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Abstract—The proper function of protective coating layers is
essential for the handling and application of brittle optical fibers.
The elastic parameters of polymer coatings can be studied through
off-line analysis of test samples. However, the monitoring of these
properties on a working fiber during service is challenging. In this
work, we use forward stimulated Brillouin scattering processes in
standard single mode fibers to measure the acoustic velocity in
several types of coating layers. Pump light launches short acoustic
pulses outward from the core of the fiber. Multiple reflections at the
boundaries between cladding and coating, and between coating and
air, form a series of delayed acoustic echoes across the core. These
echoes are monitored, in turn, by photo-elastic phase modulation of
probe light. Data are collected at temperatures between 25-120 °C.
The thermal dependence of the acoustic velocities in several coat-
ings and of the F-SBS resonance frequencies is investigated. Obser-
vations are corroborated by calculations. The proposed technique
is well suited for research and development of coating materials,
production line quality control, reliability studies and preventive
maintenance of working fibers.

Index Terms—Coatings, elastic constants, nonlinear fiber-
optics, optical fiber sensors, opto-mechanics, stimulated brillouin
scattering.

I. INTRODUCTION

HE coating layers of brittle silica optical fibers are essential

for their handling and deployment outside the research
laboratory. In most applications, standard fibers are coated with
thin polymer layers. Monitoring the elastic properties of these
layers is important for research and development of new coating
materials, production line quality control, reliability testing and
preventive maintenance. In addition, elastic parameters of coat-
ing layers may be modified following adsorption of chemicals,
and their assessment can serve towards sensing applications [1].
Elastic characterization protocols include dynamic strain-stress
analysis [2], birefringence measurements [2], X-ray diffraction
[3], surface acoustic wave microscopy [4], infrared spectrometry
[5], glass transition monitoring [5], and more. However, all these
techniques involve the off-line examination of test samples, and
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they are inapplicable to a working optical fiber. Methods for the
in-service monitoring of elastic attributes of the coating layers
are unavailable, to the best of our knowledge.

Forward stimulated Brillouin scattering (F-SBS) is a non-
linear optical effect that couples between two co-propagating
optical fields and an acoustic wave that are guided in a common
medium [6]-[18]. F-SBS has been studied in standard optical
fibers since 1985 [6]. Unlike the more widely employed effect
of backwards SBS, the acoustic modes that mediate forward
Brillouin scattering in fibers are predominantly transverse [6]—
[18]. These modes are guided by the whole fiber cross-section,
and their transverse profiles span the entire cladding and reach its
outer boundary [6]—[8]. The oscillations of the acoustic modes,
and the entire F-SBS process, are therefore sensitive to the elastic
properties of media beyond the fiber cladding. This characteristic
serves as the basis for a new concept for optical fiber sensing
of liquids outside the cladding boundary [19]-[26], which was
first proposed by our group in 2016 [19].

The guided acoustic modes of optical fibers can reach into
certain types of coating layers as well [27], [28]. Two separate
recent studies, by the Thevenaz group at EPFL and by ourselves
[27], [28], have formulated F-SBS processes in coated standard
fibers. Both works demonstrated the quantitative analysis of
liquids beyond the thin polyimide coating layer of commercially
available fibers [27], [28]. However, these works considered
the coating layer merely as an obstacle for the measurement
of surrounding media.

In this work, we turn our attention to the F-SBS characteriza-
tion of the coating layer itself. Pump light launches short acoustic
pulses, outward from the core of the fiber, in the radial direction.
Multiple reflections at the boundaries between cladding and
coating, and between coating and air, form a series of delayed
acoustic echoes across the core. These echoes are monitored,
in turn, by photo-elastic phase modulation of a probe light.
Data analysis retrieves the acoustic propagation delay across the
coating layer. Several commercially-available coating types are
examined. The results provide estimates of acoustic velocities
and stiffness parameters in the coatings. The technique is per-
fectly suitable for working fibers and may be employed during
service.

Measurements were performed at temperatures between 25—
120°C. The thermal sensitivity of the acoustic velocity in the
coating layers is found to be 4-20 times larger than that of sil-
ica. In addition, the F-SBS resonance frequencies of individual
guided acoustic modes were studied as functions of temperature.
Analysis and measurements indicate that the frequencies of
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specific modes change more strongly with temperature than
those of others. High temperature sensitivity is closely linked
with large modal confinement of acoustic energy in the coating
layer. Agreement between experiments and calculations is very
good.

The remainder of this paper is organized as follows: Section II
provides a brief description of guided acoustic modes and F-
SBS processes in coated standard fibers. The experimental setup
and procedures are presented in Section III. Results of F-SBS
characterization of fiber coatings and corresponding calculations
are reported in Section I'V. A concluding discussion is given in
Section V.

II. FORWARD STIMULATED BRILLOUIN SCATTERING IN
STANDARD COATED FIBERS

F-SBS in standard coated fibers has been analyzed and formu-
lated in detail in [27], [28]. For the benefit of the reader, a brief
description is given hereunder. Consider a standard single-mode
silica fiber with a cladding radius a that is coated with a thin
polymer layer of outer radius b. Throughout this work we assume
that the coated fiber is kept in air (for the more general case of
liquids with finite mechanical impedance outside the coating,
see [27], [28]). The fiber supports the propagation of a discrete
set of radial guided acoustic modes denoted by Ry ,,,, where m
is an integer [6]—[8]. The transverse material displacement of
these modes is in the radial direction only, and its transverse
profile depends on the radial coordinate r only [6]—[8]. Each
radial mode is characterized by a cut-off frequency €2,,, below
which it may not propagate [6]-[8]. When the temporal angular
frequency of acoustic oscillations {2 is close to cut-off, the axial
component of the acoustic wave-vector vanishes and the mode
may be regarded as entirely transverse [6]—[8]. For most of this
work we do not consider possible anisotropy in the coating
material or geometric deviations from radial symmetry.

Let us denote the velocities of dilatational acoustic waves in
the silica and coating layers as V7,1 o, respectively, and the cor-
responding radial wavenumbers as p; 2 = / Vi1,2. The radial
modal profile of material displacement U (1) [m] within the
silica cladding r < a is given by [29], [30]:

U™ (r) = py ATy (prr) . (1)

The corresponding profile inside the coating a < r < bequals
[29], [30]:

U2(m) (r) = p2 Agm)Jl (par) + Agm)Yl (pzr)] )

In Eq. (1) and Eq. (2), J; and Y7 denote the first-order Bessel
functions of the first and second kinds, respectively, and AY';)S
are constants (in units of m*) whose values are determined by the
boundary conditions (as explained later). The normal stresses in

the radial direction in the two media may be expressed as [29],
[30]:

(m) (m) 2 2
Lot (r) = caan Ag™ | (pr6a) “Jo (prr) = —p1 i (par)|

3)
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and

T (1) = caaz (pak2)? {Agm)Jo (por) + AT Yy (P27')}

2 m m
—caaspz AT (par) + ATV (por)|
“)

Here Jy and Y|, are the zero-order Bessel functions of the
first and second kinds, respectively. The coefficients c44,1 and
caa,2 are elements of the stiffness tensors C'p 2 of silica and
the coating material, respectively. Lastly, Ii% = c11,1/C441 and
m% = ¢11,2/c44,2 denote stiffness ratios, where c11,1 and ¢11 2
are again elements of C'y 2. The tensor elements are related to
the acoustic velocities in the two media: c11; = p; V]—ii and
Cadi = Pi Vb%i, where ¢ = 1,2, p; denote the denisities of silica
and coating material respectively, and Vs ; are the velocities of
acoustic shear waves in the two media.

The boundary conditions of the elastic wave equation re-
quire the continuity of displacement and radial stress at the

interface » = a [29], [30]: Ul(m)(a) = z(m)(a) and T (a) =

rr,l

T,f:n 2) (a), and zero stress at the outer boundary of the coating:

Tf;ﬂ 2) (b) = 0. The three equations for Ag”;):3 have non-trivial
solutions only for a discrete set of eigen-value frequencies €2,,,.
Each eigen-value represents the cut-off frequency of a guided

radial acoustic mode Ry ,, [28]. The corresponding eigen-vector

solutions signify A§7§)3 (except for a common complex magni-

tude that scales with the driving force). The cut-off frequen-
cies therefore completely determine the transverse profiles of
the acoustic modes. We express the displacement profiles as
U™ (1) = A (™) (), with (™ () [m~!] normalized so
that (27/p1) fob p(r)|u™ (r)|?rdr = 1. Here p(r) denotes the
local density. This form of normalization is more general than
that of the bare fiber case, in which p(r) = p1 [16].

The oscillations of the radial acoustic modes may be stim-
ulated by a pump pulse of instantaneous power P(t), where ¢
stands for time, through the mechanism of electrostriction [6]—
[8]. Let us denote the transverse profile of the single optical mode
of the fiber as Er(r), normalized so that 27 fob |Er(r)|?rdr =
1, and the Fourier transform of P(t) as P(Q). The Frequency-
domain magnitude of the stimulated modal displacement oscil-
lations A(™) (2) [m?>xrad~! xHz '] is given by [16], [28]:

(m) 1

A (Q) = ES P(Q). 5
(©) Anep1 Qi j— A () )
Here n is the refractive index of silica, ¢ denotes the speed
of light in vacuum, and I',, is the modal linewidth which also
represents the decay rate of acoustic intensity [16], [28]. With air
outside the coating, the linewidth is solely determined by internal
acoustic dissipation in the silica and coating material, and it is
characterized experimentally. Also in Eq. (5), the normalized
detuning parameter is defined as A =2(Q — Q,,)/Ty,, and

Qgrg) expresses the modal overlap integral of electro-strictive
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stimulation [16], [28]:

b

Qi = — (201 + 4ay) '2”/ aEaLr(T)ET (r)ul™ (r)rdr.
0

(6)

In Eq. (6), a1 2 denote photo-elastic parameters of silica [16],
[28]. When short pump pulses P(t) are used, a packet of multiple
radial acoustic modes is launched outward from the core of the
fiber. The material displacement oscillations are associated with
normal strain patterns in the fiber cross-section, in both the radial
and the azimuthal directions [6]—[8]. Strain, in turn, induces
photo-elastic perturbations to the local dielectric tensor, which
oscillate at frequency €2 as well [6]-[8].

We consider next a weak, continuous optical probe field that
is co-propagating in the fiber in the same direction as the pump
pulse. The probe field is too weak to affect the stimulation
of acoustic waves, nevertheless it is scattered by them. Due
to photo-elasticity, the effective index seen by the probe light
in every cross-section is oscillating at ) with a magnitude
AR™)(Q) [rad~! xHz '] that is given by [16], [28]:

(m)

AR™ (Q) ~ %AW Q). (7)

The modal overlap integral of photo-elastic perturbations is
defined as [16], [28]:

<a1 + a2> o /b [Em(m) (r) n u™ (1)
2 0 or r

x | By (r)[*rdr. ®)

(m) _
PE

Following propagation over a fiber of length L, the optical
phase of the output probe wave is oscillating at {2 with a mag-
nitude AG(™ (Q) = Ar(™) (Q)ko L, where kg is the vaccum
wavenumber of the probe. Substituing Egs. (5) and (7) yields:

(m) (m)
A@(m) (Q) _ kOQPEQES : 1
8n2cp1 Q' §— A
We may now define an equivalent modal nonlinear opto-
mechanical coefficient (") (€2), in units of W~!xm™", so that

AG™ (Q) =750 () P(Q)L [16], [28]:
oy B 1y 1
8n2cp1Qmlm 7 — A 0 j-A

The maximum magnitude of the opto-mechanical coefficient
for each mode is reached on resonance:

L) _ koQupQi
0 8n2cp1

PQ)L. (9

oM

(10)

an

|'y(()";\} (€2)]? is also referred to as the F-SBS spectrum of the
fiber. The instantaneous phase modulation of the probe wave at
the fiber output due to F-SBS, Ag(t), is given by the inverse
Fourier transform of >, AP (). For short pump pulses,
Ap(t) consists of multiple reflected echoes from the boundaries
between cladding and coating and between coating and air. The
instantaneous phase modulation and spectrum of F-SBS are
affected, among other parameters, by the elastic properties of
the coating layer.
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Fig. 1.  Schematic illustration of the experimental setup for forward stimulated
Brillion scattering measurements. EOM: electro-optic amplitude modulator;
EDFA: erbium-doped fiber amplifier; PC: polarization controller.

III. EXPERIMENTAL SETUP AND PROCEDURES

F-SBS processes were characterized using pump-probe ex-
periments as shown in Fig. 1 [12], [19], [28]. Light from a first
laser diode at 1550 nm wavelength was modulated into short and
isolated pump pulses of 1.2 ns duration and 5 ps period using an
electro-optic amplitude modulator. The broadband pulses excite
a packet of multiple acoustic modes. In several previous studies
(see for example Fig. 3 of [12]), continuous pump waves were
modulated at specific radio frequencies to stimulate individual
acoustic modes. F-SBS process in fibers may be effectively
characterized using both protocols.

The pump pulses were amplified by an erbium-doped fiber
amplifier and launched into a section of fiber under test that was
embedded in a Sagnac interferometer loop ([12], see Fig. 1).
Pump pulses were coupled into the fiber in the clockwise direc-
tion only, and were blocked from reaching the loop output by
a tunable optical bandpass filter (BPF). The average power of
pump pulses was changed between 60-300 mW using a variable
optical attenuator. Stronger pump pulses were used for shorter
fiber samples, and vice versa. The power levels were adjusted to
obtain comparable F-SBS magnitudes across all test samples.

The pump pulses stimulated the oscillations of radial guided
acoustic modes of the fiber under test as described in the previous
section. A polarization scrambler was used to eliminate the
potential contributions of more general, torsional-radial guided
acoustic modes to the F-SBS process measurements [12], [19],
[28]. The temporal shape of the pump pulses P(t) was recorded,
and its Fourier transform P(£2) was calculated offline and used
in data analysis (see below).

A continuous probe wave from a second laser diode source
at 1532 nm wavelength was coupled into the loop in both
directions. The BPF inside the loop was aligned to transmit
the probe wavelength. F-SBS induced phase modulation Ap(t)
to the clockwise-propagating probe wave, as discussed above.
For the fibers lengths and the pump power levels used in this
work, Ap(t) < 27. Due to the forward scatter characteristics of
the process, the counter-clockwise propagating probe wave was
largely unaffected [6]-[8], [12], [19], [28]. The non-reciprocal
phase modulation due to F-SBS is converted to intensity modu-
lation of the probe wave at the Sagnac loop output. The output
probe wave was detected by a photo-receiver of responsivity
R =27 [VxW~!]. Polarization controllers (PCs) were used to
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TABLE I

FIBERS UNDER TEST

Sample Coating Diameter [um] Length [m]
Reference Bare fiber 2a=125+0.5 L=6
A Polyimide 1 2b =148+0.5 L=10
B Polyimide 2 2b =141+0.5 L =100
C Polyimide 2 2b =155+0.5 L =100
D Fluoroacrylate 2b =136+0.5 L=17
TABLE II

ELASTIC PARAMETERS USED IN F-SBS CALCULATIONS

Material (sample) Density [kgxm™] Stiffness ratio

Silica (all) p1=2200 [32] K1 = 1.586 [32]
Polyimide 1 (A) p2 = 1420 [28] Ky =2.031[28]
Polyimide 2 (B,C) p2 = 1420 [28] Ky, =2.031 [28]
Fluoroacrylate (D) p, = 1200 [28] Ky =2.031[28]

adjust the bias value of non-reciprocal phase delay between the
two directions of propagation of the probe wave [19], [28]. Given
proper bias adjustments [19], [28], the detected voltage V' (¢) is
simply related to the F-SBS phase modulation:

V (t) ~ RP, [1 + Ag (1)) .

Here P; = 2 mW is the probe power at the loop output with
the pump pulses turned off. The detector output voltage was
sampled using a real-time digitizing oscilloscope for further
offline processing.

In addition to F-SBS, the probe wave also undergoes cross-
phase modulation by the pump pulses via the Kerr effect. How-
ever, the contribution of the instantaneous Kerr effect vanishes as
soon as the pump pulse ends, whereas phase modulation through
F-SBS continues for hundreds of nanoseconds or longer. Time
gating of collected V'(¢) traces removes the Kerr effect from the
analysis of probe phase modulation [19], [28]. The normalized
F-SBS spectrum of the fiber under test is estimated using the
radio-frequency power spectrum |V (€)|? of the gated traces:

(12)

2 - 2 . 2
o @)| o [ @) /| P @) (13)
Data were collected for several samples of standard, single-
mode silica fibers with 125 pm cladding diameter and different
types of coating. The outer diameters of the fibers were measured
using a precision micrometer. The coating parameters are sum-
marized in Table I. In several experiments the fiber under test
was placed in a variable-temperature chamber. Measurements
results are reported in the next section.

IV. RESULTS

Fig. 2(a) shows the measured output voltage V'(¢) for a
reference bare fiber sample at room temperature. The F-SBS
phase modulation of the probe wave consists of a series of
impulses, separated by an acoustic propagation delay of 20.8
4 0.1 ns. The events correspond to successive reflections of a
stimulated acoustic wave-packet at the outer boundary of the
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Fig. 2. (a) Instantaneous output voltage of the detected probe wave follow-
ing F-SBS phase modulation in a reference, bare fiber sample. The acoustic
propagation delay of 20.8 ns between successive reflection events is noted.
(b) Measured normalized F-SBS spectrum of a reference, bare fiber sample.
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Fig.3. (a) Instantaneous output voltage of the detected probe wave following
F-SBS phase modulation in fiber sample A. The two-way acoustic propagation
delay across the coating of 9.6 ns is noted. (b) Measured (solid blue) and
calculated (dashed red) normalized F-SBS spectra of fiber sample A.

exposed cladding. The time difference between events corre-
sponds to an acoustic velocity V7,1 of 6,010 4= 50 mx s7! in
agreement with the known value for silica [31]. The experimen-
tal error is dominated by uncertainty in the cladding diameter.
The normalized F-SBS spectrum of the bare fiber is shown in
Fig. 2(b). The spectrum consists of a series of sparse and narrow
resonances, which correspond to the stimulation of 2y ,,, modes.
The frequencies and the relative magntiudes of the spectral peaks
agree with previous observations [6], [10], [19].

Fig. 3(a) presents the temporal trace of the output voltage
obtained for fiber sample A (see Table I), at room temperature.
A first impulse is observed 20.8 ns following the pump pulse.
This first event corresponds to a partial reflection of the acoustic
wave-packet at the interface between the silica fiber cladding
and the polyimide coating layer. A second impulse occurs 9.6
+ 0.1 ns after the first one. This second event is due to an



1804

~N

1
~N

L L L L L L L

Voltage [mV]

0 20 40 60 80 100 120
Time [ns]
IS
> 1
© (b) ——Measured
[}
205 — —Simulation| 1
%)
o) N | R S
»n o
L o 100 200 300 400 500 600
Frequency ([MHz]

Fig. 4. (a) Instantaneous output voltage of the detected probe wave following
F-SBS phase modulation in fiber sample B. The two-way acoustic propagation
delay across the coating of 5.5 ns is noted. (b) Measured (solid blue) and
calculated (dashed red) normalized F-SBS spectra of fiber sample B.

acoustic reflection at the outer boundary of the coating. The time
difference between the two impulses represents the two-way
propagation delay of a dilatational acoustic wave-packet across
the coating layer. The acoustic velocity V7 o in the coating of
fiber A at room temperature is estimated as 2380 £ 50 mxs~!.

Fig. 3(b) shows the measured and calculated normalized
F-SBS spectra of fiber sample A. The linewidths I',,, used in
calculations were taken from the measurements. The linewidths
for polyimide coating are in agreement with previous work
[28]. The value of c442 = 1.95 GPa was fitted based on the
above measured velocity V7, o and on literature values of ps and
ko (see Table II). The elastic parameters were assumed to be
independent of frequency. The agreement between experiment
and model is very good.

We carried out numerical calculations of the acoustic modes
of fiber sample A with an elliptical or non-concentric coating
layer, using a commercial solver platform. The results indicate
that ellipticity or non-concentricity by up to 1 micron have
little effect on the F-SBS spectrum, and the modal cut-off
frequencies shift by less than 1%. Larger geometric variations
may considerably change the transverse profiles of the radial
acoustic modes, affect their spatial overlap with guided light
and qualitatively modify the forward SBS spectrum. The good
agreement between measurements and the radially symmetric
coating model suggests that deviations from radial symmetry in
the coating of the fiber sample were likely below 1 micron.

Fig.s 4 through 6 show the measured V (¢) traces and the
experimental and calculated F-SBS spectra of test samples B, C
and D, respectively. The acoustic velocities in the three samples
are estimated as 2900 =+ 80, 2940 + 60 and 1870 4+ 80 mxs~!.
Note that samples B and C are coated with the same polyimide
material, with different outer diameters. The measured veloc-
ities V7, o for the two samples differ by less than 1.5%. The
signal-to-noise ratio in the measurement of sample D is lower
than those of the other fibers, due to larger acoustic dissipation
in the fluoroacrylate polymer. Agreement between model and
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Fig. 5. (a) Instantaneous output voltage of the detected probe wave following
F-SBS phase modulation in fiber sample C. The two-way acoustic propagation
delay across the coating of 10.2 ns is noted. (b) Measured (solid blue) and
calculated (dashed red) normalized F-SBS spectra of fiber sample C.
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Fig. 6. (a) Instantaneous output voltage of the detected probe wave following
F-SBS phase modulation in fiber sample D. The two-way acoustic propagation
delay across the coating of 6.0 ns is noted. (b) Measured (solid blue) and
calculated (dashed red) normalized F-SBS spectra of fiber sample D.

measurement is less complete for fiber D. A possible explanation
is anisotropy or lack of symmetry in the coating layer.

Fig. 7 shows the measured acoustic velocities V7, o in the
coatings of samples A, B and D as functions of temperature
T, between 25—-120 °C. The exact temperature during each ac-
quisition was calibrated through the F-SBS process itself, using
measurements of the acoustic propagation delay across the silica
cladding. The acoustic velocity V7, 1 insilica is known to vary by
0.6 mxs~! per °K [31]. The acoustic velocities in the coatings
decrease with temperature, with slopes of —2.4, —2.2 and —12.2
mxs~! per °K for samples A, B and D, respectively. The results
suggest that the coating stiffness parameter c11 2 is reduced by
15% for fiber A, and by as much as 74% for fiber D, between
25-100°C. Thermal changes in density are assumed to be much
smaller [2], [3].
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Fig.7. Measured velocities of dilatational acoustic waves in the coating layers
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data, dashed lines represent linear fits.
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Fig. 8. Magnified views of measured normalized F-SBS spectra of fiber

sample A at several temperatures (see legend in panel (b)). (a) Mode Rg 5.
(b) Mode R0,6.

The changes of the F-SBS resonance frequencies with tem-
perature were examined as well. Fig. 8 shows magnified views
of parts of the F-SBS spectra of fiber sample A at several temper-
atures. The resonance frequency of mode %y ¢ near 182 MHz
is comparatively stable over the range of temperatures tested,
and remains within a limit of only =0.6 MHz. By contrast, the
frequency of mode Ry s near 150 MHz changes by as much
as +4.2 MHz across the same temperature range. Fig. 9 shows
the measured and calculated resonance frequencies of all F-SBS
peaks of fiber A up to 600 MHz, as functions of temperature.
The stiffness parameters used in the simulation were modified
for each temperature based on the measured V7, »(7"). Thermal
variations of densities p; o, radii @ and b or ratios k1,2 were ne-
glected with respect to much larger changes in stiffness [2], [3].
Close agreement between measured and calculated frequencies
is observed across the entire temperature range.

Similar to the examples of Fig. 8, the resonance frequencies of
certain modes vary more strongly with temperature than those

1805

600 : ) ! !
3 ¥ FEEX FHRE FRRF FE Rk S
e e e e Yo
— 500 e koK
:’E‘ -_— @000
S 001 e
5 _—
C300>+A++++A*+:~4~‘ ¥ k—k—
g koo —k — "
Fek ek IRk e %
S200f . .. s
L.
™ kbR
100 [ /
0 . . . A
20 40 60 80 100 120

Temperature [°C]

Fig. 9. Measured (asterisk markers) and calculated (solid lines) resonance
frequencies of F-SBS in fiber sample A, as functions of temperature. Colors
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frequency).
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Fig. 10.  Thermal sensitivity of the F-SBS resonance frequency (vertical axis)
against the relative modal confinement of acoustic energy in the silica cladding
(horizontal axis), for fiber sample A. Data were accumulated over all tempera-
tures tested, and all experimentally observed radial modes. Colors follow those
of Fig. 9. The two metrics are closely correlated.

of others. In a few cases the calculated cut-off frequencies of
adjacent modes draw near each other (see for example modes
Ro,17 and Ry 15, the highest orders shown in the figure). The
F-SBS spectra of the two modes partially overlap, and the
experiments show a peak in between the two predicted modal
cut-off frequencies. Radial acoustic modes 2y 11 and Ry, 14 were
not observed in the measured F-SBS spectra, due to poor spatial
overlap with the optical mode.

Insight into the differences in temperature dependence among
modes may be gained through the analysis of modal confine-
ment. Thermal variations of stiffness in the coating of fiber A
are larger than in silica. We therefore anticipate that acoustic
modes which are more strongly confined to the coating would
exhibit greater sensitivity to temperature. Fig. 10 plots the cal-
culated normalized thermal sensitivity of the F-SBS resonance
frequencies in sample A: ar = [0Q,,/9T]/Qm, against the
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calculated fraction of acoustic energy in the silica cladding: § =
(27 /p1) Jo p(r)|ul™ (r)[>rdr. Data were accumulated over all
modes that were observed experimentally and all temperatures
tested. The two metrics are closely correlated, as expected:
Modes that are largely confined in the silica cladding exhibit
comparatively smaller values of o, whereas those with higher
confinement in the coating layer are characterized by stronger
thermal sensitivity of their resonance frequencies.

V. DISCUSSION

In this work, we have proposed and demonstrated the mea-
surement of acoustic velocity in the coating layer of standard
working fibers using F-SBS processes. An optical pump wave
stimulates short acoustic pulses that propagate outward in the
radial direction, from the core of the fiber towards its outer
boundary. Multiple acoustic reflections take place at the two
interfaces: between cladding and coating and between coating
and air. These reflections form delayed acoustic pulse echoes
in the fiber core. The echoes, in turn, are monitored through
the photo-elastic phase modulation of probe light. The F-SBS
process therefore provides an elastic echogram of the fiber
cross-section. Acoustic transduction and detection are carried
outusing light alone. The timing of reflected echoes retrieves the
acoustic velocity in the coating layer, and provides an estimate
of the stiffness parameters in the layer.

Measurements were performed across a temperature range
between 25—-120 °C. The acoustic velocities in the coating layers
decrease with temperature by —2.2 to —12.2 mxs~! per °K.
The temperature variations are 4-20 times larger than that of the
acoustic velocity in the silica cladding, and they are of the op-
posite sign. The results also reveal the temperature dependence
of specific modal resonance frequencies, which is consistent
with the relative modal confinement of acoustic energy in the
coating layer. The different sensitivities to temperature changes
across numerous modes may help disambiguate multi-parameter
analysis. Note that the measurement protocol also includes
inherent temperature monitoring based on the acoustic time of
flight through the silica cladding.

The proposed method is perfectly suitable for studying the
coating layers of working fibers: in research and development,
production line quality control, reliability testing and in-service
maintenance. The measurement of acoustic velocity identifies
changes in the stiffness of the coating layer, on the level of a
few percent. Variations in stiffness, either with time or across
fiber segments, provide early indication of failure or insufficient
process control. The proposed method may also identify de-
viations from radial symmetry of the coating layer. In-service
monitoring could be particularly useful in fiber sensors, which
are often installed in aggressive environments and/or critical
infrastructure. The proposed testing method can identify early
signs of fatigue in the sensing fiber and enable preventive main-
tenance. In-service monitoring can also extend the service life of
installed fibers, as safety margins for their replacement timeline
may be reduced.

The measurement technique is also suitable for chemical or
biological sensors of surrounding media, based on the effects
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of adsorbed reagents or environmental conditions on the elastic
properties of the coating [1]. Such effects might be observed
even when the condition of interest has no direct implication
on the optical properties of the fiber, or could complement
measurements of optical metrics. F-SBS characterization of
coating layers can be extended to spatially-distributed analysis
using several recently established protocols [23]-[26], [28]. The
state-of-the-art spatial resolution of forward SBS analysis is sev-
eral meters [25], [26]. Modifications to the coating would have
to reach a comparable extent for proper detection. However, the
resolution of forward SBS analysis protocols advances rapidly,
with an order of magnitude improvement this year alone [25],
[26].

F-SBS analysis is not applicable to all coating layers: For
example, the standard acrylate coating absorbs the acoustic
waves that are launched from within the fiber, and keeps them
from reaching its outer boundary. Nevertheless, the results show
that the method is applicable to several coatings. These include
polyimide layers that are designed for harsh environments,
where reliability and careful monitoring are of particular sig-
nificance. The modelling in this work has been restricted for
the most part to isotropic coatings that are radially symmetric.
The numerical analysis of F-SBS in fibers with an anisotropic or
with a non radially symmetric coating may be extended further.
A comprehensive study is outside the scope of the present work.
Deviations from symmetry may considerably modify the F-SBS
spectra and increase the uncertainty in the estimates of acoustic
velocity.

In conclusion, F-SBS opens up the elastic analysis of coat-
ings outside working fibers, which is yet to be reported, with
large potential implications in the optical fibers industry. Future
work would employ F-SBS analysis to additional coating types
and over a broader range of temperatures, and explore sensing
applications.
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