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Abstract: Ordinary step-type fiber usually has only one obvious Brillouin scattering gain peak with a
low gain coefficient, resulting in a poor sensing performance. As a promising material for nonlinear
photonics, lithium niobate can significantly improve the Brillouin gain due to its higher refractive
index when replaced with the core material. Furthermore, the higher-order acoustic modes make
the Brillouin gain spectrum exhibit multiple scattering peaks, which could improve the performance
of sensors. In this study, we simulated the Brillouin scattering properties of different modes of
intramode in step-index lithium niobate core fibers. We analyzed the intramode-stimulated Brillouin
scattering properties of different pump-Stokes pairs for nine LP modes (LPgy;, LP11, LP21, LPgy, LP3g,
LPyy, LPyy, LPy, and LPy3) guided in fiber. The results show that both the effective refractive index
and Brillouin scattering frequency shift are decreased with the increase in the nine mode orders,
and the values of which are 2.2413 to 2.1963, and 21.17 to 20.73 GHz, respectively. The typical
back-stimulated Brillouin scattering gain is obtained at 1.7525 m~!-W~!. These simulation results
prove that the Brillouin gain of the LiNbO3 optical fiber structure can be significantly improved,
which will pave the way for better distributed Brillouin sensing and for improving the transmission
capacity of communication systems.

Keywords: Brillouin scattering; few-mode fiber; lithium niobate; fiber optic sensors; optical
communications

1. Introduction

Stimulated Brillouin scattering (SBS) is one of the most important nonlinear effects in
optical fibers. It is caused by the interaction between photons and phonons in the medium
through the electrostrictive stress to generate a frequency-shifted Stokes wave [1-3]. Since
the Brillouin frequency shift (BFS) and spectral width of the Brillouin gain spectrum (BGS)
are very sensitive to the temperature and strain experienced by the fiber, this makes accurate
measurement of BGS very useful in sensing applications. SBS is widely used in single-mode
fiber (SMF). Examples include slow and fast light [4-8], optical filters [9,10], microwave
photonics [11,12], distributed sensors [13,14], and integrated photonic devices [15,16].
Brillouin scattering experiments in single-mode fibers [17-19] have a single peak in BGS,
which is not conducive to simultaneous temperature and strain sensing, and its sensing
performance needs to be further improved. Moreover, the single-mode capacity is close to
the Shannon limit [20], and its data capacity limitation has led to the exploration of multi-
mode. Therefore, in recent years, some researchers have used few-mode fibers (FMFs) for
distributed Brillouin sensing [13,14], and found that their BGS exhibited the characteristics
of multi-peak structure. Compared with a single mode, this approach can transmit multiple
modes, whose Brillouin scattering parameters change as the mode changes. Therefore,
the study of the Brillouin scattering properties of the different transmission modes of
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multimode is extremely important, and by analyzing the mode overlap of various optical
and acoustic modes, the fiber BGS of any specific fiber design can be numerically calculated.
With advances in fabrication and materials technology, many microdevices and nano-
materials have been used to enhance the SBS effect in various aspects, including optical
fibers, photonic crystal fibers, and integrated photonic devices. Structural and material
properties can lead to different Brillouin scattering properties, resulting in acoustic fre-
quency shifts and gain value fluctuations, and even excitation of higher-order acoustic
modes. Effectively enhanced SBS effects require strict material selection and structural
design [21]. In 2013, Song et al. [22] experimentally measured the BGS peaks of four optical
mode pairs in a circular-core step-index fiber. They found that intramodal SBS (coupling
between the same modes) was stronger than the corresponding intermodal SBS (coupling
between different modes). In the same year, Li et al. [23] conducted an experimental study
on the BGS of different mode pairs in circular-core dual-mode fibers and measured the
corresponding Brillouin gains. The experimental results show that the BGS is dependent
on the optical mode pairs involved, which all lay the foundation for distributed sensing in
FMFs. In 2015, Li et al. [24] designed a temperature and strain optical fiber sensor based
on the intramode SBS characteristics of FMF, and obtained temperature and strain errors
of 0.8 °C and 20.1 pe, respectively. In 2016, Xu et al. [25] studied temperature and strain
Brillouin sensors based on SBS in the fundamental mode in an inverse parabolic FMFE. The
errors of temperature and strain were 0.85 °C and 17.4 pe, respectively. In the same year,
Zhou et al. [26] studied a Brillouin sensor based on graded index distribution FMF. The
error of temperature and strain were 1.8 °C and 4 e, respectively. In 2019, Fang et al. [27]
studied temperature and strain sensing based on intramode SBS characteristics in an ellipti-
cal core FME and obtained temperature and strain errors of 0.28 °C and 5.81 pe, respectively,
but the system was complex. In 2021, Song et al. [28] published a technical review of the
recent developments in distributed Brillouin sensors for FMF platforms, with the highest
intra-modal gain of 0.47 m~'-W 1. Compared with the traditional silica optical fiber, the
high refractive index difference between the core material and the cladding material of
the lithium niobate optical fiber yielded the fiber waveguide with a strong binding ability
to the optical field, which can enhance the SBS. Moreover, LiNbO3; has some natural ad-
vantages, including strong electro-optic effect (largest 733 = 27 pm/V at 1500 nm), wide
transparency wavelength (from 400 nm to 5 um) [29], and stable physical and chemical
characteristics, which can significantly enhance the interaction of light and matter and
excite strong photon—phonon interactions [30]. In 2013, Wang et al. [31] demonstrated a
way to make single-crystal LiNbOj3 optical fibers with silica glass cladding with a one-step
drawing process with the CO; laser-heated pedestal growth technique. The transmission
loss of 0.89 dB/cm and the effective electro-optic coefficient of 23.6 pm/V was achieved
in the single-crystal LiNbOj3 optical fiber with core diameter of 9 um. These excellent
characteristics make LNOI very promising for Brillouin optical communication sensing
devices. In this paper, to our knowledge, for the first time, we report the coupling of
optical and acoustic modes during backward Brillouin scattering in lithium niobate optical
fibers. We numerically fond the BGS using elastodynamic equations by considering all the
phase-matched intra-mode interactions that occur inside a 40 pm diameter lithium niobate
optical fiber and analyzing in detail the optical and acoustic modes supported by this fiber.
The BFS, Brillouin gain, and spectrum in each mode are characterized, and the frequency
shift of Brillouin scattering in the range of 20.73-21.17 GHz can be achieved, and a large BSBS
gain is shown. The simulation results provide a theoretical reference for distributed Brillouin
sensing and improving the transmission capacity of optical fiber communication systems.

2. Materials and Methods

In a typical Brillouin process, the pump light field generates an acoustic wave field
through electrostriction, which, in turn, periodically modulates the refractive index of
the medium to form a moving grating that scatters the pump light. In the SBS process,
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the phase matching condition should be satisfied, that is, the conservation of energy and
momentum should satisfy the following conditions:

Wp = Ws + Wa 1)
- = =
kp =ks +kq (2)
- = —
where ky, ks, k, are the pump wave, Stokes wave, and acoustic wave vector, respectively,
and wp, ws, and w, are their angular frequencies, respectively.

Brillouin scattering is divided into forward scattering and back scattering according to
the direction of propagation of the pump wave and Stokes wave. In forward-stimulated
Brillouin scattering (FSBS), the pump wave and Stokes wave propagate in the same di-
rection. In this case, the acoustic wave has a zero wave vector along the waveguide axis,
which means that the acoustic wave propagates perpendicular to the axis and moves back
and forth between the waveguide boundaries [32,33]. For back-stimulated Brillouin scat-
tering (BSBS), the pump and Stokes waves propagate in the opposite directions along the
waveguide axis, and the associated acoustic wave propagates along the waveguide axis.
The high-energy pump photons generate anti-Stokes photons and phonons through the
third-order nonlinear process shown in Figure 1, to explore the contribution of longitudinal
acoustic modes to backward Brillouin scattering. We considered a circular step-index fiber
(SIF) with lithium niobate as the core material and silica as the cladding material. The
high refractive index difference between the core and the cladding enabled strong optical
field confinement to enhance the SBS. The structural and material parameters used in the
simulations are listed in Table 1.

Figure 1. Schematic diagram of Brillouin scattering in lithium niobate optical fiber, the distribution
of LPy;, LPq1, and LPy; optical modes in the core region, and the distribution of Ly, Ly7, and Ly;
acoustic modes in the core and cladding regions.

Table 1. Structure and material parameters for the SIF.

Values
Parameters Core Cladding
Radius (pm) Teore = 4.5 Tolad = 20
Refractive index Neore = 2.245 Ngaq = 145
Mass density (kg/ m?) Ocore = 4700 Oclad = 2203
Longitudinal acoustic velocity (m/s) Vicore = 7318 Viclag = 5950
Photo-elastic coefficients p11 = —0.02, p1p = 0.08, pgy = 0.12
Transmission loss at 1550 nm (dB/cm) 2 0.89

TRef. [311.
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In the step-type lithium niobate optical fiber structure, the large relative refractive
index difference between the core material and the cladding material is not perfectly
consistent with the weakly guiding approximation. In order to simplify the analysis, we
used the exact formulas of the linear polarization (LP) modes. The number of modes in
multi-mode transmission is determined by its normalized frequency V, and the expression
of the step-type multi-mode normalized frequency V is:

V= Z%NA G)

In Equation (3), A is the wavelength of the incident light and a is the radius of the fiber
. . o 2 2. . .
core, where NA is the numerical aperture NA = , /n P ng the normalized frequency V is

an important parameter to characterize the mode transmission characteristics. The larger V
is, the more guided modes are allowed to exist, and vice versa. When V < 2.405, only one

mode (HE7;) is allowed, where the number of modes is M = V;

For the BSBS process, we assume that the propagation directions of the pump light
and the Stokes light are both along the z-axis, and the [001] symmetry direction of the
waveguide coincides with the z-axis. The acoustic wave participating in BSBS is the acoustic
wave transmitted along the waveguide axis along with the light wave, and its acoustic

2
da” v = Q, where v; is the longitudinal acoustic
€33 P

velocity, da3 is the piezoelectric constant, €33 is the dielectric constant, Cz3 is the elastic
constant, and p is the density. Each curve in BGS usually corresponds to a different acoustic
mode in the fiber, and the BFS expression in FMF [28] is:

velocity is calculated as Cs3 = c33 +

vp = (K;+A;>vﬁ\;”(n,»+n,) (4)
where vp is the acoustic frequency and 7;(; and A;(;) are the effective refractive index (ERI)
and wavelength of the ith (jth) mode, respectively. At a wavelength of 1550 nm, an ERI of
2.245, and a velocity of acoustic wave of about 7318 m/s, the calculated vp is about 21 GHz.

We used the elastic dynamics equation to model the observation of backward-stimulated
Brillouin scattering directly from the classical quantum mechanics of the waveguide, according
to the energy conservation, through the elastic dynamics equation to study the acoustic
wave in the Brillouin optical-mechanical interaction. The frequency and displacement
distribution of the elastodynamic equation can be defined as:

0%u;
T (Cijkzuk,l) = ~Tij; (5)

In the formula, ¢;j is the elastic matrix, Tf]S is the electrostrictive stress tensor, and
Tfjs = —€0XKij |ExE; |, where Xuiij is a fourth-order polarization tensor and Xyij = €im€jnPpipn-SB
is the Brillouin gain, defined as:
()
2
8B (Q) = Z Gm

T Q- 0n? - (%)

(6)

Summing all the acoustic modes, (), is the eigenfrequency of the mth acoustic mode
without considering the acoustic loss, () is the frequency difference between the pump wave
and the Stokes wave, and I'y, is the loss coefficient of the mth acoustic mode. It depends
on the mechanical energy quality factor Q,; and follows the relationship Qm = Qm/IT'm.
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The Brillouin gain of each acoustic mode is a Lorentzian-shaped function, and when the
acoustic loss is considered, the Brillouin scattering gain coefficient is defined as [34]:

2wQm ‘<f/”m>|2

G p—
" Om2VgpVgs (Ep, €Ep ) (Es, €Es) (i, ptim)

@)

In Equation (7), Vgp (Vgs), € and p are the group velocity, conductivity, and density of
the pump light (Stokes light), respectively. f is the sum of the optical forces of the pump
light and the Stokes light. u,;, is the displacement vector of the mth acoustic mode.

Assuming that w, ~ ws = w, (A,B) = [ A*-Bds is the overlap integral between
the total optical force covering the whole waveguide cross section and the single m-order
acoustic mode, which represents the optomechanical coupling strength based on the fiber
optic waveguides. In general, the greater the coupling strength, the better the Brillouin
scattering effect.

To improve the Brillouin gain in fiber waveguides, the fiber structure should be
designed to confine the acoustic waves in a special medium with a large refractive index
and photoelastic constant. Therefore, the choice of materials is very important for the
design of fiber optic waveguides. On the other hand, the overlap of light and acoustic
waves in the fiber needs to be considered. To confine the acoustic modes in the fiber
waveguide core, the refractive index of the core should be greater than that of the cladding.
Another important point is that despite the large electrostrictive force and high radiation
pressure in some optical waveguides, they are in opposite phases on the boundary and
cancel each other’s influence. Therefore, in order to design a waveguide suitable for the
intended use, all these complex processing methods should be considered.

3. Results

Based on the above theory, we measured the BSBS that can realize multiple modes
when the lithium niobate crystal is used as the core. We analyzed nine intramode forms.
The optical modes of the nine intramode forms were LPy;, LP11, LP»1, LPgp, LP3;, LP1»,
LP4y, LP2, and LPg3. The ERI parameters corresponding to the nine modes are listed in
Table 2. It can be seen from Table 2 that with the increase in the optical mode order, the
ERI gradually decreases. Therefore, when lithium niobate is used as the core material, the
effective refractive index corresponding to each optical mode is close to that of the lithium
niobate material.

Table 2. Optical mode parameters.

Mode LP01 LPH LP21 LP02 LP31 LP12 LP41 LP22 LP03

Effective refractive

index 22413 22358 22281 22254 22189 22132 2208 21991 2.1963

Figure 2a-i shows the simulated SBS BGS of nine LPy;-LPg;, LP11-LP11, LPp1-LPpy,
LPoz-LPOQ ’ LP31-LP31 ’ LPlz-LPlz ’ LP41-LP41 ’ LPzz—LP22 ’ and LP03-LPO3 pump and Stokes
mode pairs. The BGS was calculated using Equation (6) and indicates the optical mode profile
distribution for each mode pair and the acoustic mode profile distribution for each peak.
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Figure 2. BGS of different pairs of pump-probe modes in the FMF: (a) LPg;-LPyy; (b) LP1q -LPqq;
(C) LP21 -LP21,‘ (d) LPQZ 'LPOZ; (e) LP31 -LP31; (f) LP12 -LPlz; (g) LP41 -LP41,' (h) LP22 -LPzz} and
(l) LP03 -LP03 modes.

Figure 2 shows the BGS of the LP,;;;-LP;; pump and Stokes mode pairs; each curve
corresponds to an acoustic mode Ly, and the spontaneous Brillouin spectrum of each
acoustic mode is Lorentzian due to the exponential decay of the acoustic wave shape. We
performed an appropriate Lorentzian curve fit for each peak in the BGS, and each BGS
could fit a different number (1-5) of Lorentzian curves. It is worth noting that for BGS of
all LP;;;4-LPy;, pump and Stokes mode pairs, among all L;;;, acoustic modes corresponding
to BGS, the peak value of Ly, acoustic mode (m = 0) is dominant in all cases. This may be
due to the fact that these acoustic modes are symmetric in intramodal SBS [31]. Another
noteworthy point is the acoustic mode corresponding to the largest peak in all BGS, and
the acoustic mode corresponding to the largest peak, is Ly;. This can be explained by the
larger gain of the multimode SBS induced by the LPy; mode.

The BFS is calculated by substituting #; and n; in Equation (4), and the acoustic mode
velocity versus BFS for the intra-mode case is plotted in Figure 3.
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Figure 3. (a) The relationship between the BFS of the mode and the velocity of acoustic for the
nine intramodes. (b) The acoustic mode profile under the LP51-LP,; mode pair is shown as an inset,
corresponding to the relationship between the velocity of acoustic and the BFS of the ten acoustic modes.
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Figure 3a shows the relationship between acoustic mode velocity and BFS for the nine
interacting LP,,-LP;, pump and Stokes mode pairs. The line of each color represents an
LP;;-LPy,, optical mode pair, and each data point shape represents an Ly, acoustic mode.
Under the same acoustic mode (L), the lower-order optical mode corresponds to a larger
BFS value. Under the optical mode pair (LP;;,-LPi), higher-order acoustic modes correspond
to larger BFS values. Figure 3b demonstrates the intramode interaction corresponding to the
pump and Stokes propagating in the LP,; mode, showing the acoustic mode profiles of the
symmetric and antisymmetric mode groups and their BFS values (data points denoted by
stars sign). Obviously, higher-order acoustic modes correspond to larger BFS values.

Figure 4 shows the BFS characteristics of the Ly, acoustic mode for the nine LPy;,-LP,;,
pump and Stokes mode pair interactions.

T T T
—=LP, LP,
—8—LP,;, —p—LP,
—A—LP,, ——LP,
—y—LP;; —#—LPy
LPy

™

g

I
1

21.2 1

~

[y

=]
1

20.8

Brillouin frequency shift/GHz

L01 L02 103 L04 LOS
Acoustic mode

Figure 4. BFS characteristics of Ly, acoustic mode in the case of nine LP,;;, -LP;; mode pairs.

In Figure 4, vp varies in the range of 20.7-21.3 GHz, and the vp of the BGS peak of each
mode decreases with the optical mode order and increases with the acoustic mode order. The
specific variation in v can be qualitatively explained by the smaller ERI of the higher-order
optical modes and the larger acoustic velocity of the higher-order acoustic modes. Since the
pump and Stokes mode interferograms are symmetric in intra-modal SBS, the BGS peaks
can be attributed to symmetric acoustic modes such as Ly, Loz, Loz, Los and Los [35].

Figure 5 shows the Brillouin gain characteristics of the Ly, acoustic mode for the nine
LP;y,-LPy, pump and Stokes mode pair interactions.

Figure 5 shows the relative amplitudes of the BGS peaks for each mode in multimode
stimulated Brillouin scattering. In the case of each LP,;;,-LP;;, mode pair, the Brillouin gain
value of the Ly; acoustic mode under the LPy;-LPy; pump and Stokes mode pair is the largest,
reaching 1.7525 m 1. W~!. The maximum peak (Lg; acoustic mode) is several orders of
magnitude larger than the other peaks, except for LP»1, LP3;, and LP4; modes. The amplitude
difference between the two main peaks is small, which is in the same order of magnitude.
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Figure 5. Brillouin gain characteristics of the Ly, acoustic mode in the case of nine LP; -LP;y
mode pairs.

Figure 6 shows the total Lorentzian curve of each LP;;;,-LP;;;, mode pair BGS for the
nine LP;;,-LP;, pump and Stokes mode pair interactions.

2.0 T T T
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Brillouin frequency shift/GHz

Figure 6. In the case of nine LP;;,-LP;;, mode pairs, the total Lorenz curve of each LP,;; -LP;;;; mode
pair to BGS.

It can be seen from Figure 6 that in the lithium niobate optical fiber, the BFS varies in
the range of 20.7-21.3 GHz, and the highest Brillouin gain coefficient of each LP,;;;;-LP;y5,
mode pair is in the range of 4.9036E-1(LP31)-1.7525 (LP¢;) inside. The order of magnitude
(GHz) of its own BFS is very high; in distributed sensing, the influence of changes in
external parameters on BFS is usually mostly in the range of 100 MHz. The LPg;, LPpy,
and LPy3 modes present a single main peak or a single main peak plus a small peak with
a large difference in BFS. the LP;;, LP3; and LP4; modes present two comparable peaks
with a small difference in BFS, and the LP;;, LP15, and LP modes present a single main
peak plus a small peak with a large difference in BFS. In the case of intramode SBS, the LPy;
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mode provides the largest Brillouin gain, and according to the Lorentz peak distribution,
we divide the nine modes into three groups: LPy;, LP(>, and LPy3 modes as the first group,
LP;;, LP31, and LP4; modes as the second group, LP1;, LP1,, and LPy; modes as the third
group. The gain coefficient of the first group is generally higher, and the highest Brillouin
gain coefficient of the second and third groups is about 50% of the LPy; mode. This is
attributable to the BGS cleavage observed in Figure 2.

4. Conclusions

In conclusion, this paper presents a new inorganic material lithium niobate as the
transmission medium, and reports the Brillouin scattering properties of different pump-
Stokes mode pairs in lithium niobate optical fibers, showing nine LPy;-LP¢;, LP11-LP;3,
LPZl—LP21, LP()z-LP()z, LP31-LP31, LPlz-LPlz, LP41—LP41, LPzz—Lpzz, and LP03-LP03 pump
and Stokes mode pairs. We analyzed the Ly, acoustic mode in the pump-Stokes mode pair
in detail: the gain of the lithium niobate optical fiber BSBS reached 1.7525 m~1 -W_l, and
the frequency shift of Brillouin scattering in the range of 20.73-21.17 GHz was achieved,
different from conventional silica. Lithium niobate is an anisotropic material. We plan to
study the temperature and strain of lithium niobate optical fibers in future work, and carry
out the fabrication of lithium niobate fiber and related experiments. We expect our design
parameters to contribute to the optimization of Brillouin sensors and provide a new platform.
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