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Abstract:

Whispering Gallery Mode (WGM) hollow microcavities turn out to be the site of an extremely rich and complex
phenomenological scenario when pumped with a continuous-wave laser source. The coexistence of numerous non-linear
and optomechanical effects have been reviewed in this paper. In our previous works we have investigated and described
non-linear emissions as the stimulated Brillouin and Raman scattering, the degenerated and non-degenerated Kerr effects,
such as four wave mixing. These effects happened concomitantly to parametric optomechanical oscillations which are
the consequence of the radiation pressure. We have confirmed the regenerative oscillation of acoustic eigenmodes of the
cavity leading to parametric instabilities and the activation of optomechanical chaotic oscillations. Finally, we have
demonstrated that the blue-side excitation of WGM resonances lead to the chaos transition with a spectral evolution
depending on the cavity size.
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Main Text:

Whispering gallery mode resonators (WGMR), through the combination of their circular symmetry and total internal
refraction, have shown to be an excellent platform for confining the light in very small volumes with ultra high Q-factors
[1,2]. The related high photon density and long lifetime allow to study, from the fundamental point of view, the light
matter interactions such as Kerr and stimulated phenomena like Raman scattering (SRS) [3,4]. Different WGMR
geometries, both solid and hollow, as spherical, toroidal, and bottle-shaped, with a large variety of host materials, have
attracted a great interest in the last decades [5]. The rich spectrum of sharp optical resonances, regardless of the specific
WGMR geometry, is the key feature for their implementation in various applications. The newest members of this family
of cavities are the microbubble resonators (MBR) [6] which are fabricated heating a pressurized silica capillary [7,8],
mimicking on the micro-scale the procedure followed by a glassblower. The obtained hollow structure allows flowing
liquids or gas inside the WGMR, thus making them suitable for sensing applications (as refractometers [7,9], mass sensors
[10], temperature [11], pressure [12] and viscosity [13]) and, in addition, gives the possibility of tailoring both dispersion
[14] and resonant properties [15,16]. Only lately, the MBR have been also used for fundamental studies in nonlinear
optics [17] and lasing [18]. Last but not least, MBR have demonstrated the ability to sustain not only photons, running in
their optical modes, but also optical and acoustic phonons of the material making up the resonator [19], and low frequency
mechanical modes featuring an MBR overall vibration with the expansion or bending of walls [20]. The coherent
interaction of light photons and acoustic phonons results into an inelastic scattering process, the Stimulated Brillouin
Scattering (SBS) [21,22], which is enhanced due to the overlap of both waves inside this dual photonic-phononic or
“phoxonic” cavity [23,24]. It is a pure gain process, automatically phase-matched, with a large gain coefficient but a small
gain bandwidth [25]. Due to its narrow bandwidth, the SBS frequency shift must be equal to the free spectral range (FSR)
of the WGMR, imposing strict conditions on WGMR geometries [26-28]. In MBRs, this condition can be bypassed
thanks to their eccentricity, which removes the modes degeneracy, and by using high order modes [29,30] with vertical
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FSR smaller than the fundamental one [31-33]. In bulk silica, the acoustic phonons responsible for SBS are in the GHz
range [19,34]. On the other hand, the mechanical modes in the silica MBR, have lower frequencies, in the range of
hundreds of kHz to tens of MHz [4]. These oscillations, which are the mechanical eigenfrequencies of the cavity [35-37],
present a threshold behavior and result to be regenerative without the need of a pump wave external modulation. The
mechanical modes are excited through the radiation pressure (RP) produced by the photons running in the optical modes
[36,38]. At first, such effects have been observed in WGM toroids [39,40], then in spheroids [35], solid microbottles [37]
and finally in MBRs. In all these WGMR geometries, the interplay between an optical mode (frequency wr), excited by
a slightly detuned laser source (frequency L), and a mechanical mode (frequency Qm), activated by the radiation pressure,
produces a sinusoidal perturbation of the resonator optical length with the same frequency Qm. This oscillation generates
two sidebands waves at frequencies @ — Qm (Stokes) and oL + Qm (antiStokes band). If one of the sidebands is perfectly
resonant with the WGM (i.e. if oL — Qm = or or oL + Qm = ®r), the sideband wave is guided and enhanced by the WGM.
The laser source detuning determines if the interaction has a positive or negative feedback, respectively amplifying or
quenching the mechanical mode. A depletion of the sideband wave and the energy removal from the mechanical mode
(negative feedback) is achieved if the laser source is red-detuned (w_ < wgr) and the anti-Stokes band is resonant. The
worst configuration, which can be exploited to efficiently suppress the thermal oscillations, occurs by moving the energy
on the laser wave. Instead, an enhancement of the sideband amplitude and an increase of the mechanical mode energy
(positive feedback) is achieved if the laser source is blue-detuned (oL > wr) and the Stokes band is resonant. The best
configuration to get optomechanical oscillations (OMOSs) [41] occurs by moving the energy on the Stokes sideband wave.
The OMOs are read through the shift induced into the optical resonance. In particular, an oscillation is induced in the
resonance, around its initial position, causing a modulation of the WGMR at the frequency of the mechanical mode (Qw).
Due to the low activation threshold, OMOs were also studied in combination with nonlinear optical effects (NLOE) which
typically start when the cavity is already oscillating. These two processes compete with each other on activation [20,42]
and their coexistence is not in general guaranteed, in fact, configurations where one is enhanced at the expense of the
other are possible. Furthermore, both in toroids and spheroids [35,40], it was shown that launching high input powers
produces an erratic behavior, which is experimentally observed through the formation of a period spectral doubling.
Finally, an optomechanical study demonstrated the presence of chaos mediated stochastic resonances and chaos transfer
ina WGM microtoroid [43].

This review reports on the temporal behavior of the nonlinearities in WGM bubble resonators focusing our attention on
the evolution of the standard optomechanical regime towards the chaotic behavior, in presence of other NLOE. First, we
have demonstrated that the thin walls MBR are very efficient for SBS emission and show a rich nonlinear scenario. In
particular, compared to refs [16,19], we have used MBR with thinner walls (2—4 instead of 10-15 um) to observe
simultaneous SBS and FWM (as opposed to ref.[16]) and SBS lines acting as a pump in SBS-uncoupled FWM processes.
The SBS efficiency has resulted more than one order of magnitude higher compared to the previous studies. The MBR,
as thin spherical shells, not only satisfy different phase matching and multi-resonant conditions required by the above
mentioned NLO effects, but also excite parametrical optomechanical oscillations.

To study these effects is necessary to thermally self-lock the resonant mode to the pump laser, by tuning the laser from
high to low frequencies [44]. For certain locking conditions (high pump power) the mechanical oscillation was amplified
and the nonlinear phenomena were suppressed [42]. In this case, we observed single mode mechanical oscillations and
OMO oscillations which continue as long as the pump power is maintained, in agreement with Braginsky theory [38].
MBRs are not only able to support a very dense mechanical mode spectra, but also allows to observe their evolution
towards chaotic behaviors. It is worth to notice how our studies have been performed using a continuous wave (CW)
source without external feedback, modulation, delay or periodic perturbation.

We have shown two different routes to chaos and the chaos transfer, within the same MBR, between a high-power pump
WGM, which excite the OMO, and a low-power probe WGM which will follow the same route as the pump. This analogy
with microtoroids shows that the chaotic motion induced by the RP is an intrinsic property of the optical cavity [40].

In Fig.1, we show the experimental setup used to study both nonlinear optical effects and opto-mechanical oscillations of
MBRs. The output of a tunable laser source at 1550 nm (TL,Nettest TUNICS-Plus) is increased with an erbium-doped
fiber amplifier (EDFA, IPG Photonics) and, after passing an attenuator (ATT), a polarization controller (PC) and a
circulator (CIRC), for extracting the backward-direction signal), is launched into home-made tapered fiber (with a
minimum waist cross-section diameter of 2 um) to excite the WGMs of an MBR. The transmission of the resonator-
coupler system is then split and sent to an optical spectrum analyzer (OSA, Ando AQ6317B, resolution: 20 pm) and a
fast photodetector (PD, Thorlabs PDA400), connected either to an oscilloscope (OSC, Tektronix DPO7104), or to an
electrical spectrum analyzer (ESA, Rohde & Schwarz FSL, 9 kHz-6 GHz). The optical power sent to the MBR s split
before the taper fiber and monitored with a power meter (PM, Ando AQ2140).

In our experiment, we used MBRs with a diameter ranging from 420 to 780 pm and wall thicknesses ranging from 2 to 6
um. They were fabricated using an electrical arc discharge technique [7] and the wall thicknesses were estimated through
a well-known model based on the mass conservation during the fabrication process [45]. The MBR characterizations were
performed at low input power of the wavelength-scanning laser source in order to avoid nonlinear phenomena and the
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thermal broadening of the resonances. The Q-factor values ranging between 10° and 107, the free spectral range (FSR)
roughly from 100 to 200 GHz (with diameter between 700 and 400 um, respectively).

The MBR diameters have been chosen based on their dispersion. In these cavities, at 1550 nm, the geometrical dispersion
is normal and large, whereas the material dispersion is anomalous and larger than other one. The total dispersion is
anomalous, also for very large MBR, with values in the order of several hundreds of kHz [33]. In our experiments, we
started by identifying resonances showing passive thermal locking [44] and then increased the input power. Thermal
locking allowed the laser to stay blue-detuned with the resonance and increase the resonator energy build-up, permitting
to exceed the activation threshold of non-linear and OMO phenomena. In [17], by launching a pump power of 80 mwW
into a 475 um diameter MBR, we have obtained in backward direction a SBS Stokes line shifted of 11,2 GHz (Fig.2a).
Increasing the launched power up to 200 mW, in a MBR of diameter about 675 um and wall thickness of about 2 um, a
cascaded SBS up to the 4th order with Stokes lines shifted by 11, 22, 33 and 44 GHz has been observed (Fig.2b). By
tuning the pump wavelength, we have achieved the best efficiency (up to 17%) in the 2nd order SBS lasing.

In forward direction, we have also detected SRS contemporaneously to SBS, whose Stokes line are separated by 13 THz
(110 nm) from the pump (as shown in fig.2c) and FWM, from the second order Brillouin laser line, separated by a FSR
(Fig.3a). Instead, in backward direction, we achieved two sets of Stokes and anti-Stokes lines, the first separated by one
FSR and the second by a non-integer multiple of the FSR from the 2nd order stimulated Brillouin laser line (Fig.3b).

As previously mentioned, in addition to the dense optical spectrum, MBRs have a complex mechanical modes spectrum.
In order to calculate their mechanical eigenmodes, we have performed numerical simulations [20] using FEM in
COMSOL Multiphysics. Ideally, these modes belong to three different families: 1) Radial breathing modes (m = 0)
correspond to non-degenerate extension-compression of the spherical shell with a cylindrical symmetry respect to the
longitudinal axis; 2) Rocking modes (m = 1) correspond to a lateral bending of the cavity displaying double degeneracy
with a mutual orientation of 90°; 3) Wineglass modes (m > 1) exhibit more nodes and occasionally a sharp localization
along the MBR equatorial circumference and maintaining double degeneracy at angles depending by the mode order. We
have reported the effect of the microbubble diameter on a representative selection of mechanical modes (Fig. 4a) and
identified two different frequency ranges, one for sub-millimetric MBR (70-700 kHz) and the other for MBR with
diameters smaller than 600 um (1-60 MHz). Figure 4 (b) and (c) show the mechanical oscillations respectively for the
taper coupled at the equator of a MBR (475 um in diameter) and laterally shifted along the MBR axis, achieved with a
launched pump power of 72 mW. When only one mechanical mode is excited (Fig. 4b), the first sharp peak corresponds
to a mode at 3.28 MHz together with its harmonics. Instead, in fig. 5d, two modes are excited, one at about 5 MHz and
another one at 552 kHz, together with the mechanical mode at 3.28 MHz. In theory, the modes around 3 MHz are breathing
modes, the modes around 5 MHz are wine glass modes, whereas the modes in the kHz range involve the whole structure.

We can amplify these OMOs by pumping at higher frequency than the resonance (blue detuning). The cavity resonance
enhances the red sideband [37,42] and suppresses both nonlinear optical effects and the blue sideband . Since, we are
always scanning the pump from high to low frequency to achieve the thermal lock [16 di (2)][44], the mechanical
oscillations result to be always amplified. Increasing the power at 200 mW and coupling close to the equator of a MBR
(460 pm in diameter), the fundamental oscillation corresponds to a wine glass mode at 5.63 MHz with its higher harmonics
(Fig.5a). In this case, high pump powers can excite higher order harmonics (up to 7th) and, in line with our previous
simulations, the frequency of the oscillation increases with the decrease of the diameter.

In [46], we have evaluated the Q factor of the mechanical mode (close to 4 - 103, inset of Fig.5b) and estimated their
stability. We monitored the ESA signal for more than 3 minutes, finding amplitude variations of the fundamental peak
below 1.5 dB and position variations within 1.3 kHz [20]. After that, we studied the amplitude evolution of the
fundamental peak as a function of the input power, which shows an oscillation threshold at about 40 mW, followed by a
gain saturation at about 140mWw (Fig.5c).

We have investigated the system exciting simultaneously two counter propagating WGMs at different wavelengths using
two laser sources. One was excited by the amplified 1550 nm source, used to trigger the opto-mechanical oscillations, the
other, by using a low power 1480 nm source (Anritsu TUNICS-Reference, probe laser) was used to interrogate the system.
The mechanical modulation induced by the pump WGM was transferred to the probe WGM as consequence of the probe
reading the MBR refractive index perturbations induced by the mechanical vibrations. This represents an interesting
method to indirectly couple two WGMs, exploiting the significant overlap of the mechanical mode with two WGMs
distributions. Simultaneously to the optomechanical vibrations, we can also observe optical nonlinear effects such as
FWM, SRS and SBS. The nonlinear optical effects and OMOs are competitive processes [20,42] whose coexistence
results to be dependent on the thermal locking conditions. These phenomena have been observed also in the first steps of
the so-called “route to chaos” which indicates the evolution of the WGMR from the standard OMO regime to the chaotic
one. In [46], we have presented the experimental results describing this transition evaluated for resonators of different
sizes and increasing the input power. In particular, for a 520 um diameter MBR, the route began with a periodic regime
with only a few sharp peaks (Fig.6b), then a quasi-periodic doubling regime increasing the number of discrete lines
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(Figure 6c), and finally, for input powers above 600 mW, a discrete oscillation on top of a continuum of frequencies
(Fig.6d).

All these results agree very well with those previously reported for other WGMR geometries [35,43,47]. For larger MBRs
(diameters above 600 pm), however, the transition is more abrupt, skipping the formation of the discrete peaks and falling
directly into the frequency continuum. Finally, we have also shown that, in the pump-and-probe configuration, the WGM
probe performs the same route of the pump. In this way the probe can be exploited to read-out the perturbations of the
MBR refractive index and radius induced by the chaotic vibrations.

In conclusion, our review is aimed to report our results related to the coexistence of multi-resonant nonlinear optical
phenomena (as Brillouin, Raman and Kerr effects) with the mechanical modes in MBRs, showing also how chaotic
regimes can be reached by MBRs of different sizes. First, we have demonstrated that MBR are a very attractive class of
WGMR for nonlinear optical emissions because of the dense spectra and the capacity of tailoring the dispersion thanks
to its own geometry. Then, modeling the acoustic behavior of MBR by means of COMSOL Multiphysics, we have
confirmed that its mechanical spectral density is very high, as for the optical ones. Depending on the coupling conditions
and the locking of the resonance, we have experimentally observed OMO of either one mode, or several modes, in
agreement with the observation in microtoroids [36]. Finally, we have presented the results of our experimental study on
their chaos transition. The size of the bubble determines the route the system will take to reach the chaos. In particular, a
quasiperiodic doubling for MBR with diameters below 600 um and an abrupt transition for bigger ones. The same routes
can be followed by a weak WGM probe thanks to the MBR capability of transferring chaos between different optical
modes through the mechanical motion. In prospective, besides the fundamental aspect of our studies, our results pave the
way to a new class of inertial devices which could be exploited also as sensing platforms [48].
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Fig. 1. Experimental setup scheme for exciting and measuring optomechanical vibrations induced by radiation pressure.
Abbreviations: TL: tunable laser diode, PM: power meter PC: polarization controller, EDFA: erbium doped fiber
amplifier, OSA: optical spectrum analyzer, ESA: electrical spectrum analyzer, OSC: oscilloscope, PD: photodiode.
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Figure 2. (a) First order SBS Stokes lines in backward direction for a 475 um diameter MBR with a wall thickness of
about 3—4 pm; (b) Cascaded forward SBS in a 675 pm diameter MBR and wall thickness of about 2 pum; (c) Cascaded

SBS up to the 2nd order [17].

15

- T
G o g
E o
L [0}]
: :
g -15 x
o 5
5 i=3
Q. =5
5 -301 o)
o
1543 1544 1545 1546 1547
Wavelength [nm
() gl (b)

-204

40+

-604

-804
1554,0

1554,6 1555,2 15558 15564
Wavelength [nm]

Figure 3. SBS and degenerated FWM emissions in forward (a) and backward (b) direction [17].
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Figure 4. () COMSOL Multiphysics numerical simulations of the MBR diameter effect on the excitation of the
mechanical oscillations for higher frequency modes. Experimental oscillations at 72 mW and 1553.476 nm for one single
family (c) and two different families (d) of excited modes [20].
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Figure 5. (a) Mechanical oscillations measured at the ESA of first excited mechanical mode and its harmonics for a bubble
0f 460 um of diameter at 200 mW [20]; (b) Mechanical Q-factor; (c) Fundamental peak amplitude evolution as a function
of the pump power.
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Fig. 6. Transition to chaos increasing the launched power is increased: (a) 200mw, (b) 400mW, (c)600mW and (d)
620mW. The fundamental mode is centered at 4.74 MHz.





