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Abstract

We report the activation of optomechanical chaotic oscillations in microbub-
ble resonators (MBRs) through a blue-side excitation of its optical reso-
nances. We confirm the sequence of quasi-periodical oscillation, spectral
continuum and aperiodic motion; as well as the transition to chaos without
external feedback or modulation of the laser source. In particular, quasi
periodic transitions and a spectral continuum are reported for MBRs with
diameters up to 600 pm, whereas only an abrupt transition into a spectral
continuum is observed for larger microbubbles.
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1. Introduction

Whispering gallery mode resonators are a family of optical resonators ca-
pable of trapping light on a circular path through the combination of their
cylindrical symmetry and of total internal refraction. The optical mode so
formed is called Whispering Gallery Mode (WGM) and takes its name from
the analogous acoustic phenomena studied by Lord Rayleigh under the dome
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of the Saint Paul cathedral in London. The most straightforward Whisper-
ing gallery mode resonator (WGMR) is the microsphere, but several other
geometries can be produced, such as microdisks, microtoroids, microrings or
micropillars. Regardless of the specific geometry, all WGMRs have a rich
spectrum of sharp optical resonances (with the sharpness being quantified
through the quality factor Q) and this feature is the key element for their
implementation in various applications. For example, the sharpness of the
resonances allows the WGMRs to be sensitive optical sensors, precise optical
filters or high finesse micro-cavities for lasing or the generation of non-linear
effects. A special type of WGMRs are the hollow ones, which are fabri-
cated by heating a pressurized glass capillary [1, 2], mimicking the fabrica-
tion prowess of the glassblowers on the micro-scale. In the case of a spherical
bulge, these resonators are called microbubble resonators (MBRs); while in
the case of an ellipsoidal bulge, they are called microbottle resonators.

In this article, we focus on the opto-mechanical properties of the mi-
crobubble resonators , which are the last arrived in the WGMR family
[3]. It has been demonstrated that MBRs can be used to study Turing
comb patterns (Kerr modulation) and Stimulated Brillouin Scattering (SBS)
[4, 5,6, 7, 8], proving their ability in sustaining not only the photons running
in their optical modes, but also the phonons of the material making up the
MBR. To highlight this double possibility, MBRs are also labelled as phoX-
onic cavities, combining the words “photon” and “phonon” in a single term.
In addition of phonons, MBRs can also sustain lower frequency mechanical
modes featuring an overall vibration, expansion or bending of the MBR walls.
As in the optical case, these mechanical modes make up a sharp and dense
spectrum and consequently make MBRs efficient mechanical resonators.

As shown in the pioneering work of Kippenberg et al. on microtoroids [10],
these modes can be excited through the radiation pressure (RP) produced by
the photons running in the optical modes [11] and this leads to an interesting
interplay between the optical and the mechanical modes of the resonator. In
a nutshell, the interaction between an optical mode (frequency wg) and a
mechanical mode (frequency ,,) in a WGMR can be resumed as follows
(12, 13].

A slightly detuned laser source (frequency wy,) is used to excite the WGM
and produce a high circulating optical power. Due to the high power, the
radiation pressure activates the mechanical mode, producing a sinusoidal
perturbation of the resonator optical length with frequency €2,,. In analogy
with phase modulators, this oscillation produces two sidebands waves inside
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Figure 1: Graphical description of the activation of opto-mechanical oscillations, based on
the resonance of the Stokes or anti-Stokes sidebands [9].

of the resonator at frequencies wy, — €,,, (Stokes band) and wy, + 2, (anti-
Stokes band). If one of the sidebands is perfectly resonant with the WGM
(i.e. if wyp — Q= wgr or wy, + Q,, = wg; see Figure 1), the sideband wave
is guided by the WGM and its interaction with the laser wave is enhanced
because of the high finesse of the resonator (i.e. long photon lifetimes increase
the interaction time). Depending on the laser source detuning, the interaction
can lead to positive or negative feedback, and therefore amplify or quench
the mechanical mode.

If the laser source is red-detuned (w; < wg), the anti-Stokes band is
resonant and, in terms of optical energy, the best configuration is achieved by
moving the energy on the laser wave. This, in turn, produces the depletion of
the sideband wave and also the removal of some energy from the mechanical
mode. Since the mechanical mode loses energy in this configuration (negative
feedback), one talks of negative RP back-action. If, instead, the laser source
is blue-detuned (w; > wg), the Stokes band is resonant and therefore the
best configuration is achieved by moving the energy on the sideband wave.
This, in turn, enhances the sideband amplitude and increases the energy in
the mechanical mode (positive feedback). In this configuration, one talks of



positive RP back-action.

Both negative and positive RP back-action is interesting for scientific
research. Negative back-action, in fact, can be used to suppress thermal
oscillations and therefore move the mechanical oscillator towards a quantum
regime. Positive back-action, instead, can lead to clearly measurable opto-
mechanical oscillations (OMOs) in WGMRs [14]. In this second case, which
is the one of interest for this article, the OMOs are triggered by launching
sufficient power into the WGMRs and are read through the shift induced into
the optical resonance. In particular, the position of the resonance oscillates
at the frequency of the mechanical mode (£2,,) and this causes a modulation
of the WGMR at the same frequency.

After the pioneering work in toroids [15, 10, 16], the optomechanical os-
cillations have been observed in other WGMRs, such as spheroids [17], solid
microbottles [18] and MBRs [19]. In addition, OMOs were also found in com-
bination with nonlinear optical effects (NLOE): in particular, since OMOs
activation threshold is typically lower, NLOESs typically start when the cavity
is already oscillating. This coexistence, however, is not in general guaranteed:
the two processes, in fact, compete on activation [20, 19] and configurations
where one is enhanced at the expense of the other are possible. Finally, it
was shown [16] that launching high input powers into toroids and spheroids
produces an erratic behaviour, which is experimentally observed through the
formation of period doubling [17]. A decade after this initial study, chaos
mediated stochastic resonance and chaos transfer in a toroid were also demon-
strated [21]. Despite of the interest in the temporal behavior of nonlinearities
in WGMRs, the optomechanical chaotic behavior has remained largely un-
explored experimentally and the study here presented aims at filling this gap
for the MBR system.

Here we report the activation of OMOs in MBRs and their evolution into
a chaotic behavior using a continuous wave (CW) source, without the use
of external feedback, modulation, delay or periodic perturbation. We show
two different routes to chaos for the MBR system and also a chaos transfer
between an high-power pump WGM exciting the OMO and a low-power
probe WGM within the same MBR. In analogy with toroids, the increase
of pump power produced the same route to chaos for both the pump and
the probe WGMs. Indeed, the results here presented show that RP induced
chaotic motion is not limited to a special kind of WGMR, but it is an intrinsic
property of the optical cavity [17].
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Figure 2: Scheme of the experimental setup employed to excite and measure the optome-
chanical vibrations induced by RP [9]. The following abbreviations are used: TDL: tunable
laser diode, CP: polarisation controller, EDFA: erbium doped fiber amplifier, Split: fiber
coupler (in this case used as a splitter), OSA: optical spectrum analyser, ESA: electrical
spectrum analyser, OSC: oscilloscope, PD: photodiode.

2. Experimental setup

The experimental setup used to trigger and characterise the opto-mechanical
oscillations of a MBR is shown in Figure 2. In this setup, the emission of
a tunable laser source centered at 1550 nm (Nettest TUNICS-Plus) was in-
cremented with an erbium-doped fiber amplifier (IPG Photonics) and then
launched into a 2 pm home-made tapered fiber to excite the WGMs of an
MBR. The transmission of the MBR was then split between an optical spec-
trum analyser (Ando AQG6317B, resolution: 20 pm) and a fast photode-
tector (Thorlabs PDA400), connected either to an oscilloscope (Tektronix
DPO7104), or to an electrical spectrum analyser (Rohde & Schwarz FSL,
9 kHz-6 GHz). To measure the optical power exciting the MBR, a small
fraction of the launched power was monitored with a power meter (Ando
AQ2140).

For this experiment, the MBRs were fabricated using an electrical arc
discharge technique [1] and exhibited diameters ranging from 420 to 780
pm and wall thicknesses ranging from 2 to 6 pm.. In particular, the wall
thicknesses were estimated through a model based on the conservation of
mass during the glassblowing phase and accounting for both capillary size
and bubble diameter [22].

The experiment was split into two parts. In the first part, we measured
the WGM resonances by scanning the laser wavelength at low input power,
to be sure that nonlinear phenomena were below their threshold, and that
thermal broadening/narrowing of the resonance was negligible. From these
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Figure 3: Typical optical transmission below threshold. Inset: high power thermally
induce line broadening and mechanical oscillations

initial measurements it was possible to estimate the quality factor QQ of the
resonances, finding values ranging from 10° to 107 (see Figure 3). Then, we
moved to the second part of the experiment, where OMOs and nonlinear phe-
nomena were triggered. In particular, we started by identifying resonances
showing passive thermal locking during the wavelength scan [23] and then
increased the input power. Since thermal locking allowed the laser to stay
blue-detuned with the resonance and increase the energy build-up into the
resonator, this method allowed to exceed the activation threshold of OMOs
and /or of other non-linear phenomena. The inset of Figure 3 shows the OMO
activation (central part) as well as the deformation of the Lorentzian shape
due to thermal locking (left part). In the following Sections, signals like
these are analyzed in detail to investigate the opto-mechanical properties of
the MBR.

3. Features of the optomechanical oscillation

As discussed in the previous Section, thermal locking allows to lock the
laser source to the blue-side of a WGM resonance, and, if the input power
exceeds the activation threshold [19], the mechanical modes of the MBR can
be excited. In particular, below threshold, the MBR signal remains constant,
as it corresponds to a locked resonance. Above threshold, instead, the MBR
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Figure 4: a) Harmonic modulation of the system transmittance due to the optomechanical
vibration. b) Frequency vibration and mechanical Q-factor

signal shows a clear quasi-harmonic oscillation, as shown in Figure 4 for
an input power of 200 mW. More specifically, Figure 4a shows the MBR
transmission as measured by the oscilloscope, while Figure 4b shows the
same signal measured through the electric spectrum analyzer (cfr. Figure 2)
. The ESA measurement shows a narrow peak at 5.63 MHz, corresponding
to the eigenfrequency of a fundamental vibrational mode, and then a series of
less intense peaks, corresponding to various harmonics. The inset of Figure
4b shows a magnification of the area around the principal peak, highlighting
that this mode had a mechanical @ factor close to 4 - 103. To estimate the
temporal stability of the mechanical vibration, 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 [19].

After these measurements, we studied the evolution of the fundamental
peak amplitude as a function of the input power. Figure 5a clearly shows an
oscillation threshold at about 40 mW, followed by a gain saturation at about
140mW. We explain the saturation effect as a consequence of the shape of the
WGM resonance. In particular, for lower input powers, the WGM resonance
oscillates within its full-width half maximum, making the laser probe only the
linear edge of the resonance. Instead, for higher input powers, the resonance
moves beyond its full-width half maximum, making the laser probe also the
curved zone around the minimum (see Figure 5b). This curved shape is
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Figure 5: a) Evolution of the fundamental peak amplitude as a function of the pump
power. b) Distortion of the transmittance modulation due to the resonance shape

indeed nonlinear and can produce higher order harmonics in the ESA.

To further verify that the modulation observed in the optical signal was
due to a mechanical mode of the MBR, we repeated the experiment with
a pump-and-probe approach. In this configuration, we excited simultane-
ously two counter-propagating WGMs at different wavelengths using two
laser sources. In particular, one WGM was excited as shown so far, using the
amplified 1550 nm source (pump laser) to trigger the opto-mechanical oscil-
lations. The other WGM, instead, was excited using a low power 1480 nm
source (Anritsu TUNICS-Reference, probe laser) and was used to interrogate
the system. The results of the pump-and-probe test are shown in Figure 6,
where both the raw WGMs transmissions and their respective ESA measure-
ments are plotted. Indeed, the ESA plots clearly show that the mechanical
modulation induced by the pump WGM at 1550 nm was transferred to the
probe WGM at 1480 nm. In practical terms, this transfer is the consequence
of the probe WGM reading the perturbations of the MBR refractive index
and the MBR radius induced by the mechanical vibrations. Other explana-
tions are excluded, since the WGMs were distant in wavelength and therefore
no direct cross-talk was possible; and since the probe source was very low in
power (around 1 mW) and therefore it could not trigger the oscillation. In
more general terms, oscillation transfer can represent an interesting method
to indirectly couple two WGMs, taking advantage on a mechanical mode
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Figure 6: Pump and probe measurement of the transmittance modulation induced by the
primary WGM (P= 200 mW)

having a significant overlap with two WGMs distributions.

During the pump-and-probe experiment, we also observed optical nonlin-
ear effects such as Four Wave Mixing (FWM), Stimulated Raman Scattering
(SRS) and Stimulated Brillouin Scattering (SBS) simultaneously to the op-
tomechanical vibrations (see Figure 7TA and 7B for the case of SBS). Since
nonlinear optical effects and OMOs are competitive processes [20, 19], the
coexistence of the two types of processes was sensitive towards the condi-
tions of thermal locking. For certain locking conditions at high launched
optical power, in fact, we observed an amplification of the vibrations and a
suppression of the optical nonlinearities. Finally, Figure 7c shows that the
power of the probe source was low enough to avoid the activation of optical
nonlinearities, as well as OMOs.

We studied the activation of OMOs for MBRs of different sizes [19], with
Figure 8 showing the measured vibrational frequencies as a function of the
MBR diameter. We identified two different ranges for the vibrational fre-
quencies: a high frequency range (order of MHz) for MBRs below 600 pm,
and a low frequency range (hundreds of kHz) for larger MBRs. It can be
observed that in the MHz range the vibrational frequency decreases as the
MBR diameter increases, while in the kHz range the vibrational frequency is
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Figure 9: ESA measurement of the transmitted and reflected field. Inset: zoom of the
main mechanical mode

independent from the MBR diameter. We ran numerical simulations using a
commercial finite element method software (COMSOL) to obtain the theoret-
ical vibrational eigenmodes of the MBR and identify which ones were excited
in the experiment. From the these numerical results, we concluded that the
MHz vibrations are mechanical modes of the MBR spherical bulge, while the
kHz vibrations correspond to mechanical modes of the whole structure (i.e.
the combination of both the spherical bulge and the capillary).

As a final characterization test, we also checked the presence of the op-
tomechanical oscillations on the back-reflected WGM (see additional pho-
todiode on the third circulator branch in Figure 2). As shown in Figure
9 through the ESA measurements, the OMOs are present in the backward
direction and their spectra is identical to the one measured in the forward
direction. Indeed, this forward-and-backward test, together with the previ-
ous pump-and-probe test, demonstrates that the OMOs are not only limited
to the WGM triggering the oscillations, but also affect all WGMs of the
microbubble.

4. Route to Chaos

The route to chaos for spheres and toroids was first reported by Carmon
et al [17] and it has been recently observed by Monifi et al [21]. In all

11
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Figure 10: Transition to chaos as the launched power is increased: a) 200mW, b)400mW,
¢)600mW and d) 620mW.The MBR has a diameter of about 520 pm and a wall thickness
of 4.26 pm. The fundamental mode is centered at 4.74 MHz

cases, the authors reported a transition to a chaotic regime through periodic-
doubling bifurcation cascades [24]. Here we present, up to our knowledge,
the first experimental results describing the route to chaos for MBRs. In
the following, this transition is discussed for MBRs of different sizes and, in
analogy with the previous Section, also using pump-and-probe approach. In
these experiments we tried to maintain the same experimental conditions for
all the MBRs. For example, we always excited the WGMs at the equator of
the MBR, to produce similar optical field distributions between the various
MBRs. Nevertheless, passive thermal locking has limits in the selection of
the locked WGM resonance and also in the detuning of the locking point.
Therefore, the excitation of WGMs with different radial, azimuthal and polar
orders between the various experiments is possible. Indeed this fact can
affect the different routes to chaotic motion for large input powers, since
the activation of a certain mechanical mode depends on its overlap with the
excited WGM.

We start our overview on the chaos routes by describing the behavior of
an MBR having a 520 pm diameter: in particular, we focused on describing
the composition of the OMOs frequencies as the input power was increased
(Figure 10). For this MBR, the route began with a periodic regime with only
a few sharp peaks (Figure 10b), then it moved to a quasi-periodic doubling

12
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Figure 11: Transition to chaos as the launched power is increased: a) 150mW, b)170mW,
¢)200mW and d) 300mW. The MBR has a diameter of about 630 pm and a wall thickness
of 2.90 ym. The fundamental mode is centered at 200 kHz.

regime increasing the number of discrete lines (Figure 10c), and finally ended
up with a continuum of frequencies for input powers above 600 mW (Figure
10d). In particular, for this final phase, we observed an increment of the
whole baseline due to the broadening and the merging of secondary peaks into
the continuum, with only the fundamental frequencies and its high harmonics
above it. All these results agree very well with those of previous studies
21, 17, 24].

For large MBRs (diameters above 600 pm), however, the transition to
chaos was different and, in particular, an abrupt one. As shown in Figure
11, in fact, the MBR fell directly into the frequency continuum, skipping the
formation of the discrete peaks associated with the quasi periodic doubling
(cfr. Figure 10).

Finally, in analogy with Section 2, we also performed a pump-and-probe
characterization to observe the chaos routes for both a pump WGM and a
probe WGM. The frequency spectra of Figure 12 show that the two WGMs
perform the same route, since the spectra differ only by scaling factors. Since
the MBR has a 500 pm diameter, the chaos route features the quasi-periodic
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doubling regime before reaching the frequency continuum. As in the previous
pump-and-probe experiment, the chaotic oscillations on the probe WGMs are
the read-out of the perturbations of the MBR refractive index and the MBR
radius induced by the chaotic mechanical vibrations.

5. Conclusions

We presented an experimental study demonstrating radiation-pressure in-
duced optomechanical oscillations in a microbubble resonator, and their tran-
sition to a chaotic regime. The experiment was performed at room temper-
ature using a continuous wave source and the chaotic vibration was reached
without any external feedback or modulation. We have shown that the OMOs
and the chaotic regime can be reached by MBRs of different sizes and that
two different routes to chaos are present, depending on the MBR size. In
particular, a quasiperiodic doubling for MBRs with diameters below 600 pm
and an abrupt transition for bigger MBRs. The mechanical oscillations were
observed as from the transmitted optical field as pure sinusoids, modulated
sinusoids due to the presence of higher harmonics and decaying ripples for
the case of larger MBRs. We also demonstrated that MBRs can transfer
chaos from a strong pump WGM to a very weak probe WGM through the
mechanical motion and that the two signals follow the same route to chaos.
In prospective, this feature could be exploited as a sensing mechanism for an
MBR photonic platform capable of various detection mechanisms [25]. On a
more general note, the results of our experiment on MBRs demonstrate that
chaotic oscillations are a shared feature of WGMRs, which is not limited to
specific geometries such as spheres and tori.
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