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Temperature and strain sensitivities of surface acoustic wave (SAW) and hybrid acoustic wave (HAW) Brillouin scat-
tering (BS) in 1 pm-1.3 um diameter optical microfibers are simulated. In contrast to stimulated Brillouin scattering
(SBS) from bulk acoustic wave in standard optical fiber, SAW and HAW BS, due to SAWs and HAWs induced by the
coupling of longitudinal and shear waves and propagating along the surface and core of microfiber respectively, facilitate
innovative detection in optical microfibers sensing. The highest temperature and strain sensitivities of the hybrid acoustic
modes (HAMs) are 1.082 MHz/°C and 0.0289 MHz/pue, respectively, which is suitable for microfiber sensing applica-
tion of high temperature and strain resolutions. Meanwhile, the temperature and strain sensitivities of the SAMs are less
affected by fiber diameter changes, ranging from 0.05 MHz/°C/pm to 0.25 MHz/°C/um and 1 x 10~% MHz/pe/pm to
5 x 10~ MHz/pe/um, respectively. It can be found that that SAW BS for temperature and strain sensing would put less
stress on manufacturing constraints for optical microfibers. Besides, the simultaneous sensing of temperature and strain can
be realized by SAW and HAW BS, with temperature and strain errors as low as 0.30 °C-0.34 °C and 14.47 ne-16.25 pe.

Keywords: Brillouin scattering, surface acoustic waves, hybrid acoustic waves, optical microfiber sensing

PACS: 42.65.Es, 78.35.+c, 42.65.-k, 42.81.—1

1. Introduction

Stimulated Brillouin scattering (SBS) in optical fiber is a
third-order nonlinear effect!!! by photon-phonon coupling.?!
In standard optical fiber, the acoustic waves involved in SBS
are bulk acoustic wave (BAW), in which the pump light both
excites and interacts longitudinal and shear waves, producing
backward-SBS (BSBS) and forward-SBS (FSBS),*%! respec-
tively. The deviations between the pump light and the scat-
tering light are Brillouin frequency shifts (BFS). The proper-
ties of fiber materials can be adjusted by the action of exter-
nal physical field (stress, temperature, etc.), leading to corre-
sponding changes in BFS of forward and backward scattering
light. SBS has been studied intensely in applications such as
forward/backward Brillouin sensors!”~!! and distributed/point

12-17] Qian et al. realized the sensitive enhance-

fiber sensing. !
ment of a fiber laser sensor by Brillouin slow light.['8] Liu ez
al. realized a triple Brillouin frequency spacing Brillouin fiber
laser sensor for temperature measurement.!'”! Desmond et al.
proposed a distributed forward Brillouin sensor based on light
phase recovery.?!

It has been proved that both photons and phonons in opti-
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cal microfibers are strongly constrained and highly overlapped
in space,?!-??! producing new type of BS driven by SAWs and
HAWSs.[2324] Generated by the interaction between incident
light and the outer surface of the optical microfibers, SAWs’
travel velocity are approximately 0.87 to 0.95 times than that
of the shear waves along the microfiber surface.[>>! While
HAWSs are generated by the strong coupling of longitudinal
and shear waves, and propagate at a medium speed between
shear and longitudinal waves are in the microfiber. SAWs and
HAWs exist in different positions of the optical microfiber, 26!
and have different Brillouin spectrum characteristic.>”) The
BFS and Brillouin gain are affected by the structure, mate-
rial and size of the optical microfibers. The SAW and HAW
BS sensing performance of microfiber is expected to break
through the limitation of standard optical fiber sensing. More-
over, the SAW BS can be controlled or enhanced by small-
core and high air-filling fraction microstructured fibers!?®! and

(291 and elimi-

the photo-elastic and moving-boundary effects,
nated for one polarization mode at certain core ellipticities. **!
The SAW and HAW BS have been applied to characterize of

subwavelength-diameter tapered silica optical fibers,3!! ob-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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tain the values of the elastic constants!*>=3* and optical sens-
ing and detection. [33-37]

In this paper, we demonstrate the temperature and strain
sensitivities of SAW and HAW BS in optical microfibers,
which is potential for new-type Brillouin fiber-optic sensing
applications.
SAMs and HAMs using the elastodynamic equation includ-
38401 at 1 pum diameter. Further-
more, the optical/acoustic distributions at 1 pm diameter and
the Brillouin spectrum of SAWs/HAWSs with 1-1.3 pm diam-

eters are calculated, which are basically consistent with the
[23

We numerically simulate the frequencies of

ing the electrostrictive stress!

reported results.[>3! According to the influences of tempera-
ture and strain on material properties, the temperature/strain
sensitivities and sensitivity-diameter slopes of the SAMs and
HAMs are demonstrated from 1 pm to 1.3 pm diameters. In
addition, it is shown that SAW and HAW BS can realize tem-
perature and strain simultaneous sensing and have excellent

sensing performance.

2. Theoretical analysis

2.1. Elastodynamic equation including electrostrictive
stress

Electrostriction of an acoustic phonon is obtained from
the interaction of two incident photons satisfying the previous
phase-matching conditions. The exact contribution from each
mechanism can be calculated by the elastodynamic equation
including the electrostrictive stress to more accurately study
and calculate the frequency and displacement distributions of
the acoustic wave in optical microfibers. The elastodynamic
equation can be written as

9%u;
P&T; - (Cijkluk.l)_’j =-T3;. (la)

The electrostrictive stress tensor is

T = —eoxuij[Ev Ef] (1b)

with ¢;j; is the isotropic elastic matrix, Xuij = €im€ jnPkimn-
Xkiij is the fourth-order polarization tensor, & and g;; are
the vacuum dielectric constant and the dielectric tensor of the

medium, respectively. D, 1S the fourth-order photoelastic
tensor, Ey E} is the dyadic vector of the electric field. The
phonon lifetime takes into account the elastic losses assuming
a complex elastic tensor whose imaginary part is a constant
viscosity tensor times frequency. This loss model is compat-
ible with the usual assumption that the Q x f =5 THz is a
constant for a given material, with Q the quality factor and f
the acoustic frequency.

The Brillouin gain factor and the backward Brillouin gain
of acoustic mode can be written as[*!]

I
88 = (cpAivpAvpA®s)’ (20
2
s(v) = g8 (&g /2) (2b)
[(v=ve)* + (avg /2]

with neg is the effective refractive index, p is the elastoop-
tic coefficient, vg is the Brillouin frequency shift and Avg is
linewidth at half maximum. The linewidths of SAW and HAW
are 20 MHz and 25 MHz, respectively.[?3] A% is the effective
acousto-optic area.

2.2. Temperature and strain sensing principles

The temperature changes will affect the fiber’s four main
material properties (refractive index, density, Poisson’s ratio
and Young’s modulus) to influence the BFS (i.e., acoustic
mode frequency). The effects of temperature and strain on

material properties are!*!!
n=ng+2.1233 x 10 5AT — 0.6 x 10 8AT?, (3a)
p=po—4.0358 x 107AT +3.86 x 107 /AT?, (3b)
Y= +2.8162 x 107 °AT —2.0696 x 10~ AT?, (3¢)

E=Ey+ (1.285x 10 °AT — 4.4978 x 107’ AT?) x 10'* (3d)

with ng = 1.444, py = 2203 kg/m3, y = 0.17, Ey =
72.553 GPa are the initial refractive index, density, Poisson’s
ratio and Young’s modulus of fused silica at 27 °C. AT is the
temperature change value.

While the strain will induce elastic anisotropy in optical

microfibers. The effective elastic tensor can be written as[4?!

305 34 1505 0 O O
34 305 1505 0 0 O
15051505 671 0 O O -
Cijkl = COO 1 + 0 0 0 229 0 0 SZZ I (4a)
0 0 0 0 229 0
0 0 0 0 0 29
A42u A A 000
A A42u A 000
o2 A A+424000
Co= 0 0 0 noo (4b)
0 0 0 0po
0 0 0 00u
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with A = 16 GPa and u = 31 GPa are the Lamé constants of
fused silica and o denotes the Hadamard product. & is the
tensile strain.

3. Results and discussion
3.1. SAW and HAW BS in optical microfibers

The cylindrical waveguide with 1 um diameter is numeri-
cally simulated based on a finite-element method.**! The solid
core made of silica is surrounded by air (n = 1). With this
size, the influence of radiation pressure is almost negligible
in principle.!*! The optical power density of the fundamen-
tal guided optical mode in the silica bridge for A = 1550 nm
is displayed in Fig. 1(a). The calculated effective refractive
index is 1.1715. It can be indicated that a small part of the en-
ergy of the optical wave will leak out of the optical fiber from
an evanescent field, but most of the energy of the optical wave
is trapped in the optical fiber.

OO/

®) © ©  os

“9@00

) (h) @ 0

Fig. 1. Numerical simulations of (a) normalized optical power density at a
wavelength of 1550 nm, normalized displacement distribution of (b) SAW1,
(c) SAW2, (d) HAW1, (e) HAW2 and sound density distribution of (f) SAW1,
(g) SAW2, (h) HAW1, (i) HAW?2 with 1 pum fiber diameter.

The Brillouin spectra of SAWs and HAWs are signifi-
cantly changed because their propagation speeds are differ-
ent from that of BAWs. The BFSs of SAWs and HAWSs are
~ 6 GHz and ~ 9 GHz, respectively. In addition, the SAWs
are extremely sensitive to the fiber surface change, and the
HAWSs will produce multi-peak Brillouin scattering structures
due to the different coupling ratios of longitudinal and shear
waves. We numerically simulate the frequencies of SAMs at
5.34 GHz (SAM1) and 5.67 GHz (SAM2), HAMs at 8.48 GHz
(HAM1) and 9.16 GHz (HAM2) with 1 um fiber diameter,
which are basically consistent with the reported results.?3! Ev-
ery normalized acoustic mode displacement and density distri-
bution are shown in Figs. 1(b)-1(i), respectively. It can be seen
the acoustic mode energy density of the SAWs is limited to the
air-silica interface of the optical microfiber, causing mechani-
cal ripples of several picometers. Inside of the microfiber, the
acoustic mode density gradually decreases with the distance
from the surface. The acoustic mode energy density of the
HAWEs is still confined in the center of the optical microfiber.

Figure 2(a) shows the numerical simulation of the Bril-
louin spectra with an optical microfiber diameter varying
from 1 pm to 1.3 pm. The frequency of SAMI1 increases

(a)
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Fig. 2. (a) Numerical simulation of the Brillouin spectra with optical mi-
crofiber diameter varying from 1 pm to 1.3 um. (b) The acoustic frequency
and Brillouin gain as a function of microfiber diameter.

from 5.3452 GHz to 5.5321 GHz and the Brillouin gain de-
creases from 7.2324 W~ '.m~! t0 6.2128 W~'-m~!. In con-
trast, we noticed that SAM?2 has a greater frequency varia-
tion than SAMI in Fig. 2(b). The frequency of SAM2 in-
creases from 5.6710 GHz to 6.0858 GHz while the Brillouin
gain decreases from 2.9372 W~ '.m~! to 4.3159 W~ l.m~!.
The Brillouin gains of SAMs gradually decrease with diam-
eter increasing, caused by strong effect of the decreased mi-
crofibers diameter on the acousto-optic interaction. The fre-
quency of HAM1 decreases from 8.4820 GHz to 7.8046 GHz
and the Brillouin gain increases from 9.9569 W~!-m~! to
37.6959 W~l.m~!, while the frequency of HAM?2 increases
from 9.1623 GHz to 9.5497 GHz and the Brillouin gain de-
creases from 9.8159 W~ l-m~! to 9.5659 W-!.m~!. The
phase-matching condition leads to the differences of Brillouin
spectra of acoustic frequencies under different diameters. The
different trends of two HAMs with diameters result from the
different coupling ratios of longitudinal and shear waves under
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the boundary conditions of the waveguide, causing changes in
group sound velocity and BFS. Compared with the Brillouin
gain of 0.4 W~1.m~! in single-mode fiber, microfiber sensing
has higher signal-to-noise ratio.

3.2. Temperature and strain sensitivities

The temperature and strain sensitivities of optical mi-
crofibers can be calculated by the variation of BFS with tem-
perature and strain. Due to the polymer cladding, the maximal
tensile strain in standard optical fibers is limited to 2%, but nat-
urally the elasticity of silica glass allows going up to 6%.*]
Using Eqgs. (3) and (4), the BFS of 1 um diameter optical fiber
can be calculated at different temperatures and strains (com-
pared with 0 °C and no strain), as shown in Figs. 3(a) and 3(b),
respectively. It can be found that the BFS of SAMs and HAM?2
are almost linear with temperature and strain. The SAMI1
and SAM2 have the comparative temperature and strain coeffi-
cients with 0.458 MHz/°C (0.432 MHz/°C) and 65.94 MHz/%
(73.02 MHz/%). The temperature and strain coefficients of
HAM?2 are 0.928 MHz/°C and 264.53 MHz/%. The BFS of
HAWI is linear 0.660 MHz/°C with temperature, but nonlin-
ear with strain because of strain-induced elastic anisotropy.
The strain sensitivity decreases with the increase of strain,
ranging from 82.54 MHz/% to 109.50 MHz/%.

0.06

—a— SAW1 CT=0.458 MHz/°C
| —e—SAW2 CT=0.432 MHz/°C
—4—HAW1 C*'=0.660 MHz/°C
0.04} —¥— HAW2 C"=0.928 MHz/°C

0.05

Brillouin frequency shift (GHz)

0.03F
0.02
0.01p
O -
0 10 20 30 40 50
Temperature (°C)
1.4

—=— SAW1 C° =65.94 MHz/%
1.2F—*— SAW2 C*=73.02 MHz/%
—4— HAW1 C°=82.54 ~ 109.50 MH
LOF v HAW?2 ¢ =275.02 MHz/%

0.8F
0.6
82.54 MHz/%
86.47 MHz/%
0.4r 91.67 MHz/%
99.12 MHz/%

0.2

Brillouin frequency shift (GHz)

(b)

Strain (%)

Fig. 3. (a) The temperature and (b) strain sensitivities of each acoustic wave
mode are considered as a function of 1 pm diameter optical fibers.

3.3. Temperature and strain sensitivities under different
fiber diameters

The Brillouin resonances have high sensitivity to the ge-

[46] The temperature and

ometric parameters of microfibers.
strain sensitivities of each acoustic mode with a diameter vary-
ing from 1 pum to 1.3 um as shown in Figs. 4(a) and 4(c),
respectively. For unit consistency, write the strain sensitivity
of 100 MHz/% as 0.01 MHz/pe. The insets show the acous-
tic mode density distribution at 1 pm, 1.16 um, and 1.3 pum
diameters, respectively. In order to study the relationship be-
tween temperature/strain sensitivities and diameter change, we
plot the temperature/strain sensitivity-diameter slope of each
acoustic mode with a fiber diameter varying from 1 pum to
1.3 wum as shown in Figs. 4(b) and 4(d), respectively. The tem-
perature sensitivity-diameter slope Ty = d7/dd is the deriva-
tive of temperature sensitivity to fiber diameter d, and strain
sensitivity-diameter slope S; = dS/dd is the derivative of the
strain sensitivity to the fiber diameter d.

It can be seen in Fig. 4(a) that the temperature sensi-
tivities of the HAMs are significantly greater than that of
the SAMs.
1.3 pum, the temperature sensitivities of the SAMs gradually

As the fiber diameter changes from 1 pum to

increase. The maximum temperature sensitivities of SAMI1
and SAM?2 are 0.557 MHz/°C and 0.568 MHz/°C at 1.3 pum di-
ameter, respectively, whereas those of the HAM1 and HAM?2
are 0.744 MHz/°C at 1 um diameter and 1.082 MHz/°C at
1.14 um diameter, respectively. It can be seen in Fig. 4(b) that
the temperature sensitivity-diameter slopes of the SAMs both
are between 0.05 MHz/°C/um and 0.25 MHz/°C/um with di-
ameter, while those of the HAMs are significantly changes.
For instance, the temperature sensitivity-diameter slope of the
HAM2 is —1.23 MHz/°C/um at 1.3 um diameter. This means
that the change in temperature sensitivity of —1.23 MHz/°C
would be corresponding to the variation of one micrometer in
fiber diameter.

It can be seen in Fig. 4(c) that the strain sensitivity of the
HAM2 is 0.0289 MHz/ue at 1.1 pm diameter, which is signifi-
cantly greater than those of the SAMs and HAMI1. As the fiber
diameter changes from 1 um to 1.3 pum, the strain sensitivi-
ties of SAMs increase gradually, and the maximum values are
0.008 MHz/pe and 0.0078 MHz/pe, respectively. Whereas
the strain sensitivity of HAM1 decreases with the increase of
diameter. The green areas show the variation of strain sen-
sitivity in the tensile strain of 1%—-5%. Figure 4(d) shows the
strain sensitivity-diameter slope of the SAMs are both between
1 x 10~* MHz/pe/pum and 5 x 10~* MHz/pe/pm, which is a
small fluctuation compared to that of HAMs. For instance,
the maximum strain sensitivity-diameter slope of the HAM?2
is —0.0096 MHz/pe/pum at 1.3 wm diameter. The green areas
indicate that the strain sensitivity of HAM1 tends to increase
uniformly with diameter under 1%-5% tensile strain.
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Fig. 4. (a) The temperature sensitivity and (b) sensitivity-diameters of each acoustic wave mode are considered as a function of the fiber diameter.
(c) The strain sensitivity and (d) sensitivity-diameters of each acoustic wave mode are considered as a function of the fiber diameter. The insets in
(a), (c) show the acoustic mode density distribution at 1 pm, 1.16 pm, and 1.3 pm diameters, respectively. The gray areas in (b), (d) highlight the
temperature/strain sensitivity-diameter slope 0.05 MHz/°C/um—-0.25 MHz/°C/um and 1 x 10~* MHz/ue/um—5 x 10~* MHz/pe/pum, respectively.

3.4. SAW and HAW BS sensing performance

Four acoustic modes excited at 1 um diameter optical
fiber are linearly related to strain and temperature, and their
temperature and strain sensitivities are different. Therefore,
the relationship between BFS and temperature/strain sensi-
tivity is established by selecting any two acoustic modes, as
shown below to realize simultaneous sensing of temperature

Va | _ | Va0 cr cel AT
bl @ glY ] e
Ct (va—va0) — Cs (Vb — Vo)

Cchg —CngAT
Cg (va — vao) — C{ (Vb — VbO)

€= 5
CeCMT — CATCe )

and strain:

AT =

. (5b)

with v,9 and vy are any two of the acoustic mode frequencies
at a temperature of 27 °C and no strain, respectively. C! and
CbT are the temperature sensitivities of v, and vp. Cy and Cp
are the strain sensitivities of v, and vy.

In addition to improving the sensing sensitivities of tem-
perature and strain, reducing the temperature and strain errors
will also improve the multi-parameter sensing performance.

The measurement errors of temperature and strain are due to
the inaccurate determination of acoustic mode frequencies,
which ignores the errors within the transfer matrix. Assume
that the maximum measurement errors of acoustic mode fre-
quency 8v, = v, — vy and 8v, = v, — vpo are equal, denoted
by v = 0.1 MHz.!*7 The §v will be transferred to the tem-
perature error 67 and strain error §¢€, with transfer temper-
ature coefficient B and strain coefficient ¢, which may be
expressed as!*8]

Csl+|CS

o1 < EE G sy s,
cll+|cl

e < EHG s —ps o

with A = CI'CE — CI'CE not equal to zero.

Through the above research, it is found that all the
four acoustic modes in optical microfibers can realize multi-
parameter sensing. Temperature and strain errors were cal-
culated by selecting two acoustic modes for comparison, as
shown in Table 1. It can be seen the simultaneous sensing
of SAW and HAW BS can achieve small temperature and
strain errors. In particular, the temperature and strain errors

094208-5



Chin. Phys. B 31, 094208 (2022)

of SAM1-HAM?2 and HAM1-HAM?2 combinations are as low
as 0.47 °C and 21.58 pe, and 0.30 °C-0.43 °C and 15.09 pe-—
19.80 p.e, respectively.

Table 1. Temperature and strain errors calculated by SAMs and HAMs.

Acoustic mode .
Temperature error (°C) Strain error (1E)

combination form

SAMI-SAM2 5.70 420.48
SAMI1-HAM1 1.90-2.85 159.36-203.06
SAMI1-HAM2 0.47 21.58
SAM2-HAM1 1.37-6.85 111.04-474.91
SAM2-HAM2 0.52 23.38
HAMI1-HAM2 0.30-0.43 15.09-19.80

Since the change of fiber diameter will affect the temper-
ature and strain sensitivity of each acoustic mode, the temper-
ature and strain errors of SAM1-HAM?2 and HAM1-HAM2
combinations under different diameters are different, as shown
in Fig. 5. The minimum errors of SAM1-HAM?2 combina-

tion are 0.47 °C and 20.96 pe at 1.06 pm, respectively. The
minimum errors of HAM1-HAM?2 combination are 0.30 °C—
0.34°C and 14.47 pe-16.25 pe at 1.08 pum, respectively. Then
their temperature and strain error coefficients increase with
the diameter increasing, and the increase amplitude of SAM1-
HAM?2 combination was greater than that of HAM1-HAM?2
combination.

Table 2 lists the temperature and strain errors based on
SBS in different optical fibers. By comparison, the errors of
multi-parameter sensing using acoustic modes in optical mi-
crofibers are smaller. In addition, when using microfiber sens-
ing, the light field constraint ability is strong, the bending loss
is low, and the bending radius can reach micron level, which
can realize the manufacture of highly compact photon sensor.
Microfiber has a large tensile strain of up to 6%, which is suit-
able for large strain sensing. And when Brillouin scattering is
used in microfiber, it has large Brillouin gain, high signal-to-
noise ratio and is easy to detect.

Table 2. The temperature and strain errors based on SBS in different optical fibers.

Fiber CaT (MHz/°C) CbT (MHz/°C) Ct (MHz/pe) Ct (MHz/ue) 6T (°C) ¢ (ue)
MSF (HAM1-HAM2) 0.71 1.08 0.0076-0.0089 0.029 0.30-0.34 14.47-16.25
MSF (SAM1-HAM2) 0.53 1.07 0.0072 0.029 0.47 20.96
SSMF* 1.19 1.15 0.062 0.050 0.93 19.48
IPGIF® 0.74 0.90 0.042 0.038 0.85 17.40
MSI-SMF¢ 1.10 0.77 0.040 0.039 0.64 15.4
Dual-core-AS,Se; PMMA fiberd —3.82 —3.33 —0.061 —0.035 1 33
2Ref. [49], PRef. [50], °Ref.[51], Ref. [52].
0.7 35
(a’) — SAMl—HAM2 , (b) — SAMl*HAM2 I/
—e— HAMI1—HAM?2 /. —e— HAM1—-HAM2 )
o 06f . 30t ;
\: "’. /JJ\:L o,/
g - = '
5 05f e 2 25
o) b - o- -0 -o--o - """ 8 0’/'
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& 0.3¢——e—o—» e " 15— ~ ——o——’/./.
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Diameter (pm)

Diameter (pm)

Fig. 5. The temperature (a) and strain (b) errors of SAM2-HAM?2 and HAM1-HAM?2 acoustic mode combinations are considered as a function of

the fiber diameter.

4. Conclusion

In conclusion, the temperature and strain sensitivi-
ties of SAW/HAW BS in optical microfibers with 1 pm—
It is found that the tem-
perature and strain sensitivities of HAMs are as high as
1.082 MHz/°C and 0.0289 MHz/ue respectively, which are
significantly greater than those of the SAMs (0.568 MHz/°C
and 0.0109 MHz/pe). Such results show that HAW BS
is more suitable for high temperature and strain resolu-

1.3 um diameters are reported.

tions in microfiber sensing application.’3) Whereas, the
temperature and strain sensitivity-diameter slopes of the
SAMs range from 0.05 MHz/°C/um to 0.25 MHz/°C/um
and 0.0001 MHz/pe/um to 0.0005 MHz/pe/pum with di-
ameter, which is much smaller than the value about
—1.23 MHz/°C/pm and —0.0096 MHz/pe/pum of the HAMs
at 1.3 pm diameter. It suggests that the temperature and strain
sensitivities of the SAMs are approximately the same with the
slightly non-uniform diameter, indicating that SAW BS for
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temperature and strain sensing would put less stress on man-
ufacturing constraints for optical microfibers. In addition, the
applications of SAW and HAW BS in simultaneous sensing
are analyzed. The combinations of SAM1-HAM?2 and HAM1-
HAM2 can obtain small temperature and strain errors. The
minimum errors of HAM1-HAM?2 combination are 0.30 °C—
0.34 °C and 14.47 ne—16.25 pe, respectively. These results
indicate that microfibers have great potential in point and dis-
tributed fiber sensing.
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