges to
generate the highest possible transmittance modulation with small core refractive index perturbations. Thus,
narrow-linewidth LPGs are required. The LPG was fabricated following a technique previously developed 12, that
permits the fabrication of 1 nm bandwidth LPGs. More specifically, a high numerical aperture fiber supplied by
Fibercore (SM1500-4.2/125, NA 0.29, cutoff wavelength 1387 nm) was used. The period of the grating was A =
52.3 ym, the length was L = 11 cm, and the notch wavelength was A; pg = 1551 nm. The 3 dB bandwidth of the

LPG was 1.3 nm and the depth of the transmittance at the resonance wavelength was -9 dB.
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Figure 1. (a) Experimental setup. OSC: oscilloscope; PD: fast photodetector; LPF: long-pass filter; DM: dichroic
mirror; WDM: wavelength division multiplexer; PPL: pulsed pump laser; A2: half wavelength plate; TDL: tunable
continuous wave diode laser; PC: polarization controller; Blue line: pump laser path; Red line: probe laser path. (b)
Typical pump pulses for 7 kW and 20 W peak powers. (¢) Transmittance of the LPG and operation principle of the
pump and probe technique: (i) the vertical dashed line indicates the probe laser wavelength, which is set in the
linear region of the LPG transmittance, and (ii) the acoustic wave will shift the resonance wavelength of the grating

(AA pg) and this will cause the transmission of the probe signal to be modulated by AT.

Figure 1b includes oscilloscope traces of the pump pulses for 7 kW and 20 W peak powers (700 ps pulse duration,
1064 nm wavelength, 19.9 kHz repetition rate). Selecting pump pulses of about 1 ns duration ensures an efficient
excitation—via electrostriction 138l —of transverse acoustic resonances of hundreds of MHz. Radial resonances of
order 6-8 at around 300 MHz exhibit the highest overlap with the fiber core and generate the highest modulation of

the core refractive index 24,
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Figure 1c includes the transmittance spectrum of the LPG and shows how a small shift of the grating will modulate
the probe signal adjusted to the edge of the LPG. The experimental values of the slopes at the central point of the
edges—where the slope is linear, s = dT/dA—are s = —0.98 nm™ for the left side of the notch and s = 0.90 nm™ for
the right side. It can estimate the relations between a small change of the core effective refractive index (dn.,), a
given shift of the LPG grating (A, pg), and a measured change of the transmittance of the probe signal (8T), with

the expressions:

8T

SALpg = Adnco y, Mo = — . (1)
sA

Figure 2 shows two representative oscilloscope traces of the probe signal modulated by the acoustic waves
generated with pump pulses of 7 kW and 20 W peak power, and both traces are the average of 1064 pump pulses.
These plots include, on the right-hand side, the calculated effective refractive index change according to Equation
(1). Figure 2b shows that effective index changes as small as 1072 can be detected. The repetition frequency of
the pump laser is 19 kHz—52.6 ps period—while damping of the acoustic signal, according to the oscilloscope

traces, takes about 1 ps. Thus, it can ensure that the responses of two consecutive pulses are independent of each

other.
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Figure 2. Oscilloscope traces for pump pulses of (a) 7 kW and (b) 20 W. Each one of the traces is the result of
1064 averages. (c,d) The fast Fourier transform of traces (a) and (b): SNR > 40 dB and 15 dB can be observed,

respectively, for the strongest resonances.
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In addition to a good SNR, the present technique provides the narrowest reported linewidths for the transverse
acoustic resonances. The series of resonances observed in Figure 3 are the radial resonances, Ry . Accurate
measurement of each resonance with a RF signal analyzer permits to determine its linewidth. Figure 3 shows the
spectra of resonances Rps and Rgjp—experimental points and fitted Breit-Wigner—Fano function—and the

linewidth of Ry ,, modes versus their resonance frequencies.

(@) (b) (c

~

=y 3 400F ]
© © N - PR
= pug L
< °
9 2 T 200- o 8
) o = o
2z 2 o
] © 3 L
&) y T ¥ T . 1 & T T L T T T 0_1.. L7 S S R ¥ |_
2249 2250 2251 462.2 4624 462.6 0 500 1000
Frequency (MHz) Frequency (MHz) Mode frequency (MHz)

Figure 3. Acoustic resonances (a) Ry s and (b) Rg jo—experimental points and fitted Breit—-Wigner—Fano functions

—and (c) linewidth of Ry , resonances versus the frequency.

| 3. Asymptotic Expressions for High-Order Resonances

The characteristic equations for R, ,, and TR, ,, resonances are:

Ro,m resonances : (1 —a”)Jo(az) — a®Ja(az) =0, 2)

(3 —22/2)Ja(az) (6 — 22/2)Ja(z) — 32 J3(2) B

TR, resonances : =
’ Jo(az) — az J3(az) (2 — 2%/2) Ja(2) + 2 J3(2)

0, )

where z is the normalized frequency given by z = 2mta f /Vs, and a = Vs/V,, with f being the frequency, a the fiber
radius, Vs and V| the shear and longitudinal acoustic wave velocities, and J,,, the Bessel functions of the first kind

of order, m.

Having in mind the idea of extracting the information from the whole spectrum of acoustic resonances, better than
from one or two resonances, as it is usual in sensor applications developed so far, we found it very useful to derive
accurate asymptotic expressions for the resonance frequencies determined by Equations (2) and (3). Using

Hankel's asymptotic expansions of Bessel functions for large arguments 2!, and following the procedure outlined
in [161;
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16a* — 1
Ry ,resonances : fr,, = i em e , :
) ) 2na 8cm
V. 15
TRg}")n resonances ° f:l(“]_-l-%,m —_— ﬁ lcm+1 o Schr]_ ‘| Y (5)
1% 15
TRS,)n resonances : f; 1(“25)3,771 - ﬁ lcm+1 8¢ 1 , :

where ¢, = mn — n/4 ,m=1, 2, 3, etc. These expressions retain the first two dominant terms for high-order
resonances and provide high-accuracy numerical values for the frequencies of resonances, provided there is no

degeneracy between TR%}n ,mand T Rgi)n ,M resonances.

| 4. Sensor Applications
4.1. High-Accuracy Measurement of Poisson’s Ratio

An accurate determination of Poisson'’s ratio (v) of optical fibers is an evasive issue that has been unattainable for
many years. A value ranging between 0.16 and 0.17 is assumed, with a relative error of 6% (17181 The
determination of v is carried out typically by combining interferometric and polarimetric measurements. Using the
pump & probe technique reporterd here and the asymptotic expressions (4) and (5), it is possible to achieve an
accuracy improvement of about two orders of magnitude, pushing the relative error down to 1073. This result

proves the potential of the pump and probe approach to develop point sensors based on FBS with low detection
limits 191,

4.2. Simultaneous Strain and Temperature Measurement with a Single-Point Sensor

Here, the implementation of simultaneous and discriminative measurements of strain (€) and temperature using a

single-point sensor that exploits the FBS pump and probe technique is discussed. The proposed approach exploits
(1)

the different sensitivities of radial, Rg , , and torsional-radial, TRz,m ,

resonances with strain and temperature,
generated by the different temperature and strain coefficients of the longitudinal and shear acoustic wave velocities
(0V/OT # dVs/OT and 0V, /de # dVs/0¢€). In addition, for large values of the order m and according to the asymptotic
expressions (4) and (5), we found that the relative shift of all the resonance frequencies of radial modes versus
temperature and strain, AfR,m/fR,m , will be independent of the order m, and the same happens for the relative

. . . 1 1 . . .
shift of the torsional-radial resonances, Af}]%m/f}%m . Thus, instead of measuring only one radial resonance
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and one torsional-radial resonance, it can be more robust to measure several of them, or even the whole spectrum.
Figure 4 shows the relative frequency shift of two specific resonances and the averaged value obtained using the
whole spectrum, showing that there is a perfect agreement. From these measurements, one can calibrate the
sensor and obtain the temperature and strain coefficients for Afr/fr and A frgr/frr defined by the elements

cigTR of the following 2 x 2 matrix:

l AfR/fR ] B cgR cg lAs] -

AfTR/fTR C;R C%R AT
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Figure 4. Relative frequency shift of resonances Ro,gg and TR;24 versus temperature (a) and strain (b). Both
(1)

figures include the averaged values of Af/f over all the resonances, Ry, and TRQ’m ,

of each series (solid lines).
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