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As a new type of semiconductor fiber, silicon-core fibers have a higher non-linear effect compared with silica fibers. Forward-stimulated Brillouin scattering as a typical optical non-linear effect holds strong promise for applications in, for example, fiber-optic sensing. The study of the FSBS effect in silicon-core fibers facilitates further theoretical exploitation of the potential of FSBS in fiber-optic sensing. In this paper, the FSBS in the silicon-core fiber is studied using the finite element method. The model is based on a silicon-core fiber, whose silicon-core diameter is 4 [image: image] and silica cladding diameter is 33.4 [image: image], and the optical field modes are classified by the vector method to obtain the acoustic field modes excited by FSBS—radial mode (R0m) and torsional radial mode (TR2m). The FSBS gain of the fiber shows that R0m has the best coupling with TM and TE optical modes, and TR2m has the best coupling with HE optical modes. It is concluded that the sound field frequency shift of R0m is more sensitive to the change in the effective refractive index of the optical field than that of TR2m. The factors affecting the gain are refined into photoelastic effects and moving boundary perturbations, and their contributions to the total gain are summarized. Finally, it was confirmed that a strong FSBS gain similar to 365.57 (1/mw) can be obtained with silicon-core fibers without the need to reduce the size to the usual dimensions of silicon waveguides, paving the way for further research studies in areas such as frequency-tunable laser emission, mode-locked pulsed lasers, low-noise oscillators, and optical gyroscopes.
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1 INTRODUCTION
Silicon photonics, which emerged from the close combination of electrons and photons, is now the most active discipline in the field of integrated optics [1, 2]. The interaction of the optical field with electrons and phonons in silicon gives rise to a large number of non-linear effects and has a high third-order optical non-linearity [1, 3, 4]. Silicon-core fibers, which have been manufactured by Badding Group since 2008 [5], belong to a new type of semiconducting platform. The silicon-core fibers are robust, flexible, and cylindrically symmetric and are becoming a new platform for the development of non-linear optical devices [6]. The high refractive index contrast between the silicon core and the silica cladding can guarantee strong optical confinement for all signals near the near-infrared wavelength of 1,550 nm, resulting in strong optical guiding [1]. The high optical confinement generated by this large contrast (between Si and SiO2) makes it possible to observe strong non-linear optical interactions as observed in chip-scale devices [7].
Forward-stimulated Brillouin scattering, as an optical non-linearity, is a third-order non-linear process in which the optical and acoustic fields are coupled [8]. Excitation of strong forward-stimulated Brillouin scattering (FSBS) in silicon has been realized in a new class of nanoscale opto-mechanical waveguides with record-high non-linearity (four times larger than that in silica fibers) [9]. Compared to nanoscale linear silica waveguides, both with micron-sized core diameters and silica cladding, these large-core fibers provide better power-handling capabilities [10]. However, its high core-cladding index contrast means that it does not support the weak waveguide approximation, and it will guide multiple vector modes [11]. The properties of FSBS in silica-core fibers in the presence of multiple vector modes have then not been studied in detail [12]. In this study, we model the forward Brillouin scattering in a multimode silicon-core fiber using the finite element method. The model is based on a silicon-core fiber with a core diameter of 4 [image: image] and a cladding diameter of 33.4 [image: image]; it takes a vectorial approach to classify the optical field modes at high core-cladding index contrast to obtain the acoustic field modes excited by the FSBS—radial mode (R0m) and torsional radial mode (TR2m), and investigates the effects of these two types of acoustic modes on the FSBS gain and the frequency shift. Finally, it is confirmed that the silicon-core fiber does not need to be reduced to the usual size of a silicon waveguide to obtain similar strong gains.
2 SIMULATION AND DISCUSSION
2.1 Simulation of optical wavefield modes in silicon-core fibers
In this study, we take silicon-core fiber as the prototype, where the core diameter is 4 [image: image], cladding diameter is 33.4 [image: image], core material is silicon, refractive index is 3.5, Young’s modulus is 165.26 GPa, Poisson’s ratio is 0.28, cladding material is silica, refractive index is 1.45, Young’s modulus is 73.1 GPa, Poisson’s ratio is 0.17, numerical aperture of fiber NA is 3.35, and incident light wavelength [image: image] is 1,550 nm [13]. The mechanical quality factor of the quartz fiber material is about 1,000 [14, 15]. Figure 1 shows the boundary conditions, selected materials, and parameters of the silicon-core fiber model. The red part is the fiber cladding, the blue part is the fiber core, the boundary between the cladding and the air layer is set as an ideal electrical conductor, the boundary between the core and the cladding is set as a free boundary to ensure that the sound field can be displaced on this boundary, and the silicon material of the fiber core is set as a linear elastic material. Since the difference between the relative refractive indices of the silicon-core silica-clad fiber simulated in this study does not satisfy the weak waveguide condition [image: image], the longitudinal components [image: image] of the electric and magnetic fields are not much smaller than the transverse components [image: image] in the electromagnetic field distribution in the silicon-core fiber [16]. When both electric and magnetic fields are present in the direction of electromagnetic wave propagation (z-direction), a hybrid mode ([image: image] mode) (where the electric field component is more dominant in the direction of electromagnetic wave propagation, [image: image]) and a hybrid mode ([image: image] mode) (where the magnetic field component is more dominant in the direction of electromagnetic wave propagation, [image: image]) are generated due to the different magnitudes of [image: image] or [image: image] relative effects [17, 18]. When only the electric field or only the magnetic field exists in the direction of electromagnetic wave propagation, the case of only the electric field produces the transverse magnetic mode (TM mode) (when the magnetic field direction is along the tangential direction of the fiber cross-section), and the case of only the magnetic field produces the transverse electric mode (TE mode) (when the electric field direction is along the tangential direction of the fiber cross-section) [19–21]. Figure 2 shows the field distribution of the HE mode, TM mode, and TE mode of the optical field present in the silicon-core fiber simulated by the finite element method, respectively, and the white and black arrows on the optical field image are the electric field vectors.
[image: Figure 1]FIGURE 1 | Simulation model of the silicon-core fiber. 
[image: Figure 2]FIGURE 2 | (A) Field intensity distribution of the HE mode in silicon-core fiber. (B) Field intensity distribution of the TM mode in silicon-core fiber. (C) Field intensity distribution of the TE mode in silicon-core fiber.
2.2 Phase matching of optical and acoustic fields
For FSBS, the optical and acoustic fields confined in the fiber can be coupled by inelastic light scattering, and electrostriction in the fiber causes a change in the dielectric constant, which affects the refractive index and forms a time-dependent refractive index grating [22]. In the process of interaction, both energy and momentum must be conserved, so the pump light, scattered light, and acoustic field must satisfy the phase-matching condition and the momentum conservation condition [23], specifically in the FSBS studied in this paper; the wave vectors of the pump light, scattered light, and acoustic field should follow [24]:
[image: image]
For multimode fibers, the pump light has multiple conduction modes, each with its own different effective refractive index [image: image] and scattering angle [image: image]. The inelastic collision between the optical photons of the pump light and the acoustic phonons in the medium to produce scattered light also excites multiple conduction modes, each with a scattering angle of [image: image]. Any one of the conduction modes of the pump light and any one of the conduction modes of the scattered light will interact non-linearly by coupling with each other in the acoustic field. In forward intra-mode scattering, the pump light in mode [image: image] scatters the scattered light [image: image] of the same mode in the same direction, and they need to satisfy the phase matching condition as [25, 26]
[image: image]
As shown in Figure 3, the acoustic field mode at this point is at a position very close to the cutoff in the dispersion relation, but the wave vector of the acoustic mode is not exactly equal to 0. The wave vector of the acoustic mode can be estimated by [27, 28]:
[image: image]
[image: Figure 3]FIGURE 3 | Phase-matching relationship of the pump light, scattered light, and acoustic field in silicon-core fiber.
where [image: image] is the group velocity of the optical mode dispersion branch [29], the group velocity of the optical field fundamental mode within the forward Brillouin mode of the silicon-core fiber is [image: image] m2/s, the optical frequency is [image: image] Hz, and the frequency of the acoustic field mode R01 is [image: image] Hz, so the ratio of the wave vector of the acoustic mode R01 to the pump optical fundamental mode should satisfy [image: image]. The absolute value of the wave vector of the acoustic mode R01 is 22.9267 rad/m.
2.3 Excitation of guided acoustic modes in silicon-core fibers with multiple modes
The frequencies of the excitable elastic modes in FSBS are fixed by the structure and are independent of the incident light frequency. The acousto-optic matching condition for forward Brillouin scattering requires the acoustic field modes to be located at the approximate cutoff in the dispersion curve, when the phase velocity of these acoustic waves tends toward infinity and the group velocity tends toward zero, so the acoustic field modes in FSBS are called guided acoustic modes [30].The core of a silicon-core fiber is a linear elastic material, and the fluctuation equation of linear elastodynamics is established, and this equation describes various elastic waves in a uniform rod with a circular cross-section [31]:
[image: image]
The f on the right-hand side of the equation is the density of the volume force that causes small-amplitude acoustic vibrations in the medium. For FSBS, [image: image] tends toward 0, so when small-amplitude acoustic vibrations exist only in the radial and tangential directions, f is [31]:
[image: image]
[image: image]
In Eqs. 5.1, 5.2, [image: image]; bringing Eqs. 5.1, 5.2into Eq. 4, the radial displacement [image: image] and tangential displacement [image: image] can be solved for [32]:
[image: image]
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[image: image]
[image: image] is the spectral width, a parameter indicating the acoustic particle dissipation. [image: image] is the radial dependence of the displacement expressed as a Bessel function with [image: image] = 0. n is related to the type of vibration, and m denotes the mth root of the characteristic equation that determines the frequency [33]. The upper and lower marks of [image: image] indicate that for the nth vibration type, m frequencies exist. The next section discusses what value of n is required to satisfy the phase-matching condition for forward Brillouin scattering. Equations 5.1, 5.2 contains the term associated with [image: image] and does not contain the term associated with [image: image]. Therefore, n in Eqs. 6.1–6.3 is equal to 0 or equal to 2. When n = 0, only the term in Eq. 5.1 expressing [image: image] that is independent of [image: image] plays a role. The case of [image: image] but not [image: image] in Eq. 6 occurs only if n = 0 is brought into the row below the flower brackets. This type of sound field vibration is named radial mode ([image: image], n = 0), so the displacement equation for [image: image] is [image: image]. The dispersion diagram of [image: image] is shown on the right side of Figure 4A, and the left side shows the vibrations of the [image: image] modes in the FSBS of the silicon-core fiber with markers m from one to six in order; they are located at the leftmost part of the dispersion diagram near the cutoff position. When n = 2, the terms [image: image] and [image: image] related to [image: image] in Eqs. 5.1, 5.2 come into play, and in Eqs. 6.1–6.3, n = 2 is brought into the upper row of the brackets with radial displacement [image: image] and tangential displacement [image: image]. This type of sound field vibration is named the torsional radial mode ([image: image]), and thus, [image: image], [image: image] is the displacement equation. The right side of Figure 4B shows the dispersion diagram of [image: image]. On the left is the vibration of the [image: image] mode in forward Brillouin scattering from the silicon-core fiber with marker m in order from 1 to 12, where marker n corresponds to the wave vector [image: image] and marker m corresponds to the sound field frequency [image: image].
[image: Figure 4]FIGURE 4 | (A) Acoustic field modes [image: image] present in forward Brillouin scattering from a silicon-core fiber. (B) Acoustic field modes [image: image] present in forward Brillouin scattering from a silicon-core fiber.
The acoustic field modes excited by forward Brillouin scattering in the silicon-core fiber are the radial mode ([image: image]) and torsional radial mode (TR2m). The only force driving [image: image] is the radial force [image: image], and there is no [image: image] perpendicular to the radial force [image: image]. There is both [image: image] and [image: image] driving [image: image].
3 GAIN OF FSBS OF THE SILICON-CORE FIBER AND THE EFFECTS OF [image: image] AND [image: image] ON THE FREQUENCY SHIFT
After the pump and scattered optical modes at a given [image: image] have been calculated, and when the acoustic field modes [image: image] and [image: image] meet the phase-matching condition q = kp - ks, the Brillouin gain values corresponding to each acoustic field mode can be calculated by computing the overlap integrals of the optical and acoustic fields. The acousto-optical overlap integral consists of two components: moving boundary perturbation (MB) and photoelastic effect (PE) [34]. The photoelastic effect refers to the disturbance of the dielectric constant by elastic strain, and moving boundary perturbation refers to the perturbation of the effective refractive index of the optical mode by the geometric deformation of the fiber caused by the acoustic field. The moving boundary perturbation and photoelastic effect describe the process of generating Brillouin gain in terms of the acoustic field perturbing the optical field, while the more classical radiation pressure and electrostriction describe the process in terms of the optical field electromagnetic force driving the acoustic field. The acousto-optical overlap integrals calculated from these two descriptive perspectives are consistent. Brillouin gain based on moving boundary perturbations and photoelastic effects is calculated as follows:
[image: image]
where [image: image] is the mechanical quality factor, [image: image] is the pump light frequency, [image: image] is the fiber core density, [image: image] is the acoustic field frequency, [image: image] is the line integral representing the moving boundary effect, and [image: image] refers to the area fraction representing the photoelastic perturbation [35].
[image: image]
[image: image]
[image: image] is the surface-normal component of the displacement vector, [image: image] and [image: image] refer to the relative dielectric constants of the core and cladding, the subscripts p or s refer to pump or scatter light, [image: image] refers to the tangential or normal direction, and E refers to the electric field [image: image]. The denominators in [image: image] and [image: image] denote energy- or power-normalized integrals [36]. [image: image] is the photoelastic tensor, and [image: image] is the time-harmonic electrostriction tensor [37, 38].
[image: image]
The forward Brillouin gain of the silicon-core fiber can be obtained by bringing each physical parameter of silicon and silica in Table 1 into Eq. 7. Figure 5 shows the forward Brillouin gain of the acoustic field coupled with R0m for the pump light-scattered light mode pairs TM01–TM01, TM02–TM02, TM03–TM03, TM04–TM04, and TM05–TM05, respectively. Figure 5A shows the FSBS gain when the sound field is coupled with R01, Figure 5B shows the FSBS gain when the sound field is coupled with [image: image], and the yellow gain bars in Figure 5B represent the gains of R02, R03, R04, R05, and R06 from left to right. The triangular squares, square squares, and yellow bars in Figure 5 represent the FSBS gain under three conditions: photoelastic perturbation only, moving boundary only, and combined effect.
TABLE 1 | Physical parameters of Si and SiO2.
[image: Table 1][image: Figure 5]FIGURE 5 | (A) Forward Brillouin gain of the acoustic field coupled with R01 for the pump light-scattered light mode pair of transverse magnetic modes TM0m–TM0m. (B) Forward Brillouin gain of the acoustic field coupled to R0m for the pump light-scattered light mode pair of transverse magnetic modes TM0m–TM0m.
In Figure 5A, the total gain increases with the higher order of the optical field mode pair and the contribution of the photoelastic perturbation to the total gain decreases, while the contribution of the moving boundary effect to the total gain increases all the time and exceeds the photoelastic perturbation at TM04–TM04 and reaches the maximum at TM05–TM05 in the case of both acoustic fields as R01. As mentioned in Ref. 37, the FSBS gain is more dominated by the moving boundary effect as the size decreases, and the moving boundary effect decays sharply as the size increases. In the process of pumping light-scattering optical mode pairs from low to high order in silicon-core fibers, there is a gradual concentration of optical field energy in the core, and for coupling the same acoustic modes, the FSBS gain is also gradually dominated by the moving boundary effect, i.e., the higher-order optical modes of large-size silicon-core fibers have an effect similar to those of small-size fibers in the process of FSBS gain excitation.
In Figure 5B, R02, R03, R04, R05, and R06 are all acoustic fields corresponding to the maximum value in the FSBS gain spectrum for each R0m optical mode pair, with maximum gains of 24.65(1/mw), 22.14(1/mw), 21.54(1/mw), 20.8(1/mw), and 19.73(1/mw), respectively, and contributed almost exclusively by photoelastic perturbations. Figure 5B illustrates that the in-mode forward Brillouin scattering of TM optical modes can only obtain increased gain when coupling the axial radial mode R0m and that the normal electrostriction force is the largest force driving the realization of this process. Figure 6 shows the complete FSBS gain spectra for the pump light-scattered light mode pairs TM01–TM01, TM02–TM02, TM03–TM03, TM04–TM04, and TM05–TM05, respectively. The line width of Brillouin scattering within the silicon-core fiber mode also gradually increases during the change in pump light and scattered light modes from lower to higher orders, and the spectral line width of Brillouin scattering gradually increases with the increase in the mode order. The main reason is that the smaller propagation constants of the higher-order modes in the multimode fiber make their effective refractive indices lower, as described in the paper [39].
[image: Figure 6]FIGURE 6 | Complete FSBS gain spectrum for pump light-scattered light mode pairs for the transverse magnetic mode TM0m–TM0m, respectively.
The aforementioned results illustrate that each mode in the multimode silicon-core fiber independently excites its own Brillouin scattering spectrum, where the acoustic field mode R0m always corresponds to the highest one in the gain spectrum of each optical mode pair, and its frequency shift varies greatly with the increasing order of the mode pair. The change in the mode pair can be equated to the change in the effective refractive index neff in the fiber, from which it can be concluded that the acoustic field mode R0m has a non-linear change for the change in the effective refractive index of the core of the silicon-core fiber.
When the pump-scattered light mode pairs are mixed mode HE11-HE11, HE21-HE21, HE31-HE31, HE41-HE41, HE51-HE51, HE61-HE61, HE71-HE71, HE81-HE81, HE91-HE91, HE10 1-HE10 1, HE11 1-HE11 1 HE12 1-HE12 1, HE13 1-HE13 1, HE14 1-HE14 1, HE15 1-HE15 1, HE16 1-HE16 1 when the sound field is coupled to R01 and TR2m with the forward Brillouin gain shown in Figure 7A shows the FSBS gain when the sound field is coupled to R01, and Figure 7B shows the FSBS gain when the sound field is coupled to TR2m. The yellow gain bars in Figure 7B represent, from left to right, TR21, TR22, TR23, TR24, TR25, TR26, TR27, TR28, TR29, TR2 10, TR2 11, TR2 12, TR2 13, TR2 14, and the gain of TR2 15 and TR2 16. In Figure 7A, the total gain decreases and then increases with the higher order of the optical field mode pair, and the contribution of the photoelastic effect to the total gain gradually decreases, while the contribution of the moving boundary perturbation to the total gain gradually increases, and the moving boundary perturbation and the photoelastic effect are equivalent at HE11 1–HE11 1, after which the moving boundary perturbation gradually exceeds the photoelastic effect and reaches the maximum at HE16 1–HE16 1. Unlike the transverse magnetic TM0m mode pair, the total gain of the hybrid mode HEn1–HEn1 undergoes a process of decreasing and then increasing, with the FSBS gain of the lowest order HE11–HE11 controlled by the photoelastic effect and the FSBS gain of the highest order HE16 1–HE16 1 controlled by the moving boundary perturbation.
[image: Figure 7]FIGURE 7 | (A) Forward Brillouin gain of the acoustic field coupled to R01 for pump light-scattered light mode pairs with mixed mode HEn1–HEn1, respectively. (B) Forward Brillouin gain of the acoustic field coupled to TR2m for pump light-scattered light mode pairs with mixed mode HEn1–HEn1, respectively.
In Figure 7B, each order mode of R0m is the acoustic field corresponding to the maximum value in the FSBS gain spectrum of each HEn1–HEn1 optical mode pair, with maximum gains of 82.49 (1/mw), and contributed almost exclusively by photoelastic perturbations. Figure 7B illustrates that unlike the TM optical mode, the in-mode forward Brillouin scattering of the HE optical mode can only obtain increased gain when coupling the tangential radial mode TR2m, and the tangential electrostriction force is the largest force driving this process to be achieved.
Figure 5B and Figure 7B show that the electrostriction force is the largest driving force to achieve the maximum FSBS gain, both when coupling to R0m and TR2m. The moving boundary effect, however, is only better when coupling R01 and is better when coupling R01 in higher-order optical modes.
Figure 8 shows the complete FSBS gain spectrum for the pump light-scattered light mode pair of HEn1–HEn1 (n from 1 to 16), respectively. The line width of Brillouin scattering within the silicon-core fiber mode also gradually increases as the pump light and scattered light modes change from lower to higher orders, i.e., the spectral line width of Brillouin scattering gradually increases with the increase in the mode order.
[image: Figure 8]FIGURE 8 | Complete FSBS gain spectrum for the pump light-scattered light mode pair with the mixed mode HEn1–HEn1, respectively.
The aforementioned results indicate that HEn1–HEn1 couples more torsional radial mode TR2m, the frequency shift of the torsional radial mode also shifts to high frequencies as the mode pair changes, and its frequency shift varies greatly with the increase in the mode pair order. After the change in the mode pair is equated to the change in the effective refractive index neff in the fiber, it can be concluded that the acoustic field mode TR2m has a non-linear change for the change in the effective refractive index of the core of the silicon-core fiber.
The horizontal coordinate of Figure 9 shows the effective refractive index change for the pumped light-scattered light mode pair, and the vertical coordinate shows the frequency shift of the sound field mode. The frequency shift of the acoustic field radial mode is larger than that of the torsional radial mode for the same effective refractive index change, implying that the radial mode R0m is more sensitive to the effective refractive index change than the torsional radial mode TR2m for the acoustic field frequency shift.
[image: Figure 9]FIGURE 9 | Comparison of frequency shifts of R0m and TR2m.
Figure 10 shows the FSBS gain when the acoustic field is coupled to R01. In Figure 10, the total gain gradually increases with the higher order of the optical field mode pair, and the contribution of both the photoelastic effect and the moving boundary perturbation to the total gain gradually increases, and the moving boundary perturbation and the photoelastic effect are equivalent at TE07–TE07, after which the moving boundary perturbation increases more rapidly and reaches the maximum at TE08–TE08, but at this time, the photoelastic effect does not decrease to nearly 0. The moving boundary perturbation and photoelastic effect still work together.
[image: Figure 10]FIGURE 10 | Forward Brillouin gain of the acoustic field coupled with R01 when the pump light-scattered light mode pair is the mixed mode TE0m–TE0m, respectively.
Figure 11 shows the complete FSBS gain spectrum for the pump light-scattered light mode pair TE0m–TE0m (m from 1 to 8), respectively. Unlike the FSBS gain spectra of TM0m–TM0m and HE1m–HE1m, TE0m–TE0m has only one high peak, and its gain spectrum is not in the form of a double peak. This means that the TE0m–TE0m optical mode pair is only coupled to the fundamental mode R01 of the axial radial mode, which is related to the fact that the electric field direction of the TE optical mode is only along the tangential direction of the fiber cross-section (without any axial direction).
[image: Figure 11]FIGURE 11 | Complete FSBS gain spectrum for pump light-scattered light mode pairs for the mixed mode TE0m–TE0m, respectively.
The TE0m–TE0m optical mode pair and AR01 coupling produced a maximum gain value of 365.57 (1/mw) for forward Brillouin scattering from a silicon-core fiber, resulting from TE08–TE08 coupling with R01. Figure 12 shows the FSBS gain spectra of pumped and scattered light from different orders, that is, the gain spectra when scattered to higher orders, whose maximum value is also smaller than the FSBS gain of pumped and scattered light from the same order. It can be seen that the maximum FSBS gain in the silicon-core fiber should come from the intra-modal FSBS. Since the Brillouin gain is a combination of photoelastic perturbation and moving boundary effect, where the moving boundary effect decreases with the increase in the fiber volume, the forward Brillouin gain in the silicon waveguide decreases with the increase in the volume of the silicon waveguide [37, 40]. While a silicon fiber with a diameter of 4 [image: image] m is simulated in this study, its maximum Brillouin scattering gain can reach 365.57 (1/mw); the forward Brillouin gain of the silicon fiber is larger than the forward Brillouin gain of a silicon waveguide of the same size. The silicon-core fiber does not need to be reduced to the conventional size of a silicon waveguide to obtain a similar gain [9], and this advantage is derived from the cylindrically symmetric geometry of the silicon-core fiber, which allows better coupling of the acoustic and optical fields.
[image: Figure 12]FIGURE 12 | Forward Brillouin gain spectrum from lower-order light field scattering to the higher-order light field.
4 CONCLUSION
By studying the FSBS in the silicon-core fiber, it is shown that the sound field mode R0m has the best coupling with the TM and TE optical mode, and the sound field mode TR2m has the best coupling with the HE optical mode. In the case of the best coupling, the moving boundary perturbations and photoelastic effects each contribute. The contribution of the photoelastic effect is higher when R0m and TM0m are coupled, and the contribution of the photoelastic effect is also greater, when R0m and HE1m are coupled. Between R0m and TE0m, moving boundary perturbations and photoelastic effects contribute similarly. In the case of the same effective refractive index change, the frequency shift of the radial mode of the sound field is compared with that of the torsional radial mode. It is concluded that the radial mode R0m is more sensitive to the change in the effective refractive index than the torsional radial mode TR2m. This means that building on previous studies by Y Antman et al. [41] and Yanping Xu et al [42] for the study of FSBS-based opto-mechanical simultaneous sensors, this study offers a new possibility to design simultaneous sensors by exploiting the difference in sensitivity to neff between radial and torsional radial modes. Finally, it is confirmed that the silicon-core fiber can obtain a strong FSBS gain of 365.57 (1/mw) without reducing to the usual size of the silicon waveguide. In this case, the FSBS are coupled at R01 and TE08. This work opens up new possibilities in the field of CMOS and MEMS by mixing Brillouin device physics with silicon photonics. It paves the way for further research in the fields of frequency-tunable laser emission, mode-locked pulsed lasers, low-noise oscillators, and optical gyroscopes.
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